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ABSTRACT The binding mechanism of sweet proteins to their receptor, a G-protein-coupled receptor, is not supported by
direct structural information. In principle, the key groups responsible for biological activity (glucophores) can be localized on a
small structural unit (sweet finger) or spread on a larger surface area. A recently proposed model, called “wedge model”,
implies a large surface of interaction with the receptor. To explore this model in greater detail, it is necessary to examine the
physicochemical features of the surfaces of sweet proteins, since their interaction with the receptor, with respect to that of small
sweeteners, is more dependent on general physicochemical properties of the interface, such as electrostatic potential and
hydration. In this study, we performed exhaustive molecular dynamics simulations in explicit water of the sweet protein MNEI
and of its structural mutant G-16A, whose sweetness is one order of magnitude lower than that of MNEI. Solvent density and
self-diffusion calculated from molecular dynamics simulations suggest a likely area of interaction delimited by four stretches
arranged as a tetrahedron whose shape is complementary to that of a cavity on the surface of the receptor, in agreement with
the wedge model. The suggested area of interaction is amazingly consistent with known mutagenesis data. In addition, the
asymmetric hydration of the only helix in both proteins hints at a specific role for this secondary structure element in orienting

the protein during the binding process.

INTRODUCTION

The treatment of patients with diseases linked to the con-
sumption of carbohydrates such as diabetes, hyperlipemia,
and caries greatly benefits from the design of new sweet-
eners. The identification and functional expression of the
receptor for sweet taste (1-5) opens new perspectives for the
rational design of sweet molecules, but owing to the diffi-
culty of direct structural studies on large membrane proteins,
the structure of the receptor is still unknown. Therefore, in
silico studies of sweeteners and of their interaction with a
model for the receptor represent a very useful approach.
The T1R2/T1R3 sweet taste receptor is a G-protein-coupled
receptor (GPCR) similar to one of the glutamate receptors,
the metabotropic mGluR1 receptor (1-5). The main differ-
ence between T1R2/T1R3 and mGluR1 is that whereas the
ligands of mGluR1 are either glutamate itself or closely re-
lated molecules, the ligands that activate the sweet taste re-
ceptor vary widely in chemical constitution and size, ranging
from sugars to amino acids, peptides, proteins, and several
other classes of organic compounds. The size of sweet pro-
teins is so different from that of other sweeteners that, until
very recently, the prevailing belief was that sweet proteins
ought to interact with a different receptor. It has now been
demonstrated that small molecular weight sweeteners and
sweet macromolecules do interact with the same T1R2/T1R3
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receptor (6). However, it is not easy to understand how low
molecular weight sweet compounds and sweet proteins can
activate the same binding site on the receptor.

We have recently shown that small molecular weight
sweeteners can be hosted by cavities corresponding to the
active sites that bind glutamate in the mGIuR1 receptor (7),
but sweet proteins cannot occupy the same cavities owing to
sheer volume incompatibility and because the existence of
protruding features (sweet fingers) that can probe this site has
been shown to be very unlikely (8). The existence of sweet
fingers is not the only possible explanation for the sweetness
of proteins: we have hypothesized that sweet proteins in-
teract with an external cavity of the receptor (7-10). The
mechanism of interaction, termed ‘‘wedge model’’, as illus-
trated by the cartoon of Fig. 1, is based on the fact that pro-
teins can stabilize the active form of the TIR2/T1R3 receptor
even in the absence of ligands in the internal active sites. The
wedge model is supported by strong indirect evidences, such
as the quoted work on the potential sweet fingers of three
sweet proteins (8), the survey of the surface of MNEI, a
single chain variant of monellin, by means of a paramagnetic
probe (11), a structural investigation on G-16A, a peculiar
structural mutant of MNEI (12), and specific mutations of
MNEI suggested by the model (V. Esposito, thesis work,
University of Naples). To explore this model in greater detail,
it is necessary to examine the physicochemical features of
the surfaces of sweet proteins and of their receptor, par-
ticularly because the type of interaction, with respect to
that of small sweeteners, depends less on specific pairwise
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FIGURE 1 Scheme of the conformational equilibrium between the free

forms of the extracellular domain of the TIR2/T1R3 receptor. Binding of a
small molecular weight ligand transforms inactive free form I into the com-
plexed form, identical to free form II (upper panel). The lower panel shows
that the active free form II can also be stabilized by protein complexation,
activating long-lasting signal transmission. The two protomers of the
dimeric receptor are dark green (T1R2) and pale green (T1R3), respectively.
Small ligands in the two cavities of the complexed form are shown as yellow
spheres. The ‘‘wedge’’ protein is orange.

interactions with given residues of the receptor and more on
physicochemical properties such as electrostatic potential
and hydration. The surface of the receptor can only be ex-
amined on homology models (7-10), but those of monellin
and of MNEI have been studied experimentally and these
studies can be very helpful in describing the interaction with
the receptor.

The surface of hydration of monellin has been investigated
experimentally by means of femtosecond scanning of the
fluorescence of Trp-3, the only tryptophan of this protein
(13). This work shows that hydration has contributions both
from water molecules that do not interact with the protein
and from those bound and interacting significantly with
surface sites in dynamical equilibrium in the layer surround-
ing the protein. This result may be quite relevant to interpret
the recognition, by monellin, of the GPCR since, in this
process, desolvation is controlled by the timescale of water
in the layer. However, this important work gives no clue for
the detailed distribution of bound water molecules over the
surface of monellin, since the technique used does not have
sufficient space resolution. Accordingly, for a detailed com-
parison of molecular dynamics (MD) simulations, we chose
an NMR study that describes the distribution of all bound
waters on the surface of MNEI (11).

The survey of the surface accessibility of MNEI (11) was
performed by means of an integrated NMR study that
combines paramagnetic perturbations and a direct assess-
ment of bound water. The accurate detection of nuclear
Overhauser effects (NOEs) between bound water and protein
hydrogens (11) was possible both in the absence and in the
presence of the paramagnetic probe, thanks to ePHOGSY, a
recent pulse sequence (14,15). The results of this NMR study
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suggested that three MNEI regions are potentially suitable
for interactions with other proteins: loop L34, previously
referred to as a potential sweet finger, the small N-terminal
B-strand containing Ile-6, Asp-7, and Gly-9, and a basic
patch containing Arg-72 and Arg-88. These regions are
within a larger area suggested by docking calculations
between the solution structure of MNEI and a homology
model of the human receptor (7,9). It would be interesting to
know whether the whole area indicated by docking has
hydration features different from noninteracting parts of the
surface of MNEIL Hydration and the interaction with the
surface of the receptor, in turn, can be influenced by protein
flexibility, but it is difficult to examine the interplay of these
two parameters experimentally. We decided to investigate
these aspects further by analyzing MNEI flexibility and
hydration, as derived from molecular dynamics simulations
in explicit solvent. We compared the dynamic properties of
the molecule with the ones of the G-16A mutant (12), which
is of one order of magnitude less sweet than MNEI and, as
a control, with those of D-21N, whose sweetness is not
reduced by the mutation.

To put hydration in the right perspective from a dynamic
point of view, the first step in the analysis of MD data will be
dedicated to essential dynamics (ED) (16,17). MD has largely
been used to describe the protein hydration at an atomic level
spanning from studies on the role of water molecules in DNA
binding (18), calculation of solvent density (19) and entropy
map (20), estimation of free energy and entropy related to
binding of water molecules in buried cavities of proteins
(21), calculation of water residence time (22), and many
more. The aim of our simulations is to integrate experimental
data on the hydration of MNEI with a detailed map of the
solvent density at the protein surface. Comparison of MD
simulations with surface accessibility deduced from NMR
experiments (11) completes the picture of the dynamical
behavior of the proteins and of the surrounding solvent, es-
pecially in proximity of glucophores. A deeper knowledge of
the hydration of a typical sweet protein can add more insights
into the understanding of molecular processes involved in
eliciting sweetness and eventually favor the design of new
sweeteners.

MATERIALS AND METHODS
Molecular dynamics setup

All simulations were performed with the GROMACS package (23) using the
GROMOS96 force field (24). The starting structures were those determined
in solution for MNEI (Protein Data Bank (PDB) entry 1FA3) (25) and for
its G-16A mutant (PDB entry 1M9G) (12). It is worth noting that the
numberings of 1FA3 and 1M9G are mutually shifted because of an addi-
tional Met at the N-terminal position in the construct of MNEI G-16A.
Notwithstanding, throughout this work 1FA3 numbering will be used also
for G-16A unless stated otherwise. This choice corresponds to assigning the
number zero to the N-terminal Met. The simulations have been carried out
in the NPT ensemble with periodic boundary conditions at a constant
temperature of 300 K. The Berendsen algorithm (26) has been applied for
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the temperature and pressure coupling. The bonds were constrained by the
LINCS (27) algorithm. The particle-mesh Ewald (PME) method (28) was
used to account for the electrostatic contribution to nonbonded interactions
(grid spacing of 0.12 nm). To ensure a system pH of 7 the protonation states
of pH-sensitive residues were as follows: Arg and Lys were positively
charged, Asp and Glu were negatively charged, and His was neutral. The
protein’s net charge was neutralized by the addition of CI~ and Na™ ions. In
each simulation the initial shortest distance between the protein and the box
boundaries was 1.5 nm. The remaining box volume was filled using the
extended single point charge (SPCE) water model (29). We carried out an
initial 500 ps simulation with the restrained positions for the protein atoms to
ensure a water relaxation in the box. Energy and root mean-square deviation
(RMSD) profiles are shown in the first figure in the Supplementary Material,
whereas Table 1 reports general simulation parameters.

Water density function

The MD solvent density distribution was evaluated from the water oxygen
atom positions as described by Lounnas and Pettitt (19). For each frame, the
atom coordinates were transformed by superimposing the current model
onto a reference one. For the water positions the boundary conditions are
applied. The density function is then calculated for a discrete 0.05-nm step
three-dimensional (3D) grid. The space surrounding the protein is divided in
two shells: the first accounts for the molecular dynamics hydration sites
(MDHSs) and comprises the region from the protein center of mass to a
maximum distance of 0.6 nm from the protein surface; the second region
goes from 0.6 nm to 0.8 nm from the protein surface and represents the bulk
solvent shell. The MD hydration sites are assigned as the local maxima of the
function with the following restrictions: the maximum ought to be the
highest value in a radius of 0.14 nm with a density at least 1.7 times the value
of bulk water.

Self-diffusion coefficient map

The Einstein relation (30) is commonly used for determining the diffusion
coefficient D by the slope of the mean-square displacement of solvent
molecules according to the equation

1 .. d, . o2
D = 5 lim S(R(0) = 7)), M)
where the brackets () indicate that the average is taken both over time origins
and solvent molecules and 7 (¢)is the position vector of the solvent molecule
i at time ¢. This relation holds in the Brownian regime, hence we do not
consider the short time periods during which molecular motion is non-
Brownian. Several works have been dedicated to the validation of solvent
models by checking water diffusional properties. Although a general favor-
able agreement exists, some water models apparently fail in the description
of water mobility and show D coefficients significantly different from ex-
perimental values (31,32). This inconsistency could be imputed to commonly

TABLE 1 Simulation parameters

MNEI MNEI G-16A
Energy (kJ/mol) E final(Ef) E final(Ef)
Protein-protein (total) —7630.0 —7773.0
Protein-protein (LJ) —3398.9 —3473.0
Protein-protein (El) —4231.1 —4361.9
Protein-solvent (total) —6728.1 —6337.8
MNEI MNEI G-16A

Ca-RMSD (nm)—L23 excl.
Starting box size A)
Water molecules

0.199 (0.0220)
76.9 X 65.5 X 64.7
10,361

0.233 (0.0282)
754 X 67.3 X 67.6
10,716

Standard deviation in parentheses.
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used approximations, for example cutoffs and switching functions in the
treatment of long-distance electrostatic interactions (32-35). Additional
irregularities in the water diffusion calculations may be introduced by finite
system size and periodic boundary conditions (32). The use of PME for
electrostatic treatment (28) and a large simulation box can help to overcome
these problems.

Since coefficient D can be influenced by the roughness of the protein
surface, it is in order to consider it as a local property (36); hence we
calculated the diffusion of water in a grid of step 0.1 nm around the protein.
At each grid node, uvw, the D,,,, value was computed according to the
Einstein relation (Eq. 1), using the following finite difference expression:

6DUVW == <

() = FO)* = [F(n) = 7O)[). @)

1
(= 1)
The values #; and t, were fixed at 1 ps and 2 ps, respectively, on the
assumption that the diffusional regime would be reached after 1 ps (31,37)
but within a time shorter than the average residence time of water molecules
within the uvw volume element.

RESULTS AND DISCUSSION

Root mean-square fluctuation
and energy components

In this work, we performed 10-ns long MD simulations of
the sweet protein MNEI (PDB entry 1fa3) and of its mutants
G-16A (PDB entry 1m9g) and D-21N. Simulation statistics
for the two main simulations are reported in Table 1.
Convergence of the simulations has been tested by evalu-
ating different molecular properties of the system like RMSD
analysis and protein-protein and protein-solvent energy
contributions during the simulated time (first figure in the
Supplementary Material). The dynamical properties of the
simulated proteins have been analyzed by extracting signif-
icant large-scale components and small amplitude vibrations
from the MD sampling. This is made essentially through
two complementary analyses: covariance analysis and ED
(16,17). When examining flexibility, the most interesting
observations come from a comparison of MNEI itself and its
G-16A mutant. Gly-16 is placed on a buried edge of the
a-helix facing the hydrophobic core of MNEL It was shown
that when G-16 is substituted by an alanine, the sweetness
decreases by one order of magnitude, despite the tiny change
in the bulkiness of the side chain and the fact that the residue
is buried (38). Since a buried residue cannot be involved in a
direct interaction with the receptor, this mutation must exert
its influence on sweetness in an ‘‘allosteric’” way, possibly
by distorting the protein surface (12). The NMR structure in
solution shows that in G-16A the main aspects of the MNEI
structure are retained but for a slight pseudorotation of the
B-sheets with respect to the helix (12). The protein distortion
can be attributed both to a direct sterical effect resulting from
the different volumes of a hydrogen atom and of a methyl
group and to intrinsic conformational tendencies of the two
residues involved. For instance, it is possible that the
pronounced conformational flexibility of glycine, although
detrimental for the stability of the «-helix, can favor the
adaptation of the surface of the helix to that of the 3-sheet.
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The analysis of the root mean-square fluctuation of the Ca
atoms (RMSF profile) for the G-16A mutant presents three
maxima corresponding to loops 123, L34, and LA45.
Conversely, the wild-type plot has the second highest peak
at residue Gly-30 (IM9G numbering), which lies on the
tether linking the C-term part of the helix to the second
B-sheet. We also noted differences in the local hydration
profile of the wild-type with respect to the corresponding one
of the structural mutant (vide infra). These two observations
could be connected in the sense that the G-16A mutation
could have a long-range effect on the flexibility of the
C-terminal moiety of the helix by restraining the motion of
the tether and consequently affecting the hydration proper-
ties of the region.

Decomposition of the energy in specific contributions
(Fig. 1 in the Supplementary Material) shows a larger dif-
ference in the protein-solvent energy term for the initial
configuration of G-16A with respect to MNEIL. This differ-
ence, which is compensated for during the simulation, can be
imputed to a different starting conformation of flexible re-
gions in the two molecules, in particular loop L23, which
shows multiple conformations also in the NMR ensemble.
Indeed, loop L23 in the initial structure of G-16A is par-
ticularly well solvated, as reflected by the favorable protein-
solvent contribution; during the simulations, because of the
L23 flexibility, the corresponding protein-solvent interaction
loses efficacy. As a result, in the steady state, the protein-
solvent energy terms for MNEI and G-16A reach similar
values indicating a convergence of the two simulations.

Covariance analysis

The pairwise covariance matrix can account for correlations
in atomic motions. This matrix can be used to highlight pro-
tein regions that move coherently. Young et al. (39) des-
cribed a suitable method of representing the covariance matrix
by drawing a line between pairs of atoms with a correlation
coefficient higher than a given threshold (covariance web
plot). Fig. 2 shows the covariance lines of MNEI (A) and
G-16A MNEI (B) with a threshold of 0.5. Such a threshold
assures that at least the majority of secondary structure ele-
ments will be selected, since their motions are expected to
be highly correlated. Covariance and ED analyses of the
trajectories have been performed by using the program
“‘Dynamite’” (40).

For the wild-type, the covariance web plot underlines
mainly the network of hydrogen bonds that characterizes
elements of secondary structure with only two extra-H-bond
correlations. These lines connect Val-37 (strand 2) to Gln-12
and Thr-13 (N-term turn of the helix). The corresponding
covariance web plot for the G-16A mutant (Fig. 2 B) shows
several extra-H-bond lines between residues of the loop
preceding the a-helix (residues 7-10 [IM9G numbering])
and the residues preceding B-strand 2 (residues 40-42
[IM9G numbering]). This finding shows that the G-16A
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FIGURE 2 Covariance web plot for MNEI and the G-16A mutant. The
pairwise covariance matrix accounts for coherent motions in the protein. The
matrix has been computed only considering the Ca atoms. The red lines
connect pairs of atoms with a pairwise covariance >0.5. (A) MNEI
covariance line plot. Silver ribbons represent the protein backbone. (B)
G-16A covariance line plot. Cyan ribbons represent the protein backbone.

mutation enhances the structural rigidity in the first half
segment of the a-helix, whose motion is correlated to the
motion of B-strand 2. In addition, modifications in the local
flexibility must be associated to differences in the hydration
profile of the region (vide infra).

Essential dynamics

ED reduces the dimensionality of the covariance matrix by
diagonalization. This method describes global protein mo-
tions that are represented by the matrix eigenvectors and
eigenvalues. Whereas the covariance web plot highlights
regions of concerted atomic motions, ED emphasizes ampli-
tude and direction of dominant protein motions. The two
analyses do not necessarily coincide since often the time-
scales of the respective motions can differ even by many
orders of magnitude.

Since the magnitudes of eigenvectors are represented by
their eigenvalues, it is possible to evidence the principal
components of the protein global motion by sorting them.
Usually global motions can be visualized as a movie by pro-
jecting the protein trajectory on the respective eigenvector.
Rendering these movies in a static picture is not easy. We
chose the so-called porcupine plot (40), which is made by
cones pointing in the direction of the main movements.

The first three MNEI eigenvectors (Fig. 3, A-C) corre-
spond to 60% of the overall eigenvalues, providing an
exhaustive description of the global protein motions. The
first mode is a ‘‘breathing’’ motion. Strands 2 and 3 and their
connecting loop move toward a region enclosed by the
N-term fragment and loop L34, whereas the helix points in
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FIGURE 3 ED analysis for MNEI and G-16A. ED extracts large protein
motions from the covariance matrix. These are sorted on the basis of the
eigenvalues that represent the magnitude of the motion. The principal
motions are drawn with the porcupine representation. The cones’ directions
render the global protein motions. The first, second, and third components of
MNEI are shown in A, B, and C, respectively. Silver tubes represent the
protein backbone. The first, second, and third modes for the G-16A mutant
are shown in D, E, and F, respectively. The protein backbone is represented
by cyan tubes.

an opposite direction. The second and third modes are
twisting modes around axes approximately perpendicular to
the helix. These latter motions have a rolling effect on the 8-
sheets. Thus, the ED analysis shows concerted motions of
MNEI that involve in general the secondary structure
elements.

ED of G-16A (Fig. 3, D-F) does not show significant
changes with respect to MNEI, with the only exception being
a slight reshuffle of the order of the principal motions. In this
case, the first and the third motions are twisting modes
whereas the second is a breathing mode.

These data show that the G-16A mutation produces
alterations of the local flexibility, especially in the helix
endpoints, but does not significantly influence the global
protein motions.

MNEI solvent density map

The study of protein flexibility combined with the charac-
terization of protein hydration can be extremely useful in
evidencing relevant features for potential protein-protein
interactions. In particular the map of water density around
the protein can account for the accessibility to the surface.
This result is actually obtained by exclusion, since the
density map evidences the ‘‘inaccessibility’’ to the protein
surface due to the presence of tightly bound waters in
hydration sites (MDHS), which are defined as local maxima
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in the water density function (see Methods). Hydration sites
on the protein surface are usually connected to increased
water localization; they can operate as a protection layer iso-
lating the protein from bulk water (20). Conversely, extended
areas lacking defined and localized waters have a propensity
to be in contact with dynamical solvent that resembles the
bulk solution. It is worth mentioning that the latter regions
can be potential ‘‘hot spots’’ for protein interactions because
they may be connected to a lower local desolvation energy.
In a previous work we have shown that some of these loci are
associated with high entropy of the surrounding solvent,
making them more ‘‘reactive’” and therefore more prone to
interactions with other molecules (20).

Fig. 4, A and B, shows an overview of the hydration
surface of the whole MNEI. We found ~70 hydration sites
uniformly distributed on the MNEI surface. The only notable
exception is represented by loop L23, which appears poorly
hydrated throughout. This loop is extremely mobile (see
RMSEF section) and requires a locally restricted reference set
in the density map calculation. However it will not be further
considered in our analysis since its behavior is due in part
to the presence at its extremity of the GF dipeptide linker
connecting chains B and A of monellin. This linker, which of
course is not a feature of wild-type monellin, contributes to

FIGURE 4 MNEI water density map. The density map provides the
location of the MDHS that are defined as local maxima of the function. The
MDHS are contoured by cyan surfaces enclosing regions with a value of
water density 2.5 times higher than the bulk average density. The MNEI
structure (PDB entry 1fa3) is represented by silver ribbons. (A) Overall map
of MNET hydration. (B) Same as (A) but rotated by ~90°. (C) Close-up view
of Y-65 and D-68 hydration: lack of significant MDHS in these regions is
consistent with experimental surface accessibility for these residues (11). (D)
R31_HE and R39_H hydration. The location of the MDHS suggests that the
water interacts with these hydrogen atoms during the simulation.
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the intrinsic mobility of loop L23 but does not change the
biological properties of MNEI with respect to monellin (25).

The solvent density map has been compared to the
available experimental data on MNEI hydration. In previous
studies (20,41), MD hydration sites have been compared to
x-ray data. Correlation with bound waters was systematically
poor for surface waters and good for internal waters. One
possible cause of these discrepancies was the absence of
crystal packing effects in the simulations. In this analysis, we
found an encouraging agreement between the MD water
density map and the experimental surface accessibility de-
termined by NMR experiments (11). This is probably due to
the fact that the simulated protein environment is closer to
the experimental conditions in solution but also to the ability
of integrated NMR techniques to depict actual accessibility
on protein surfaces (42). Probing the protein surface with
TEMPOL, a paramagnetic probe, is not limited by water
mobility and—when combined with techniques, such as
ePHOGSY, that reveal direct interactions between water
molecules and proteins’ hydrogens—can yield reliable
pictures of water surface density (43).

The MNEI density map calculated from our MD simula-
tions outlines regions where MDHSs are less abundant. The
main regions found by this analysis are K-25-R-31, M-42—
K-44, loop L34, loop L45, and the whole stretch from K-85
to the protein C-terminal. Poor MD water density regions
strikingly match those labeled as TEMPOL accessible
coupled by weak water-protein NOEs (11). Fig. 4 C shows
a close-up of the hydration state of Tyr-65 and Asp-68, two
residues at the tip of the L34 loop, classified among the most
accessible by the experimental study. It can be seen that there
is quite a large area devoid of MDHS around the two
residues. Conversely, strong MDHSs have been found near
hydrogens that showed significant water-protein NOEs (11),
e.g., Arg-31 HEI and Arg-39 amide H (Fig. 4 D). No buried
MDHS have been found in our simulations, except for the
internal water molecule placed between residues Val-20 and
Leu-31. This molecule has been trapped in the site during the
simulation, but it does not show particularly significant
interactions with the protein. A list of the highest peaks in
the density map and the corresponding nearest residues is
reported in Table 2. The unit used for the water density is
particles/A*, which corresponds to a value of 0.05 for the
normal water density (I g cm ™).

The agreement between the MD solvation map and protein
accessibility (11) supports the reliability of current simula-
tions in the description of biological systems. Furthermore,
once long simulations in water are available, system
properties like the map of self-diffusion coefficients (SDM)
(vide infra) can integrate the picture of protein accessibility.

G-16A hydration

The G-16A MD sampling was then used for calculating the
corresponding water density map. The hydration profile,
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TABLE 2 Highest peaks in the MNEI water density function

Residues Water density (particles/A®)
Phe-18 0.089
Ile-38 0.085
Asp-78 0.082
Phe-34 0.078
Lys-14 0.078
Lys-17 0.075
Lys-85 0.073
Asp-21 0.071
Gly-83 0.069
Val-20 0.068
Leu-32 0.068
Asp-74 0.067
Glu-22 0.065
Tyr-58 0.065
Asn-14 0.064

1FA3 numbering.

characterized by a diffuse distribution of MDHS onto the
entire protein surface with the exception of loop L23,
resembles that of MNEI. Additionally, as for MNEI, it is
possible to recognize regions poor of MDHSs that are
potential hot spots for protein interactions. Overall, the lower
concentration of MDHSs is on an area limited by the stretch
3043, loop L34, and segment 92-96.

The main differences in the hydration analyses of the two
proteins emerge in the a-helix (Fig. 5 A). As mentioned
above, in wild-type MNEI the «-helix presents a large
concentration of MDHSs in the (exposed) middle part
whereas it is poorly solvated in the N- and C-terminal parts.
Conversely, for the G-16A MNEI, the terminal moieties of
the helix are extremely solvated, i.e., rich in MDHS, whereas
the body of the helix is essentially devoid of hydration sites.
It is worth recalling that the helix endpoints showed a
different flexibility in the two proteins with a higher rigidity
for the mutant. On the other hand, a detailed comparison
of the hydration characteristics of L34 and of the protein
C-terminal for the wild-type and G-16A suggests that the
region enclosed by these stretches is similarly hydrated in
both proteins (Fig. 5, B and C).

To put these observations in the right perspective from the
point of view of the structure-activity relationship, we
performed a control simulation for a mutation that does not
cause a reduction in sweetness. D-21 is a surface residue
situated on the helix next to G-16 but pointing outside rather
than toward the hydrophobic core. When D-21 is mutated
into N-21, the sweetness is essentially unaffected; in fact
even a slight increase of the sweet power was reported (44).
Consequences on hydration of the protein surface caused by
the D-2IN mutation are decisively smaller than those
observed for the G-16A (Fig. 2 in the Supplementary
Material). Indeed the density maps of MNEI and D-21N are
almost coincident. We find only small hydration perturba-
tions that are locally confined to the point mutation, which
can be attributed to the loss of the negative charge implied by
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FIGURE 5 Comparison of the water density maps of MNEI and G-16A
mutant. The overall distribution of the MDHS is similar for the two proteins.
The main differences occur in the helix region. Whereas MNEI shows a
large concentration of MDHS in the middle region of the helix, the G-16A is
more likely to be solvated in the endpoints of the helix. Conversely the L34
loop, a possible ‘‘sweet finger’’, shows a comparable hydration profile. MD
hydration sites are contoured at 2.5 times the bulk solvent value. The color
code are cyan for wild-type MDHS, green for G-16A MDHS. The wild-type
structure (PDB entry 1FA3) is represented by silver ribbons. G-16A
structure (PDB entry 1M9G) is represented by golden ribbons. (A) General
proteins hydration with the a-helix outlined. (B) Wild-type close-up view of
L34 (pink). (C) G-16A close-up view of L34 (pink).

the specific mutation. Indeed the loop L34 hydration remains
unperturbed (panels B and C). Since protein flexibility as
a whole is not affected by the D/N substitution (data not
shown), the helix endpoints preserve the same mobility as
the wild-type and the associated lower number of MDHSs.

Self-diffusion of water at the MNEI surface

Water at the protein surface forms a layer that has been
termed ‘‘biological water’’ since proteins can deeply influ-
ence the properties of the surrounding water. As mentioned
above, if long enough simulations in explicit water are
available, the static information coming from the distribution
of MDHSs can be profitably integrated by other system
properties like the SDM as calculated from Eqgs. 1 and 2. In
particular, combination of static and dynamic information
can discriminate among the areas characterized by similar
low presence of MDHSs and pinpoint loci with particularly
high self-diffusional features that could represent possible
hot spots for protein-protein interactions (we will refer to
these as MD hot spots).

According to the SDM analysis, the region of MNEI most
suitable for protein-protein interactions is that approximately
delimited by the helix, the C-term residues, and loop L34.
Fig. 6, A and B, shows two sides of this region related by a
rotation of 180° around a vertical axis. This region is
semispherically shaped and presents four main stretches poor
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FIGURE 6 MDHS, SDM, and mutagenesis data compared. The combi-
nation of solvent density map and water self-diffusion evidences surface
“‘hot spots’” for protein-protein interaction. These are regions poorly sur-
rounded by hydration sites and characterized by high values in the diffusion
map. (A and B) MNEI (silver ribbons) and the corresponding hydration
maps: cyan for solvent density map, red for SDM. The yellow stretches on
the MNEI structure represent residues evidenced by our data to be potential
for the protein-protein interaction (D-7-F-11, K-25-G-30, R-39, P-40, Y-63,
Y-65-K-69, and G-91-P-96). In the lower panels, C and D, the yellow
residues correspond to mutations leading to decrease or loss of sweetness
(I1-6, D-7, G-9, and R-39 for loss and Q-13, K-36, K-43, R-72, R-88, and
P-92-P-96 for substantial decrease). The protein is rotated by 180° around
a vertical axis in the two panels.

of MDHSs and with a correspondently high SDM profile
(vellow stretches of Fig. 6 A). Their precise location is
defined by the vertices of a tetrahedron with loop L34 at the
top (residues 65-69). The region with the weakest presence
of MDHSs and highest values for the SDM is the a-helix
N-terminal (residues 7—11). The remaining two stretches are
the loop after the a-helix (residues 25-30) and the protein
C-terminal fragment (residues 91-96). In addition, further
isolated residues have to be included in the list, like Arg-39,
Pro-40, and Tyr-63. As a matter of fact, two of the three
experimentally determined hot spots, the L34 and C-term
fragment (25), coincide with the hot spots detected by MD.
A list of the highest SDM peaks and the corresponding
nearest residues is reported in Table 3. The average value in a

layer of 4 A from the protein surface is 0.680 A% ps™*, a
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TABLE 3 Highest peaks in the MNEI SDM analysis

Residues Self-diffusion coefficient (Az ps— 1)
Phe-11 6.861
Arg-39 6.564
Tyr-63 4.857
Asp-7 4.548
Pro-10 4.396
Thr-12 4.103
Gly-9 3.953
Gly-91 3.843
Pro-40 3.713
Leu-70 3.671
Val-93 3.632
Lys-25 3.396
Tle-26 3.220
Pro-92 3.192
Asp-68 2.436

1FA3 numbering.

value comparable to what was found at the same distance in
previous studies (19,36). In analogy with these results
(19,36), some regions located on the protein surface present
diffusional coefficients even 10 times larger than the average
value, showing how strongly the protein can influence local
solvent properties. This influence is evidently connected to
the physicochemical nature of the surface residues. This may
largely be imputed to the hydrophobic/hydrophilic profile of
the side chains and to the local charge distribution. In
addition, our data show other factors that may affect the
hydrodynamic behavior of the protein. In fact, protein shape
and local radius of curvature seem to affect the position of
MD hotspots that in the MNEI are situated at the vertex of a
tetrahedron. Moreover, alterations to the local flexibility are
significantly coupled to the hydration profile as evidenced by
the differences of the MNEI wild-type and G-16A maps.

Comparison with mutagenesis studies

Even more interesting is the comparison with the map of
mutations leading to a decrease of the sweetening power.
Extensive mutagenesis studies performed on monellin and
on one of its single chain analogs (44,45) have shown that
there are key residues whose mutation leads to substantial
loss of activity. The main ones are 1-6, D-7, G-9, and R-39,
whose mutations causes loss of sweetness of more than two
orders of magnitude and Q-13, K-36, K-43, R-72, R-88, and
deletion of P-92-P-96 whose mutations cause loss of
sweetness of more than one order of magnitude. According
to our docking studies (9,10), they cluster on the sides of the
“wedge’” of MNEI that interacts with the receptor (12). A
comparison with the lower panel of Fig. 6 shows that the hot
spots derived from the MD analysis are located very close to
the regions of crucial mutations.

In addition, our MD study provides new hints for
elucidating the protein-receptor binding. Although loop
L34 may have a central role in the recognition, being so
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well identified by the MD hot spot surface, an additional key
role could be played by the a-helix. This element is in con-
tact with both static hydration sites (the middle of the helix)
and very dynamical sites (the terminal regions). It is likely
that this asymmetry is essential in selecting protein orient-
ations in approaching the receptor.

CONCLUSION

In this work, we performed MD simulations of the sweet
protein MNEI and its mutant G-16A. The resulting sampling
was analyzed by focusing on protein flexibility and protein
hydration. The data on the MD solvent density are in
agreement with a model requiring a large interface in the
MNElI-receptor complex, as implied in the wedge model (7—
10). The MD hot spots, identified by a combination of the
static MDHS data and the dynamic information supplied by
the SDM analysis, point to a specific surface delimited by the
following fragments: loop L34 (65-69), 7-11, 25-30, and
91-96. The four stretches are localized at the vertices of a
tetrahedron with the loop L34 (65—-69) on the top. These find-
ings are amazingly consistent with known mutagenesis data
and with the surface predicted by the wedge model (9,10).
The entire region of interaction with the receptor proposed
by the wedge model is not strongly populated by MDHSs,
supporting the hypothesis that the molecular recognition pro-
cess is made easier by the short time residence water mole-
cules at the protein active site, rendering this region easier
to desolvate and more prone to interactions.

Our data further suggest that, owing to the asymmetric
hydration of the helix, this secondary structure element could
play a specific role in orienting the protein during the binding
process. The comparison of wild-type and G-16A hydration
better clarified some aspects that emerged from the previous
data. The two proteins’ hydrations are very similar in corre-
spondence of the L34 and residues 91-96. Since the G-16A
basically retains sweetness, our findings reinforce the impor-
tance of the role played by L34 and the C-term fragment in
the monellin-receptor complex, whereas differences in the
helix hydration may help to explain the one order decrease in
G-16A sweetness.

The analysis of correlation matrices and RMSF evidenced
the connection between the helix hydration and local high
frequencies vibrations. The ED showed breathing and
twisting mode in both the protein with no significant effects
due to the mutation.

SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting
BJ Online at http://www.biophysj.org.

P.A.T. thanks Ministero della Istruzione, Universita e Ricerca for financial
support.
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