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Molecular modelling of miraculin: Structural analyses
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Abstract

Miraculin is a plant protein that displays the peculiar property of modifying taste by swiching sour into a sweet taste. Its monomer is
flavourless at all pH as well as at high concentration; the dimer form elicits its taste-modifying activity at acidic pH; a tetrameric form is
also reported as active. Two histidine residues, located in exposed regions, are the main responsible of miraculin activity, as demonstrated
by mutagenesis studies. Since structural data of miraculin are not available, we have predicted its three-dimensional structure and sim-
ulated both its dimer and tetramer forms by comparative modelling and molecular docking techniques. Finally, molecular dynamics sim-
ulations at different pH conditions have indicated that at acidic pH the dimer assumes a widely open conformation, in agreement with the
hypotheses coming from other studies.
� 2007 Elsevier Inc. All rights reserved.
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Six sweet tasting proteins, ranging in size from 6 to
�22 kDa, have been discovered [1]: miraculin in 1968 [2],
thaumatin and monellin in 1972 [3,4], curculin in 1990
[5], mabinlin in 1993 [6], and brazzein in 1994 [7]. All six
proteins, extracted from fruits of tropical plants, display
activity as sweeteners or taste-modifiers. In the last 30 years
many efforts have been made to commercially exploit the
use of sweet-tasting proteins. In order to understand the
molecular bases that induce the sweetness of thaumatin,
monellin, brazzein, and neoculin, some structural studies
were made and some residues were identified as potential
responsible for their sweetness [8].
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Miraculin has been isolated from the fruit of Richadella
Dulcifica in West Africa, and although it does not show the
intrinsic ability of inducing sweetness, it is able of switching
sour into a sweet taste. Miraculin is a single polypeptide
chain having molecular weight of 24,600 kDa and two sug-
ars linked to two Asn residues [9]. The pure form and that
denatured of the miraculin are constituted of a tetramer
and a dimer, respectively. Both tetramer and dimer miracu-
lin in crude state have the taste-modifying activity [10].
Miraculin dimer, covalently linked by an inter-chain disul-
phide bond, shows its taste-modifying activity at acidic pH,
with maximum at pH 3.0, and is flat at neutral pH and
almost inactive at pH 6.0. Monomeric miraculin, even at
high concentrations, is flavourless at all pHs and its dimer-
ization is required in order to trigger its activity. As it has
been suggested, this pH-sweetness relationship could be
reminiscent of the imidazole titration curve. Mutagenesis
studies indicated the two His residues (i.e. His29 and
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His59) as the main responsible of the taste-modifying activ-
ity [11].

Previous studies showed that sweet proteins elicit their
function through the binding to T1R2 – T1R3 heterodimer,
a G-protein coupled receptor which binds also natural sug-
ars and artificial sweeteners. The evident differences
between the mass of these proteins and small sweeteners
molecules suggest that different binding sites should exist
on the receptor surface. Studies aimed to identify these
binding sites could clarify the molecular events leading to
receptor activation [12]. Recent studies suggested also that
the association of the closed and open forms of monomers
constituting the T1R2 � T1R3 hetero-dimer can create a
large charged cavity where sweet proteins fit exerting their
function [13–17].

No atomic level structural data are available for miracu-
lin. We simulated the three-dimensional structure of gly-
cosylated miraculin, its dimer and tetramer forms by
comparative modelling and molecular docking strategy.
Moreover, in order to analyse the stability of miraculin
dimer, we conducted molecular dynamics simulations at
acidic and neutral pH.
Methods

Molecular modelling. The sequence of miraculin from Richadella dul-
cifica [9] was analysed with BLAST [18] to find similar proteins in dat-
abases. The three-dimensional model of miraculin region 31–220 was
created by comparative modelling, according to the procedure already
used and described in details in our previous works [19–22], using the
template model of a homologous Kunitz (STI) type inhibitor [PDB code:
1R8N] from seeds of Delonix Regia [23]. Protein sequences were aligned
with CLUSTALW [24]. MODELLERv7 [25] implemented in InsightII
(Accelrys, San Diego, CA) was used to build 10 full-atoms models. The
best model was selected using PROCHECK [26] to evaluate the stereo-
chemical quality of the models and their structural packing quality, and
ProsaII [27] to check the fitness of sequence to structure and to assign a
scoring function. All models were analysed also by other validation pro-
grams, i.e., Anolea [28], Victor/FRST [29] and Profiles3D (InsightII,
Accelrys, San Diego, CA). In the selected model the loop regions were
refined using the LOOPY module of Jackal package [30]. LOOPY
appeared to yield the best results for loop modelling, with models that are
on average of 2–8% better than those generated by other programs [31]. In
details, the LOOPY module generates a large number of random con-
formations via ab-initio method, minimizing each of the random candi-
dates and selecting the best candidates using colony energy, and fuses loop
in order to sample more conformation space, repeating the process until
convergence. Cysteine side-chains refinement was performed by SCAP
module of Jackal package [30]. Secondary structures were assigned by the
DSSP program [32]. A search for structural classification was performed
on CATH database [33]. Secondary structure predictions were performed
with Jpred [34] and PHD [35] servers. Molecular superimposition, RMSD
values and figures were obtained with the InsightII package (Accelrys, San
Diego, CA).

The carbohydrate chains were built using the Biopolymer module in
InsightII (Accelrys, San Diego, CA). Hydrogen atoms were added with the
‘‘Modify/Add Hydrogens tool’’. These structures were optimized
according to the optimization protocol of the Builder module in InsightII,
starting with the steepest descent method and switching to the conjugate
gradient algorithm only when the energy gradient reached the default
threshold value.

Simulation of glycosylated miraculin monomer. To simulate the N-gly-
cosylated miraculin structure, two identical sugars were bound to the
modelled monomer chain, creating N-glycosydic bonds with Asn 41 and
Asn 185 by using the Builder module of Insight II.

This sugar–protein system was minimized for 500 steps under conju-
gate gradient algorithm and then subjected to molecular dynamics simu-
lations using Consistent Valence Force Field (CVFF) to assign potentials
and charges and moving only the loop regions supporting the glycosylated
residues. 300-ps long MD simulations were performed at 300 K with a
time step of 1 fs, setting the dielectric constant to 1 and using the Discover
module in InsightII. Conformations were saved every 1000 steps (i.e. every
1 ps). Data recorded during the last 100 ps were used for further analyses.

Modelling of miraculin dimer and tetramer. The homodimer of mira-
culin was simulated by creating SS-bond between the Cys137 of a
monomer and the corresponding cysteine of another identical monomer
with Builder module of Insight II. Attempts in dimer design were also
made using the docking web server CLUSPRO [36] that resulted the best
docking program in CAPRI 2005 experiment with a success rate of about
71% [37]. CLUSPRO is a fast algorithm for filtering docked conforma-
tions with good surface complementarity, and ranking them based on their
clustering properties; the free energy filters select complexes with lowest
desolvation and electrostatic energies [36]. ZDOCK implemented in
CLUSPRO was selected to perform the initial rigid-body docking, where
scoring function includes a combination of shape complementarity.

The dimer models were selected by considering the oligosaccharides
volumes to avoid steric hindrance and by evaluating some features and
parameters. The ‘‘Protein–Protein Interaction Server’’ [38] and NACCESS
program [39] were used to identify the amino acids at the interface in the
miraculin dimers and tetramers and to evaluate their solvent accessibility.
The presence of putative H-bonds was calculated with ‘‘Hbond tool’’ in
InsightII (Accelrys, Inc., San Diego, CA, USA) and Hbplus program [40].

The selected dimer was minimized by using 500 steps of energy mini-
mization under conjugate gradient algorithm in order to optimize side
chain conformations and avoid sterical clashes according to the commonly
used procedure [20,21,41,42].

Miraculin tetramer models were simulated and analysed using the
same procedure and programs as for dimer modelling.

Molecular dynamics simulations. MD simulations were performed with
GROMACS software package (v3.3.1) [43]. Models were put in triclinic
boxes full of SPC216 water molecules and GROMOS43a1 was selected as
force-field. In order to optimize the system the models were previously
subjected to energy minimization and position restraints cycles. The sim-
ulations were carried out with periodic boundary conditions and bond
lengths were constrained by the LINCS algorithm. Part Mesh Ewald
(PME) algorithm was used for the electrostatic interactions with a cut-off
of 0.9 Å, according to recent paper [44].

Simulations were conducted at different pH values. At neutral pH, it is
assumed that tritable groups of His, Glu and Asp residues are unproto-
nated while the acidic condition (pH �3) is reached when all these groups
are protonated. All simulations were run for 10 ns at room temperature
(300 K) coupling the system to an external bath.

GROMACS and VMD routines [45] were utilized to check trajectories
and the quality of the simulations.

The center of mass of monomers costituing each dimer and their dis-
tance has been calculated using a CGI script in Perl language developed in
our group.
Results and discussion

Modelling of N-glycosylated miraculin monomer

Mature miraculin is a homodimer made by two chains
which have two N-glycosylated Asn residues and are
cross-linked through a disulphide bridge. Sequence simi-
larity searches showed that miraculin has high sequence
similarity (Evalue = 6e–13) to many members of the STI
family of proteases inhibitors. We modelled the 3D struc-
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ture of miraculin using the crystal structure of the homol-
ogous Kunitz (STI) type inhibitor (PDB code: 1R8N)
from seeds of Delonix Regia because the sequence identity
between these two proteins resulted of 33%. In Fig. 1 we
show miraculin/template alignment. Four cysteines
involved in two disulphide bridges in the template struc-
ture are aligned to four related cysteines in the miraculin
sequence. Miraculin has three additional cysteines, two of
which form another disulphide bond in the monomer, the
third makes the interchain bridge. Starting from this
refined alignment with the reference structure, a set of
full-atoms models was generated. The best model
(Fig. 2A) has 89.2% of residues in most favoured regions,
Prosa Z-score of �5.81, Anolea Z-score of �535.390, Vic-
tor/FRST function value of �20731.029 and Profiles3D
score of 57.34. These values, compared also with that of
the template structure, indicate that a good quality model
has been created. About 31% of the residues assumes a b-
strand conformation, organized in six two-stranded hair-
pins. Three of these form a barrel structure and the other
three are in a triangular array that caps the barrel. Sec-
ondary structure predictions made by JPRED and PHD
programs agree with the obtained structure of miraculin
by comparative modelling (see Fig. 1). Superposition of
the modelled protein with the template structure gave
RMSD value of 0.52 Å for secondary structure conserved
regions, suggesting that our model keeps the typical b-tre-
foil architecture of Kunitz inhibitor family [33].

The miraculin model presents six cysteine residues
involved in three disulphide bridges. These three intra-
chain disulphide bridges (Cys46-Cys91, Cys147-Cys158,
and Cys151-Cys154) stabilize each monomer, in agreement
to experimental data [11]. His29 and His59, indicated as
key residues for the taste-modifying properties, are in loop
Fig. 1. CLUSTALW sequence alignment of Soybean Trypsin Inhibitor (PD
Asterisks (*) indicate conserved amino acids. Cys residues are in bold type. Glyc
Amino acids in 310 helix are in bold italic. JPRED and PHD are the seconda
regions and well exposed (see Table 1). The N-linked glyco-
sylation sites (i.e. Asn41 and Asn185) are also in exposed
loop regions. All together these features of our model are
reliable with those expected by previous experimental
evidences.

The carbohydrate chain [(Man)3 (GlcNAc)2 (Fru)1
(Xyl)1] (Fig. 2A) was attached to the Nd2 of Asn41 and
Asn185, as described in Methods [10,46,47].

Modelling of miraculin dimer

The miraculin dimer is shown in Fig. 2B. His29 is more
exposed than His59 (see Table 1), according to the experi-
mental data [11]. This finding hints that His29 could cover
the major role in the miraculin taste-modifying activity.
Therefore, we detected and analysed the charged regions
around the His residues which could be suitable for the
binding to the taste receptor and the elicitation of its
taste-modifying activity. In particular, we noticed that
many charged residues are in the proximity of His29
(Arg27, Asp28, Arg54, Glu56, Asp166, Arg171, Arg172,
Asp177, Lys178, and Glu183). This observation would
provide a good rationale for the electrostatic interactions
occurring between the negatively charged cavity of the
T1R2–T1R3 and the positive zone of the protein, as sug-
gested [14,48,49]. A similar analysis for His59 found a
smaller charged area (Arg54, Lys55, Glu56, Asp58,
Asp60, Arg61, and Lys186).

In the selected dimer, carbohydrate moieties are local-
ized at the edges of the dimeric protein, in exposed areas
and they do not form important interactions with the pro-
tein body. Carbohydrate contents would not be involved in
the taste-modifying activity, similarly to the other glycosyl-
ated sweet protein, neoculin [16].
B code = 1R8N) and Miraculin (UniProt Accession Number P13087).
osylated Asn residues are in grey. Amino acids in b strands are underlined.

ry structure predictions and E indicate b-strands.



Fig. 2. 3D molecular model of Miraculin. Backbone ribbon is shown. Cys and His residues are indicated in stick and coloured by atom type and blue,
respectively. Sugars are in CPK. (A) monomer form with detailed view of the glycidic chain shown in stick and coloured by atom type. The secondary
structure topology is shown: yellow cartoons represent b-strands; (B) miraculin dimer. First and second monomer are coloured in green and blue and
indicated as chain H and I, respectively. Oval indicates the inter-chain disulphide bond (C137–C137). (C and D) Globular and linear forms of miraculin
tetramer, respectively. Identical colours are used for the corresponding monomers of two dimers (H and I; L and M) in the tetramers. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Accessible surface area of His (H29, H59, H*29, and H*59, corresponding
histidines of the two monomers of the dimer; h29, h59, h*29, and h*59,
histidines of the second dimer forming the tetramer) expressed in Å2 in the
starting models

ASA Dimer Globular tetramer Linear tetramer

H29 69.9 69.7 70.7
H59 53.0 53.0 52.9
H*29 72.3 72.8 73.1
H*59 50.3 51.0 51.1
h29 69.8 70.4
h59 54.5 52.6
h*29 72.0 72.0
h*59 50.6 49.9
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Modelling of miraculin tetramer

The miraculin tetramers were obtained using the above
mentioned CLUSPRO web server. Two different orienta-
tions of the dimers can be summarized, both compatible
with the presence of the sugar chains. Dimers association
leads to a globular and a linear tetrameric conformation
(Fig. 2C and D). Both tetrameric models result structurally
reliable and without discrepancies with the alone dimer fea-
tures regarding histidines positions, their exposure and
charged surfaces (Table 1). Sugar chains do not present
any steric hindrance. In the globular model, four H-bonds
are formed between the two dimers and 46 residues for
each subunit are at the interface, while in the linear form
only one H-bond is possible between the two dimers and
almost half is the number of the residues at the interface.
The globular and linear conformations may represent the
‘‘closed’’ and ‘‘open’’ forms of tetramer miraculin,
respectively.

Molecular dynamics simulations of miraculin dimer

Previous works conducted on neoculin highlighted a
macroscopic conformational change occurring in the glo-
bal architecture of the molecule at acidic pH [16]. Neoculin
may adopt a widely ‘‘open’’ conformation at acidic pH
(�2.5), while unprotonated neoculin at neutral pH adopts
a ‘‘closed’’ conformation. Moreover, the His residues of



Fig. 3. MD simulations evolution conducted at acidic and neutral pH: (A) gyration radius; (B) root mean square fluctuations (RMSF) for the C-alpha
atoms; dot-line: neutral pH, continuous line: acidic pH; (C) Accessible Surface Area of His calculated in the two simulations computed every 1000 ps; (D)
Centers of mass distances in the two simulations computed every 1000 ps.
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this molecule resulted to play a central role in the elicita-
tion of its activity.

Thus, MD simulations were conducted on the dimeric
miraculin, either at neutral pH or acidic pH. At acidic
pH (�3.0), the completely protonated dimeric model
reaches a stable equilibrated state after 4 ns simulation,
even though it is worth noticing that the fluctuation
observed in the first 3000 ps are more severe in compar-
ison to the simulation executed at neutral pH. In the
following time, protein looks very stable, as confirmed
by all the indicators commonly used to analyse MD
simulations (gyration radius, root mean square fluctua-
tion, secondary structure evolution, and number of H-
bonds, etc.) (Fig. 3A, 3B and 1S, 2S). The global archi-
tecture of the model is kept during the whole simula-
tion, even if more flexible regions are also observed
compared to neutral pH simulation as shown by H-bond
plots (Fig. 1S) and secondary structure evolution
(Fig. 2S).

In order to compare the dynamical properties of two
systems at different pH, we computed the gyration radii
(Fig. 3A). The gyration radius trends clearly display a dif-
ferent evolution: a decrease of the molecule compactness is
registered at acidic pH, while miraculin seems to become
more compact at neutral pH. We also report root mean
square fluctuations of the two simulations (Fig. 3B) that
mainly involve loop regions either at acidic or neutral
pH. Further, at acidic pH, some extra flexible fragments
are present in specific areas of the protein surface. Visibly,
the superposition of the RMS fluctuations of the neutral
and acidic simulations reveals that the additional regions
having a high degree of flexibility fall in the proximity of
the His residues.
Moreover we evaluated the solvent accessible surface
area of the His residues (His29, His59). His accessibility
(Fig. 3C) increases during the simulation at acidic pH with
a correlation coefficient of 0.6. Notably this value decreases
in the other simulation.

A measure of the opening of the two subunits of the
dimer, which seem fixed in the dimeric association only
by the inter-chain disulphide bond, according to Shimizu-
Ibuka et al. [16], is reported in Fig. 3D in terms of center
of mass distances along the trajectories. At acidic pH, the
distance between the two monomers of the dimer increases,
while at neutral pH the two subunits get closer. The struc-
tural rearrangement of the subunits decreases the distance
between the His29 residues at acidic pH, so that their sur-
rounding surfaces become closer and constitute an unique
basic region on the dimer surface.

All these results agree with the hypothesis that sweet
proteins exert their activity by the interaction of a basic
surface with the negative cavity of the taste receptor
[13,15]. Our model of miraculin structure gives the oppor-
tunity to make deeper investigations about the miraculin-
receptor interaction.

Further studies are under development in our group to
simulate the effect of His residues mutations and verify
the role of these charged residues in the structural rear-
rangements observed during the simulations.
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