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Abstract

The human sweet taste receptor (hT1R2-hT1R3) is the heteromeric complex composed of
hT1R2 and hT1R3 subunits belonging to the class C G-protein-coupled receptors (GPCRs). The crystal
structure of hT1R2-hT1R3 is not available in nowadays, so homology modeling was applied to model
the hT1R2-hT1R3. The hT1R2-hT1R3 can bind with a wide variety of chemical substances including
naturally occurring sugars, D-amino acids, as well as artificial chemical compounds. Moreover, naturally
sweet-taste proteins, such as brazzein also bind to hT1R2-hT1R3 but the interaction remains unclear.
In this study, brazzein was docking to the 2 forms of hT1R2-hT1R3, which are closed-hT1R2/open-
hT1R3 and open-hT1R2/closed-hT1R3. The molecular dynamics simulation and intermolecular
interactions between proteins suggested that brazzein preferred to bind with the open form subunit
of closed-hT1R2/open-hT1R3 rather than open-hT1R2/closed-hT1R3. These results could provide a

more understanding of interaction between human sweet taste receptor and brazzein.
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Chapter 1

Introduction

1.1 Background and motivation of study

Nowadays, the number of patients suffering from diseases caused by the consumption of
sugar has become a global health problem. Artificial low calorie sweeteners have been used instead
of sucrose to sweeten foods and beverages, because they have low calories and sweeter than sucrose.
However, if one consumes for a long term, it may have severe side effects such as mental health

problems, emotional disorders, brain tumor etc.

The sweet-taste proteins are being interested in how they bind with human sweet taste
receptor, because they come from natural, do not cause tumor and are more than 1000 times sweeter
than sucrose. One of the sweet-taste proteins is brazzein. It is 2,000 times sweeter than sucrose.
Brazzein comes from a climbing berry plant that grows in West African countries such as Angola, Gabon,

Congo, and Nigeria.

Human can detect all 5 tastes: sweet, bitter, sour, salty and umami through different protein
receptors. Sweet taste receptor is taste receptor type 1 subtypes 2 and 3 (T1R2, T1R3). So, sweet taste
receptor of human (hT1R2-hT1R3) is a heterodimer of T1R2 and T1R3. Up to date, hT1R2-hT1R3 has

no crystal structure and thus homology modeling is used to predict the 3D structure of this complex.

In this research project, we studied how brazzein binds with hT1R2-hT1R3 using computational
techniques including molecular docking and molecular dynamics simulation. The binding free energies
of hT1R2-hT1R3 with brazzein bound at different sites were investigated and compared. We also
identified the critical residues that important for brazzein binding. These results lead us a more

understanding about the interactions between hT1R2-hTR3 and brazzein.

1.2 Objectives of the study

1.2.1 To study and compare the efficiency of brazzein binging to the hT1R2-hT1R3

heterodimer.

1.2.2 To identify the key residues important for brazzein binding.



1.3 Benefits of the study
1.3.1 Better understanding on the molecular recognition of hT1R2-hT1R3 toward brazzein.

1.3.2 3D structure of complex between hT1R2-hT1R3 and brazzein and amino acid residues

in the interface area.

1.4 Related studies

In 2006, Eric Walters and Goran Hellekant [1] studied about interaction of the sweet protein
brazzein with the 2 forms of sweet taste receptor hT1R2-hT1R3 by Molecular docking simulation. The
sequences of the human T1R2 and T1R3 ligand binding domains were used to conduct a FASTA search
(the tool provides sequence similarity searching against protein databases.) [2] of the sequences in the
RCSB Protein Data Bank (the website that contains information about the 3D structures of proteins,
nucleic acids, and complex assemblies.) [3]. They identified the most appropriate structure of the
ligand binding domain of the metabotropic glutamate receptor mGluR1 with 2 bound glutamate
molecules, one subunit in open conformation and another subunit in closed conformation, 1EWK.
There are 2 possibilities conformations: closed-T1R2/open-T1R3 and open-T1R2/closed-T1R3. They
used this structure, 1EWK, as template for homology modeling and alighment the T1R sequences in
the Pfam database [4] by using Molecular Operating Environment (MOE) Homology Model module.

The GRAMM docking consistently places brazzein into the binding site of the open subunit.

1.5 A tongue of human

The human tongue (Figure 1.1) can detect 5 basic tastes including sweet, sour, salty, bitter
and umami. The chemical substance responsible for the taste is released in the mouth and comes
into contact with a nerve cell. It activates the cell by changing specific proteins in the wall of the
sensory cell. This change causes the sensory cell to transmit messenger substances, which in turn
activate further nerve cells. These nerve cells then pass information for a particular perception of
flavor on to the brain. The numerous wart-like bumps on the mucous membrane of the tongue are
where the substance producing the taste is transformed into a nerve signal. These bumps, which are
called taste papillae, contain many sensory cells with a special structure. There are three types

categorized by their shapes: fungiform papillae, circumvallate papillae and foliate papillae [5].


https://www.ncbi.nlm.nih.gov/pubmedhealth/PMHT0024366
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https://www.ncbi.nlm.nih.gov/pubmedhealth/PMHT0028130
https://www.ncbi.nlm.nih.gov/pubmedhealth/PMHT0022678
https://www.ncbi.nlm.nih.gov/pubmedhealth/PMHT0028129
https://www.ncbi.nlm.nih.gov/pubmedhealth/PMHT0028131

Tongue Taste bud

Figure 1.1 Tongue of human [5].

The taste buds (Figure 1.2) are located in the walls and grooves of the papillae. They have
numerous sensory cells that are in turn connected to many different nerve fibers. Each taste bud has
between 10 and 50 sensory cells. These cells form a capsule that is shaped like a flower bud or an
orange. At the tip of this capsule, there is a pore that works as a fluid-filled funnel. This funnel contains
thin, finger-shaped sensory cell extensions, which are called taste hairs. Proteins on the surface bind

chemicals to the cell for tasting [5].

Mucous membrane
of the tongue

Taste hairs

Sensory cell
Supporting
cell

Basal cell
Nerve fibers

Figure 1.2 Taste bud [5].
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1.6 A sweet taste receptor

Taste processing is first achieved at the level of taste receptor cells (TRCs) which are clustered
in taste buds on the tongue. When TRCs are activated by specific tastants, they transmit information
via sensory afferent fibers to specific areas in the brain that are involved in taste perception. Four
morphologic subtypes of TRCs have been identified. Type | glial-like cells detect salty taste. Type |l
cells express G-protein coupled receptors (GPCRs) to detect sweet, umami, and bitter tastes. Type |l

cells sense sour stimuli, while Type IV cells likely represent stem or progenitor taste cells [6].

The sweet taste receptor is composed of two distinct G protein-coupled receptors (GPCRs):
type 1, member 2 (T1R2) and type 1, member 3 (T1R3). The T1R2/T1R3 sweet taste receptor responds
to various chemically distinct compounds, such as natural sugars, noncaloric artificial and natural

sweeteners, some D-amino acids, and sweet-tasting proteins [7].

The T1R2 and T1R3 subunits (Figure 1.3) are members of the small family of class C GPCRs.
Class C GPCRs share a common architecture, including a large amino terminal domain (ATD). This ATD
contains a Venus flytrap domain (VFT) and a short cysteine-rich domain (CRD), which connects the ATD

to the a-helical transmembrane domain characteristic of GPCRs [8].

a ’S\XCRD
s o UL

T1R2

OO0

TMD

i
L4

G-proteins

Figure 1.3 Sweet taste receptor T1R2-T1R3 [9].


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4059820/#R1

1.7 A Sweet-taste protein

Brazzein is the smallest sweet-taste protein that contains 54 amino acids (Figure 1.4). Brazzein
is found in African plant Pentadiplandra brazzeana and is very stable over a wide range of
temperatures and various pH levels [10]. It has sweet taste 2,000 times sweeter than sucrose for equal

weights and represents an excellent alternative to available low calorie sweeteners [11].

Figure 1.4 3D structure of Brazzein [12].

1.8 Homology modeling

Protein structure determination using experimental methods such as X-ray crystallography or
NMR spectroscopy is not successful with all proteins [13]. Computational methods could possibly
solve this problem by prediction the structure of proteins. Homology modeling has become a popular
tool to build 3D structures of molecular targets, which experimental structures are not available in
databases [14]. The 3D structure of a protein sequence based primarily on its sequence similarity to

one or more proteins of known structures [15].

Given a protein sequence, homology modeling usually consists of the following four steps

1) Identify the homologue of known structure from the Protein Data Bank.
2) Align the query sequence to the template structure.
3) Build the model based on the alignment.

4) Assess and refine the model.



1.9 Molecular docking simulation

Molecular docking (Figure 1.5) is the technique that give a prediction of the ligand-protein and
protein-protein complex structures. Docking can be achieved through two interrelated steps: first by
sampling conformations of the ligand or protein in the active site or binding site of the protein; then
ranking these conformations via a scoring function. Ideally, sampling algorithms should be able to
reproduce the experimental binding mode and the scoring function should also rank it highest among
all generated conformations [17]. The early elucidation for the ligand-receptor binding mechanism is
the lock-and-key theory proposed by Fischer [18], in which the ligand fits into the receptor like lock

and key.

Molecular Docking

Figure 1.5 Molecular docking between target and ligand [19].

The ClusPro server is a server that widely used for protein—protein docking. This server
performs three computational steps as follows [20]:
1) Rigid-body docking by sampling billions of conformations uses PIPER [21], a docking
program.
2) Root-Mean-Square Deviation (RMSD)-based clustering of the 1,000 lowest-energy
structures generated, to find the largest clusters that will represent the most likely models of the
complex.

3) Refinement of selected structures using energy minimization

PIPER represents the interaction energy between two proteins using an expression of the

form:

E = 0.40Erep + (_O.QO)Eatt + 600Eelec + 1.00EDARS



Where  Ee, = the repulsive contributions to the van der Waals interaction energy
Eat = the attractive contributions to the van der Waals interaction energy
Eeec = an electrostatic energy term
Eoars = a pairwise structure-based potential constructed by the 'decoys as the

reference state' (DARS) [22] approach.

1.10 Molecular dynamics simulation

Molecular dynamics (MD) simulation is computational method, which calculates the time-
dependent behavior of a molecular system. MD simulations have provided detailed information on
the fluctuations and conformational changes of proteins and nucleic acids. These methods are now
routinely used to investigate the structure, dynamics and thermodynamics of biological molecules and
their complexes. The molecular dynamics simulation method is based on Newton’s second law or the
equation of motion. Itis possible to determine the acceleration of each atom in the system. Integration
of the equations of motion then yields a trajectory that describes the positions, velocities and

accelerations of the particles as they vary with time [23].

eri
P=mai=mi ——
dt
Where  F = the force exerted on particle i
m; = the mass of particle j
aj = the acceleration of particle
ri = the position vector of particle / (x;, yi, z;)
t = time

Potential energies are calculated by molecular mechanics force fields. The molecular systems are

minimized and prepared parameters for MD simulations using AMBER 16 program.

Thermodynamic properties of the system are canonical ensemble (NVT), isothermal-isobaric
(NPT) ensemble, and generalized ensembles that used to control the system. When the system is

stable, data can be used for analysis.



1.11 Binding free energy calculations

The binding free energy (AGuing) of the protein- ligand complexes was calculated using
MM/PBSA and MM/GBSA approaches [24]. Herein, the AGping is estimated from the free energy difference

between protein-lisand complex and the individual forms,

AGbind o~ Gcomplex = (Gprotein + Gligand)

The AGpind composes of the molecular mechanics energy AEuw), solvation free energy (AGsow), and

entropic term (TAS) as represented

AGbind = Al[—:f\/Wl Iy AGsotv - TAS

Where AGpind = binding free energy
AEwm = molecular mechanical energy
AGeoly -~ = solvation free energy
T =  temperature
AS = entropy

The AEwm contains bonded and non-bonded energies, comprising the electrostatic (AEee) and van der

Waals energies (AEvaw), whereas the AGsqw consists of polar and nonpolar terms,

le nonploar
AGsoly = AGsoly + AGsolv

The AGi is estimated using either the Poisson-Boltzmann (PB) or the generalized Born (GB) equations,

nonploar

whereas the AGsw  is calculated using solvent accessible surface area (SASA) [25].



Chapter 2

Methods

2.1 Materials
2.1.1 High-performance computing
2.1.2 Ubanta operating system version 14.04
2.1.3 Programs and websites
2.1.3.1 Protein Data Bank (PDB)
2.1.3.2 GenBank
2.1.3.3 ORF Finder
2.1.3.4 Swiss Model
2.1.3.5 PROPKA
2.1.3.6 GaussView 5.0
2.1.3.7 Discovery Studio 3.0
2.1.3.8 ClusPro
2.1.3.9 SSH Secure Shell
2.1.3.10 AMBER 16
2.1.3.11 EditPlus
2.1.3.12 OriginPro 8
2.1.3.13 OriginPro 9.0
2.1.3.14 Chimera 1.11.2
2.1.3.15VMD 1.9.2

2.1.3.16 VideoMach



2.2 Preparation of 3D structure of human sweet taste receptor

The 3D structure of human sweet taste receptor (hT1R2-hT1R3) was built using the crystal
structure of mGluR1 solved in active form (glutamate-bound with protein data bank code 1EWK) as
the template protein (Figure 2.1) for homology models. The nucleotide sequences of hT1R2 and hT1R3
were obtained from GenBank website (Figure 2.2) codes BKO00151 and BK000152, respectively. ORF
Finder website (Figure 2.3) were sued to change nucleotide sequences to protein sequences.
Homology models of hT1R2-hT1R3 closed and open form have been constructed with the Swiss Model
website (Figure 2.4). Building the closed conformation models of hT1R2 and hT1R3, closed-mT1R2 of
mMGluR1 was used as the template and the target sequences were hT1R2 and hT1R3 protein sequences,

while open-mT1R3 of mGlUR1 was used as the template for build the open conformation of hT1R2

and hT1R3.
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Figure 2.2 GenBank website.
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2.3 Preparation of 3D structure of brazzein

The 3D structure of sweet protein brazzein was obtained from protein data bank code 2BRZ

(Figure 2.5).
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Figure 2.5 The solution NMR structure of sweet protein brazzein.
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2.4 Molecular docking simulation

Protein-protein docking server, ClusPro (Figure 2.6), was used for the docking study. Brazzein
was blind docked into the receptor closed-hT1R2/open-hT1R3 and open-hT1R2/closed-hT1R3. About
30 poses of docking simulation were shown for each of the receptor. The brazzein binding with the
receptor with the low interaction energy of complex structure is used as criteria to choose the possible
complexes for molecular dynamics simulation. The protonation state of all ionization residues of

complexes were characterized by PROPKA website (Figure 2.7).

ClusPro

sign out

Dock

Job Name: |

Server: cpu Vv

Accepted PDB Input:
20 standard amino acids and RNA (as receptor only), ref: RNA Select Heparin Mode to
use Heparin as Ligand.

Receptor Ligand

PDB ID: PDB ID:
Upload PDB Upload PDB

Chains: Chains:

Whitespace separate desired chains. Leave chains blank to use all chains.

» Advanced Options

Figure 2.6 ClusPro server.
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PDB2PQR Server

Dolinsky TJ, Nielsen JE, McCammon
Acids Research 32 W665-Wé67 (201

e enter either:

0. PDB ID:
® upload a PDE file: T

Figure 2.7 PROPKA website.

2.5 System preparations

All system preparations were performed by using AMBER16 program. The missing hydrogen
atoms were added using the tlEaP module in AMBER. The AMBER ff14SB force field was applied for
proteins. Each complex was solvated in the 12 A octrahedral box of TIP3P water and Na* ions were
added to neutralize the system. Prior to performing MD simulation, the hydrogen atoms and water
molecules were minimized with 3,000 steps of steepest descents (SD) and conjugated gradient (CG),
while all protein atoms were restrained. After that, each system was minimized all atom with 1000

step of SD and 1500 step of CG.

2.6 Molecular Dynamics Simulation

MD simulation was performed under periodic boundary condition. All covalent bonds
involving hydrogen atom were fixed by SHAKE algorithm. The short-range cutoff of 10 A was employed
for non-bonded interactions, while the Particle Mesh Ewald (PME) summation method was applied for
calculating the long-range electrostatic interactions. Langevin algorithm has been applied to control
temperature with a collision frequency of 0.002 ps for the 1 ns. The system was heated up from 100.0
to 310.0 K for 0.002 ps. Afterwards, the simulation was implemented with NPT ensemble at this
temperature and pressure of 1 atm using the PMEMD module in AMBER16. Each system was simulated
until the simulation time reached 100 ns and the snapshots were collected 5,000 in every 1 ns along

the simulation.
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2.7 Binding Free Energy Calculations

The binding free energy (AGuing) of the complexes was calculated by using MM/GBSA
approaches over the 100 trajectories taken from the last 20 ns by MM/GBSA.py program in AMBER16.
Moreover, the energy composition was calculated to support the binding affinity by using MM/GBSA

approach, and the protein/protein interactions in term of hydrogen bonding were also measured.



Chapter 3

Results and Discussion

3.1 Homology modeling of human sweet taste receptor

SWISS-MODEL, the web server, was used to create the homology models of human sweet
taste receptor (Figures 3.1-3.4) by using the crystal structure of mGlUuR1 (closed-mT1R2 and open-
mT1R3) code 1EWK as the template and using hT1R2 and hT1R3 protein sequences from GenBank
(codes BK000151 and BK000152, respectively) as the target sequence. Closed-hT1R2 and closed-hT1R3
have sequence identity (and similarity) with its template, closed-mT1R2 of mGluR1, of 24.34% (39.75%)
and 22.35% (39.09%), respectively, while open-hT1R2 and open-hT1R3 have sequence identity (and
similarity) with its template, open-mT1R3 of mGluR1, of 24.47% (39.88%) and 22.01% (40.37%),
respectively. The models of human sweet taste receptor closed-hT1R2/open-hT1R3 and open-hT1R2/
closed-hT1R3 were shown in Figures 3.5a and 3.5b, respectively. The superimposition between the
mGluR1 template and the models of human sweet taste receptor using Discovery Studio 2.5 were
depicted in Figures 3.6a and 3.6b, respectively. Finally, the homology models of closed-hT1R2/open-

hT1R3 (Figure 3.7a) and open-hT1R2/closed-hT1R3 were obtained as shown in Figure 3.7b.

» Closed-hT1R2
Sequences identity = 24.34 %

Sequences similarity = 39.75 %

40 50 60 70 80

mGLuR1 K PERK G--EIRBQY SV

hT1R2 MKGIVHL QVPM -KEYEVEVIE D N -
130 140 150 160 170

mGluR1
hT1R2

mGluR1l  [g] S
hT1R2 |E LHER 1V )
260 270 280 290 330 370
mGWR1 | [CRCEG RGBS AMR chv EFSL c i BE "G VEVEANGCHTRY EMRSEOBNF LK R LoTHTRIFWF - F
hTiRz VIS PD YHIEEN ML QNFT A- vw A 1P LTELGHLGT FllcliT vellpcBSEER EWGPQAG- - - - - - - PPPL
360 370 380 390 400 410 420
mGluR1 EFWQmRLPGHLLENP FKKVITGN St E - --voPs kMc Fll TN Gl HHALCPGHVGL-IDAMKP-IDGR
hTiR2 |SRTSQISMTEN - - - - - - - - - ecoNBLNATL - TILRLSG rRvMysBlvs ABBsBLccoks - - - - - THT KR - -vMlyPw
430 440 450 460

470 4?0 4?0 5?0 S]I.D

TEANRYDMVHMG EG-VLNIBDYKI
DR-SQINPEQSMA PLQRQLKMIQ- -

mGluR1 FEIMSSEVGVSGE
hT1R2 E VNETL-LDH

Figure 3.1 Sequence alignment between mGluR1 (closed-mT1R2) and hT1R2.
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> Closed-hT1R3

mGluR1
hT1R3

mGluR1
hT1R3

mGluR1
hT1R3

mGluR1
hT1R3

mGluR1l
hT1R3

mGluR1
hT1R3

Sequences identity = 22.35 %

Sequences similarity = 39.09 %

£ i i
preE wasa AEIVPERKCGEIREQV QRVE FH ADPV NI T S R HSS
EAGLRSRTRIPSS-PVCTRFSSN LWAL Y S RV

110 120

220 240 250
SDK@YSNAG------ EKSFRIR RERLPKA clc
THAA EGLMPLP- -RADDSRLGKVED N@s - -sv LifA
260 330 340
EGMBVRGIEBES AMRRLGMVGEFS E-GYEV M E E FLKLRLDINTRNPWFPEIWIHR
sviHBABABENYs 1ssrRBsPl- v LEMGLPGMA VKTHLALBMTDPAF-CcSAMGE- -

350 400
FQCRLPGHLL -
--REQG----1L

430

480 510
l " 1

" l
MNLQMTE NRYDVVH EG LNIDDYKI-»
KLWVBMQGSI-VPRLHD GSEMRTE---- - RL

n 1
VGVSGEEV FDEK APGR
HVGGLPLRIED -SS VDME

FBIKS
NMYNL

Figure 3.2 Sequence alignment between mGluR1 (closed-mT1R2) and hT1R3.

> Open-hT1R2

mGluR1

1 10
vARMD H PP----A"PERK
hT1R2 SID F VIl P SRS ANMKkc v LMFBEQvPME
%

Sequences identity = 24.47 %

Sequences similarity = 39.88 %

20 30

100 110 120

mGWRl (ABEQsWeEPER - - - - - - ---------- KpPAG csBlsvallqQMaQ QB E 0 TH 1 ST LMK Y 2 D

hT1R2 AHEDNLLPIQEDYSNYISRMVA DNSIESVMTMA 5 [ 180 BRIV REP A T TIESIA D HEV
180 190 250

mGluRL KR¥NMT YV S AMHTEGNMBESGMDARKELARQEGLENHSDKEYSINAG - - - - - - - - C

hT1R2 LHERMNWE 1 vIEvVEso THIBIRD NG v

260 270 330 :
mGlRt CEG RcBlS AMREL GV V. EFSLr“DRDE T cvevEANG o lTlK P EMRSHD -
hTirz MBS PD v HIEBEN EML QNFT A - vwilla 1IDPV H LTELGHLGT FllcllT verllrGBSEER EWGPQAGP - - - - - PPLSRT

340
FLKLRLDTNTRNPW-FPEFW

350 360 370 380 390 400 410 420

1 " 1 L 1 1 1
mGlRl  [QH[RFQ RLPGHLLENPIFKKVITGNESLEEN ------- yvQls kMc Fl 1 N § O HHALCPGHVGL--IDAMKP Inc
hTiRe |SESMITHEN - - - - - - - - - ECONBILNATL----SFNTILRLSGERVMYSHMYS ABBSELGCDK- - - - - - STETKR - YP
430 440 450 460 470 480 490 500 s10
mGluRl  [R F1lssBvcMsGE E APGRY TEANRYDNMVHMG E-GVLNIIDVKI
hT1R2 E VNIET -BlLDH P VALHL D-RS@NPEQSHMA PLQRQLKMIQ- -

Figure 3.3 Sequence alignment between mGluR1 (open-mT1R3) and hT1R2.
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> Open-hT1R3

Sequences identity = 22.01 %

Sequences similarity = 40.37 %

1 10 Zlﬂ JID 4ID 5|0 80
mGluRl  [QRr'S v AJRMD BB v ABBsMHHQPP- - - - - AElVPERKIGEIREQY QRVEIMF H ADPV R HSS
hT1R3 |- SQQL K hd G PBIGEAEEAGLRSRTRIPSSPVEM-TRFSSN LWAL KM F SEPV

I?O 1}0 120 130 140 150 160 170
mGLuRL ofMelER - - - - - ---- - xpllaG § B Qv Qi Bl 0 g B8 DI " 0 T
hT1R3 xd M AKAGSRDIAAYCNYTQYQPRMLA H E VTG S L G MEL ARETIBPS T R
180 190 200 210 220 230 240
mGluR1
hT1R3
260 270 280 290 300 310 320
mGlRl |[EGMEVRG SAMRRLGMVGEFS LG GMADREIE E-GYEVIEANGGETIBK LQS P S |0 FLKLRLDWMNTRNPWMFPE R
hTiR3 SV HEAHRA NYSISSRIBS P - VWMIA ABMLTSEIL GLPGMAQMGTVIRIGIEL ENP VKTHLALBTOP-ABCSANG E
3?0 360 370 380 390 400 410 420
mGluR1l FQCRLPGHLLE--IPNFK ALCPGHVGL - - DMK DGR
hTiR3 QG- -------- Le@ovvc@rBPQCcHBIcHT LAINVSAGENHHGT Fslly A MVEISVING A AN T L@CcnA - - - - - - scllrMopBVk Pw
440 450 460 470 480 4?0 5?0 5}0
mGluR1 VGVSGEEVMFBIE KEDA PG R MNLQMTEBMNRYDYVHEESITWHIEGMLN 1D YK I
HVGGLPLRIE-MSS VDME KLWVBQGSIV - PRLHD R GSE-RTERL - -
hT1R3
Figure 3.4 Sequence alignment between mGluR1 (open-mT1R3) and hT1R3.
(a) closed-hT1R2/0pen-hT1R3 (b) open-hT1R2/closed-hT1R3

Figure 3.5 The models of human sweet taste receptor: (a) closed-hT1R2/open-hT1R3 and

(b) open-hT1R2/closed-hT1R3.
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(@) closed-hT1R2/open-hT1R3 (b) open-hT1R2/closed-hT1R3

mGluR1 template
hT1R2-hT1R3 model

Figure 3.6 Superimposition between mGluR1 template and the models of human sweet taste

receptor: (a) closed-hT1R2/open-hT1R3 and (b) open-hT1R2/closed-hT1R3.

(@) closed-hT1R2/open-hT1R3 (b) open-hT1R2/closed-hT1R3

Figure 3.7 Homology models of human sweet taste receptor: (a) closed-hT1R2/open-hT1R3
and (b) open-hT1R2/closed-hT1R3.
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3.2 Molecular docking simulation

ClusPro server was used for the docking study between hT1R2/hT1R3 and brazzein. Brazzein
was blind docked into the 2 forms of hT1R2/hT1R3. Docking result showed that there were the 2
possible complexes of closed-hT1R2/open-hT1R3 with brazzein (Figure 3.8) and the 3 possible
complexes of open-hT1R2/closed-hT1R3 with brazzein (Figure 3.9). The protein-protein interaction
energies of the complexes were summarized and compared in Tables 3.1 and 3.2, respectively. These
5 models were selected for studying the complexes in agqueous solution by molecular dynamics

simulation.

Table 3.1 The interaction energies (kcal/mol) between closed-hT1R2/open-hT1R3 and brazzein.

closed-hT1R2/0pen-hT1R3 Lowest Energy
complex 1 -826.8
complex 2 -851.1

(a) complex 1 (b) complex 2

hT1R2
hT1R3

Brazzein

Figure 3.8 Two possible structures of closed-hT1R2/open-hT1R3 in complex with brazzein:

(a) complex 1 and (b) complex 2.
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Table 3.2 The interaction energies (kcal/mol) between open-hT1R2/closed-hT1R3 and brazzein.

open-hT1R2/closed-hT1R3 Lowest Energy (kcal/mol)
complex 1 -968.7
complex 2 -932.4
complex 3 -929.2
(a) complex 1 (b) complex 2 (c) complex 3

hT1R2
. hT1R3

Brazzein

Figure 3.9 Three possible structures of open-hT1R2/closed-hT1R3 with brazzein:

(a) complex 1, (b) complex 2 and (c) complex 3.

3.3 Molecular dynamics simulation

MD simulations of all systems were performed for 100 ns under periodic boundary condition
using AMBER 16 program. The last snapshots of closed-hT1R2/open-hT1R3 and open-hT1R2/closed-

hT1R3 were shown in Figures 3.10 and 3.11.

The cpptraj module was used to compute the structural analyses as follows. The equilibrium
state of all simulated models was determined by computing the 1D- and 2D-root-mean-square
displacements (1D-RMSD and 2D-RMSD). The b-factor and root-mean-square fluctuation (RMSF)
calculations were used to investigate the fluctuation of the simulated protein structure. The protein-
protein hydrogen bonds at the interface were calculated to observe the formation of hydrogen
bonding throughout the simulation. Moreover, the MM/GBSA binding free energy calculations were
performed to predict the preferential binding site, key binding amino acid residues involved in brazzein

binding, and binding affinity of the complexes.
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lex 1 b lex 2
(a) complex (b) complex TR

hT1R3

Brazzein

Figure 3.10 Last snapshot of closed-hT1R2/open-hT1R3 with Brazzein:

(a) complex 1 and (b) complex 2.

(a) complex 1 (b) complex 2

Figure 3.11 Last snapshot of open-hT1R2/closed-hT1R3 with Brazzein:

(a) complex 1, (b) complex 2 and (c) complex 3.

3.4 System stability

The stability of MD system was analyzed by the 1D- and 2D-root-mean-square displacement
(RMSD) calculation. In Figure 3.12, the 1D-RMSD values of all atoms for a whole complex (red) as well
as its hT1R2 (blue), hT1R3 (cyan) and brazzein (black) of all systems rapidly increase at the first 20 ns
then the RMSD values of complex of (a) closed-hT1R2/open-hT1R3 receptor in apo form, (c) and (e)
closed-hT1R2/open-hT1R3 and open-hT1R2/closed-hT1R3 receptors in brazzein bound forms
fluctuated between 5 to 6 A, (b) and (f) closed-hT1R2/open-hT1R3 and open-hT1R2/closed-hT1R3
receptor in brazzein bound forms fluctuated between 4.5 to 5.5 A, (d) open-hT1R2/closed-hT1R3

receptor in apo form fluctuated between 6 to 7 A and (g) open-hT1R2/closed-hT1R3 receptor in
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brazzein bound forms fluctuated between 5.5 to 6.5 A. All systems seem to reach the equilibrium
state at ~80 ns. The 2D-RMSD results (Figure 3.13) suggest the stability of the system by the colors. All
systems show cyan to blue colors at the last 20 ns correlated with the 1D-RMSD results. In this study,
the last 20-ns MD trajectories of each system were extracted for further analysis in terms of structural

dynamics, MM/GBSA binding free energy and decomposition free energy.
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Figure 3.12 RMSD plots of all atoms for systems: (a) closed-hT1R2/open-hT1R3 receptor in
apo form and (b-c) in brazzein bound forms, (d) open-hT1R2/closed-hT1R3 receptor

in apo form and (e-g) in brazzein bound forms.
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3.5 Structural stability

The fluctuation of protein structure was analyzed by the b-factor and root-mean-square
fluctuation (RMSF) calculations. In Figure 3.14, the complexation with brazzein in complex 2 (c) cause
the lower RMSF values compared with its apo form (a) but the RMSF values of other complexes (b, e,
f and g) are not different. B-factor gives the information of the structural stability by the colors of the
protein. The rigid and flexible proteins are shaded in blue and red. The B-factor results show that

when the brazzein binds with both forms of hT1R2/hT1R3 receptor, the protein structure at the binding

site is more stable.
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3.6 Binding affinity prediction

MM/GBSA method was used to investigate the binding free energy (AGeindweesa) of brazzein
binding to the hT1R2/hT1R3 receptor. The results are given in Table 3.3 together with its energetic
components, the gas phase energy (AEuw) as a summation of Afyqw and Afee energies, the solvation
free energy (AGsow) as @ summation of AGnsoiw and AGpsely energy. Afee contribution is stronger than
AEqw in all simulations. In both closed-hT1R2/open-hT1R3 and open-hT1R2/closed-hT1R3, brazzein
only binding to the open form of hT1R3 and hT1R2, respectively (more detail in Figure 3.15), which
correlated with previous work [9]. In complex 2 is significantly more preferential with AGpindm/aesa) of
-62.94 + 0.87 kcal/mol and -61.30 + 0.78 kcal/mol, respectively. Due to the limitation of entropy

calculation, the AGrindaawessa) of these two systems cannot be directly compared.

Table 3.3 The binding free energy (kcal/mol) of the complexes between closed-hT1R2/open-hT1R3,

open-hT1R2/closed-hT1R3 in complex with brazzein.

closed-hT1R2/open-hT1R3 in open-hT1R2/closed-hT1R3 in
complex with brazzein complex with brazzein

Complex 1 Complex 2 Complex 1 Complex 2 Complex 3
AEvaw -129.29 + 0.70 | -107.90 + 0.78 | -123.43 + 0.70 | -133.07 + 0.90 | -106.65 + 0.82
AFele -628.04 + 556 | -432.73 + 5.72 | -209.56 + 3.35 | -537.09 + 3.59 | -403.92 + 6.50
AEym -757.33 + 572 | -540.63 + 551 | -332.99 + 3.36 | -670.15 + 3.78 | -510.58 + 6.92
AGrsoly -18.68 £ 0.07 | -14.84 +0.09 | -16.83 £ 0.09 | -19.25+0.11 | -15.74 + 0.14
AGpsolv 724.18 £ 5.09 | 49253 +4.99 | 305.09 + 3.13 | 628.10 + 3.46 | 495.54 + 6.07
AGsoly 70550 + 5.05 | 477.69 +4.99 | 288.26 + 3.09 | 608.85 +3.40 | 479.80 + 5.97
AGpind(Mm/cesa) -51.83 +1.12 | -6294 +0.87 | -44.72 £0.70 | -61.30+0.78 | -30.77 + 1.27




27

3.7 Contract residues for brazzein binding

residue

On the basis of MM/GBSA approach, the per-residue decomposition free energy (AGpind~ ) and
its energetic components, electrostatic (Afee and AGpsow) and van der Waals (AEygw and AGrsow) terms,
were calculated to identify the key amino acid residues for brazzein binding interaction. The total
decomposition free energies of each amino acid residues (AGkn"*) of hT1R2 and hT1R3 that bind with
brazzein of all systems were shown in Figure 3.15, where the positive and negative decomposition free
energy values represent the brazzein destabilization and stabilization, respectively. In case of brazzein
binding with closed-hT1R2/open-hT1R3 in the complexes 1 and 2, there are 8 amino acid residues
(E170, R176, R226 of hT1R2 and R52, L.245, P246, R252, L308 of hT1R3) and 7 amino acid residues (F65,
N68, D216, E217, H278, D307, L308 of hT1R3) that have AGeng" < -2.0 kcal/mol, respectively. In case
of open-hT1R2/closed-hT1R3 binding with brazzein, there are both 12 amino acid residues in complex
1 (150, V51, E63, 245, P247, N248, M251, 281 of hT1R2 and R191, A228, 1.229, A232 of hT1R3) and
complex 2 (Y64, 169, Y284, H285, P310, V311, E317, N376, L381, S382, G383, E384 of hT1R2) that have
AGEE" < -2.0 kcal/mol but in complex 3, there are only 5 amino acid residues (150, Y64, Q249, Y284,
V311 of hT1R2). The E170 (in hT1R2: complex 1) and D216, E217 (in hT1R3: complex 2) of brazzein
binding with closed-hT1R2/open-hT1R3, were found to be the key binding residues for brazzein
binding, in a correspondence with previous study [9], which used alanine-scanning mutagenesis to
identify the key amino acid residues involved in binding interaction.

Moreover, the energy stabilization from the important residues (AGE < 1.0 kcal/mol) was

separately considered in terms of the contribution from sidechain (red bar) and backbone (green bar)
as well as the electrostatic (AEee and AGpsow, black line) and vdW (AEyqw and AGrsau, light grey line)
energies of brazzein binding with closed-hT1R2/open-hT1R3 and open-hT1R2/closed-hT1R3 were
shown in Figures 3.16 and 3.17, respectively. The results have shown that the binding energies of

hT1R2/hT1R3 and brazzein mainly come from sidechain and vdW energies.
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hT1R3 (right) domains for brazzein binding with closed-hT1R2/open-hT1R3 (a-d) and

open-hT1R2/closed-hT1R3 (e-j) based on MM/GBSA method.
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3.8 Hydrogen bonding interaction

The number of H-bond formed between hT1R2/hT1R3 and brazzein along the simulation were
plotted in Figure 3.18. Brazzein binding with closed-hT1R2/open-hT1R3 in complex 2 (Figure 3.18b) has
20-40 H-bonds with hT1R3 domain, while the number of h-bonds with both domains in complex 1
(Figure 3.18a) were somewhat missing during the last 30 ns of simulation. In the case of open-
hT1R2/closed-hT1R3, brazzein interacts with both domains in complex 1 (Figure 3.18c) but only with
hT1R2 in complexes 2 and 3 (Figures 3.18d and 3.18e, respectively). The complex 2 has the number
of H-bond (25-50) importantly higher than complex 3 (20-40).

Moreover, the number of H-bond between hT1R2 and hT1R3 were compared when the
hT1R2/hT1R3 binding and not binding with brazzein (Figure 3.19). The results show that when brazzein
bind with closed-hT1R2/open-hT1R3 as complex 2 (Figure 3.19¢) lead to higher number of H-bond
than the closed-hT1R2/open-hT1R3 without brazzein (Figure 3.19a). In another way, brazzein bind with
open-hT1R2/closed-hT1R3 as complex 2 (Figure 3.19f) cause the lower number of H-bond than open-
hT1R2/closed-hT1R3 didn’t bind to the brazzein (Figure 3.19d). So, brazzein prefer to bind the closed-

hT1R2/open-hT1R3 more than open-hT1R2/closed-hT1R3.
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Figure 3.18 The number of H-bond between hT1R2 and brazzein, hT1R3 and brazzein for brazzein
binding with closed-hT1R2/open-hT1R3 (a-b) and open-hT1R2/closed-hT1R3 (c-e).
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Chapter 4

Conclusion

The molecular modelling approaches were used to investigate the structural insights into
complexes between two forms of human sweet taste receptor (closed-hT1R2/open-hT1R3 and
open-hT1R2/closed-hT1R3) and the sweet-taste protein (brazzein). The 1D- and 2D-RMSD results
revealed that all systems reached the equilibrium at ~80 ns and the last 20 ns MD trajectories of each
model were subsequently extracted for further analysis. The results showed that the sweet-taste
protein, brazzein, prefer to bind with the human sweet taste receptor which is open subunit. The
MM/GBSA binding free energy, per-residue decomposition energy and number of H-bond results have
shown that human sweet taste receptor (hT1R2-hT1R3), which hT1R2 is in the closed form and hT1R3
is in the open form, is the active conformation to bind with brazzein. Moreover, brazzein bind with

closed-hT1R2/open-hT1R3 as complex 2 is the most possible structure.
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