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Abstract

Single-chain monellin (SCM) is an engineered protein that links the two chains of monellin, a naturally sweet-tasting
protein. This protein is an attractive candidate for use as a sugar replacement in food and beverages and has numerous
other applications. Therefore, generating SCM mutants with improved stability is an active area of research to broaden
the range of its potential applications. In this study, we focused on the Cys41 residue of SCM, which is a single cysteine
residue present at a structurally important position. This residue is often substituted with Ser. However, this substitution
may destabilize SCM because Cys41 is buried in the hydrophobic core of the protein. Therefore, we designed mutants
that substituted Ala, Val, and Leu for this residue, namely C41A, C41V, and C41L. We characterized these three mutants,
SCM (418, and wild type (WT). Differential scanning fluorimetric analysis revealed that substituting Cys41 with Ala or
Val increased the thermal stability of SCM, while substitution with Ser or Leu decreased its stability. Determination of the
crystal structures of SCM C41A and C41V mutants revealed that the overall structures and main chain structures around
the 41st residue of both mutants were almost identical to the WT. On the other hand, the orientations of the amino acid
side chains near the 41st residue differed among the SCM variants. Taken together, our results indicate that substituting
Cys41 with Ala or Val increases the stability of SCM and provide insight into the structural basis of this improvement.

Keywords Crystallography - Monellin - Protein Stability - Recombinant Proteins

Abbreviations: RMSD, root mean square deviation; SCM,
single-chain monellin; SDS-PAGE: sodium dodecyl sulfate
polyacrylamide gel electrophoresis.

1 Introduction

Monellin is a naturally sweet-tasting protein isolated from
the fruit of Dioscoreophyllum cumminsii, a plant indig-
enous to West Africa [1]. This sweet protein comprises two
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noncovalently associated polypeptide chains, namely the A
chain, and B chain, which comprise 44, and 50 amino acid
residues, respectively (UniProt IDs: P02881 and P02882
for the A chain and the B chain, respectively). Structural
analyses using X-ray crystallography have revealed that the
N-terminus of the A chain and the C-terminus of the B chain
are positionally close to each other [2] (Fig. 1a, left). Conse-
quently, the engineered protein called single-chain monellin
(SCM) has been generated in which the C-terminus of the
B chain is directly linked to the N-terminus of the A chain
(Fig. 1a, right, and ¢) [3]. The crystal structure revealed that
the fold of SCM is similar to that of the natural monellin, as
designed [4] (Fig. 1a, right). Another type of single-chain
variant of monellin, MNEI, has also been engineered; in
this molecule, the A and B chains are linked via a Gly-Phe
linker instead of the direct linkage used in SCM [5] (Fig. 1a,
middle). The number of residues differs between the two
single-chain variants, 94 residues for SCM and 96 residues
for MNEI, depending on the presence of a Gly-Phe linker
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{ Fig.1 Design of SCM variants. a Overall structures of natural monel-
lin (left, PDB ID: 3MON), MNEI (middle, PDB ID: 209U), and SCM
(right, PDB ID: IMOL). The portions derived from the A and B chains
are colored light pink and magenta, respectively. The C-terminus of
the B chain and the N-terminus of the A chain in the structure of natu-
ral monellin are shown as cyan spheres and labeled. Both polypeptide
chains are connected by a loop between the 32 and B3 strands to gener-
ate single-chain variants of monellin, MNEI and SCM. The Gly-Phe
linker segment in MNEI is colored cyan and labeled. A cyan arrow-
head indicates the position of the link in the SCM structure. b Close-up
view of Cys41 residues. The side chains of the amino acid residues
around the Cys41 residue are indicated using ball and stick models.
The oxygen atom of the water buried in the protein, assigned as W309
in the IMOL coordinate, is presented as a red sphere. Residues Ile6
— Gly9 were omitted from the coordinate to illustrate the figure for
clarity. ¢ Amino acid sequence of the wild type of SCM. The second-
ary structural elements are indicated below the amino acid sequence

sequence connecting the two polypeptide chains. The solu-
tion structure and high-resolution crystal structure of MNEI
revealed that this variant also has a fold similar to those of
natural monellin and SCM [6, 7] (Fig. 1a).

Single-chain variants of monellin have been used for var-
ious applications due to their unique molecular properties.
It has been reported that these variants elicit a strong sweet
taste and are more stable than natural monellin in terms of
changes in temperature and pH [3]. Therefore, these proteins
have gained attention for use as sugar substitutes in foods
and beverages; however, the range of possible applications
of single-chain variants of monellin remains limited due to
its solubility and aggregation properties [8]. In addition to
its use as a sugar substitute, one of the single-chain variants
of monellin, SCM, can also be used to generate antibody-
like binder proteins that act as a molecular scaffold in which
the amino acid sequence and the length within the two loops
are randomized [9]. In such an application, it is desirable to
stabilize SCM-based scaffolds since increasing the lengths
of loops with diversified amino acid sequences tends to
decrease binder stability [9]. In addition, single-chain vari-
ants of monellin have also been used as model proteins for
protein folding, unfolding, and aggregation studies [10—12].
This is because they have two types of secondary structures,
a-helix and B-sheet, and the effect of fusing two separate
polypeptide chains into a single chain can be studied [13].

Mutagenesis has been employed to improve the thermal
stability of single-chain variants of monellin, especially
for the purpose of sugar replacement in foods and bever-
ages. Indeed, numerous combinatorial mutations have
been reported in single-chain variants of monellin. These
mutants maintain the sweet taste but increase the thermal
stability of the protein [14—16]. The Cys41 residue is espe-
cially noteworthy among potential mutation sites. First, in
native monellin, Cys41 is located on the 2 strand of chain
B, where it contacts the 3 strand of chain A (Fig. la, right).
Second, there is Pro40 residue just before Cys41 (Fig. lc),
which results in a kink in the B2 strand at this position [4].
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Third, there is a completely buried water molecule between
the B2 and B3 strands [4] that forms hydrogen bonds with
the main-chain atoms of [1e38 (O), Pro40 (O), and Tyr63 (N)
and can also interact with the S atom of Cys41 [7] (Fig. 1b).
Fourth, Cys41 is the only cysteine residue present in natural
monellin or its single-chain variants (Fig. 1¢).

Heterologous expression of single-chain variants of
monellin performed in host cells (e.g., in Escherichia coli)
may result in intermolecular disulfide bond formation medi-
ated by Cys41, leading to undesirable aggregation. To over-
come this issue, Ser or Ala residues have been substituted
for Cys41 [9-11, 17-21]. Nevertheless, substitution with a
polar residue like Ser may destabilize the molecule since
the side chain of the 41st residue is completely buried in the
core of the protein molecule, forming part of the interface
between the B-sheet and a-helix [4]. In fact, the polar side
chain of Ser at the 41st position is buried, as revealed by
the crystal structures of the mutants of single-chain variants
of monellin containing the C41S mutation [9, 14]. A viable
alternative is to substitute the 41st residue with a hydropho-
bic residue. However, the effect on the thermal stability of
substituting Cys41 with hydrophobic amino acids other than
alanine has not yet been extensively studied.

In this study, we designed SCM mutants by substitut-
ing the Cys41 residue with three hydrophobic amino acid
residues—i.e., Ala, Val, and Leu—generating SCM C41A,
C41V, and C41L, respectively. Next, we purified these three
mutant proteins along with WT SCM and C41S mutant pre-
pared by recombinant overexpression in Escherichia coli.
To test their dispersity in solution, we analyzed purified sam-
ples using size-exclusion chromatography. Subsequently,
we estimated their melting temperatures and compared the
thermal stability of SCM variants by differential scanning
fluorimetry. Finally, we determined the crystal structures
of the SCM C41A and C41V mutants, and compared the
structures of these SCM mutants so that we could use their
three-dimensional structures to investigate the effects of the
substitution of Cys41 on thermal stability.

2 Materials and methods
2.1 DNA Manipulations

Expression vectors for SCM C41A, C41V, C41L, and wild
type SCM (i.e., C41) were constructed based on pHFT-SCM
C418S, which encodes an SCM whose 41st residue is Ser that
also has a decahistidine, a FLAG tag, and a TEV cleavage
site fused to its N-terminus [9]. Next, we introduced point
mutations in SCM at the 41st residue by PCR, which was
performed using KOD One (TOYOBO) and the primer sets
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shown in Table S1. All constructs were verified by DNA
sequencing.

2.2 Expression and Purification of SCM Mutants

SCM variants were expressed and purified according to
a previously described method [9]. In brief, BL21(DE3)
cells were transformed with expression vectors, and protein
expression was induced using autoinduction media [22] for
22-24 h at 30 °C. His-tagged SCM variants were then puri-
fied from the soluble fraction using Ni-NTA agarose (QIA-
GEN). The tagged form of the SCM variants was subjected
to TEV protease treatment, followed by application to a
Ni-NTA agarose column, where the unbound fraction was
collected.

2.3 Size-Exclusion Chromatographic Analysis

The purified SCM or its mutants (at a concentration of 40
puM in 100 pL) were subjected to size-exclusion chroma-
tography on an ENrich SEC 70 10X 300 column (Bio-Rad)
equilibrated with 20 mM HEPES-Tris, 150 mM NaCl, pH
7.5, at a flow rate of 1 mL/min with NGC Quest 10 Plus
(Bio-Rad).

2.4 Differential Scanning Fluorimetry

The thermal stability of SCM mutants was evaluated by dif-
ferential scanning fluorimetry, as previously described [9],
using the Protein Thermal Shift kit (Applied Biosystems).
Briefly, the purified protein samples were dialyzed against
the appropriate buffers. Specifically, the following buffers
were used for each pH condition: 20 mM MES-Na, 150 mM
NacCl, pH 5.0 (for acidic pH), 20 mM HEPES-Na, 150 mM
NaCl, pH 7.5 (for near-neutral pH), and 20 mM Bicine-Na,
150 mM NaCl, pH 8.6 (for basic pH). The dialyzed protein
(5 ng) and Protein Thermal Shift Dye were mixed in the
dialysis buffer to prepare 20 pL of a protein melt reaction.
A StepOne Real-Time PCR System (Applied Biosystems)
was used to measure fluorescence intensity. The mixtures
were denatured by raising the temperature from 25 to 99 °C
at a rate of 0.022 °C/s. The apparent thermal denaturation
temperatures (7,,) were estimated using the two-state
Boltzmann model as implemented in Protein Thermal Shift
Software version 1.3 (Applied Biosystems).

2.5 Protein Crystallization

Crystallization of the SCM C41A and C41V mutants was
performed using the sitting drop vapor diffusion method,
following the reported crystallographic analysis of SCM
WT [4]. Briefly, the SCM C41A mutant protein was

concentrated to 20 mg/mL in 20 mM Tris-HCIl, pH 8.0, 300
mM NaCl, and then crystallized using a solution contain-
ing 0.1 M sodium citrate, pH 5.0, and 35% (w/v) PEG3350
at 20°C. The SCM C41V mutant was at a concentration of
21 mg/mL in 20 mM HEPES-Na, pH 7.5, 150 mM NaCl,
and was crystallized using a solution containing 0.1 M Bis-
Tris, pH 6.0, 35% (w/v) PEG3350 at 20°C.

2.6 X-ray Crystallography

Crystals were cryoprotected by soaking them in mother
liquor supplemented with 20% (v/v) ethylene glycol and
then flash frozen in liquid nitrogen. X-ray diffraction data
were collected at the SPring-8 (Harima, Japan) beamline of
BL41XU at a wavelength of 1.0000 A using an EIGER X
16 M (DECTRIS) detector using the ZOO automatic data
collection system [23]. Diffraction data sets were processed
with KAMO [24] for automatic data processing using XDS
[25]. Initial phases were determined via molecular replace-
ment with Phaser [26] in the CCP4 program suite using
chain A from the coordinates of SCM WT (PDB ID: IMOL)
as the search model. Both crystals contained two molecules
of each SCM variant in an asymmetric unit. The models
were manually rebuilt with Coot [27] and refined with Phe-
nix.refine [28]. A summary of the data collection and refine-
ment statistics is shown in Table 1.

Superimposition of the SCM mutant structures was
performed with PyMOL (https://pymol.org/2/). The coor-
dinates of the SCM WT (PDB ID: 1IMOL) and GFP-40
(PDB ID: 7CD7) [9], an SCM mutant containing the C41S
mutation, were used for structural superimposition. For all
mutants, the chain A of the two molecules in an asymmet-
ric unit was used as a representative for superposition. Two
loops between the B2 and B3 strands and between the B4 and
35 strands were ignored for the calculation of the C, RMSD
values since GFP-40 has mutations in these loops and the
structural model of the SCM C41A mutant lacks these loops.
Amino acid residues and water molecules within 4 A of the
41st residue were listed using CONTACT in CCP4 package
[29]. All figures illustrating the structures were generated
using PyMOL.

3 Results

3.1 Design of SCM Mutants

To investigate the effect of mutation on protein stability,
we designed SCM mutants in which the Cys41 residue was
substituted with hydrophobic amino acids (Fig. 1b). We

first designed a mutant substituting Cys41 with Val (namely
C41V), whose side chain length is similar to that of Cys.

@ Springer
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Table 1 Data collection and refinement statistics in X-ray crystallo-

graphic analysis

SCM C41A SCM C41V
(PDB 8JZ0) (PDB 8JZ1)
Data collection*
Space group Pl P2,
Unit cell
a, b, c(R) 31.7,39.7,44.4  39.1,48.7,47.2
a B,y () 106.2, 109.3, 90.0, 102.7,
103.4 90.0
No. of molecules/a.s.u 2 2
X-ray source SPring-8 SPring-8
BL41XU BL41XU
Wavelength (A) 1.0 1.0
Resolution (A) 50.0-1.23 50.00-1.24
(1.30-1.23) (1.31-1.24)
Total reflections 117,644 277,760
Unique reflections 79,961 (5243) 81,703 (6581)
Completeness (%) 74.5 (30.3) 84.6 (42.1)
Redundancy 1.5(1.4) 3429
Riperge (%0) 4.1 (29.6) 13.9 (36.2)
Ilol 10.2 (2.2) 19.0 (5.5)
CCy)p, 0.995 (0.888) 0.988 (0.878)
Refinement

Resolution range (A)
Reflections used
Working set/test set

35.66-1.23

84,196/4263

46.0-1.24

81,682/4027

Ryork 0.213 0.168
Ripee 0.240 0.200
Number of atoms 1689 1906
Protein 1503 1597
Water 186 309
Average B-factor (A?) 223 14.0
Macromolecules 21.2 11.9
Solvent 31.1 24.8
Rmsd from ideality

Bond length (A) 0.006 0.018
Bond angles (°) 0.917 1.636
Ramachandran plot

Favored (%) 97.1 98.4
Outliers (%) 0 0

*Statistics for the highest-resolution shell are shown in parentheses

Next, we aimed to investigate the effect of the volume of
the side chain at the 41st residue on the stability of the
protein. To this end, we designed two additional mutants
in which Cys41 was substituted with Ala (C41A), a hydro-
phobic amino acid with a shorter side chain than Val, and
Leu (C41L), a hydrophobic amino acid with a longer side
chain than Val. In addition to the SCM C41A, C41V, and
C41L mutants, the mutant in which Cys4l was substi-
tuted with a polar residue, Ser (C41S), was also prepared
for comparison in this study. The SCM C41S mutant has
been widely used in various studies [9-11, 17-21], and the
crystal structures of the SCM mutants containing the C41S
mutation have also been determined [9, 14]. Therefore, we
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comprehensively characterized five different SCM variants,
SCM C41A, C41V, C418S, and wild type (WT) SCM.

3.2 Characterization of the Purified SCM Mutants

Next, we expressed the SCM mutants in E. coli BL21(DE3)
and purified the expressed proteins from the soluble frac-
tion using Ni-NTA agarose. The N-terminal tag portion
was then removed by treatment with TEV protease. All five
SCM mutants were successfully purified (Fig. 2a). In gen-
eral, all five SCM variants showed similar mobility under
both reducing (lanes 1-5) and non-reducing (lanes 6-10)
conditions. For the WT SCM protein, we detected an elec-
trophoretic band that was likely the covalent homodimer
under non-reducing condition (Fig. 2a, lane 7); this may be
problematic for electrophoretic analyses.

The yields of the purified protein samples for the SCM
mutants obtained from a 40 mL culture of E. coli were as
follows: 1.6 mg for WT, 1.5 mg for C41S, 1.5 mg for C41A,
3.5 mg for C41V, and 2.0 mg for C41L. The yield of the
C41V mutant was the highest among all the mutants, while
the yields of C41A, C41L, and C41S were comparable
to that of the WT, indicating no significant differences in
expression levels among the SCM mutants.

Next, we analyzed the solution behavior of the SCM
variants by size exclusion chromatography. All five SCM
variants provided a single peak, indicating that they were
monodisperse in solution (Fig. 2b). The apparent molecular
masses estimated using the standard protein set (Table 2)
were nearly identical to the calculated molecular mass
(11.2 kDa), suggesting that at the concentration analyzed
here the SCM variants behaved as monomers in solution.

3.3 Thermal Stability of SCM Mutants

To investigate the thermal stability of the SCM mutants, we
conducted differential scanning fluorimetry under three dif-
ferent pH conditions: acidic (pH 5.0), near-neutral (pH 7.5),
and basic (pH 8.6). We chose pH 7.5 instead of pH 7.0 as
near-neutral pH because it is close to the extracellular physi-
ological pH commonly used for in vitro experiments. On the
other hand, we chose pH 8.6 as the basic pH condition. This
is because this pH is approximately one pH unit higher than
pH 7.5, and the buffer solution used in this study has suffi-
cient buffering capacity at this pH condition. Melting curves
were obtained for all SCM mutants, thereby allowing the
apparent thermal denaturation temperature (7,,,) values to be
estimated for all three pH conditions (Fig. S1). The T, at
pH 7.5 of the SCM C41S mutant was estimated to be 74.0°C
(Fig. 3). This T, value is similar to that obtained in our pre-
vious study (7, = 74.2 °C) [9], indicating the methods for
estimating 7, values employed in this study is superior in
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a : _ : Table 2 Apparent molecular mass of the SCM variants estimated by
Reducing Non-reducing SEC
n < > " < > SCM variants Apparent
SCM ¥ ET 5§ % TETSX molecu-
O=200O0 O=2000 lar mass
m/kl:_;g - (kDa)
g?: — WT 10.5
25 C418 10.5
A = C41A 10.3
15- < C41vV 10.5
10- e e —— T — e — C41L 10.5
Tm of the SCM mutants (°C)
1 2 3 4 5 6 7 8 9 10 pH 5.0 pH7.5 pH 8.6
b WT 83.3£0.08 77.5+0.16 73.6 £0.13
300 - N Y C41S 79.6+0.16 74.0 £ 0.05 71.0+0.17
T f’ = CHMA 87.1+0.08  81.7+0.17  80.0+0.04
i C41V 84.1+0.10 80.4 + 0.08* 77.3+£0.07
JL c41L C41L 79.6 £0.07 70.5+£0.03 67.9+£0.03
200+ '\
=2
< C41V
;0 N a
8 CHA
<
100 4
C41S 851
N wn
(Y ———— U —8—C41A
6 8 10 12 14 16 18 20 22 24 48
Elution volume (mL) £ —A—C41V
= 754
Fig.2 Purification and size-exclusion chromatography (SEC) anal- -O-WT
yses of SCM mutants. a SDS-PAGE analysis of purified SCM vari-
ants. 2 ug of protein was loaded on an 18% polyacrylamide gel. The
band indicated by an asterisk is the covalent dimer of the WT SCM. 70 B-C41S8
b SEC profiles of purified SCM variants. Purified SCM variants were
subjected to a size-exclusion chromatography column, equilibrated ——C41L
with 20 mM HEPES-Tris, 150 mM NacCl, pH 7.5. Chromatographs
are shown with vertical offsets. The void volume (V,) and elution 65 } } }
positions for bovine serum albumin (molecular mass: 67 kDa), oval- 50 75 8.6
bumin (44 kDa), carbonic anhydrase (29 kDa), myoglobin (17 kDa),
cytochrome ¢ (12.4 kDa) and vitamin B,, (1.35 kDa) are indicated by pH

vertical lines

terms of reproducibility. For all SCM mutants, the 7, val-
ues were highest under acidic conditions and were progres-
sively lower under neutral and basic conditions (Fig. 3).
These results suggested that the SCM mutants were the
most stable under acidic conditions (7, at pH 5.0=87.1 °C,
84.1 °C, 83.3 °C, 79.6 °C, and 79.6 °C for C41A, C41V,
WT, C418, and C41L, respectively) and the most unstable
under basic conditions (7, at pH 8.6=80.0 °C, 77.3 °C,
73.6 °C, 71.0 °C, and 67.9 °C for C41A, C41V, WT, C418S,

Fig. 3 Melting temperature (7,,) of the SCM variants at three dif-
ferent pH conditions. The mean values of T, (°C) for each condition
are shown together with the standard error (n=4). Value marked with
an asterisk (*) indicate data with n=3

and C41L, respectively). Previous reports noted that the
thermal stability of WT SCM was higher under acidic con-
ditions than neutral conditions [3], and a similar result has
been reported with respect to protein stability in the pres-
ence of denaturants [30]. The results obtained in this study
were therefore consistent with those of previous studies.
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Furthermore, under all three different pH conditions the
relative order of the T, values of the SCM mutants was the
same; that is, C41A>C41V>WT>C41S> C41L (Fig. 3).
These results indicate that the substitution of Cys41 resi-
due with Ser makes SCM unstable (AT, of C41S at pH 5.0,
pH 7.5, and pH 8.6 were —3.7 °C, —3.5 °C, and —2.6 °C,
respectively; AT, = [T, of mutant] — [T, of wild type]), as
expected, while substitution with Ala, or Val makes SCM
slightly more stable (AT, of C41A at pH 5.0, pH 7.5, and
pH 8.6 were +3.8 °C, +4.2 °C, and + 6.4 °C, respectively,
while AT, of C41V at pH 5.0, pH 7.5, and pH 8.6 were
+0.8 °C, +2.9 °C, and +3.7 °C, respectively). It has been
reported that substituting the Cys41 with Ala in another
single-chain variant of monellin, MNEI, improves stability.
The maximum heat resistance temperatures of the MNEI
WT and its C41A mutant were 65 and 70 °C, respectively.
The difference between them in the maximum heat resis-
tance temperatures was 5 °C, indicating that substitution
with Ala slightly affects the stability [31]. We also found
that substitution of the Cys41 residue with Leu decreases
the stability of SCM (AT, of C41L at pH 5.0, pH 7.5, and
pH 8.6 were —3.7 °C, — 7.0 °C, and — 5.7 °C, respectively),
indicating that the amino acid residues with side chains lon-
ger than Val make SCM proteins less stable.

3.4 Determination of the Crystal Structures of the
SCM C41A and C41V Mutants

Since SCM mutants in which Cys41 was substituted with
Ala or Val residues exhibited slightly improved thermal
stability compared to the WT, we next aimed to investi-
gate the structural basis for this improvement. Therefore,
we determined the crystal structures of the SCM C41A and
C41V mutants and compared these structures to the struc-
tural information for the SCM WT and its mutant containing
the C41S mutation, which are already available. The SCM
C41A and C41V mutants were crystallized under slightly
different conditions, resulting in having different space
groups (i.e., P1 for C41A, and P2, for C41V; Table 1). The
crystals of both mutants contained two protein molecules
that formed a dimer in the asymmetric unit (Fig. S2a). The
mode of dimer formation in both SCM C41A and C41V
was similar to that seen in the WT (Fig. S2b). Models for
all 94 residues were successfully constructed for the C41V
mutant, while the models for the loop between the p2 and
B3 strands (i.e., residues Glu48—Arg51) in the C41A mutant
could not be constructed due to poor electron densities.
Therefore, these residues were ignored when calculating the
root mean square deviation (RMSD) between the structures.
In addition, the two molecules in an asymmetric unit were
superimposed C,-RMSD values of 0.177 A and 0.356 A for
SCM C41A and C41V, respectively. A similar comparison
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of two molecules in an asymmetric unit for the SCM WT
(PDB ID: IMOL) resulted in C,-RMSD value of 0.295 A.
Therefore, we considered the two molecules present in an
asymmetric unit for these mutants to be equivalent with
respect to structural information.

3.5 Structural Comparisons of SCM Mutants

The overall structures of SCM C41A and C41V were almost
identical to that of the WT. In fact, the structures of SCM
C41A, C41V, C41S, and the WT were superimposed and
found to overlap well in all combinations, and the main
chain structures were almost identical except for the two
flexible loops (Fig. S3). Furthermore, there is almost no dif-
ference in the main chain structure around the 41st residue
and within the f2 strand where this residue is located (Fig.
S3). This suggests that substituting C41 with Ala, Val, and
Ser residues does not significantly affect the overall struc-
ture of the SCM protein.

Next, we focused on the orientations of the side chains of
the amino acid residues present at and near the 41st residue.
In all four SCM variants, Ile5, Ile6, Thr12, Val37, 11e38,
GIn59, Leu60, Pro40, and Met42 residues were observed
within 4 A of the 41st residue, and two water molecules
were also found in close proximity to this region (Fig. 4).
The side chain of the 41st residue was oriented toward the
hydrophobic region formed by Thr12, Val37, and Leu60,
indicating that the polar side chain of Ser was not involved
in the hydrophobic interactions that stabilize this structure.
In fact, the methylene group of the side chain of the Ser41
residue did not make contact with Thr12, Val37, or Leu60.
Instead, a hydroxyl group was observed to form a hydro-
gen bond with water inside the molecule in the SCM C41S
mutant. A comparison of crystal structures revealed that the
conformers of the side chains of Thr12 and Leu60 differed
among the C41A, WT, and C41V variants (Fig. 5). There-
fore, it appears highly likely that the orientations of the side
chains of Thr12 on the a-helix and Leu60 on the f3-strand,
which together comprise the hydrophobic region, are regu-
lated by the properties of the 41st residue.

4 Discussion

In this study, we demonstrated that substituting a single cys-
teine residue (Cys41) with small hydrophobic amino acids,
such as Ala, and Val, can improve the thermal stability of
the SCM protein (Fig. 3). The crystal structures of SCM
mutants indicated that the side chains of Ala41 and Val41 are
in close proximity to hydrophobic residues, as was the case
for Cys41 (Fig. 4). The superior thermal stability observed
after substitution with Ala or Val may therefore be attributed
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WT

Fig. 4 Close-up view of the 41st residue of SCM variants. Amino
acid residues and water molecules within a 4 A radius of the 41st resi-
due are represented by stick models and red spheres, respectively. Two

to the absence of their side-chain deprotonation, which can
decrease thermal stability, as well as their interactions with
surrounding residues. Indeed, it has been suggested that the
deprotonation of the side chain of Cys residue is a factor
that destabilizes single-chain variants of monellin in a pH-
dependent manner [30, 32].

In the SCM C41A and C41V mutants, the main chain
structures around the 41st residue were found to be almost
identical to those of WT SCM and the C41S mutant (Fig. S3).
Although no noticeable differences were found in the main
chain structures, we observed differences in the orientations

C41S

water molecules are conserved among the SCM variants, and their
numbering is labeled in the WT structure (PDB ID: 1IMOL)

of the side chains of surrounding residues such as Thr12
and Leu60 among these variants (Fig. 5). In addition, it
has been reported that double conformers were modeled at
the Thr12, Leu62, and Cys41 residues in a high-resolution
crystal structure of the single-chain monellin variant MNEI,
although these residues were found in the hydrophobic core
[7]. The high mobility of side chains of the residues in this
hydrophobic core may allow for close contact with different
sizes of side chains of hydrophobic residue. In this study, we
discussed such conformational differences in peripheral side
chains using only static structural information derived from

@ Springer
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Fig. 5 Comparison of the conformations of amino acid residues
around the 41st residue among SCM variants. Shown are the
structures around the 41st residue of both of the two molecules in the
asymmetric unit for each SCM variant. The Thr12, Val38, and Leu60
residues, as well as the 41st residue, are represented as stick models,

X-ray crystallography. However, it is possible that differ-
ences in the conformational dynamics of the side chain may
affect the thermal stability of the SCM protein. Furthermore,
it is also important to test whether introducing mutations in
the Cys41 residue affects the flexibility of the SCM back-
bone [33]. Using molecular dynamics simulations to gen-
erate information regarding the dynamics of molecules is
required to provide a more detailed structural basis for the
observed improvement in thermal stability.

The SCM C41A and C41V mutants have been useful in
various studies because they eliminate the Cys residue with-
out compromising thermal stability, as C41S does. However,
we were unable to provide information on the folding pro-
cess of either mutant in this study. Therefore, comparative
studies of unfolding and refolding of the SCM C41A and
C41V mutants relative to WT and C41S are necessary, as is
the case with other model proteins [34] when these mutants
are used as model proteins for protein folding studies.

In addition to physicochemical properties such as thermal
stability, it is important to investigate whether the sweetness
of the SCM mutants increases or decreases compared to the
wild type. The crystal structures of the mutants containing
the C41S, C41A, or C41V mutation showed that the over-
all structures were almost identical to that of the WT (Fig.

@ Springer

and the van der Waals radii of each of the atoms in these residues
are depicted as dot models. Red spheres labeled with a “W” indicate
oxygen atoms in the water molecules; this corresponds to W309 for
the WT (PDB ID: 1 MOL). Thr12 in one of the molecules of the SCM
C41V was modeled as a double conformer

S3) and the 41st residues were buried in the hydrophobic
core of the protein (Fig. 4). These observations suggest that
the mutations employed in this study do not significantly
affect the interaction of the SCM mutants with the sweet
taste receptor. However, the actual sweetness of the SCM
mutants remains to be investigated in the future.

SCM serves as a molecular scaffold for antibody-like
binder proteins, in which combinatorial length and amino
acid residue mutations are introduced into two loops located
between the B2 and B3 strands (loop 1) and the 4 and B5
strands (loop 2). Inserting a long amino acid sequence into
loop 2 has been found to disrupt the steric structure [9]. As
a result, the length of the loop that can be inserted into loop
2 is limited to 5 or 6 residues, which poses a challenge for
generating SCM-based binder proteins [9]. Therefore, to
allow for various loop sequences it is necessary to stabi-
lize the SCM backbone. Since the Cys41 residue is far from
these two loops and is not expected to directly affect the
structure of either loop, introducing the C41A and C41V
mutations may also be useful in improving the capacity of
SCM to act as a molecular scaffold for binder proteins.
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supplementary material available at https://doi.org/10.1007/s10930-
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