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Abstract

Monellin is a highly potent sweet-tasting protein but relatively little is known about how it interacts with the sweet taste
receptor. We determined X-ray crystal structures of 3 single-chain monellin (MNEI) proteins with alterations at 2 core residues
(G16A, V37A, and G16A/N37A) that induce 2- to 10-fold reductions in sweetness relative to the wild-type protein. Surprisingly,
no changes were observed in the global protein fold or the positions of surface amino acids important for MNEI sweetness that
could explain these differences in protein activity. Differential scanning calorimetry showed that while the thermal stability of
each mutant MNEI was reduced, the least sweet mutant, G16A-MNEI, was not the least stable protein. In contrast, solution
spectroscopic measurements revealed that changes in protein flexibility and the C-terminal structure correlate directly with
protein activity. G1T6A mutation-induced disorder in the protein core is propagated via changes to hydrophobic interactions
that disrupt the formation and/or position of a critical C-terminal poly-(.-proline) Il helix. These findings suggest that MNEI
interaction with the sweet taste receptor is highly sensitive to the relative positions of key residues across its protein surface and
that loss of sweetness in G16A-MNEI may result from an increased entropic cost of binding.
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Introduction

The protein monellin is a highly potent sweet stimulus to hu-
mans. It is many thousands of times sweeter than sucrose on
a molar basis (Morris and Cagan 1972) and has significant
potential as an alternative to carbohydrate or artificial sweet-
eners. Monellin is one of a handful of known sweet-tasting
proteins that with sugars, artificial sweeteners, and some D-
amino acids forms a large and diverse array of sweet-tasting
stimuli detected by a single heteromeric G protein—coupled
receptor (GPCR) (Vigues et al. 2009; Yarmolinsky et al.
2009). This sweet taste receptor is composed of 2 class C
GPCR subunits, TIR2 and T1R3, each with a large (~55
kDa) extracellular N-terminal domain linked to a C-terminal
7-transmembrane domain by a cysteine-rich region (Vigues
et al. 2009).

Strikingly, the heterodimeric TIR2:T1R3 receptor con-
tains at least 4 distinct binding sites, some of which are spe-
cies specific. The TIR2 and T1R3 N-terminal domains each
contain binding sites for natural sugars and the deoxychlor-
osugar sucralose (Nie et al. 2005, 2006), whereas the dipep-
tide sweeteners aspartame and neotame appear to only bind
the N-terminal domain of human T1R2 (Xu et al. 2004). Two
other artificial sweeteners, cyclamate and neohesperidin di-
hydrochalcone, bind within the transmembrane domain of
human TIR3 (Xu et al. 2004; Jiang et al. 2005; Winnig
et al. 2005). The binding sites of the sweet proteins monellin,
thaumatin, brazzein, and the taste-modifying protein neocu-
lin are also distinct but are currently less well defined (Vigues
et al. 2009). Activation of the T1R2:TIR3 receptor by
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brazzein is dependent upon the cysteine-rich region (Jiang
et al. 2004), but modeling and functional mapping studies
using chimeric T1Rs and mutagenesis suggest that the major
binding sites for monellin, thaumatin, and brazzein reside
within the TIR2 N-terminal domain (Temussi 2002; Zhao
et al. 2003; Assadi-Porter et al. 2010). More recently, neocu-
lin has also been shown to interact at the amino terminal of
TIR3 in a pH-dependent manner (Koizumi et al. 2007
Nakajima et al. 2008).

Natural monellin is composed of 2 chains, A and B, of 44
and 50 amino acids, respectively (Kim et al. 1989). To en-
hance the thermal stability of monellin, recombinant single-
chain monellin proteins were created where the 2 natural
chains were either directly connected (single chain monellin
[SCM]) (Kim et al. 1989) or joined by a dipeptide linker
(MNEI) (Tancredi et al. 1992). Despite extensive mutagen-
esis and structural characterization, including solution
(Spadaccini et al. 2003) and high-resolution X-ray (Hobbs
et al. 2007) structures of MNEI itself, little molecular
detail is known about the interaction of monellin with
TIR2:TIR3. An early concept that sweet proteins might
share a common structural motif (Kim et al. 1991), a so-
called “sweet finger” that in some way mimics the binding
of small molecular weight ligands, has been largely dis-
credited (Tancredi et al. 2004), and more recent modeling
studies have suggested that the interactions of sweet proteins
with TIR2:T1R3 may be more extensive than for small mol-
ecule sweeteners (Temussi 2002). Such a recognition mech-
anism, with the high affinity it suggests, offers a plausible
explanation for the high potency and persistent aftertaste
of sweet proteins.

To better understand the molecular basis of sweetness for
monellin and other sweet proteins, we determined X-ray crys-
tal structures of 3 MNEI mutants of 2- to 10-fold reduced
sweetness (lijima and Morimoto 1995), G16A-, V37A-, and
G16A/V37A-MNEI, for comparison with the previously de-
termined wild-type MNEI structure (Hobbs et al. 2007). Sur-
prisingly, these structures show few conformational changes
that could explain the loss of sweetness due to these mutations
in the protein core. This finding led us to characterize each
protein’s stability, structure, and flexibility in solution using
differential scanning calorimetry (DSC), circular dichroism
(CD) spectroscopy, and Raman optical activity (ROA) spec-
troscopy, respectively. Changes in protein flexibility centered
on a poly-(L-proline) II (PPII) helix structure at the MNEI C-
terminus, but not changes in the overall protein thermal sta-
bility, correlated with MNEI mutant sweetness.

Materials and methods

MNEI protein expression and purification

Plasmids based on pET22b for expression of wild-type (WT-
MNEI) and G16A mutant (G16A-MNEI) proteins were
provided by P. Temussi (Niccolai et al. 2001; Spadaccini

et al. 2003). The V37A mutation was made in the wild-type
sequence by QuikChange site-directed mutagenesis (Strata-
gene) to produce V37A-MNEI. DNA encoding the double
mutant (G16A/V37A-MNEI) was chemically synthesized
(GeneArt) and subcloned into the same expression plasmid
by swapping the DNA insert. Each protein was expressed
and purified as described previously (Hobbs et al. 2007).

X-ray crystal structure determination

Crystallization and structure determination of WT-MNEI
was reported previously (Hobbs et al. 2007). Crystallization
conditions for mutant MNEI proteins were screened at 18 °C
by both hanging and sitting drop vapor diffusion, using
drops containing an equal volume of crystallization reagent
and protein (6.6-8.8 mg/ml; Table 1).

Crystallization conditions for G16A-MNEI provided suit-
able protection for cryocooling in liquid N, without modifica-
tion. V37A-MNEI and G16A/V37A-MNEI crystals were
dragged through perfluoropolyether (Hampton Research)
prior to cryocooling to provide cryoprotection. X-ray diffrac-
tion data were collected at 100 K at the European Synchrotron
Radiation Facility ID14-2 (G16A-MNEI) or on a Rigaku
laboratory X-ray generator with Raxis-IV detector (V37A-
MNEI and G16A/V37A-MNEI). Data were processed and
scaled with XDS/XSCALE (Kabsch 1993) or MOSFLM/
SCALA (Leslie 1992) using additional programs of the
CCP4 suite (Bailey 1994), as required. Crystal characteristics
and data collection statistics are summarized in Table 1.

All mutant MNEI crystal structures were solved by molec-
ular replacement using MOLREP via the CCP4 suite (Bailey
1994). Initial models were the structure of SCM (PDB code
11V9) for G16A-MNEI and V37A-MNEI and WT-MNEI
(PDB code 209U) for G16A/V37A-MNEI. The Ry reflec-
tion set (10%) used for WT-MNEI was flagged and omitted
from refinement of the mutant structures. The top molecular
replacement solution for G16A-MNEI and V37A-MNEI
were refined using cycles of minimization, positional B fac-
tor, and simulated annealing protocols (3000 K) in the Crys-
tallography & NMR System (CNS) software package
(Brunger et al. 1998). The top G16A/V37A-MNEI solution
underwent 3 rounds of refinement in phenix.refine, including
bulk solvent, xyz coordinate, and B factor refinements. Each
model was manually inspected in Coot (Emsley and Cowtan
2004), and each mutation could be unambiguously identified
in the difference density map (e.g., Figure 1A). Following
model adjustment and addition of water molecules, final
rounds of refinement were performed using REFMAC
(Murshudov et al. 1997). Analysis of each final model using
PROCHECK (Laskowski et al. 1993) indicated that the
structures are of high quality with all amino acids in only
the favored or allowed regions of the Ramachandran plot
(Table 1). Due to the flexible nature of the engineered linker
L,3, residues in this region were ill defined for some protein
chains. In G16A-MNEI, 3 residues in this region, Asn49,
Glu50 and Arg53, were refined with occupancies of 0.5.
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Table 1 Wild-type and mutant MNEI crystallization and X-ray crystallographic data collection, refinement, and model statistics
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WT-MNEI G16A-MNEI V37A-MNEI G16A/N37A-MNEI
[Protein] (mg/ml) 7.6 6.6 7 8.8
Crystallization conditions® 200 mM 3.6 M sodium 0.2 M Li;SO4 200 mM Nacl,
(NH4)2504 formate 0.1M HEPES 100 mM
and 30% w/v and 10% viv and 25% w/v phosphate-citrate
PEG4000 glycerol PEG4000 and 20% w/hv
PEG8000
Space group P24 P44242 P1 P24
High resolution (A) 1.15 2.0 1.8 2.4
Unit-cell parameters
a, b c (A) 27.1,66.3, 27.2 48.7, 48.7, 114.8 29.9, 39.7,45.2 31.4,144.1, 45.8
o B,y (©) 90.0, 111.6, 90.0 90.0, 90.0, 90.0 84.9, 80.2, 83.9 90.0, 90.9, 90.0
Redundancy® 3.8(3.7) 13.6 (13.7) 3.5(3.5) 7.3 (5.5)
Total observations 178 910 135 715 62 318 122 444
Unigue observations (hk/) 28 254 9968 17 417 16 708
Completeness (%) 88.5 (88.5) 100 (100) 92.8 (89.5) 98.4 (85.0)
Rmerge (%)° 43 (25.4) 5.5 (23.7) 7.8 (13.0) 10.7 (53.1)
I/l (%) 8.9 (2.7) 7.6 (1.4) 17.9 (6.4) 16.0 (4.3)
Solvent content (%) 32.9 58.6 53.0 52.6
Non-H protein atoms in refinement 1074 863 1839 3202
Solvent molecules 143 61 228 203
Ruork (%)° 13.2 23.1 17.7 18.4
Riree (%)° 16.2 27.0 21.9 24.5
Overall B factor (A?) 15.6 338 23.6 27.8
Ramachandran analysis (%)
Favorable 924 87.8 914 96.3
Allowed 7.6 12.2 8.6 3.7
Others 0 0 0 0
RMS deviations from ideal geometry
Bond lengths (A) 0.026 0.018 0.014 0.008
Bond angles (°) 1.99 1.66 1.46 1.04
PDB codes 209U 3PY]J 3PXM 3Q2P

HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
“Crystallization experiments performed as sitting drop (WT-MNEI) or hanging drop (all mutants) vapor diffusion.
bValues in parenthesis correspond to the highest resolution shell.
“Rmerge = 2h2Ih); — <I(h)>|/Z,Zi(h);, where I(h); is the ith observation of the intensity of reflection h and <I(h)> is the mean value of all I(h);.

IR = Zpill Fobs| — IFeatcll/Z|Fobsl. Where | Fops| and |Feaic| are the observed and calculated structure factor amplitudes for reflection hk!, applied to the work (Ruor)

and test (Ryree) Sets, respectively.

The data processing and refinement statistics are summa-
rized in Table 1. All structure factors and coordinates were

deposited in the RCSB Protein Data Bank (Bernstein et al.
1977) with accession codes shown in Table 1. Crystallo-
graphic figures were generated using PyMol (DeLano, 2002).

Differential scanning calorimetry

Protein melting studies on the wild-type and mutant MNEI
proteins were carried out using a VP-DSC microcalorimeter
(MicroCal). Samples (0.05 mg/ml) in 50 mM sodium phos-
phate buffer, pH 6.0, and 150 mM sodium chloride were
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Figure 1 Crystal structures of wild-type and mutant MNEI proteins. (A) Example of electron density quality at the mutated residues. The wild-type structure
(G16/V37) is shown in 2F, - F. density (light blue) and F, - F. difference density (positive and negative shown in green and red, respectively) generated using
the wild-type model and G16A/N37A-MNEI X-ray data. Changes required in the mutant model are indicated next to each peak in the difference map.
(B) Cartoon of the WT-MNEI X-ray crystal structure shown in 2 views related by a 90° rotation about the vertical axis. Protein termini, B-strands and loops,
including the engineered loop L23, are indicated. Amino acids 16 and 37 are located on the a-helix and strand B2a, respectively. (C) Organization of the MNEI
protein core surrounding the mutated positions 16 and 37. Sidechains are shown with van der Waal’s radii (semitransparent spheres) with mutated residues
indicated with italic font. (D) Backbone alignment of WT- (blue), G16A- (red), V37A- (gold), and G16A/N37A-MNEI (green) with zoomed views of key surface
residues for monellin sweetness. The dashed box indicates the protein core containing the mutated residues, shown in panel (C).

degassed at room temperature using a ThermoVac (Micro-
Cal) prior to loading into the sample cell. Data were collected
over a linear temperature gradient from 50 to 90 °C. Baseline
and reference data from a buffer—buffer scan were subtracted
and melting curves fit using a nonlinear least-squares method
in the MicroCal Origin software to deduce the protein melt-
ing temperature (75,,).

ROA spectroscopy

WT-, G16A-, V37A-, and G16A/V37A-MNEI were exhaus-
tively dialyzed against 50 mM sodium phosphate buffer,
pH 6.0, with 150 mM sodium chloride at 9, 10, 9, and
8 mg/ml, respectively. Each sample was pipetted into a quartz
microfluorescence cell, and ROA spectra were measured
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using a ChiralRaman Spectrometer (BioTools Inc.) at
a wavelength of 532 nm, spectral resolution of 7 cm™, laser
power at the sample of 0.65 W, and total data accumulation
times of 6-24 h. Spectra were baseline corrected and mutant
protein data normalized to the concentration and collection
time used for WT-MNEI to aid visual comparison. The
ROA spectrum of G16A/V37A-MNEI was smoothed using
a S-point Fast Fourier Transform function.

CD spectroscopy

CD spectroscopy was conducted on a Jasco J-810 spectropo-
larimeter using protein samples (0.1 mg/ml) dialyzed against
50 mM sodium phosphate buffer, pH 6.0, and 150 mM so-
dium chloride. CD spectra from 260 to 200 nm wavelength
were collected using 0.1 cm path length quartz cell. Spectra
were collected in triplicate as ellipticity (® in mdeg), aver-
aged, and converted to standard [@®],,., units using the
equation:

(O] = OX My /[10x X 1],

mrw

where ¢ is the protein concentration (in mg/ml), / is the cell
path length in centimeters, and M., is the mean residue
molecular weight.

Results

We previously reported the crystal structure of WT-MNEI
(PDB code 209U) (Hobbs et al. 2007) and a preliminary anal-
ysis of the G16A mutant (Hobbs et al. 2008); solution nuclear
magnetic resonance (NMR) structures of both proteins have
also been reported by Temussi and colleagues (Spadaccini
etal. 2001, 2003). Like natural monellin, MNEI has a structure
that contains a 17-residue a-helix (1) cradled in the concave
face of a 5-stranded antiparallel B-sheet (Figure 1B). In
MNEI, the 2 monellin chains are fused through an engineered
loop (L3, residues 47-56) between strands B2 and B3 that in-
cludes a Gly-Phe insertion (residues 51-52). This loop is con-
formationally dynamic and is disordered in some MNEI
structures. The residues of L,; were therefore excluded from
the comparative analyses described below. Sigma A-weighted
2F, — F. electron density maps for all other regions of each
MNEI mutant showed good continuous density for all resi-
dues. Most importantly, each mutation at position 16 and/
or 37 was clearly visible in F, — F, difference density maps
along with small changes in the positions of adjacent residues.

The G16A and V37A mutations only subtly perturb the
MNEI protein core

Mutation of residues G16 or V37 to alanine in MNEI was
reported to cause an approximately 10- and 2-fold increase
in sweet taste detection threshold, respectively (Iijima and
Morimoto 1995). However, the effects of these mutations
are not additive as the G16A/V37A double-mutant protein
causes only a 4-fold threshold increase (Iijima and Morimoto

PPII Helix Flexibility Impacts Monellin Sweetness 429

1995). To determine if these mutations result in gross
changes in protein structure, we superposed each mutant
MNEI structure with that of WT-MNEI. The very low root
mean square deviation (RMSD) (0.68 — 0.86 A) for each
comparison indicated that all the monellin structures are
globally almost identical.

Closer comparison of the G16A- and WT-MNEI struc-
tures indicates that only very limited local changes are asso-
ciated with this mutation (Figure 1C). The G16A mutation is
located on the protein core face of the MNEI a-helix, oppo-
site the short B2a strand. The addition of a methyl group in
G16A-MNEI subtly perturbs the surrounding residues. The
terminal methyl groups on V37, positioned almost directly
opposite the site of mutation, are rotated away and displaced
by approximately 0.6 A to avoid a steric clash with A16,
which would otherwise be only 2.4 A away. The position
of V64, which lies opposite A16, is also altered with its back-
bone carbonyl reoriented to face toward the protein core.
Q13, situated above A16 on the a-helix, is also displaced
in the G16A-MNEI structure (Figure 1C). In contrast, fewer
alterations are observed in the core of the V37A mutant, with
only a minor adjustment observed in the position of the V64
side chain and the a-helix (Figure 1C). Introducing alanines
at both positions 16 and 37 removes the potential steric clash
between these positions that is responsible for the alterations
in the core of the G16A mutant (Figure 1C). V64 adopts
a wild-type position in the double mutant. Thus, the subtle
structural perturbations in the protein core that result from
the G16A mutation as well as their restoration by a “compen-
sating” V37A mutation each correlate with the relative
sweetness of wild-type and mutant MNEI proteins.

As G16 and V37 are situated in buried positions, their mu-
tation is unlikely to directly cause a reduction in sweetness. To
quantify potential wider effects of these changes on MNEI
structure, we compared each mutant protein volume and sur-
face area to that of WT-MNEI. Only very small differences in
volume (less than 1%) were observed for each mutant protein
(Table 2). Similarly, the total surface area of the mutant
MNEI proteins did not differ from WT-MNEI by more than
1.8% (Table 2) and, most significantly, the degree of change
did not correlate with the loss and restoration of sweetness.

Table 2 Protein-exposed surface area and volume for wild-type and
mutant MNEI

Protein Surface area (A%)? Volume (A3)?
WT-MNEI 5439 9462
G16A-MNEI 5541 (+1.8%) 9530 (+0.7%)
V37A-MNEI 5405 (—0.6%) 9546 (+0.8%)

G16AN37A-MNEI 5345 (=1.7%) 9372 (-0.9%)

“Values in parentheses are % change relative to WT-MNEI.
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Structural perturbations in the protein core do not extend
to the surface

In the absence of any gross structural changes, we next asked
whether the subtle effects of core mutations might propagate
to induce more significant or extensive changes in critical
amino acids on the protein surface. Individual alteration of
amino acids on the monellin surface can impact sweetness,
as exemplified by mutagenesis (Kohmura et al. 1992a,
1992b; Ariyoshi and Kohmura 1994; Somoza et al. 1995)
and surface survey experiments (Niccolai et al. 2001) that iden-
tified a group, comprising ~15-20% of all residues in monellin,
as important for this activity. For all these critical residues, the
overall average sidechain RMSD value for alignment with
WT-MNEI was identical for G16A-MNEI and G16A/
V37A-MNEI, whereas V37A-MNEI differed by only 0.1 A.
Inspection of all aligned proteins revealed that only 5 of these
residues, Q13, D7, F34, K36, and R72, exhibited modestly al-
tered sidechain positions in some or all the mutant proteins as
compared with WT-MNEI (Figures 1C,D). However, these
changes did not correlate well with the relative sweetness of
each protein, for example, altered from the wild-type
conformation in G16A-MNEI but restored in the G16A/
V37A-MNEIL For at least one of the residues with a larger
reorientation, Q13 (Figure 1C), the sidechain displacement
in the GI6A-MNEI structure is almost certainly due to
a crystal contact with an adjacent molecule as previously
observed in one chain of another wild-type single-chain
monellin structure (1IMOL) (Somoza et al. 1993). Thus,
we conclude that the subtle changes in core amino acid po-
sitions induced by the mutations at amino acids 16 and 37
do not result in significant or extensive conformational
changes to the MNEI surface that could alter interaction
with the sweet taste receptor.

Reductions in MNEI stability do not correlate with function

To test whether the reduction in sweetness in G16A-MNEI
is associated with a change in protein stability, we mea-
sured the melting temperature (7,,) of WT-MNEI and
each mutant protein using DSC. The wild-type protein
is the most stable with a T, of 75.2 °C (Figure 2). All 3
mutants exhibit reduced stability (7, values 71.0-72.3
°C) with an order of stability WT > G16A > V37A >
G16A/V37A. The stability of these proteins was previously
measured by both chemical denaturation and susceptibil-
ity to protease degradation (Iijima and Morimoto 1995).
As with DSC, both approaches showed that WT-MNEI
was significantly more stable than each mutant. Suscepti-
bility to protease degradation followed the same order as
our measurements of protein 7,,, whereas the order of sta-
bility against chemical denaturation was WT > G16A/
V37A > G16A > V37A (Iijima and Morimoto 1995). How-
ever, the relative sweetness of the proteins does not corre-
late with the order of stability produced regardless of the
measure of protein stability.

7000

WT

6000 wemmennn (316AN3TA

5000

4000

3000

ACp (cal/mol/deg)

2000

1000

Temperature (°C)

Figure 2  The stability of MNEI is reduced by the A16 and/or A37
mutations. Normalized DSC analysis of WT-MNEI and each mutant MNEI.
Melting temperatures for each protein are shown indicated by an arrow.

Increased flexibility in the PPIl helix of G16A-MNEI

The protein secondary structure of WT-MNEI and each mu-
tant MNEI protein was assessed in solution by CD spectros-
copy. We have previously noted that the 3 C-terminal amino
acids of WT-MNEI (P94-P95-P96) form a PPII helix and
that this structure is visible as a small positive peak in the
CD spectrum centered on 230 nm (Hobbs et al. 2007), as ex-
pected for a PPII structure (Mandel and Holzwart.G 1973).
This peak is present in both WT- and V37A-MNEI spectra
but absent in the G16A-MNEI spectrum (Figure 3A). The
G16A/V37A-MNEI spectrum contains a peak at 230 nm
that is reduced in intensity compared with WT-MNEI. Thus,
the loss of the PPII structure with the G16A mutation is par-
tially restored by addition of the V37A mutation, exactly
mirroring the effect of these mutations on sweetness thresh-
old (Iijima and Morimoto 1995).

Because the PPII structure was present in each of the wild-
type and mutant MNEI X-ray crystal structures, we ques-
tioned whether the G16A mutation might induce increased
flexibility in this region of the protein. ROA spectroscopy
measures a small difference in Raman scattering from chiral
molecules in circularly polarized light and is a useful probe of
order—disorder transitions in proteins (Barron et al. 2002).
ROA spectra are characteristic of different aspects of native
unfolded protein structures as well as (un)folding transitions
in globular proteins (Smyth et al. 2001) with a specific
marker band at 1318-1325 cm™ that is particularly sensitive
to PPII helix (Blanch et al. 2000, 2004). We therefore used
ROA spectroscopy to further examine the intrinsic flexibility
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Figure 3  Monitoring the changes in stability of secondary structures.
(A) CD spectrum of each MNEI protein with the region corresponding to PPl
structure enlarged (inset). (B) ROA spectrum of each MNEI protein centered
on the 1325 cm™" band visible only for G16A-MNEI (arrow).

of the 4 MNEI proteins and the structural effect of the core
mutations on the surface C-terminal PPII helix.

Each mutant MNEI exhibits clear differences in its ROA
spectrum compared with WT-MNEI. The GI16A-MNEI
ROA spectrum shows intensity decreases at 1255 cm™ from
beta structure and at 1449 cm™' from aliphatic sidechains,
both indicative of sidechain packing destabilization (Figure
3B). This is also true of V37A-MNEI and to a lesser extent,
G16A/V37A. Most strikingly, the G16A-MNEI spectrum
contains a prominent new band at 1321 cm™. In contrast,
no defined band in this region is observed in the ROA spectra
of the WT-, V37A-, or G16A/V37A-MNEI proteins (Figure
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3B). In a previous study of human lysozyme and model pep-
tide fragments, an ROA band at ~1321 cm™ was assigned to
the induced flexible PPII structure (Blanch et al. 2000).
Although our X-ray crystal structural analyses indicate an
identical PPII helix can form in each MNEI protein, the pres-
ence of a 1321 cm™' band only in the G16A-MNEI ROA spec-
trum indicates that this mutation specifically perturbs the
C-terminal PPII helical structure in solution. By analogy with
the prior experiments with lysozyme, we interpret the G16A-
MNEI ROA spectra as indicating increased protein flexibility
with a specific effect on the PPII helix structure and/or its in-
teraction with the protein core. Critically, this alteration of the
PPII helix, observed in both the CD and ROA spectra, cor-
relates directly with the loss and restoration of MNEI sweet-
ness in G16A- and G16A/V37A-MNEI, respectively.

Discussion

Sweet proteins are of potential use as low-calorie sweeteners
and could be particularly beneficial to individuals such as dia-
betics who must control sugar intake. Although the sweet pro-
teins monellin, brazzein, and thaumatin have been extensively
characterized by psychophysical, mutagenesis, and structural
studies, still relatively little is known about their mechanism
of action as chemosensory ligands. Except for one recent study
on brazzein (Assadi-Porter et al. 2010), the key determinants of
TI1R2:T1R3 sweet taste receptor binding and activation remain
largely ill defined for this group of proteins. Furthermore, com-
parisons between the structures of these 3 sweet proteins are not
particularly informative as they share no obvious structural
similarities (Kant 2005; Temussi 2006). We undertook a bio-
physical study of wild-type and mutant single-chain monellin
(MNEI) proteins that exhibit differing degrees of sweetness
due to alterations at 2 amino acids within the protein core.
We anticipated that because the mutated residues cannot di-
rectly interact with the sweet taste receptor, analysis of these
protein structures should reveal more global effects on MNEI
structure and thus provide insights complementary to previous
studies that have focused on alterations to specific potentially
important surface residues (Kohmura et al. 1992a, 1992b;
Ariyoshi and Kohmura 1994; Somoza et al. 1995).

A previous NMR study of the G16A-MNEI protein struc-
ture suggested that the A16 mutation in the core of the pro-
tein results in an extensive rearrangement of the protein
surface that might be responsible for reduced interaction
with the sweet receptor (Spadaccini et al. 2003). Our crystal
structures show that the G16A-MNEI and additional mu-
tants, V37A-MNEI and G16A/V37A-MNEI, are all capable
of adopting an essentially wild-type structure. We observed
only very minor alterations to amino acid positions within
the protein core, each of which served to relieve potential ste-
ric clashes. These changes do not appear to propagate and
cause extensive changes in the protein volume or surface.
Most importantly, outside these minor changes in the pro-
tein core, no structural alterations were identified that

2T0Z ‘s J8qo1nQ uo 1enb Aq /Blo'sfeulnolployxo-aswayo//:dny woiy papeojumoq


http://chemse.oxfordjournals.org/

432 C.M. Templeton et al.

correlated with the loss and partial restoration of sweetness
in G16A- and G16A/V37A-MNEI, respectively.

It is well established that protein mutations can result in
functional changes even in the absence of obvious structural
rearrangements, highlighting the importance of protein dy-
namics in molecular recognition. For example, energetically
favorable mutations rigidify antibodies, thereby increasing
their affinity for a particular antigen without causing signif-
icant changes in backbone or sidechain positions (Jimenez
et al. 2004). Similarly, mutated catabolite activator protein
has been shown to bind DNA whilst in an inactive confor-
mation due to favorable changes in the conformational en-
tropy of the protein (Tzeng and Kalodimos 2009). Our DSC
analysis of MNEI thermal stability, together with prior anal-
ysis of MNEI protein stability through chemical denatur-
ation and protease susceptibility experiments (Iijima and
Morimoto 1995), eliminates protein stability as the primary
cause of the observed variation in sweetness for these MNEI
proteins. However, the CD and ROA spectroscopic ap-
proaches used here clearly demonstrate that changes in
the structure and flexibility of the MNEI C-terminus directly
correlate with MINEI sweetness. Responses to mutational
perturbations in protein core residues can be manifest at
some distance from the mutated residue, and their effects
can be strongly directional (Clarkson et al. 2006). In the case
of MNEI, the G16A mutation causes minor alterations to
the protein core that lead to wider destabilization of hydro-
phobic packing interactions and a disruption of the MNEI
C-terminal structure (Figure 4). In contrast, although the
V37A mutation also decreases protein stability and increases
flexibility, it propagates its effect in a different way that re-
sults in a more modest (2-fold) reduction in sweetness.

Figure 4 Model for disruption of the C-terminal PPIl helix by G16A
mutation. Mutation of G16 to alanine causes a minor reorientation of the
adjacent V37 residue (straight double arrow) that is propagated, via changes
to the intermediate network of hydrophobic interactions (labeled residues
shown as sticks), to increase protein flexibility and disrupt the C-terminal PPII
helix structure formed by P94-P96.

The C-terminal residues of MNEI (amino acids 94-96)
form a short stretch of PPII helical structure. The PPII helix
is a flexible and extended left-handed helix that is typically
found on the surface of proteins where it can play an impor-
tant role in protein—protein interactions and structural integ-
rity. For example, PPII structure is essential in interactions
regulating a range of biological processes including gene
transcription, cell motility, and the immune response
(Bochicchio and Tamburro 2002). The PPII helix of monellin
was previously suggested to be important for its sweet taste
as deletions in this region (residues 92-96 or 94-96) resulted
in a 7- to 20-fold reduction in sweetness (Somoza et al. 1995).
However, potential issues with correct protein folding or
stability were not addressed. In the mutant MNEI proteins
examined here, this C-terminal PPII is present and unaltered
in sequence, thus allowing its contribution to MNEI func-
tion to be more fully assessed. Involvement of the MNEI
PPII helix in the protein’s interaction with TIR2:T1R3 is
consistent with both the ‘wedge model’ (Temussi 2002) for
sweet protein—receptor interaction or as a van der Waals
component of a multisite mode of binding, as recently
suggested for brazzein (Assadi-Porter et al. 2010). Therefore,
although our data cannot resolve the debate over the general
model of sweet protein binding to the TIR2:T1R3 receptor,
they do identify the PPII structure of monellin as a critical
determinant of this interaction.

The structure of WT-MNEI is essentially the same in the
crystal (Hobbs et al. 2007) and in solution (Spadaccini et al.
2001). In both cases, the C-terminal PPII helix is positioned
against the protein surface where it makes extensive hydro-
phobic interactions (Figure 4). In contrast, the solution and
crystal structures of the G16A-MNEI mutant produce a dif-
ferent picture: although the G16A-MNEI crystal structure,
including the PPII helix, is essentially wild type in structure,
in solution, the protein appears more globally disordered
(Spadaccini et al. 2003). Our solution spectroscopic analysis
broadly support a more dynamic structure for all MNEI core
mutants but also indicate a specific perturbation of the PPII
structure and its interaction with the protein core in G16A-
MNEI. Thus, these structural and spectroscopic analyses in-
dicate that the wild-type PPII conformation can be adopted
by each of the MNEI mutants but, particularly in the case of
G16A-MNEI, only when this more dynamic protein is con-
strained by protein—protein interactions within a crystal
lattice. This observation suggests that this protein conforma-
tion is optimal for interaction with the sweet receptor and
that the WT-MNEI structure is finely tuned in terms of both
stability and rigidity. For the mutant G16A-MNEI to adopt
this required conformation brings a significant energetic
(entropic) cost that results in a reduced binding affinity
and/or residence time on the sweet receptor that is manifest
in reduced protein sweetness. Together, these results indicate
that the PPII helix of MNEI is a critical factor in protein
efficacy as a sweet taste stimulus. Furthermore, alteration
of this PPII helix via protein core mutations could
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potentially be exploited to optimize monellin as a sweetener
by fine tuning the MNEI interaction with TIR2:T1R3.
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