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Abstract

Thaumatin, an intensely sweet-tasting plant protein, elicits a sweet taste at 50 nM. Although
the sweetness remains when thaumatin is heated at 80°C for 4 h under acid conditions, it rapidly
declines when heating at a pH above 7.0. To clarify the structural difference at high pH, the atomic
structure of a recombinant thaumatin | at pH 8.0 was determined at a resolution of 1.0 A.
Comparison to the crystal structure of thaumatin at pH 7.3 and 6.5 revealed the root-mean square
deviation value of a Ca. atom to be substantially greater in the large disulfide-rich region of domain
I1, especially residues 154-164, suggesting that a loop region in domain Il to be affected by solvent
conditions. Furthermore, B-factors of Lys137, Lys163 and Lys187 were significantly affected by
pH change, suggesting that a striking increase in the mobility of these lysine residues, which could
facilitate a reaction with a free sulfhydryl residue produced via the 3 -elimination of disulfide bonds
by heating at a pH above 7.0. The increase in mobility of lysine residues as well as a loop region in

domain Il might play an important role in the heat-induced aggregation of thaumatin above pH 7.0.
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1. Introduction

Thaumatin is a sweet-tasting protein that elicits a sweet taste sensation at 50 nM. Since it is
nearly 100,000 times sweeter than sucrose on a molar basis [1], thaumatin has potential as a
low-calorie sweetener for industrial applications and could be useful for clarifying the mechanisms
of perception of sweet taste [2-4]. Thaumatin is isolated from the arils of Thaumatococcus daniellii
Benth, a plant native to tropical West Africa. At least five intensely sweet forms of protein exist in
the plant, with two major components (thaumatin | and thaumatin Il) and three minor components
(thaumatin a, b, and c) [1]. All of them have been accepted as a food material because they are
natural proteins [5]. Since the source of thaumatin contains some variants, mainly thaumatin | and
thaumatin Il, further purification by cation exchange chromatography tends to be required for an
atomic resolution-based structural analysis [6,7]. The three-dimensional structure of thaumatin has
been determined and consists of three domains; (1) an 11-stranded core domain (1-53, 85-127 and
178-207, domain I); (2) a large disulfide-rich region (128-177, domain I1); and (3) a small
disulfide-rich region (54-84, domain Il1) [6-16]. Recently, a homogeneous recombinant thaumatin |
was successfully obtained from the yeast Pichia pastoris [17,18] and electron density maps of some
residues in this recombinant thaumatin | were significantly improved to clarify subtle structural

variations when compared to purified plant thaumatin I [7].

Thaumatin contains no cysteine residues but eight intramolecular disulfide bonds [1,19].
Although the protein does not contain a free cysteine residue, intermolecular disulfide linkages are
formed by heating thaumatin at a pH above 7.0, causing its sweetness to disappear [20]. In contrast,
its sweetness remains when heated at 80°C for 4 h under acid conditions [21]. The reduction in
sweetness caused by heating at above pH 7.0 would be attributed to the formation of aggregates and

the disulfide interchange reaction was catalyzed by cysteine; that is, a free sulfhydryl residue was



formed via the B-elimination of a disulfide bond [20]. Thus the thermo inactivation of thaumatin
was largely dependent on pH, however, high resolution structural comparisons of thaumatin at

different pH have not been performed.

To date, high resolution structures of thaumatin have been reported for crystals of the
orthorhombic form and tetragonal form [6,7,11-13]. Comparisons at an atomic resolution have
enabled us to clarify subtle structural differences among the thaumatin variants [16] and provided

detailed structural information on protein molecules by including the hydrogen atoms [7].

In the present study, the atomic structure of a recombinant thaumatin I at pH 8.0 was
determined at a resolution of 1.0 A. The similarities and differences in the refined structure of the
recombinant thaumatin | as well as plant thaumatin | under alkaline conditions were investigated in
detail. Comparisons at pH 7.3 revealed the large disulfide-rich region of domain I, especially
residues 153-164 to be markedly affected by pH change. Furthermore, B-factors of Lys137, Lys163,
and Lys187 were substantially increased. Since it was suggested that the heat-inactivation of
thaumatin involved lysine residues and a free sulfhydryl residue produced via the -elimination of
disulfide bonds by heating at a pH above 7 [20], increases in the mobility of lysine residues as well
as the large disulfide-rich region in domain Il under alkaline conditions might play an important

role in the heat-induced aggregation of thaumatin above pH 7.0.

2. Materials and methods

2.1. Materials

Plant thaumatin was purchased from Wako Pure Chemical Industries Ltd. and further purified
as described [20]. Polyethylene glycol 3350 was obtained from Sigma-Aldrich (St. Louis, MO). The

specially prepared reagent of tris(hydroxymethyl)aminomethane was from Nacalai Tesque Inc.



(Kyoto, Japan). All other chemicals were of guaranteed reagent grade for biochemical use.

2.2. Expression and purification of the recombinant thaumatin |

The expression of the recombinant thaumatin | was performed with P. pastoris as described
previously [18,22]. A 7-L fermenter (TS-M7L, Takasugi Seisakusho Co., Tokyo, Japan) was used
for secretion of the recombinant thaumatin | into the medium. Purification was performed with an
SP-Sephadex C-25 cation exchange column, and followed by HW-50F gel-filtration
chromatography (Tosoh Co., Tokyo, Japan). The concentrations of thaumatin were determined
spectrophotometrically using a molar extinction coefficient, .75, 0f 17,000 /M cm [1]. The purity of

proteins was checked by both SDS-PAGE and native-PAGE.

2.3. Crystallization and data collection

The purified recombinant thaumatin was concentrated by a Centricon 10 (Millipore, Bedford,
MA), and the protein concentration was measured with a NanoDrop ND-1000 spectrophotometer
(NanoDrop Technologies, Inc., Rockland, DE). Crystallization was performed by using the
hanging-drop vapor-diffusion method. The hanging drops were prepared by mixing 5 uL of the
30-50 mg/mL protein solutions and 5 uL of the reservoir solution. The reservoir solution consisted
of 50 mM Tris-HCI buffer, pH 8.0 containing 15% PEG3350. All solutions were prepared with
sterile water and filtrated with a MILLEXGYV membrane (Millipore). Under these conditions,
crystals with the orthorhombic form in space group P2,2,2; were obtained. Diffraction data was
obtained at up to 1.0 A. The crystal was placed in a cold nitrogen gas stream. The diffraction
images of recombinant thaumatin were collected using an ADSQ210 area detector (Rigaku, Tokyo,

Japan) at the BL-44XU station of SPring-8 (Hyogo, Japan). The initial data set was collected with a



wavelength of 0.9 A and the crystal was exposed for 1.0 s to 0.7° oscillations with a 0.7-mm
aluminium attenuator for the high resolution data set, and for 1.0 s to 0.7° oscillations with a
1.3-mm aluminium attenuator for the low resolution data set. The data obtained were integrated
with the HKL.2000 program package [23] from 50 to 1.5 A and 1.5 to 1.0 A for the low and high
resolution data set, respectively. The integrated intensities were scaled and merged into one dataset.
Data collection and structure solution statistics of the recombinant thaumatin | are shown in

Supplementary Table 1.

The diffraction images of the native plant thaumatin | were collected using an ADSQ210 area
detector (Rigaku, Tokyo, Japan) at the BL-38B1 station of SPring-8 (Hyogo, Japan). The data was
collected with a wavelength of 1.0 A and the crystal was exposed for 1.0 s to 0.7° oscillations. The
data obtained were integrated with the HKL2000 program package as described above from 50 to

1.4 A. Data collection and structure solution statistics are shown in supplementary Table 1.

2.4. Structural refinement and validation

First, the structure of plant thaumatin was determined by molecular replacement using the
program MOLREP in the ccpdi suite [24] with the previously reported thaumatin structure
(resolution of 1.75 A) as a reference (PDB code 1thv, [10]). The model-building and refinement
were performed using the Coot program [25] and Refmac5, respectively. The |Fo|-|Fc| and
2|Fo|-|Fc| maps were used to locate the correct model. Several rounds of refinement were carried
out to improve the model by increasing the resolution to 1.39 A. Water molecules were
incorporated where the difference density exhibited values of more than 3.0 above the mean and
the 2|Fol-|Fc| map showed a density of more than 1.0c. The structure of plant thaumatin at pH 8.0

was refined to a final R factor of 14.90%. The coordinate and intensity of plant thaumatin at pH 8.0



have been deposited in the PDB (accession code 3vhf).

The structure of the recombinant thaumatin was determined using the refined plant thaumatin
structure mentioned above (3vhf) as a model through rigid-body refinement with the SHELXL97
program [26]. All reflections were included with no o cutoff; 5% of the data were randomly
selected and omitted during refinement for cross validation by means of the free R-factor [27].
Refinement of the model with an isotropic B-factor against the data up to a resolution of 1.0 A by
SHELXL resulted in an Ry 0f 16.31% and an Ry, 0f 18.90%. Subsequent anisotropic B-factor
refinement against the data to 1.0 A lowered the Ryo and Ryee to 12.08% and 15.63%, respectively
(corresponding to a fall in R¢.e Of 3.27%). Next, hydrogen atoms were modelled based on the HFIX,
and the Ryork and Ry fell to 11.09% and of 14.15%, respectively. To finalize the refinement, the
model including H-atoms was refined against all data for 40 cycles using conjugate-gradient least
squares minimization, leading to an R1 of 11.15% for 106,823 reflections and 10.37% for 94,886
reflections with Fo> 45 (Fo) in the range 10-1.0 A. The quality of the structure was assessed by
using PROCHECK [28] and WHAT IF [29]. The electron density maps and structural images were
generated using PyMOL [30]. The coordinate and observed intensity of the recombinant thaumatin |

at pH 8.0 have been deposited in the PDB;j (accession code 3vjq).

3. Results and discussion
3-1. Overall structure of recombinant thaumatin |

To date 35 structures of thaumatin have been deposited in the Protein Data Bank and four
crystal forms (tetragonal, orthorhombic, monoclinic and hexagonal) of thaumatin are known
[9,10,13]. Furthermore, there are two types of orthorhombic crystals, that is, orthorhombic (1) (cell

dimensions are approximately a=51 A, b=54 A, ¢=70 A) and orthorhombic (2) (cell dimensions are



approximately a=44 A, b=64 A, ¢=72 A). In the present study we investigated a crystal form of
orthorhombic (2), whose cell dimensions are a=43.636 A, b=63.528 A and ¢c=71.771 A (Table 1).
The final model of the recombinant thaumatin | consists of 207 residues with a total of 1688 protein
atoms, 2 glycerol molecules, and 453 water molecules (Figure 1). A single thaumatin molecule is
contained in an asymmetric unit. The R factor for the final structure is 11.15% for all data,
suggesting that the final refined model is of high quality. A Ramachandran plot calculated for the
final model showed that 90.5% of the residues are in most favoured regions, 8.9% are in additional
allowed regions, and 0.6% are in generously allowed regions. No residues are in disallowed regions
(Table 1). The residue located in the generously allowed region is Asp25 which was generally
observed in other thaumatin molecules [7,16]. The average B factor for main chain, side chain and
all atoms was 9.37 A%, 14.83 A% and 15.97 A? respectively. The Matthews coefficient Vm [31], and
the solvent content were calculated to be 2.24 A%/Da and 45.12%, respectively (Table 1). Compared
to the tetragonal form of thaumatin I, both the Matthews coefficient and the solvent content are

significantly lower, that is, 2.80 A%Da and 56.13%, respectively.

3-2. Multiple conformations of side chains of thaumatin at pH 8.0

The electron density map of the recombinant thaumatin | at pH 8.0 allowed the side chains of
13 residues (Glu4, Val13, Arg29, Asn46, Lys49, Asp55, Ser63, 11e65, Arg79, Arg82, Met112,
Argl122, and GIn153) to be modelled in two conformations and 1 residue (Ser36) to be modelled in
three conformations. Although it seems that the alternative conformations of side chains in plant
thaumatin (PDB code 1thv) might not be assigned at a resolution of 1.75 A [10], in the present
study, we could assign 14 alternative side chains in the recombinant thaumatin | at a resolution of
1.0 A. Recently, Asherie et al. also assigned 11 residues (Arg8, Ser10, Ser36, Glu42, Asp55, Ser63,

Lys67, GIn153, Lys174, Pro178 and Ser197) as alternative side chains conformations of plant



thaumatin | (PDB code 2vu7, 1.08 A, [6]). Since they performed the crystallization in a 10 mM
sodium phosphate buffer pH 7.3 containing 250 mM sodium meso-tartrate and 2.5% glycerol,
meso-tartrate might have been affected by the crystal packing around Arg82 and Argl71. Since
Arg29 is located near the meso-tartrate molecules contact site, it seems that alternative side chain
conformations of Arg29 could be assigned in this study because we performed crystallization under
conditions without tartrate molecules (Figure 2). Alternative conformations at Arg29 of plant
thaumatin | at a resolution of 1.40 A (3vhf) were also observed under the same crystallization

conditions, suggesting the side chain of Arg29 to be flexible in the absence of tartrate molecules.

3-3. Comparison of r.m.s. deviation and temperature factor values

The differences in r.m.s. deviation for Ca atoms between the final refined structure of the
orthorhombic form of the recombinant thaumatin at pH 8.0 (PDB code 3vjq) and those of plant
thaumatin I at pH 7.3 (PDB code 2vu7, P2,2,2;) were investigated (Figure 3). The most
significance difference in r.m.s.d. values was observed in the large disulfide-rich region of domain
I1, especially residues 154-164, suggesting a loop region in domain Il of thaumatin to be affected by
the change in pH from 7.3 to 8.0 (closed circles). Next we attempted to compare the orthorhombic
structure (PDB code 3vjq) to the tetragonal form of the recombinant thaumatin I (PDB code 3al7,
P4,2,2) prepared at pH 6.5 [7]. The results showed that residues 154-164 had high r.m.s.d. values
like the orthorhombic crystal, suggesting a loop region in domain Il of thaumatin to be affected by

pH change. Besides these regions, C-terminal residues had high r.m.s.d. values (closed triangles).

Clear changes in r.m.s.d values for a change from pH 7.3 to 8.0 or 6.5 to 8.0 are detectable in a
loop region in domain Il of thaumatin. Next we attempted to compare a high resolution tetragonal

structure of the recombinant thaumatin | (PDB code 3al7) at pH 6.5 against 2vhk (pH 7.3). No



significant difference in r.m.s.d values was observed in the loop region in domain Il on the change
from pH 6.5 to 7.3, suggesting the substantial change in the loop region in domain Il to be specific

to the change to pH 8.0 (Figure 3, closed square).

Since the thermal factor is closely related to an atom’s mean square amplitude of vibration, it is
worth comparing high resolution structures at different pH. At pH 8.0, residues with more than
2.5-fold the average thermal factor, B, for main chains included Gly141 (24.9 A%), Thr160 (24.0 A?),
Thr161 (29.1 A%, Gly162 (41.1 A% and Lys163 (43.5 A?). Residues with more than 2.5-fold the
average for side chains were Lys137 (52.4 A% and Lys163 (57.3 A?). In contrast, at pH 7.3, Thr160
(24.2 A%, Thr161 (28.3 A%, Gly162 (29.5 A?) and Lys163 (26.0 A?) had more than 2.5-fold the
average for main chains and no residues had more than a 2.5-fold higher value for side chains.
These results suggested the increase in B-factor values for Lys137, Lys163 and Lys187 to be

induced by pH change.

Thus, a comparison of high resolution structures at different pH values, 3vjq (resolution of
1.0 A, pH 8.0) and 2vu7 (resolution of 1.08 A, pH 7.3), would reveal the subtle conformational
change induced by a change in pH. It was suggested that lysine residues were involved in the
heat-inactivation of thaumatin and a free sulfhydryl residue produced via the -elimination of
disulfide bond by heating at a pH above 7 [20]. Although thaumatin contains 11 lysine residues,
only Lys137, Lys163, and Lys187 have high temperature factors under alkaline conditions. These
results suggested an increase in the mobility of lysine residues as well as the large disulfide-rich
region in domain Il under alkaline conditions to play an important role in the heat aggregation of

thaumatin at a pH above 7.

The structural requirements necessary for the sweetness of thaumatin molecules have been
investigated using chemical modifications and site-directed mutagenesis, suggesting the lysine

residues located on the cleft-containing side to play an important role [21, 32-34]. K137, K163 and

10



K187 are also located on the cleft-containing side, and the basicity of these lysine residues is
important to the sweetness of thaumatin as well. In the present study, we determined the atomic
structure of thaumatin at pH 8.0. Understanding the precise structural features of thaumatin under
alkaline conditions should provide new insights into the denaturation of thaumatin by heat treatment.
These findings appear to offer a structural basis for use in food products and the design of thermo

stable proteins.
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Legends to Figures

Figure 1

Overall structure of the recombinant thaumatin I. (A) Two residues, Lys67 and Arg82, critical for
sweetness are shown in blue. The residues from 154 to 164 in the large disulfide-rich region of
domain Il are indicated in red. The average B-factors over side chains in Lys137 (52.4 A?), Lys163
(57.3 A% and Lys187 (42.9 A?) are shown in yellow. Two glycerol molecules are indicated in green.
(B) The spectrum of the average B-factors is indicated from minimum (blue = 0) to maximum (red

= 30).

Figure 2

The model and electron density of the recombinant thaumatin around Arg29. The cA-weighted
2mFo-DFc maps contoured at 1.0c are shown in blue and mFo-DFc maps omitting hydrogen atoms

contoured at 3.0c and -3.0c are shown in green and red, respectively.

Figure 3
The superposition of the coordinates of Ca. atoms of thaumatin at different pH.

Histograms of r.m.s.d. values of Ca atoms with the residue number. The structure of the

orthorhombic form of the recombinant thaumatin at pH 8.0 (PDB code 3vjq) and of plant thaumatin
| at pH 7.3 (PDB code 2vu7, P2,2:2;) were analyzed (closed circles). The orthorhombic form (PDB
code 3vjq) against the tetragonal structure of the recombinant thaumatin | (PDB code 3al7, P4,2,2)

prepared at pH 6.5 was investigated (closed triangles). The tetragonal structure of the recombinant
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thaumatin | (PDB code 3al7) at pH 6.5 against 2vhk (pH 7.3) was examined (closed square).
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