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Abstract
The sweet protein brazzein, a member of the Csβα fold family, contains four disulfide bonds that
lend a high degree of thermal and pH stability to its structure. Nevertheless, a variable temperature
study has revealed that the protein undergoes a local, reversible conformational change between
37 and 3°C with a midpoint about 27°C that changes the orientations and side-chain hydrogen
bond partners of Tyr8 and Tyr11. To test the functional significance of this effect, we used NMR
saturation transfer to investigate the interaction between brazzein and the amino terminal domain
of the sweet receptor subunit T1R2; the results showed a stronger interaction at 7°C than at 37°C.
Thus the low temperature conformation, which alters the orientations of two loops known to be
critical for the sweetness of brazzein, may represent the bound state of brazzein in the complex
with the human sweet receptor.
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INTRODUCTION
The high-potency sweet protein brazzein occurs naturally in the fruit from Pentadiplandra
brazzeana Baillon as two isoforms.1 The major form (pGlu-brazzein) contains a
pyroglutamate (pGlu) residue at its N-terminus, and the minor form (brazzein) lacks that
residue. Brazzein has twice the sweetness of pGlu-brazzein.1 Brazzein activates the primary
human sweet taste receptor, a heterodimeric G-protein coupled receptor (GPCR) composed
of two subunits, T1R2 and T1R3.2–5 Brazzein is thought to interact with at least two sites on
the human sweet taste receptor.6 These sites are located in the amino-terminal domain
(ATD) of T1R2 and in the cysteine rich domain (CRD) of T1R3.6 Calcium imaging assays
of HEK cells transfected with human T1R2+T1R3 respond to a variety of sweet-tasting
compounds including sugars, amino acids, sweet tasting proteins, and synthetic
sweeteners.3,5,7–10 Although known sweet proteins (brazzein, monellin, and thaumatin, and
sweet-modifying glycoproteins, such as miraculin and curculin) display low sequence and
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structural similarity to one another, it has been proposed that they might share a common
mechanism for receptor activation.11 ‘Wedge’ models11–14 postulate that sweet proteins
dock in the open cleft of either T1R2 or T1R3, despite their large size relative to the
dimensions of the cleft.11,15 Extensive mutagenesis studies of brazzein6,16,17 have identified
three critical surface interaction sites: Site 1 (Loop43), Site 2 (N- and C-termini plus Glu36,
and Loop33), and Site 3 (Loop9–19).

Previous studies have indicated that brazzein undergoes a temperature-dependent structural
change. Early 1D 1H NMR studies of brazzein isolated from fruit (primarily pGlu-brazzein)1

showed that the signals for 1Hε1 and 1Hε2 of Tyr11 were separate at 22°C but broad and
overlapping at 37°C,18 indicating that the tyrosine ring flips more slowly at the lower
temperature. Direct detection of hydrogen bonds by NMR in brazzein at 37 and 10°C
showed strengthening of most H-bonds at the lower temperature; however, a structural
rearrangement at low temperature led to the loss of two H-bonds located in the middle of the
two antiparallel β-strands connecting sweetness Sites 1 and 2 (Glu36 HN–Ile48 O, and Ile48
HN–Glu36 O) and the appearance of two new H-bonds between Asp40 HN–Asn44 O and
Asn44 HN–Glu41 Oγ in Loop 43 (Site 1).19 Here, we report high-resolution structures of
brazzein at low (3°C) and high (37°C) temperatures that reveal the nature of the local
temperature-dependent conformational change. We further report results from an NMR
saturation transfer experiment6 carried out at 7, 27, and 37°C, which suggest that the low-
temperature form of brazzein interacts preferentially with the ATD-T1R2 domain of the
human sweet receptor.

METHODS
13C/15N labeled brazzein was produced as the SUMO-brazzein fusion, cleaved from the
fusion by SUMO protease, and purified by reversed-phase high pressure liquid
chromatography as previously described.20 NMR samples contained 1–2 mM [U-15N,
U-13C]-brazzein in 90% H2O/10% 2H2O, with the pH adjusted to 5.2 by adding 0.1N NaOH
or 0.1N HCl as needed. Isotropic NMR data were acquired at 37°C from 280 µL samples in
a 5 mm Shigemi tube. 15N-1H HSQC, 13C-1H HSQC (aromatic and aliphatic), 3D 15N-
NOESY (tmix = 100 ms), 3D 13C-NOESY (aliphatic, tmix = 140 ms; and aromatic, tmix = 100
ms) were collected on Varian INOVA 600 or 800 spectrometers equipped with cryogenic
probes. Data for H-bond detection were collected on a Bruker DMX500 spectrometer
equipped with a triple-resonance cryogenic probe with a z-gradient.21 [1sH-15N] HSQC,
[1H-13C] HSQC, HNCO, HNCACB, CBCA(CO)NH, C(CO)NH, H(CCO)NH, H(C)CH-
TOCSY, (HB)CB(CGCD)HD, (HB)CB(CGCDCE)HE, 3D 15N-NOESY (tmix = 100 ms)
and 3D 13C-NOESY aliphatic (tmix = 100 ms) and aromatic (tmix = 100 ms) spectra were
collected on Varian VNMRS 600 and 800 spectrometers equipped with cryogenic probes at
3 and 37°C. The same sample was used for the collection of 15N-1H HSQC and 13C-1H
HSQC (aliphatic and aromatic) spectra at 37, 32, 27, 22, 17, 12, 7, and 2°C on a Varian
INOVA 600 spectrometer equipped with a cryogenic probe. NMRPipe software22 was used
to process and analyze the NMR data. The titrView module in NMRPipe was used to follow
the NMR peak position changes during the temperature titration. Structure calculations and
refinements made use of the torsion angle molecular dynamics and the internal variable
dynamics modules of Xplor-NIH.23 The TALOS+ program24 provided pairs of ϕ/ψ
backbone torsion angle restraints and identified the secondary structure, which was
confirmed by local NOEs. Additionally, broad rotameric restraints were derived from
statistics of 100 structures calculated using torsion angle database potentials.25 The
energetically favorable rotameric combinations were deduced from the sterically allowed
configurations in the brazzein fold in conjunction with statistics of the database of high-
resolution structures used to derive those potentials. Structural statistics of the final
structures are shown in Supporting Information Table S1. The unlabeled ATD of the human
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sweet taste receptor 2 (ATD-T1R2) was produced by SUMO-fusion and purified by Ni-
NTA column chromatography and followed by gel filtration.20,26 The receptor (50 µM) was
resuspended in perdeuterated Tris buffered saline: 50 mM Tris.HCl buffer, 150 mM NaCl,
and 5% glycerol, 1 mM DTT, 1 mM 2-mercaptoethanol, and 1 mM ZW3–14, pH 8.0. The
ligand (2 mg brazzein) was added to the receptor preparation prior to data collection. 1D 1H
saturation transfer difference and control NMR data26–28 were collected on a Varian 600
MHz spectrometer equipped with a cryogenic probe. In addition, STD signals were
monitored as a function of increasing amounts of ligand to detect possible saturation of
specific binding. The saturation frequency was set at −1 ppm (on receptor protein signals
only). A reference spectrum was acquired on every other scan with the saturation frequency
set at 50 ppm (away from the receptor and ligand signals). The two transients were then
subtracted in real time to yield the STD spectrum. The experiments were carried out as
1D 1H experiments with 1024 scans and 1024 complex points as described previously.27,28

To ensure that the selective receptor irradiation did not excite ligand signals, the same
experiment was repeated on a sample containing only ligand and yielded no STD signal.

RESULTS AND DISCUSSION
We have prepared brazzein labeled uniformly with 13C and 15N and have determined high-
resolution NMR solution structures at 3 and 37°C. Comparison of the two solution structures
revealed that brazzein undergoes a conformational change at low temperature that affects the
positions of both Tyr8 and Tyr11 and locks the Tyr11 ring so that it no longer flips rapidly.
This conformational change explains earlier temperature-dependent changes observed in the
signals from Tyr111 and the hydrogen bonding pattern.19 Because Tyr8 and Tyr11 are part
of Site 3 known to be critical to brazzein sweetness,6 the two conformational states likely
have different binding affinities.

We collected a series of NH-HSQC spectra and aromatic and aliphatic region CH-HSQC
spectra as a function of temperature in 5°C steps from 37 to 2°C (Fig. 1 and Supporting
Information Fig. S1). These spectra allowed us to trace NMR peak assignments made at
37°C to peaks at 3°C. A standard set of triple resonance experiments served to complete and
validate the assignments. This process led to virtually complete (95%) chemical shift
assignments at 3°C. The chemical shifts at 37 and 3°C have been deposited at BMRB under
accession numbers 16,215 and 18,710, respectively. Examination of the Tyr11 signals in the
aromatic 13C-HSQC NMR spectra collected as a function of temperature (Fig. 1) revealed
that the protein undergoes a local conformational transition with a midpoint around 27°C.
The Tyr11 ring, which undergoes rapid ring flips in the high-temperature conformation,
becomes constrained or “locked” and flips slowly in the low-temperature conformation. In
addition, the Tyr11 hydroxyl proton (1Hη) becomes visible at low temperatures at a
chemical shift (10.13 ppm) typical for H-bonding. Tyr11 occupies different environments in
the two conformational states as demonstrated by clearly different NOE contacts (Fig. 2).
The environments of the other five Tyr residues appear not to change, because their
chemical shifts exhibited little temperature dependence (Supporting Information Fig. S1).

We used heteronuclear 1H/13C/15N NMR data acquired at 37 and 3°C to obtain highly
refined three-dimensional structures of brazzein. These structures have been deposited in the
PDB under identifiers 2LY5 and 2LY6, respectively. The families of low-energy bundles
representing the solution structures at 37 and 3°C had RMSDs of 0.12 and 0.09 Å,
respectively. At both temperatures, most of the side chains in the hydrophobic core were
highly structured (Supporting Information Fig. S2). A relatively high number of
unambiguously assigned NOEs per residue (26.0 for 37°C and 32.5 for 3°C) contributed to
the high precision of the final coordinates (Supporting Information Table S1). The backbone
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pairwise RMSD between the lowest energy structures at 37 and 3°C was 0.75 Å (Supporting
Information Fig. S3).

The temperature-dependent conformational change alters a number of regions of brazzein
that have shown to be important for the sweetness of the protein and/or its interaction with
the sweet receptor. The N-terminal loop of brazzein (residues 9–19 of Site3) is essential for
the sweetness of the protein.6 The Tyr8Ala variant showed a large decrease in sweetness.6,16

The insertion of two amino acids (Arg–Ile) between residues Leu18 and Ala19 in loop 9–19
abolished the sweetness of the protein. Mutation of Asp29 (to Lys, Glu, or Ala) resulted in
sweeter forms of brazzein.17

Close inspection of the lowest energy structures (Fig. 3) allowed identification of putative
H-bonds forming at 37°C between Tyr11-OηHη and Asp29-CγOδ1 and a bifurcated H-bond
between Tyr8-OηHη and the central Cys26/Cys49 disulfide bond, whereas at 3°C Tyr11-
OηHη participates in H-bonds to Cys47-Sγ (disulfide bonded to Cys22) and to Tyr8-OηHη,
which is H-bonded to Asp29-CγOδ1. Additionally, at 3°C, Glu9-CδOε1 anchors to Lys42-Nζ

through an H-bond. The structure at 3°C is further stabilized by two H-bonds to backbone
carbonyls (not present at 37°C): Tyr8-OηHη to Asp25-CO and Tyr11-HN to Glu9-CO. At
3°C, Pro-12 in sweet Site3 repositions toward sweet Site1 (Loop43 region). These changes
in H-bonding contribute to the observed difference in the conformation of sweet Site3,
which spans residues 9 through 19.6 The distinct spectral behavior of Tyr11 and Tyr8 is
confirmed by close analysis of their structural arrangement: whereas Tyr8 is situated in a
solvent accessible pocket at both temperatures, Tyr11 is completely solvent exposed at 37°C
but becomes sandwiched between Lys15 and the backbone hydrogen bond between Tyr11-
HN and Glu9-CO at 3°C (Fig. 4). This structural detail agrees with the experimental NMR
data that suggests ring flip hindrance only for Tyr11 at 3°C.

The hydroxyl oxygen to sulfur distances in the H-bonds described above are less than 3.5 Å
in agreement with the mean of 3.47 ± 0.22 Å for a single bifurcated H-bond in a survey of
sulfur H-bonds in high-resolution structures deposited in the PDB.29 These H-bonds may
modulate the positions of the two central disulfide bonds (Cys22–Cys47; Cys26–Cys49),
which in turn would affect the backbone conformation of the entire protein scaffold. This
would explain the quite widespread distribution of the largest amide chemical shift
differences between 37°C and 3°C (residues 5, 7, 9, 19, 20, 24, 35, 39, 45, 54). In contrast,
the largest side chain carbon chemical shift differences are mainly localized in regions on
opposite sides of the protein that correspond to sweet Site1, Arg43(Cβ), Leu45(Cβ, Cδ1) and
sweet Site2, Lys30(Cε), Ala32(Cβ), Arg33(Cβ, Cγ, Cδ) [Supporting Information Fig.
S1(A,B) and Fig. S3].6

We used saturation transfer difference NMR (STD-NMR) spectroscopy to monitor the
interaction between brazzein and the ATD-T1R2 ligand binding domain of the human sweet
receptor at 7, 27, and 37°C (Fig. 5). Our results show specific binding interactions of
brazzein at the lowest temperature (7°C) as is apparent by presence of peaks in both the
methyl (0.47–0.7 ppm) and aromatic/amide regions (~6.5–7.5 ppm). The methyl peaks in the
STD spectrum at 7°C coincide with chemical shifts assigned to Ala32 (Hβ), Leu45 (Hε1,
Hε2), and Ile48 (Hδ1, Hδ2) belonging to Sites 1 and 2 in the low-temperature form but not the
high-temperature form of brazzein. Ile48 is located in β-strand III and is flanked by two
cysteine residues, Cys47 and Cys49 that are disulfide bonded, respectively, to Cys22 and
Cys26 in the α-helix. The temperature-dependent changes observed in the chemical shifts of
the side chain of Ile48 are consistent with the loss of the H-bond between Ile48 O and Glu36
HN at low temperature.19
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CONCLUSIONS
Considerable evidence has established the presence of discrete global fluctuations in protein
conformation, and a vast majority of data support the conformational selection model
(Monod-Wyman-Changeux) of signal transduction.30 Because the temperature-dependent
transition of brazzein affects multiple sites known to be important to its interaction with the
heterodimeric sweet receptor or to its sweetness, we hypothesized that the two
conformational states interact differentially with the receptor. Results from the STD-NMR
binding assay indicate that the low-temperature form of brazzein binds more tightly than the
high temperature form to the ATD region of the human T1R2 sweet receptor. It will be of
interest to search for protein variants that strongly favor one conformation or the other and
to monitor their sweetness and binding interaction with the G-protein coupled human
heterodimeric sweet receptor.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Sections of aromatic 13C-HSQC NMR spectra of brazzein containing signals from Tyr11
collected at the temperatures indicated. (Upper row) Cross hairs follow the
Tyr11 13Cδ1–1Hδ1 and 13Cδ2–1Hδ2 signals, which yielded single averaged cross peaks as the
result of rapid ring flips. The cross peak broadened below the noise level in spectra taken
between 32 and 22°C. (Lower row) Cross hairs follow 13Cε1–1Hε1 and 13Cε2–1Hε2 signals.
In the high-temperature conformation, the 13Cε1–1Hε1 and 13Cε2–1Hε2 signals yielded a
single averaged cross peak as the result of rapid ring flips. The signal broadened beyond
detection at 32°C, but appeared as two separate peaks at 27°C and below, as indicative of
slow ring flips.
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Figure 2.
Strips from aromatic 3D 13C-NOESY spectra comparing NOE contacts of the Tyr11 1Hδ

and 1Hε protons at (left panels) 37°C and (right panels) 3°C. Unlabeled peaks are either
diagonal peaks or belong to other residues.
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Figure 3.
Comparison of the structures of brazzein determined at (left panels) 37°C and (right panels)
3°C with Tyr8 in gold and Tyr11 in green. Shown are relevant H-bonds (blue dotted lines)
and the side chains of residues that significantly change conformation and/or H-bond
partners (Glu9, Pro12, and Lys42). Disulfide bonds are represented in yellow. (A) Ribbon
diagrams of the lowest energy structures of brazzein. (B) Detail showing the H-bond
partners of Tyr 8 and Tyr11.
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Figure 4.
Comparison of the environments of Tyr8 in gold and Tyr11 in green in the brazzein
structures at (left panel) 37°C and (right panel) 3°C.
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Figure 5.
Top: STD spectra of ATD-T1R2 preparations containing brazzein collected at temperatures
37, 27, and 7°C. STD signals of brazzein in the methyl and amide/aromatic regions
appearing at 7°C indicate binding to the receptor. Bottom: 1D 1H NMR control spectrum of
brazzein. Peaks labeled with an asterisk arise from detergent binding to the receptor. Slight
changes in peak positions are the result of temperature differences.
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