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Studies of Bitter Peptides from Casein Hydrolyzate. IX." Syntheses
and Bitter Taste of Bitter Peptide BPIa Dimer, (Arg-Gly-Pro-
Pro-Phe-Ile-Val)2, and Gly-Gly BPIa Derivatives?
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In order to elucidate the relationship between taste exhibition and chemical structure of bitter peptide BPIa,
di-BPIa, Gly-Gly-BPla, BPla-Gly-Gly, and Gly-Gly-BPIa-Gly-Gly were synthesized. All of the peptides
possessed a strong bitter taste of the same level as that of BPIa. In addition, the CD curves of the peptides were
similar to that of BPIa. The results suggested that their spatial structures are essentially similar and that the
whole molecular shape of BPIa contributes to its bitterness.

Minamiura et al. isolated a bitter heptapeptide
named BPIa from cow milk casein hydrolyzate by
bacterial proteinase and determined its amino acid
sequence to be H-Arg-Gly-Pro-Pro-Phe-Ile-Val-
OH.?» We synthesized it and confirmed that syn-
thetic BPIa was identical to Minamiura’s natural
one.? Synthetic BPIa possessed an extremely bitter
taste, with a threshold value of 0.05 mM (1 M=1 mol
dm3). To elucidate the relationship between chemi-
cal structure and bitterness of BPIa, various fragments
and analogs which possessed several characteristic fea-
tures of BPIa have been prepared in our laboratory.
N-Terminal hexapeptide (des-Val’-BPIa) exhibited
the same bitterness as BPIa, whereas the bitterness of
des-Argl-BPIa and of N-terminal pentapeptide frag-
ment were much weaker than that of BPIa.? These
results indicated that both arginine residue in the N-
terminal position and hydrophobic amino acids in
the C-terminal moiety are necessary for the intense
bitter taste of BPIa. This finding was favored by the
bitterness exhibited by both Arg!l- and C-terminal
tripeptide-substituted analogs of BPIa.6:” On the
other hand, the analogs in which prolylproline resiude
was substituted for glycylglycine or p-prolyl-p-proline
residues exhibited a weaker bitterness than BPIa, and
their CD curves measured in water were different from
that of BPIa.® The results suggested that the spatial
structure of BPIa molecule attributed to prolylproline
in the center also contributes to its bitter taste. In
addition, retro-BPIa, which has the reverse sequence of
BPIa, exhibited a strong bitter taste of the same level as
that of BPIa. This indicated that it is possible for the
N-terminal basic amino acid residue and C-terminal
hydrophobic amino acids moiety in BPIa to change

places with each other.? In the previous paper,? we
reported that cyclo-BPIa, in which N-terminal arginine
and C-terminal valine residues were combined, pos-
sessed the same bitternss as BPIa and that its CD curve
measured in water was similar to that of BPIa. The
findings of c¢yclo-BPIa suggested that the two bitter
functional groups of both terminals of BPIa are
situated close together in the molecule and that the
bitterness of BPIa is caused by its characteristic
spatial structure which is analogous to that of cyclo-BP]Ia.

The next subject in the investigations of BPIa is to
examine the relationship of molecular size to bitter
taste. We prepared a dimerized BPIa (di-BPIa, 1) and
ascertained whether or not the synergistic effect by
molecular size for bitter taste was produced.

The synthesis of di-BPIa was carried out according
to Fig. 1. Boc-Arg(NO2)-Gly-OH was coupled with
H-Pro-Pro-Phe-Ile-Val-OBzl. HCl, which was an
intermediate in the synthesis of BPIa,® by the mixed
anhydride method to yield the protected BPIa deriva:
tive (12). It was converted to the corresponding
heptapeptide ester hydrochloride (13) by the action of
hydrogen chloride in formic acid. Then 13 was
coupled with the acid (14) derived from another
intermediate in the synthesis of BPla, Z-Arg(NOg)-
Gly-Pro-Pro-Phe-Ile-Val-OBzl, by the dicyclohexylcarbo-
diimide-1-hydroxybenzotriazole (DCC-HOBt) method
to yield acyltetradecapeptide ester (15). The catalytic
hydrogenation of 15 gave di-BPIa (1). The purity of
final product and its intermediates was confirmed by
thin-layer chromatography on two solvent systems
and by elemental analyses.

Taste of peptides was organoleptically determined
by panel evaluation employing five people. Di-BPIa
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Synthesis of di-BPIa.



816 Ichizo Mivakk, Katsushige Kouce, Hidenori Kangnisa, and Hideo Okar [Vol. 57, No. 3
TABLE 1. THE THRESHOLD VALUE FOR BITTER TASTE Gly Gly Arg  Gly Pro Pro Phe Ile Val
OF BPIa AND ITS DERIVATIVES NO,
Compound Threshold value for z OH H OBz1-HC1
p bitter taste/mM s | ooy )02
YA 0Bzl
BPIa 0.05 . (Nao) | Y02
di-BPIa (1) 0.04 z OH H 0Bz1-HC1
Gly-Gly-BPIa (2) 0.08 N0, (poc-HOBE)
BPIla-Gly-Gly (3) 0.05 z ‘ 7_losz1
Gly-Gly—BPIa—Gly—Gly (4) 0.04 (H,/Pd)
H 2 z_lon
Fig. 3. Synthesis of Gly-Gly-BPIa.
0
Arg Gly Pro Pro Phe Ile Val Gly Gly
7 Boc OH H 0Bz1-HC1
S (DCC-HOBt)
-5 Boc 8 10821
~, -SF 7 NO, (HC1/HCOOH) 9
o / z OH H 0Bzl -HC1
50 / NO
- 2 (pce-
§ ; (DCC-HOBE) 10 {on.s
T . (H /Pd!
S0l ,./ BPIa i H 2 3 lou
" ) l: e Fig. 4. Synthesis of BPIa-Gly-Gly.
S o 2: ————
2 [ . .
/: 3 —— presence of palladium black to yield Gly-Gly-BPIa
b commmmemenes (2).
-1} / | The synthetic route for BPIa-Gly-Gly is shown in
; Fig. 4. Boc-Pro-Pro-Phe-Ile-Val-OH, which was an
T [ — VA1) intermediate in the synthesis of c¢yclo-BPIa,? was
Wavelength/nm coupled with H-Gly-Gly-OBzl. HC] by DCC-HOBt

Fig. 2. CD curves of BPIa and its derivatives in
water.

exhibited a strong bitter taste. Although we at first
expected that di-BPIa would exhibit much stronger
bitterness than BPIa, actually its threshold value was
nearly equal to that of BPIa, as shown in the Table.
This suggested that the bitterness of di-BPIa is caused
by one of a pair of BPIa molecules and that the size of
BPIa molecule is fit for a receptor of bitter taste in a
taste bud. CD curves of di-BPIa and BPIa measured in
water are presented in Fig. 2. The pattern of di-BPIa is
similar to that of BPIa. It seems that the spatial struc-
ture of BPIa, which is important for showing the
strong bitter taste, is kept in di-BPIa.

To further ascertain the relationship of the molecu-
lar shape of BPIa to its bitter taste, we prepared Gly-
Gly-BPIa (2), BPIa-Gly-Gly (3), and Gly-Gly-BPIa-
Gly-Gly (4), in which a tasteless glycylglycine was
coupled to either the N-terminal or the C-terminal or
both terminals of BPIa and examined whether both
the strong bitter taste and CD pattern of BPIa were
maintained in those BPIa derivatives in spite of the
introduction of glycylglycine residue.

The sequence of reactions employed for the synthe-
sis of Gly-Gly-BPIa is shown in Fig. 3. Condensation
of Z-Gly-Gly-OH with H-Arg(NO2)-Gly-OBzl. HCI
by the 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) method gave Z-Gly-Gly-Arg(NO2)-Gly-OBzl
(5). Saponification of 5 gave the corresponding acid
(6). Then 6 was coupled with H-Pro-Pro-Phe-Ile-
Val-OBzl-HCl by DCC-HOBt method to vyield
acylnonapeptide ester (7). It was hydrogenated in the

method to yield the protected heptapeptide (8). It was
converted to the corresponding heptapeptide ester
hydrochoride (9) by the action of hydrogen chloride in
formic acid. Condensation of Z-Arg(NO2)-Gly-OH
with 9 by DCC-HOBt method afforded the fully pro-
tected BPIa-Gly-Gly (10). The catalytic hydrogena-
tion of 10 yielded BPIa-Gly-Gly (3). Gly-Gly-
BPIa-Gly-Gly (4) was yielded by hydrogenation of
Z-Gly-Gly-Arg (NOg) -Gly-Pro-Pro-Phe-Ile-Val-Gly-
Gly-OBzl (11) derived from 6 and 9 by DCC-HOBt
method.

The results of sensory tests are listed in the Table.
All the Gly-Gly introduced BPIa derivatives possessed
a strong bitter taste of the same level as BPIa. The
results indicated that glycylglycine residue coupled
not only to the N-termial but also to the C-terminal of
BPIa did not affect the bitterness of BPIa. The CD
curves of these peptides in water are shown in Fig. 2.
These indicated similarly shaped curves with nagative
troughs at 202 nm to that of BPIa. The results of CD
measurements indicated that the spatial structure of
BPIa is kept in those BPIa derivatives and that the
structure causes the bitterness of BPIa.

Experimental

All the melting points are uncorrected. Thin-layer chro-
matography was carried out on Merck silica gel G with the
solvent systems: Rf!, 1-butanol-acetic acid-pyridine-water
(4:1:1:2, v/v); R, chloroform-methanol (5:1, v/v). Spots
of materials possessing a free amino group on a thin layer
plate were detected by spraying ninhydrin, and those of
amino group blocked materials by spraying 25% hydrogen
bromide in acetic acid and then ninhydrin. The optical
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rotations were measured on a Union PM-101 polarimeter.
Amino acid analyses in acid hydrolyzate with 6 M hydro-
chloric acid at 110°C for 72 h were performed with a Hitachi
amino acid analyzer, KLA-5 type. Prior to analyses, the
compounds were dried over phosphorus pentaoxide at 66°C
and 2 mmHg (1 mmHg=133.332 Pa) for 2 h.
Z-Gly-Gly-Arg(NO32)-Gly-OB:zl (5). To a solution of
Z-Gly-Gly-OH!9 (2.66 g, 10 mmol), H-Arg(NO2)-Gly-OBzl -
HCI? (4.0 g, 10 mmol), and NMM (1.1 m], 10 mmol) in DMF
(20 ml), EDC (2.12 ml, 15 mmol) was added at 0°C with stirring.
The reaction mixture was stirred for 3h at 0°C, then at room
temperature overnight. A large amount of water was poured
into the mixture. The obtained precipitate was filtered, and
washed with 4% sodium hydrogencarbonate, 0.5 M hydro-
chloric acid, and water successively. It was recrystallized
from hot methanol: yield 4.68 g (76%); mp 101—103°C;
[]® —8° (c 2, DMF); R 0.86 and R¢ 0.57.
Found: C, 51.00; H, 5.54; N, 17.85%. Calcd for Cz7Hss-
OgNg-H:0: G, 51.25; H, 5.74; N, 17.71%.
Z-Gly-Gly-Arg(NO2)-Gly-OH (6). Compound 5
(1.83 g, 3 mmol) was saponified with 1 M sodium hydroxide
(3.6 ml, 3.6 mmol) in methanol (15 ml) for 1.5 h at room
temperature. After evaporation, the aqueous solution was
acidified to pH 3 with 1 M hydrochloric acid, and extracted
with 1-butanol. The extract was washed with water and
dried over anhydrous sodium sulfate. The filtrate was evap-
orated in vacuo and the residue was crystallized with ether.
It was recrystalllzed from methanol-ether: yield 0.94 g (60%);
mp 139°C; [a]y —15° (¢ 1, DMF); R¢! 0.62 and R¢ 0.07.
Found: C, 45.70; H, 5.35; N, 21.59%. Calcd for CaoHas-
O9Ns: C, 45.80; H, 5.38; N, 21.37%.
Z-Gly-Gly-Arg(NO2)-Gly-Pro-Pro-Phe-1le-Val-OBzl (7).
To a solution of 6 (0.53 g, 1mmol) and H-Pro-Pro-
Phe-Ile-Val-OBzl . HCI® (0.70g, 1 mmol) and NMM (0.11
ml, 1 mmol) in DMF (8 ml), HOBt (0.15 g, 1.1 mmol),
and DCC (0.25 g, 1.2 mmol) were added at 0°C with stirring.
The reaction mixture was stirred for 3 h at 0°C and then
at room temperature overnight. DCUrea was filtered off
and the filtrate was dissolved in 1-butanol. The solution
was washed with 4% sodium hydrogencarbonate, 0.5M
hydrochloric acid, and water successively, then dried over
anhydrous sodium sulfate. The filtrate was evaporated in
vacuo and the residue was crystallized with ether. It was
recrystllized from methanol—ether yield 0.78 g (67%); mp
125°C (decomp); [a]¥—51° (¢ l DMF); Ri10.81 and R 0.70.
Found: C, 56.98; H, 6.79; N, 15.17%. Calcd for Cs7Hz-
0O14N13-2H20: C, 56.86; H, 6.78; N, 15.12%.
H-Gly-Gly-Arg-Gly-Pro-Pro-Phe-1le-Val-OH - AcOH (2).
Compound 7 (0.47 g, 0.4 mmol) was dissolved in a mixture of
methanol (5 ml) and acetic acid (5 ml), and hydrogenated in
the presence of palladium black for 24 h at room temperature.
The filtrate from catalyst was evaporated in vacuo and the
residual oil was solidified by the aid of acetone. It was
recrystallized from methanol-ether: yield 0.31 g (80%); [oz]20
—122° (¢ 0.5, H20); Ri* 0.65 and R20.00. Amino acid ratios in
acid hydrolyzate: Arg 0.90, Gly 2.65, Pro 2.03, Phe 1.07, Ile
1.00, Val 1.00.
Found: C, 53.42; H, 7.42; N, 16.54%. Calcd for Cs2Hes-
O10N12-CH3COOH - 2H20: C, 53.10; H, 7.50; N, 16.89%.
Boc-Pro-Pro-Phe-Ile-Val-Gly-Gly-OBzl (8). To a
solution of Boc-Pro-Pro-Phe-Ile-Val-OH? (2.02g, 3
mmol), H-Gly-Gly-OBzl.HCI'? (1.16 g, 4.5 mmol) and
NMM (0.50 ml, 4.5 mmol) in DMF (10 ml), HOBt (0.61 g, 4.5
mmol) and DCC (0.93 g, 4.5 mmol) were added at 0°C with
stirring. The reaction mixture was stirred for 3 h at 0°C and
kept in a refrigerator overnight. DCUrea was filtered off and
the filtrate was dissolved in 1-butanol. The solution was
washed with 4% sodium hydrogencarbonate, 4% citric acid,
and water successively, then dried over anhydrous sodium
sulfate. The filtrate was evaporated in vacuo and the residue
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was crystalhzed with ether: yield 2.45 g (93%); mp 193—
196°C; [a]¥ —36° (¢ 1, DMF); R 0.86 and R 0.76.

Found: C, 62.87; H, 7.86; N, 11.28%. Calcd for CsHes-
OwN7: C, 63.06; H, 7.50; N, 11.19%.

H-Pro-Pro-Phe-1le-Val-Gly-Gly-OBzl.-HC! (9). Com-
pond 8 (1.75 g, 2 mmol) was dissolved in 98% formic acid
(5 ml) and 3.5 M hydrogen chloride in dioxane (10 ml)at 0°C.
After 30 min, the solvent was removed by evaporation and the
oily residue was solidified by the aid of ether: yield 1.60 g
(98%); mp 160—162°C; [a]¥ —39° (¢ ,1 DMF); R2 0.77 and
R 0.44.

Found: C, 58.12; H, 7.17; N, 11.69%. Calcd for Cs1Hsz-
OsN7.2H20: C, 58.04; H, 7.37; N, 11.56%.

Z-Arg(N Og)-Gly-Pro-Pro-Phe-Ile-Val-Gly-Gly-OBzl (10).
This compound was prepared from Z-Arg(NO2)-Gly-OH¥
(0.50 g, 1 mmol) and 9 (0.81 g, 1 mmol) as described for the
preparation of 7: yield 0.97 g (83%); mp 145°C (decomp); (]
—41° (¢ 1, DMF); R 0.84 and R 0.70.

Found: C, 58.80; H, 6.70; N, 15.35%. Calcd for Cs;Hm-
0O14Ni3: C, 58.60; H, 6.64; N, 15.59%.

H-Arg-Gly-Pro-Pro-Phe-1le-Val-Gly-Gly-OH - AcOH (3).
Compound 10 (0.47 g, 0.4 mmol) was treated with hydrogen
as described for the preparation of 2: yield 0.32 g (83%);
[a]® —90° (¢ 0.5, H20); R 0.62 and R 0.00. Amino acid
ratios in acid hydrolyzate: Arg 0.95, Gly 3.38, Pro 1.84, Phe
1.04, Ile 1.00, Val 0.94.

Found: C, 52.78; H, 7.36; N, 16.83%.
O10N12-CH3COOH.2H2:0: C, 53.10; H,
16.89%.

Z-Gly-Gly-Arg(NO3)-Gly-Pro-Pro-Phe-Ile-Val-Gly-Gly-
OBzl (11). This compound was prepared from 6
(0.53 g, 1 mmol) and 9 (0.81 g, 1 mmol) as described for the
preparation of 7: yield 0.96 g (75%); mp 149°C (decomp); [a]®
—41° (¢ 1, DMF); R 0.85 and R2 0.59.

Found: C, 57.18; H, 6.64; N, 16.54%.
ON1s: G, 57.13; H, 6.52; N, 16.38%.

H-Gly-Gly-Arg-Gly-Pro-Pro-Phe-Ile-Val-Gly-Gly-OH -
AcOH (4). Compound 11 (0.39 g, 0.3 mmol) was hydro-
genated as described for the preparation of 2: yield 0.23 g
(71%); [a] —100° (¢ 0.5, H20); R 0.59 and R 0.00. Amino
acid ratios in acid hydrolyzate: Arg 1.15, Gly 5.28, Pro 2.02,
Phe 1.02, Ile 1.00, Val 0.95.

Found: C, 53.16; H, 7.42; N, 17.84%. Calcd for CsHr-
012N14-CH3COOH -H:0: C, 52.83; H, 7.12; N, 17.97%.

Boc-Arg(NO3)-Gly-Pro-Pro-Phe-1le-Val-OBzl (12).
Boc-Arg(NOg2)-Gly-OBzlI? (1.41 g, 3 mmol) was saponified
with 1 M sodium hydroxide (3.6 ml, 3.6 mmol), as described for
the preparation of 6, except for acidification. Aqueous 10%
citric acid solution was used instead of 1 M hydrochloricacid:
yield of hygroscopic Boc-Arg(NO3)-Gly-OH, 0.74 g (67%);
R 0.69 and R 0.08. Then this compound was coupled
with H-Pro-Pro-Phe-Ile-Val-OBzl . HCI? to yield 12. Toa
solution of Boc-Arg(NOz)-Gly-OH (0.74 g, 2 mmol) and
NMM (0.22 m], 2 mmol) in DMF (6 ml), ethyl chloroformate
(0.2 ml, 2 mmol) was added at —5°C with stirring. After 10
min, a precooled solution of H-Pro-Pro-Phe-Ile-Val-OBzl .
HCI? (1.40g, 2mmol) and NMM (0.22ml, 2mmol) in
chloroform (4 ml) was added to it. The reaction mixture was
stored in an ice bath for 1 h, then at room temperature
overnight. The mixture was evaporated in vacuo and the
residue was dissolved in ethyl acetate. The solution was
washed with 4% sodium hydrogencarbonate, 4% citric acid,
and water successively, then dried over anhydrous sodium
sulfate. The filtrate was evaporated in vacuo and the residual
oil was crystalllzed with ether; yield 1.45 g (71%); mp 130°C
(decomp); [a]D —49° (¢ 1, DMF); R 0.86 and R 0.69.

Found: C, 58.66; H, 7.27; N, 15.25%. Calcd for CsoH7s-
O12Nn1: G, 58.86; H, 7.21; N, 15.10%.

H-Arg(NOg)-Gly-Pro-Pro-Phe-Ile-Val-OBzl-HCl (13).
Compound 12 (1.02 g, 1 mmol) was treated with hydrogen

Calcd for Cs2Heg-
7.50; N,

Calcd for Ce1Hss-
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chlorid as described for the preparation of 9: yield 0.84 g
(88%); mp 157—160°C; [a]F —47° (c 1, DMF); R¢* 0.78 and
R 0.31.

Found: C, 55.32; H, 6.89; N, 15.60%. Calcd for CssHes-
010N1:Cl-Hz0: C, 55.46; H, 7.03; N, 15.81%.

Z-Arg(NOq)-Gly-Pro-Pro-Phe-Ile-Val-OH (14). To a
solution of Z-Arg(NOg2)-Gly-Pro-Pro-Phe-Ile-Val-OBz1¢
(1.05 g, 1 mmol) in methanol (5 ml), 1 M sodium hydroxide (2
ml, 2 mmol) was added. After 6 h at room temperature, the
mixture was evaporated in vacuo and diluted with water. The
solution was extracted with ethyl acetate. The aqueous layer
was acidified to pH 3 with 1 M hydrochloric acid and
extracted with 1-butanol. The extract was washed with water
and dried over anhydrous sodium sulfate. The filtrate was
evaporated in vacuo and the product was crystallized with
ether. It was recrystllized from methanol-ether: yield 0.81 g
(84%); mp 185°C (decomp); [4:1]12)0 —43° (c 1, DMF); R 0.69
and R¢ 0.18.

Found: C, 56.98; H, 6.61; N, 16.04%. Calcd for CsHes-
O12N11: G, 57.30; H, 6.80; N, 15.98%.

Z-Arg(NOg3)-Gly-Pro—Pro-Phe-Ile-Val-Arg(N O2z)-Gly-Pro-
Pro-Phe-1le-Val-OBzl (15). This compound was
prepared from 13 (0.57 g, 0.6 mmol) and 14 (0.58 g, 0.6 mmol)
as described for the preparation of 7: yield 0.84 g (75%); mp
158°C (decomp); [a]8—59° (c 1, DMF); R:?0.82 and R 0.58.

Found: C, 61.88; H, 6.99; N, 16.49%. Calcd for CosHas-
02:1N22-H20: C, 61.88; H, 7.31; N, 16.20%.

H-Arg-Gly-Pro-Pro-Phe-Ile-Val-Arg-Gly-Pro-Pro-Phe-Ile
Val-OH .2AcOH (1). Compound 15 (0.37 g, 0.2 mmol)
was treated with hydrogen for 48h as described for the
preparation of 2: yield 0.30 g (90%); [al}y —84° (c 1,
methanol); R 0.44 and R 0.00. Amino acid ratios in acid
hydrolyzate: Arg 1.67, Gly 2.00, Pro 3.97, Phe 2.32, Ile 2.19,
Val 2.07.

Found: C, 54.62; H, 7.40; N, 16.06%. Calcd for CsHiis-
0O15N20-2CH3COOH .5H20: C, 54.53; H, 7.78; N, 15.90%.

The air-dried product lost 4.9% of its weight after drying
or 2 h at 110°C and 2 mmHg. Calcd for 5H20: 5.1%.

CD Measurement. This was performed with a JASCO
J-20A. A cell of path length 0.2 mm was used and runs were

made at ambient temperature. Patterns in water are presented -

in Fig. 2.
Sensory Test. Taste of the peptides was organolep-
tically determined by panel evaluation employing four
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people. A series of solutions of decreasing concentration,
each half as strong as the preceding one, were prepared.
Before tasting the sample, the mouth was thoroughly rinsed
with deionized water. The sample solution was held in the
mouth for ca. 10 s and then spit out, and the threshold value
was determined. The results are listed in the Table.

The authors wish to express their thanks to Associate
Professor Michio Kondo of Saga University for the CD
measurements. Thanks are also due to Dr. Shinji
Okumura of Ajinomoto Co. Inc., for supplying some
amino acids.
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