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ABSTRACT

Neoculin is a sweet taste protein capable of modifying sour taste into sweet taste. Neoculin, along with other sweeteners,
are received by the human sweet taste receptors T1R2 and T1R3. To date, there has been few studies regarding how
neoculin interacts with the human sweet taste receptors in molecular level. In this study, computational approaches
were applied to elucidate how neoculin interact with T1R2 and T1R3 at molecular level. In order to achieve this
research, homology modeling for T1R2 and T1R3 was performed to predict their structure. A protein-protein docking
study was conducted between neoculin and T1R2 and T1R3, which displayed a strong relationship with the previous
experimental findings regarding the important residues of neoculin, and how they interact with the ATD domain of
T1R3. These residues are His11, Asp91, Tyr21, Asn44, Arg48, Tyr 65, Val72, and Phe94. The best docked complexes
were then subjected to molecular dynamics simulation for further analysis. The molecular dynamics simulation results
showed the contributions of the important residues of neoculin in forming hydrogen bonds with the residues of the
receptors. The binding energy between neoculin and each of T1R2 and T1R3 were also calculated. These results
concluded that neoculin sweet taste and taste modifying abilities are only active when it binds to the amino terminal
domain of T1R3.
Keywords: Homology modeling; molecular dynamics simulation; neoculin; protein-protein docking; T1R2\T1R3
ABSTRAK

Neokulin adalah protein rasa manis yang mampu mengubah rasa masam menjadi rasa manis. Neokulin, seperti pemanis
lain, diterima oleh reseptor perasa manis manusia iaitu T1R2 dan T1R3. Sehingga kini, sudah terdapat beberapa kajian
yang dijalankan untuk mengenal pasti bagaimana neokulin berinteraksi dengan reseptor kemanisan pada peringkat
molekul. Dalam kajian ini, kaedah pengiraan digunakan untuk memperjelaskan bagaimana neokulin berinteraksi
dengan T1R2 dan T1R3 pada tahap molekul. Bagi menjalankan kajian ini, permodelan homologi untuk T1R2 dan T1R3
telah dijalankan untuk menjangkakan struktur tersebut. Kajian pendokkan protein-protein telah dijalankan antara
neokulin dan T1R2 serta T1R3, yang menunjukkan terdapat hubungan yang kuat dengan penemuan kajian sebelumnya
mengenai sisa penting neokulin dan bagaimana ia berinteraksi bersama domain ATD kepada T1R3. Sisa tersebut
adalah His11, Asp91, Tyr21, Asn44, Arg48, Tyr 65, Val72 dan Phe94. Kompleks dok terbaik itu kemudiannya diuji
kepada simulasi dinamik molekul untuk analisis lanjutan. Hasil simulasi dinamik molekul menunjukkan sumbangan
daripada sisa penting neokulin dalam membentuk ikatan hidrogen dengan sisa reseptor. Tenaga yang mengikat antara
Neokulin dan setiap T1R2 dan T1R3 juga turut dihitung. Keputusan ini menyimpulkan bahawa rasa manis neokulin dan
kebolehan mengubah suai adalah aktif hanya apabila ia mengikat kepada domain terminal amino T1R3.
Kata kunci: Neokulin; pemodelan homologi; pendokkan protein-protein; simulasi molekul dinamik; T1R2\T1R3
I NTRODUCTION
Previous studies reported that some types of proteins which
isolated from several kinds of tropical fruits has a sweet
taste including monellin, thaumatin, brazzein, and
mabinlin. Likewise, other studies reported other types of
proteins capable of modifying sour taste into sweet taste,
but they are not naturally sweet including miraculin.
However, a sweet protein by the name of neoculin is
the only identified protein as a taste modifier and sweet by
itself (Kurimoto et al. 2007; Masuda & Kitabatake 2006).
Neoculin is a heterodimeric protein consists of
N-glycosylated acidic subunit (NAS) which is including

113 residues, and basic subunit (NBS). It was successfully
in purifying and characterizing by Yamashita et al. (1990)
using sodium chloride from the pulp of Curculigo latifolia,
and crystalized by Shimizu-Ibuka et al. (2006) using X-Ray
diffraction at 2.76Ao resolution. Sweet proteins and other
types of sweeteners including artificial sweet materials,
sugar, and amino acids are capable of binding with the
human sweet taste receptors T1R2 and T1R3. They belong
to class C of the G-protein coupled receptors (GPCR).
T1R2 and T1R3 are members of the T1R family (Ohta et
al. 2011). Commonly, the mutual structure of the class C
GPCR has a large amino terminal domain (ATD) containing
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a venus flytrap domain (VFD) and cysteine rich domain
(CRD). CRD is connecting the ATD to the transmembrane
domain (TMD) (Maillet et al. 2015). In addition to that,
GPCR as the biggest member of the membrane proteins,
they play a key role for signal transportation across the
entire cell membrane, and they act as important drug
targets. In the past several years, the computational 3D
structure of GPCR have become a significant for drug
discovery researches, especially when they help as extra
templates for homology modelling studies (Castleman et
al. 2018; Loo et al. 2018; Yarnitzky et al. 2010).
Homology modeling studies were reported on each
domain of T1R2 and T1R3 separately by Cui et al. (2006)
in order to understand the heterodimeric nature of the
human sweet taste receptors. In addition, similar homology
modeling was accomplished by Assadi-Porter et al. (2010)
on the VFD domain combined only associated with
experimental studies, to understand the sweet taste
enhancers, and other work by Masuda et al. (2012) to
investigate the binding modes between the low molecular
weight sweeteners with T1R2 and T1R3. A complete
homology modelling work was performed by Shrivastav
and Srivastava (2013) using multiple protein structure
prediction tools including ITASSER, SWISS MODEL,
and PRIME. Comparable researches were reported to
determine the anatomy of mammalian T1R2 and T1R3
(Cheron et al. 2017), and to study the interactions of GPCR
with different ligands (Kim et al. 2017).
One of the homology modeling applications is
molecular docking (Oshiro et al. 2004). It is a computational
method use to predict the conformation of a receptor-ligand
complex. The ligand can be small molecule or protein, and
the receptor can be either nucleotide or other protein
(Altschul et al. 1997; Dias & de Azevedo Jr. 2008). The
protein-protein docking method is an essential approach
to deliver extra data regarding the protein-protein
interactions (PPI) (Huang 2015). A computational work
had been carried out to provide more insight into the
interactions between the human sweet taste receptors with
sweet ligands including brazzin, aspartame, neotame, and
cyclamate as multi ligand receptors (Cui et al. 2006).
Besides the computational work, previous experimental
work reported that neoculin is only received by the ATD
of T1R3 (Koizumi et al. 2007), and to explain the effect
of pH on the agonism and antagonism activities between
neoculin and the human sweet taste receptors (Nakajima
et al. 2008), which is influenced mainly by the His11 of
neoculin as a pH sensor (Nakajima et al. 2011). Moreover,
a work by Koizumi et al. (2015) showed that Arg48, Tyr65,
Val72, and Phe94 are the key residues of neoculin which
are responsible for the binding and the activation of T1R2
and T1R3.
Exploring the conformational space for the ligandreceptor complexes is one of the applications of the
molecular dynamics (MD) simulation in biomolecular
studies. A previous MD simulation research was reported
on neoculin which claimed that H11 of neoculin played a
key role for the sweetness of neoculin as a dimer with

Asp91, beside another dimer of His14 and Tyr21. In
addition to that, the same study informed that Asn44 of
neoculin NBS is an important residue that might involve
in the interactions with the sweet taste receptors (Ohkubo
et al. 2015).
To date, the structure activity relationship of the sweet
protein neoculin and the human sweet taste receptors is
not comprehensively investigated. The binding activity of
neoculin towards T1R2 and T1R3 can only be understood
by looking at the structural features of both proteins
(Koizumi et al. 2015, 2007). In this paper, a complete
homology modeling study was carried out on the entire
structure of T1R2 and T1R3, in order to provide a 3D
structure for each receptor. A protein-protein docking was
conducted between chain B of neoculin and T1R2 and
T1R3, to provide more insights regarding how neoculin
interacts with T1R2 and T1R3. Finally, molecular
dynamics (MD) simulation study was carried out on the
best docked complexes. The current results unleashed
more details on the nature of the molecular interactions
between neoculin and the sweet taste receptors by
explaining and connecting the previous experimental
findings and adding new results based on those findings.
M ATERIALS AND M ETHODS
The homology modeling study included a Basic Local
Alignment Tool (BLAST) (Altschul et al. 1997) and hidden
Markov models (HMM-HMM) alignment search was
employed to search for the potential protein templates from
the protein data bank (PDB) database. The sequence
alignment between the templates sequences (PDBID 2E4U
and 4OR2) and the target protein was performed using
Clustal Omega (Sievers et al. 2011). The 3D models of
T1R2-T1R3 and the loop modeling were built using
MODELLER 9.16 (Eswar et al. 2007). MODELLER
produced 100 models for each protein, and the models with
the lowest energy value were chosen. The secondary
structure of the loop segments was predicted using Jpread
(Cuff et al. 1998). The quality of the produced models were
checked using Ramachandran plot (Ho & Brasseur 2005).
Several tools including CASTp (Binkowski et al. 2003)
BSpred (Mukherjee & Zhang 2011), and COACH (Yang
et al. 2013) were selected to predict the neoculin binding
sites. The protein-protein docking simulation was carried
out using ClusPro which is based on PIPER approach
(Comeau et al. 2004; Kozakov et al. 2017) and
PATCHDOCK (Schneidman-Duhovny et al. 2005).
DIMPLOT (Wallace et al. 1995) was employed to analyses
the protein-protein complex. The protein complexes were
inserted into a 1-palmitoyl-oleoyl-sn-glycero-3phosphocholine (POPC) lipid bilayer. The complexes
orientation into the membrane were determined using
Orientation of Proteins in Membrane (OPM) (Lomize et
al. 2012). The membrane system of each complex was set
up using a graphical user interface for CHARMM
(CHARMM-GUI) (Lee et al. 2015). CHARMM-GUI
generated an input to Groningen Machine for Chemical
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Simulations (GROMACS) molecular package after the
membrane system preparation. GROMACS was used to
perform the energy minimization, temperature and pressure
equilibration, and 10 ns of MD production. The hydrogen
bond occupancy was calculated using readHBmaps. The
binding energy was calculated using g_MMPBSA (Kumari
et al. 2014).
GROMACS was used to carried out the energy
minimization to relax the system from any geometric
clashes. A 500 steps of energy minimization were carried
out for each system based on steepest decent algorithm.
After the minimization step, the membrane systems were
subjected to two phases equilibration processes. The first
process was a short NVT (the constant number of particles,
volume and temperature) which then followed by longer
NPT (the constant number of particles, pressure and
temperature) as the second equilibration process. A 100ps
of NVT was carried out to equilibrate the temperature of
the entire membrane complex system, by using V-rescale
temperature coupling, and 1 ns of NPT equilibration for
the system complexes using Berendsen coupling. During
the equilibration process, the system was allowed to
equilibrate at a 303.15K temperature and 1 bar pressure.
After completing the equilibration stage, 10 ns of MD
production was subjected to the membrane complexes.
The hydrogen bond occupancy was calculated using
readHBmaps. The binding energy was calculated using
molecular mechanics Poisson Boltzmann surface area
(MMPBSA) method by using g_mmpbsa tool. g_mmpbsa
calculated the binding energy of the first and the last 100
frames of the xtc file. The tool gmx filter used to extract
one frame in every 50 frames in xtc file, in order to produce
a total of 100 frames for calculating the overall binding
energy. The tool readHBmap was used to calculate the
hydrogen bond occupancy.
R ESULTS AND D ISCUSSION
HOMOLOGY MODELING

Results from BLAST and HMM-HMM alignment tools
showed that the protein data bank (PDBID: 2E4U) and
(PDBID: 4OR2) are the closest template which covered
most of the primary sequence of T1R2 and T1R3. Each
of the templates 2E4U and 4OR2 belongs to the class C
of GPCR, and they include the domains ATD, CRD and
TMD, which are similar to the structure of T1R2 and T1R3.
In addition to that, each template was crystalized with
acceptable resolution, thus they provided templates that
are more accurate for T1R2 and T1R3. Ramachandran plot
analysis of the templates T1R2 and T1R3 showed 81.6%
and 84.2% of the residues located in the most favoured
regions for T1R2 and T1R3. Figure 1(a) shows the 3D
models of T1R2 and T1R3 were found to include loop
structure at the terminal of each model, which occur due
to the low sequence identity at the loop region between
the target and the template sequences. Thus, the secondary
structures of each loop were predicted using Jpred tool,

and the loop modeling was re-constructed as shown in
Figure 1(b). The current modeling process used several
tools to produce the multi domain structure of T1R2 and
T1R3, which are unlike the models from that of Shrivastav
and Srivastava (2013), for their developed models used
completely automated methods including ITASSER,
SWISS MODEL, and PRIME.
PROTEIN-PROTEIN DOCKING

The docking study between neoculin and T1R2 and T1R3
produced several complexes. The best docking complexes
as presented in Table 1 were selected according to two
standards. The first standard was grounded on previous
experimental studies by Koizumi et al. (2015, 2007) which
indicated that NBS of neoculin binds to the ATD of T1R3,
specifically by the residues Arg48, Tyr65, Val72, and
Phe94. The second standard to select the best complexes,
was based on the number of the important residues, that
were predicted as the binding site residues using CastP and
COACH. These residues were found to appear frequently
in the docking simulation as shown in Table 1. The
complexes were T1R3PATCH2, T1R3PIPER4, and
T1R3PIPER5. These results were compared with the same
docking results produced between neoculin and T1R2 to
study the difference in the binding of neoculin towards
T1R2 and T1R3. The results of these comparisons are
explained in the following paragraphs.
The previous findings of Nakajima et al. (2011)
showed that His11 was a critical pH sensor to activate the
neoculin taste modification ability, and His11 did not bind
directly to the sweet taste receptors, but it influences the
sweetness of neoculin. Additional work by Ohkubo et al.
(2015) showed that His11 and Asp91 are interfaced as a
dimer in neoculin to play a significant role on the sweetness
of neoculin, followed by the dimer of His14 and Tyr21.
Moreover, the same study indicated that Asn44 is an
important residue at the receptor activation region of the
neoculin NBS. The current docking findings are related to
the previous work of Nakajima et al. (2011) for it showed
that His11 did not bind to the human sweet taste receptors
at all, and it was not predicted as a binding site either. The
current findings are linked to the study of Ohkubo et al.
(2015) for Tyr21 and Asp91 were predicted as binding
residues and form hydrogen bonds in T1R3PIPER3,
T1R3PIPER5, T1R3PATCH1, T1R3PATCH2 as shown in
Table 1. Figure 2(a) shows the hydrogen bond interaction
between Asp91 and T1R3, and Figure 2(b) shows the
interaction between Tyr21 and T1R3. The same case is
similar for residue Asn44, as the current results shows that
it is predicted as a binding residue and it binds to T1R3 in
T1R3PIPER4, T1R3PIPER5 and T1R3PATCH5 complexes
as presented in Table 1. Figure 2(c) and Figure 2(d) shows
how Asn44 binds to T1R3. The work by Koizumi et al.
(2015) showed that the residues Arg48, Tyr65, Val72 and,
Phe94 determine the affinity of neoculin with the human
sweet taste receptors regardless of the pH. The current
findings show that only the residues Tyr65 and Phe94 were
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FIGURE 1. The 3D models of T1R2 and T1R3. (a) The 3D models of T1R2 and T1R3 before the loop modeling. (b) The 3D

models of T1R2 and T1R3 after the loop modeling

TABLE 1. The docking results between T1R3 and neoculin chain B. The underline residues formed hydrogen bonds to the receptors

in more than one complex, and the residues in bold were predicted as binding residues

Method
PIPER DOCK

PATCH DOCK

Model Number

Neoculin Residue

T1R3PIPER1

36

90

89

93

T1R3PIPER2

90

17

36

38

T1R3PIPER3

93

77

37

T1R3PIPER4

38

34

T1R3PIPER5

73

44

T1R3PATCH1

91

97

103

T1R3PATCH2

6

93

T1R3PATCH3

56

71

T1R3PATCH4

1

T1R3PATCH5

48

2

1

36

35

21

91

26

28

36

44

90

1

2

47

21

35

34

39

38

36

40

91

90

97

109

58

81

105

102

83

9

12

44

76

74

predicted as binding residues. In the docking results, these
four residues did not appear in the best selected
complexes. However, Arg48 appeared in T1R3PATCH5
as shown in Table 1 and Figure 3(a). The residues Tyr65,
Val72 and, Phe94 formed hydrophobic interactions in the
c o m p l e x e s T 1 R 3 PAT C H 3 , T 1 R 3 P I P E R 6 a n d
T1R3PIPER7, respectively, as shown in Figure 3(b)-3(d).
Generally, the hydrophobic interactions have significant
contribution to the protein-protein interaction (Veselovsky
et al. 2002). In the case of neoculin, the hydrophobic
interaction provided more stability to neoculin when it
bound to the receptors. The current docking results
provide a molecular level explanation of the work of
Koizumi et al. (2015) because the hydrophobic interaction
between neoculin and T1R3 is not effected by the change
of pH. This finding explain why neoculin could bind to
the ATD of T1R3 regardless of the pH. However, the
change of pH still effecting the hydrogen bonds especially
the bonds between the neoculin dimers as mentioned by
Ohkubo et al. (2015).

38

MOLECULAR DYNAMICS SIMULATION

The MD simulations were performed for 5 complexes,
T 1 R 2 P I P E R 4 , T 1 R 2 P I P E R 5 , T 1 R 3 PAT C H 2 ,
T1R3PIPER4, and T1R3PIPER5 in POPC membrane
environment. The hydrogen bond occupancy per residue
were calculated between neoculin and T1R2 and T1R3 as
shown in Tables 2 and 3, respectively. The overall binding
energy using MMPBSA calculation were also calculated
between the receptors and neoculin as shown in Table 4.
The previous results by Nakajima et al. (2011) showed
that His11 was an important pH sensor to activate the
neoculin taste modification activity, and it does not bind
to the sweet taste receptors. The current docking results
supported this finding as mentioned in the docking part.
In addition, the results of hydrogen bond occupancy were
found to support both the previous experimental results
and the docking results, when it showed that His11 did not
involve in the hydrogen bonding throughout the 10 ns of
MD simulation. A previous work by Ohkubo et al. (2015)
showed that the interface between His11-Asp91 and the
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FIGURE 2. The hydrogen bond interactions between the important residues of neoculin NBS and ATD of T1R3, (a) The hydrogen

bond interaction between Asp91 of neoculin and Glu356 of T1R3, (b) The hydrogen bond interaction between Tyr21 of neoculin
and Glu358 of T1R3, (c) The hydrogen bond interactions between Asn44 of neoculin and Ser464 and Trp461 of T1R3, and (d) The
hydrogen bond interactions between Asn44 of neoculin and Glu36 of T1R3

FIGURE 3. The interactions between the residues Arg48, Tyr65, Val72 and Phe94 of neoculin NBS and ATD of T1R3, (a) The
hydrogen bond interaction between Arg48 of neoculin and Glu525 of T1R3, (b) The hydrophobic interaction between Tyr65 of
neoculin and Met151 and Leu173 of T1R3, (c) The hydrophobic interaction between Val72 of neoculin and Ala631 of T1R3, and
(d) The hydrophobic interaction between Phe94 of neoculin and Phe609 of T1R3

interface between His14-Tyr21 are crucial as a dimer in
neoculin sweetness activity. The current docking results
showed how Asp91 and Tyr21 actually bound to the
receptor T1R3. The MD results showed the maximum
hydrogen bond occupancy of Asp91 which was 82.6% in
T1R3PATCH2. The maximum hydrogen bond occupancy
of Tyr21 were 24.7% and 17.9% in both T1R3PATCH2
and T1R3PIPER5, respectively. The same work of Ohkubo
et al. (2015) reported that Asn44 was a significant residue
at the neoculin NBS for the receptor activation region. The

current docking study showed how Asn44 bind to T1R3.
The current MD work showed that 15.6% and 66.7 of the
maximum hydrogen bond occupancy of Asn44 was in
T1R3PIPER4 and T1R3PIPER5, respectively. Previous
research by Koizumi et al. (2015) showed that the residues
Arg48, Tyr65, Val72 and, Phe94 are important to determine
the affinity of neoculin with T1R2 and T1R3. The current
docking results showed that, out of the four residues, only
Arg48 was found to form hydrogen bonds with T1R3. The
current MD results showed that Arg48 had 20% of the
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maximum hydrogen bond occupancy in T1R3PIPER5. The
residues Tyr65, Val72 and Phe94 did not have a role in the
hydrogen occupancy between neoculin and T1R3, because
they form a hydrohobic interaction with the receptor as
mentioned in the docking part. Besides the residues
mentioned, the current study propose that the residues
Lys90, Lys33, Gln35, Gln39, Arg38, Asn36, and Asn30
contribute more to the hydrogen bond occupancy between
neoculin and T1R3 in more than one complex. According
to a previous review by Veselovsky et al. (2002) more than
47% of the coil secondary structure regions contribute to
the protein-protein interface area. The current study
showed that Asp91,Asn44, Arg111, Arg93, Gln89, Gln35,
Asp1, Lys90, Asn30, Asn36, Gly3, Ser43, and Gly19
appeared at the coil region. Thus, it can be proposed that
these residues might contribute to the interface interactions

between neoculin and T1R3. Unexpectedly, the MMPBSA
results showed the binding energy between neoculin and
T1R2 are lower than the binding energy between neoculin
and T1R3, which might due to the nature of the proteinprotein interaction for it is weak and it lasts for a limited
duration (Fischer et al. 2015; Kastritis & Bonvin 2013).
However, the strong binding energy between neoculin and
T1R2 does not change the fact that neoculin sweet and
taste-modifying abilities only activated when it is bind to
ATD of T1R3. The MD study provided additional insights
to the docking results, by providing more details regarding
the interactions between the protein-protein complexes.
Throughout the MD simulation, the important residues of
neoculin were found to interact only with the ATD of T1R3,
which agrees with the previous experimental work of
Nakajima et al. (2011) and Ohkubo et al. (2015).

TABLE 2. The hydrogen bond occupancy for T1R2 complexes per residues. The residues in bold representing the neoculin site

Complex
T1R2PIPER4

T1R2PIPER5

Donor

Acceptor

Occupancy (%)

Arg111 (H21)

Glu530 (OE1)

58.7

Arg110 (H11)

Asp480 (OD2)

60.8

Tyr97 (Hh)

Gln474 (O)

30.1

Arg93 (H11)

Hsd447 (NE2)

61.8

Lys90 (Hz1)

Asp712 (OD1)

50.5

Trp41 (He1)

Leu431 (O)

33.8

Lys33 (Hz1)

Asp433 (OD2)

66.4

Gln479 (E21)

Arg111 (OT1)

32.9

Tyr469 (HH)

Gln89 (NE2)

22.5

Ser467 (HN)

Ile96 (O)

29.6

Arg110 (H21)

Asp711 (OD1)

98.7

Tyr97 (HH)

Asp712 (OD2)

10.6

Arg93 (H11)

Glu423 (OE2)

71.0

Trp41 (HE1)

Trp425 (NE1)

15.7

Arg38 (H21)

Glu422 (OE1)

28.7

Arg554 (H21)

Arg111 (OT1)

69.5

Arg554 (H11)

Asp80 (OD2)

55.3

TABLE 3. The hydrogen bond occupancy for T1R3 complexes per residues. The residues in bold representing the neoculin site

Complex
T1R3PATCH2

Donor

Acceptor

Occupancy (%)

Arg111 (H21)

Asp124 (OD1)

53.7

Arg93 (H11)

Glu363 (O)

94.0

Lys90 (HZ1)

Glu48 (OE1)

34.2

Gln89 (E21)

Ser352 (OG)

16.1

Lys33 (HZ1)

Asp364 (OD2)

26.1

Arg357 (H11)

Gln35 (OE1)

31.4

Arg357 (H11)

Tyr21 (OH)

24.7

Glu356 (HN)

Asp91 (OD2)

82.6

Ser53 (HG1)

Asp1 (OD1)

50.7
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T1R3PIPER4

T1R3PIPER5

Lys90 (HZ1)

Glu363 (OE2)

24.8

Asn44 (D21)

Gly463 (O)

15.6

Gln39 (E21)

Ser464 (O)

26.0

Arg38 (H21)

Asp307 (OD1)

99.8

Asn36 (D21)

Gly360 (O)

73.9

Tyr34 (HH)

Leu312 (O)

10.9

Asn30 (D21)

Ser464 (OG)

50.1

Trp73 (HE1)

Arg369 (O)

67.4

Arg48 (H21)

Gln372 (OE1)

20.0

Arg47 (H21)

Asp374 (OD1)

49.5

Trp41 (HE1)

Leu361 (O)

18.5

Gln39 (HN)

Gln379 (OE1)

19.7

Arg38 (HE)

Asp307 (OD2)

44.5

Asn36 (D21)

Met310 (O)

14.5

Gln35 (E21)

Asp307 (OD2)

20.9

Lys33 (HZ1)

Glu362 (OE1)

70.7

Asn30 (D21)

Thr377 (OG1)

37.9

Tyr21 (HH)

Glu358(OE1)

17.9

Asn386 (D21)

Asn36 (O)

14.0

Asn380 (D21)

Gly37 (O)

29.9

Gln379 (E21)

Gln39 (O)

33.5

Ile376 (HH)

Asn44 (OD1)

66.7

Gln372 (HN)

Ser43 (O)

29.7

Met315 (HN)

Gly19 (O)

34.5

TABLE 4. The MM-PBSA calculation for the binding energy (kj/mol) for the first, final and overall 100 frames out of total 5000

frames for each system during the simulation

First 100 frames

Last 100 frames

Overall 100 frames

T1R2PIPER4

-915.436

-949.065

-925.801

T1R2PIPER5

-890.303

-989.576

-945.122

T1R3PATCH2

-338.067

-314.675

-347.834

T1R3 PIPER4

-498.505

-323.385

-531.964

T1R3 PIPER5

-463.033

-441.202

-596.806

C ONCLUSION
Since the interactions between neoculin and T1R2 and
T1R3 is yet to be understood, this research helped to gain
an in depth understanding of the interactions between the
sweet protein neoculin and the human sweet taste receptors
T1R2 and T1R3. In this study, molecular modeling
methods including homology modeling, protein-protein
docking, and molecular dynamics simulation were
employed. The homology modeling study was performed
in order to predict the complete 3D structure of T1R2 and
T1R3. To provide more insights into the interaction of
neoculin and T1R2 and T1R3, a protein-protein study was
conducted in correlation with the major experimental
results which reported by previous researchers. The
protein-protein docking results were more informative

regarding how neoculin interact with the human sweet taste
receptors, especially when the docking results were further
analyzed by MD simulation study. Therefore, MD
simulation study was performed on the best selected
complexes from the protein-protein docking study for 10
ns. The current study presented how Tyr21, Asp9, Asn44,
and Arg48 of neoculin bind specifically to the ATD of
T1R3, and the hydrogen occupancy of these residues.
Furthermore, the recent docking study had provided
conclusive evidence that His11 did not bind to the ATD of
T1R3 at all. In addition, this research showed that neoculin
form hydrophobic interactions with the ATD of T1R3,
specifically by the residues Tyr65, Val72, and Phe94.
Which explained why neoculin binds to the human sweet
taste receptors regardless of the pH.
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