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Abstract Monellin, an Intensely sweet protein and a non-sweet 
analog in which the Asp8 7 in monellin has been replaced with 
Abu87 were studied by NMR. The results of our investigations 
show that the 3-dimensional structure of these two proteins are 
very similar indicating that the lack of the P-carboxyl group in 
the Abu87 analog is responsible for the loss of sweet potency. 
Selectively labeled monellin was prepared by solid-phase peptide 
synthesis by incorporating 15N-labeled amino acids into 10 key 
positions including Asp8 7 . The internal mobility of these 10 key 
residues in monellin was estimated by the method of model-free 
analyses and our NMR studies show that Asp8 7 is the most 
flexible of these 10 residues. The flexibility of the Asp8 7 side 
chain may be important for receptor binding. 
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1. Introduction 

Monellin was isolated from the West African berries Dio-
scoreophyllum cumminsii. It is several thousand times more 
potent in sweetness than sucrose on a weight basis [1,2] and 
consists of two non-covalently associated polypeptide chains, 
A and B, with 44 and 50 amino acid residues, respectively 
[3,4]. The X-ray crystal structure of natural monellin [5,6] 
shows that its tertiary structure consists of an anti-parallel 
[5-sheet with five strands and an cc-helix. 1H resonance assign-
ments and determination of the secondary structure and gen-
eral topology in solution have been carried out for single-
chain monellin which was made by combining the N-terminus 
of the A-chain with the C-terminus of the B-chain, and tastes 
as sweet as natural monellin [7]. 

To determine the active site of monellin, a number of ana-
logs were prepared by the solid-phase method [8,9]. Amino 
acid residues within potential active sites were replaced with 
natural or unnatural amino acids. Based upon these studies, 
Asp B 7 would fit into the sweetness receptor via ionic interac-
tion, and IleB(i and/or IleB8 on both or either side of the 
putative active residue would also contribute to the receptor 
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Abbreviations: Abbreviations for amino acids follow the recommen-
dations of the 1UPAC-IUB Joint Commission on Biochemical 
Nomenclature in Eur. J. Biochem., 138 (1984) 9-37; Abu, L-2-
aminobutylic acid; Fmoc, fluorenyl-9-methoxycarbonyl; NMR, nucle-
ar magnetic resonance; NOE, nuclear Overhauser effect; Bu\ tertiary 
butyl; Ti, longitudinal relaxation times; Tg, transverse relaxation 
times; B7, the seventh residue in the B-chain 

binding via hydrophobic interaction, thus making monellin 
sweet. In those studies, there were sharp decreases in sweet-
ness of monellin after replacing Asp B 7 (on the loop between 
the P-strand and cc-helix of the B-chain) with other amino 
acids. The aspartic acid residue has been modified to Abu, 
Gly and some other amino acids. Two analogs, [GlyB7]- and 
[AbuB7]monellin, led to the complete loss of sweetness. GlyB 7 

and Abu B 7 have no side chain carboxyl group, suggesting the 
reason why these analogs were not sweet. Therefore, the active 
residue for fitting into the receptor was concluded to be 
AspB 7 . In particular, the carboxyl group of the (3-position is 
thought to be essential. 

To show that there are no differences in the tertiary struc-
ture between [AspB7]- (native) and [AbuB7]monellin except for 
the region around residue B7, N M R experiments were carried 
out. The information on chemical shifts ( a and amide pro-
tons), N O E s and amide-proton exchange rates are compared 
for each residue in both proteins. Moreover, the local dynam-
ics of the active residue has been studied by relaxation anal-
yses of selectively l oN-labeled monellin containing 10 labeled 
residues including Asp B 7 . 

2. Materials and methods 

2.1. Sample preparation 
Synthesis of natural and [AbuB7]monellin was carried out by solid-

phase synthesis in a stepwise fashion according to the previous studies 
[10,11]. For preparation of the selectively loN-labeled monellin, 15N-
Asp was protected to give Fmoc-Asp(Bu*)-OH, and 15N-Gly to give 
Fmoc-Gly-OH at the first step [12,13]. Synthesis of the labeled mon-
ellin was carried out by the same method as that of [AbuB7]monellin 
[11]. 

Monellin and [AbuB7]monellin were dissolved in a solution (220 ul) 
of 95% H20/5% D 2 0 or 99.9% D 2 0 ( - 1 . 5 mM) and adjusted to pH 
3.5. The selectively 15N-labeled monellin was dissolved in 220 u.1 of 
95% HsO/5% D 2 0 at pH 3.5, 4.2 and 5.0 ( - 1 . 5 mM); monellin is 
stable at a lower pH in such a high concentration. A Shigemi micro-
cell (Shigemi Co. Ltd., Tokyo) was used for the NMR measurements. 

2.2. NMR experiments 
Homonuclear 2D NMR spectra (DQF-COSY [14], TOCSY [15] 

and NOESY [16]) of monellin and [AbuB7]monellin were recorded 
on a Bruker AMX600 spectrometer. For both proteins, the mixing 
times used for TOCSY experiments were 40 and 70 ms, and that for 
NOESY was 150 ms. The experiments were recorded in a matrix of 
2048(F2)512(F1) data points using 48-50 scans. All data were col-
lected at 300 K for both type molecules. These data were processed 
on a Bruker X32 data station. To examine the dynamics of the selec-
tively 15N-labeled monellin, we measured the relaxation parameters 
including Tu T2 and {'Hj-^N NOE by the method of XH-15N HSQC 
[17,18] with gradient sensitivity enhancement on a Bruker DMX600 
spectrometer. The acquired data matrix was 1024(F2)80(F1) for the 
relaxation data with five conditions: pH 3.5 (300 K), pH 4.2 (300 K), 
pH 5.0 (300 K), pH 3.5 (308 K) and pH 5.0 (308 K). The relaxation 
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Table 1 
Proton resonance assignments for native monellin at pH 3.5, 300 K 

Table 1 {continued) 

NH Ha HP Others 

A-chain 

He3 

Lys4 

Gly5 

Tyr6 

Glu7 

Tyr8 

Gin9 

Leu10 

Tyr11 

Val12 

Tyr13 

Ala14 

Ser15 

Asp16 

Lys17 

Leu18 

Phe19 

Arg20 

Ala21 

Asp22 

He23 

Ser24 

Glu25 

Asp26 

Tyr27 

Lys28 

Thr29 

Arg30 

Gly31 

Arg32 

Lys33 

Leu34 

Leu35 

Arg36 

Phe37 

Asn38 

Gly39 

8.43 
9.08 
7.69 
8.96 
8.98 
9.71 
9.13 
9.30 
9.75 
9.15 
9.44 
9.90 
9.48 
9.32 
8.27 
8.16 
8.97 
8.69 
8.96 
8.76 
9.55 
9.55 
9.09 
8.65 
8.62 
8.44 
8.26 
7.73 
8.34 
8.40 
8.67 
9.51 
9.26 
7.76 
8.75 
8.80 
8.18 

3.52 
4.34 
3.57/4.57 
5.47 
5.39 
5.96 
5.45 
5.29 
4.97 
4.77 
5.56 
5.10 
4.16 
4.07 
4.57 
4.30 
4.81 
4.93 
5.35 
6.21 
5.29 
5.60 
5.25 
4.79 
4.17 
3.98 
4.37 
4.19 
3.65/3.97 
5.52 
4.85 
4.75 
4.49 
4.63 
5.09 
5.58 
3.55/4.38 

0.65 
1.41/1.41 

2.43/2.57 
1.87/1.87 
2.73/2.88 
1.51/1.55 
1.60/1.60 
2.60/2.82 
1.82 
2.75/3.14 
1.37m 
4.07/4.07 
3.03/3.07 
1.94/1.94 
1.97/1.97 
1.72/2.02 
1.63/1.63 
1.22m 
2.65 / 2.9i 
1.85 
3.84/4.12 
2.29/2.29 
2.74/2.80 
2.43/2.72 
1.94/2.04 
3.90 
2.05/2.16 

0.85/0.85 
1.76/1.83 
2.12/2.12 
1.73/1.73 
1.86/1.95 
2.36/3.71 
2.64/2.77 

Hy 0.39/0.39/0. lm, H8 0.69m 
Hy 1.32/1.32 

HS 7.03, He 6.82 
Hy 2.38/2.38 
H8 6.92, He 6.75 
Hy 1.82/1.82 
Hy 1.75, HS 0.91m/1.04m 
H8 6.98, He 6.67 
Hy 0.98m 
H8 6.70, He 6.72 

Hy 1.41/1.41 

H8 6.69, He 6.89 
Hy 1.25/1.25 

H8 1.04m/1.30 

Hy 2.13/2.13 

H8 6.96, He 6.88 
Hy 1.47/1.47, H8 1.68/1.78 

Hy 1.55/1.60 

Hy 1.18/0.98 
Hy 1.32/1.44 
H8 1.05m 
Hy 1.56, H8 1.21m 
Hy 1.65/1.65 
H8 6.78, He 5.91, Hn 6.11 

B-chain 

Gly1 

Glu2 

Trp3 

Glu4 

He5 

He6 

Asp7 

He8 

Gly9 

Phe11 

Thr12 

Gin13 

Asn14 

Leu15 

Gly16 

Lys17 

Phe18 

Ala19 

Val20 

Asp21 

Glu22 

Glu23 

Asn24 

Lys25 

He26 

Gly27 

Gin28 

Tyr29 

8.82 
8.20 

9.51 
8.58 
8.73 
8.28 
8.20 
8.56 
8.60 
7.74 
8.52 
8.03 
7.43 
7.88 
7.55 
7.75 
8.16 
7.82 
8.53 
8.29 
8.39 
8.78 
7.18 
7.25 

8.19 
6.79 
8.52 

3.95/4.03 
4.30 
4.86 

4.85 
4.85 
4.40 
4.75 
4.21 
4.18/4.38 
4.22 
3.75 
4.22 
4.27 
3.86 
3.51/3.51 
3.09 
4.35 
3.63 
3.04 
4.30 
3.82 
3.85 
4.61 
4.06 
3.86 

3.74/4.10 
3.95 
4.73 

1.97/2.02 
3.09/3.09 

2.08/2.18 

2.09 
2.82/2.82 

3.09/3.24 
4.37 
2.15/2.37 
2.65/2.82 
1.84/1.84 

1.18/1.18 
3.25/3.25 
1.61 m 
2.10 
2.58/2.83 
1.62/1.62 
0.98/0.98 
2.65/2.95 
1.91/1.91 
1.89 

1.72/1.72 
2.34/3.48 

Hy 2.14/2.27 
1NH10.08, 2H7.32, 6H8.20, 
4H7.37 
Hy 2.46/2.46 

H8 1.92m 

H8 7.11, He 6.73 
Hy 1.49m 
Hy 2.60/2.60 

Hy 1.02, H8 0.18m/-0.07m 

Hy 0.82/0.82, H8 1.58/1.58 
H8 7.18, He 7.10 

Hy0.78m/1.16m 

Hy 1.87/1.87 

Hy 1.59/1.59 
Hy 0.85/0.85/1.00m, HS 
1.16m 

Hy 1.82/1.98 
H8 7.10, He 6.70 

Gly30 

Arg31 

Leu32 

Thr33 

Phe34 

Asn35 

Lys36 

Val37 

He38 

Arg39 

Cys41 

Met42 

Lys43 

Lys44 

Thr45 

He46 

Tyr47 

NH 

7.29 
8.48 
9.64 
8.38 
9.42 
8.43 
7.11 
9.23 
7.82 
8.28 
9.20 
8.30 
9.77 
9.39 
8.58 
8.54 

8.76 

Ha 

3.71/4.09 
4.26 
4.83 
4.49 
4.06 
4.78 
4.40 
5.09 
4.85 
4.37 
4.98 
5.82 
5.68 
4.75 
4.30 
4.04 

4.83 

HP 

1.65/1.77 
1.72/1.72 
3.98 
2.96/3.08 
2.56/2.78 

2.05 
2.10 
1.62 1.87 
2.83/2.99 
1.87/1.87 
1.75/1.82 

3.75 
1.39 

2.65/2.95 

Others 

Hy 1.47/1.47 
Hy 1.57, HS 0.25m/0.81m 
Hy 1.22m 
H8 7.03, He 7.21 

Hy 1.22m/1.34m 

Hy 2.02 
Hy 2.22/2.45 

Hy 0.52m 
Hy 0.95/0.95/0.79m, HS 
0.59m 
HS 6.86, He 6.63 

data were processed with nmrPipe/nmrDraw (Frank Delaglio, NIH), 
and peak picking and estimating peak intensities of chosen cross 
peaks were carried out by PIPP (Daniel S. Garrett et al., NIH) on 
a Sun Spark 10 workstation. 

3. Results and discussion 

3.1. Comparison between monellin and [AbuB7]monellin 
Signal assignments of monellin and [AbuB7]monellin were 

made by 2D NOESY, TOCSY and DQF-COSY except for 
the proline residues and some terminal residues, based on the 
method of sequence-specific resonance assignment [19] shown 
in Table 1. The chemical shift differences between both pro-
teins for a protons and amide protons are summarized in Fig. 
1. There were chemical shift changes of less than 0.2 ppm 
between monellin and [AbuB7]monellin with the exception of 
the a protons at the position of B6, B7 and B8, the amide 
proton at B6 and the amide proton at B37. The chemical 
shifts of IleB6 and IleB8 can be rationalized as the direct in-
fluence of the amino acid replacement at those adjacent B7. 
However, the original down-field chemical shift (9.23 ppm) of 
the amide proton at B37 is extraordinary as an amide proton 
in a loop region, and the up-field shift by 0.19 ppm upon the 
replacement suggests a loss of some indirect interaction of 
ValB37 with the carboxylate oxygen at B7. Accordingly, in-
specting the crystal structure of monellin [5,6], ArgB39 was 
found to be a probable candidate of the transit residue for 
this indirect interaction. 

The sequential NOEs observed by NOESY experiments for 
monellin and [AbuB7]monellin (shown in Fig. 2) provide a 
basis for identifying several secondary structure elements in 
solution [19]. They show almost the same pattern except the 
region around B7. We found regions with strong daN(/,/+l) 
connectivities, which indicate extended peptide chain confor-
mations, referring to six (3-strands. Interstrand NOEs, espe-
cially daa (v ) and daN(y) connectivities, indicated that these 
portions of the molecules form an antiparallel (3-sheet, as 
shown in Fig. 3. A series of strong dNN(z,/+l) and weak 
docN(;,z'+l) connectivities in combination with docN(/,z'+3), 
daN(M+4), dpN(z',/+l) and dap(/,/+3) indicated an oc-helical 
region. 

For both proteins, some interchain NOEs between hydro-
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Fig. 1. Chemical shift differences of NH (spotted bars) and aH (dark bars) between those in natural and [AbuB7]monellin. 

phobic residues were observed, suggesting the existence of a 
hydrophobic core. The NOE signals were observed between 
side chains of IleA23 and AlaB19, IleA23 and PheB18, AlaA21 and 
PheB18, AlaA21 and PheA37, LeuB15 and PheB18, TyrA8 and 
LeuB15, LeuA1° and LeuB15, PheA37 and AlaB19, and AlaA21 

and AlaB19. These interchain hydrophobic interactions would 
contribute to the folding stability of the A- and B-chains with 
additional interactions of hydrogen bonds between P-strands. 
Comparison of short- and long-range NOEs and chemical 
shifts between monellin and [AbuB7]monellin showed no 
marked differences except for the region of the active residue. 
Thus, the complete loss of sweetness in [AbuB7]monellin is 
caused by the lack of the P-carboxyl group in AspB7 and 
not a result of major disruption in the overall 3-dimensional 
structure. We therefore conclude that AspB7 is essential for 
binding to the sweetness receptor. 

3.2. Relaxation analyses of the selectively labeled monellin 
prepared by the solid-phase synthesis 

In general, internal flexibility of a protein is important for 
its biological activity [20]. A region of poor NOEs indicates 
conformational flexibility or disorder as observed at the N-
terminus of the A-chain, the C-terminus of the B-chain, and 
around the putative active residue. In solution, the results of 
NOE and amide-proton exchange rate measurements sug-
gested that the range of the P-strand at the N-terminus of 
the B-chain was shorter and that the active site had more 

intramolecular motion than those in the crystal structure. 
Therefore, we expected to experimentally confirm that the 
AspB7 residue has higher internal mobility. 

NMR relaxation analyses have been useful in examining the 
dynamics of proteins in solution. Backbone dynamics of many 
uniformly 15N-labeled proteins, generally prepared with genet-
ic engineering, have been investigated by inverse-detected 2D-
NMR spectroscopy [17,18]. Usually, Tu T2 and {'H}-15N 
NOE of 15N nuclei are measured for all backbone residues 
in the proteins, and the data are analyzed by a model-free 
approach to determine generalized order parameters (S2) 
that provide information on the internal dynamics of proteins. 
It is interesting to know how flexible the active site is regard-
ing the order parameter as compared with other regions. 

By solid-phase synthesis, replacement of the specific resi-
dues located in the active sites with other natural or unnatural 
amino acids is easier, whereas preparing a uniformly 15N-la-
beled sample is more difficult. Hence, it is expected that the 
local mobility of the active residue AspB7 could be estimated 
by comparison with those of some other residues in monellin 
synthesized by the solid phase method. 

Accordingly, 15N-labeled monellin was prepared by the sol-
id-phase method described above, after selecting 10 residues; 
AspA16, AspA22, AspA26, AspB7(active residue), AspB21, GlyA5, 
Gly A31, Gly A39, Gly B16 and GlyB3° (shown in Fig. 4), which 
includes all Asp residues and five out of eight Gly residues in 
monellin. The signals of : H resonance did not overlap with 
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residue 
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daN(i,i+l) 
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Xray structure 
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Fig. 2. Summary of NOE connectivities observed for monellin and [AbuB7]monellin. Sequential NOEs are represented by bars, and each thick-
ness indicates NOE intensity. Protons that showed slow and intermediate exchange rate are indicated by open circles. 
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(b) [AbuB7]Monellin 
Fig. 3. Short- and long-range backbone NOE patterns indicating the presence of an anti-parallel P-sheet. Observed NOEs are presented by dot-
ted lines. 

each other, and they were located at various positions in 
monellin. The 1H-15N HSQC spectrum is shown in Fig. 5. 
From these well dispersed signals, the relaxation parameters 
could be determined more accurately as compared with the 
case of fully labeled proteins. 

The pulse sequences for measurement of relaxation param-
eters were based on those described previously [17,18]. Relax-
ation parameters under five conditions (vide supra) were giv-
en, in which the tertiary structure was kept [21]. 

Relaxation parameters of selectively 15N-labeled monellin at 
pH 3.5 and 300 K are shown in Fig. 6. They corresponded 
well to the secondary structure of monellin. AspB21 and 
GlyB16 belonging to the a-helix and GlyA5 located in the cen-
ter of the p-sheet showed relatively low internal mobility. The 
residues on the end of the P-sheet demonstrated higher inter-
nal mobility. AspA16 in the turn and GlyB30 on the loop also 
showed little flexibility. The NOEs of dNN(y), drxN(y) and 
daa(ij) around these residues (shown in Figs. 2 and 3) indi-

http://VVVVvV.VW.WW


414 T. Mizukoshi et al.lFEBS Letters 413 (1997) 409^16 

N-term(B) 

C-term(B) 

N-term(A) 

C-term(A) 

Gly-A39 

Asp-A16 

Gly-B30 

X-Ray Structure 
Fig. 4. Positions of selectively 15N-labeled residues on monellin. X-ray crystal structure (Somoza et al.) is shown [6]. 
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Fig. 6. 15N-77 (a), T2 (b), ^HJ-^N NOE (c), Ss (d) values and uncertainties, under the conditions 300 K and pH 3.5, are plotted for 10 la-
beled residues on monellin. 

cated that flexibility of the regions is not always high, and the 
crystal structure showed the presence of several hydrogen 
bonds there. In contrast, the AspB7 residue with S2 (0.76) 
had a higher flexibility compared to the other nine residues. 
The value of S2 estimated in five conditions is shown in Fig. 7. 
As the temperature rose, the internal mobility became higher 
for each residue. Furthermore, the value of S2 for each resi-
due increased with pH. Thus, the whole molecule seemed to 
be stabilized as a result of ionization in the carboxyl groups of 
acidic residues around the range of pH 3.5-5.0. For the S2 

value of each residue, a similar change was observed under 
those conditions, suggesting that partial changes in the terti-
ary structure were not induced by the changes of hydrogen-
ion concentration and temperature within these limited con-
ditions (pH 3.5-5.0, 300 K or 308 K). 

The findings of this model-free analyses indicated that the 
15N backbone of the active residue AspB7 has a relatively 
higher flexibility, which is the cause of deficiency of NOE 
around AspB7. Furthermore, the chemical shifts of two p-
methylene protons in AspB7 showed almost the same values, 
indicating that the (3-position in AspB7 has a higher flexibility. 
Thus, the active AspB7 residue is concluded to having a higher 
flexibility both in the backbone and the side chain, making it 
easy to form the active conformation upon binding to the 

sweetness receptor. A general structural model for the sweet 
taste of small molecules like (i?)Ama-(5)Phe-OMe has been 
proposed, which requires an 'L-shape' structure containing an 

/-.A5 | Y 1 6 t Y 2 2 r f 2 6 CAil pAi9 rf7 /--B16 T-J521 /-.B30 

Residue 

Fig. 7. Values of Ss recorded under the five conditions of pH 3.5 
and 300 K (first bars), pH 4.2 and 300 K (second bars), pH 5.0 and 
300 K (third bars), pH 5.0 and 308 K (fourth bars), and pH 3.5 
and 308 K (fifth bars). 



416 T. Mizukoshi et al.lFEBS Letters 413 (1997) 409^16 

aminomalonyl moiety as the stem of 'L' and a hydrophobic 
phenylalanine side chain as the base of 'L' [22]. It consists of a 
carboxyl group and a hydrophobic group, and both groups 
are coplanar. In the active site of monellin, the region of 
-IleB6-AspB7-IleB8- looks similar to that. Thus, we propose 
that the higher flexibility of the monellin active site is conven-
ient for forming an active conformation such as an 'L-shape' 
in binding to the receptor. 
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