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In order to investigate the structure-activity relationship of the ‘“‘gratisin’-related peptide, cyclo(-Val-
Orn-Leu-p-Phe-Pro-p-Tyr-); (GR-I), its two analogs, cyclo(-Val-Orn-Leu-p-Ala-Pro-p-Tyr-), (6a) and
cyclo(-Val-Orn-Leu-p-Phe-Pro-p-Ala-), (6b), were synthesized. The CD spectra of these synthetic peptides in
an aqueous solution were similar to that of GR-I, indicating that these peptides have similar conformations in
an aqueous solution. The activity of 6b was half that of GR-I, whereas 6a did not show any antibiotic activity.
These results indicated that the phenyl group of the p-Phe residue preceding the Pro residue is essential for
exhibiting the activity, while the p-hydroxyphenyl group of the p-Tyr residue following the Pro residue is not

essential.

A peptide antibiotic, gratisin, which shows activity
against Bacillus subtilis 720, was isolated from Bacil-
lus brevis Y-33 by Silaev et al.1:? In order to determine
the primary structure of natural gratisin, we have our-
selves synthesized several peptides on the basis of the
primary structure proposed by Silaev et al. In these
synthetic studies,® we found that cyclo(-Val-Orn-Leu-
p-Phe-Pro-n-Tyr-); (GR-I)¥ possesses the strongest
activity against the gram-positive microorganisms
tested and that it shows the same activity as that of
gramicidin S-1 (GS)® toward Bacillus subtilis; we pro-
posed that the amino-acid sequence of GR-I is most
probable as that of natural peptide. We also reported
that c¢yclo(-Val-Orn-Leu-p-Phe-Pro-p-Phe-),, in
which p-Tyr residues at positions 6 and 6” of GR-I are
replaced with p-Phe residues, shows almost the same
activity as does GR-I, indicating that the hydroxyl
groups of the po-Tyr residues at positions 6 and 6’ are
not necessary for exhibiting antibiotic activity.®

In order to investigate further the structure-activity
relationship of GR-1, we synthesized two analogs,
cyclo(-Val-Orn-Leu-p-Ala-Pro-p-Tyr-), (6a) and
cyclo(-Val-Orn-Leu-p-Phe-Pro-p-Ala-), (6b) (Fig. 1),
in which p-Phe-Pro-p-Tyr sequences in GR-I are
replaced with p-Ala-Pro-p-Tyr and p-Phe-Pro-p-Ala
sequences respectively. The roles of the side chains of
the p-Phe residues at positions 4 and 4’ and of the
p-Tyr residues at positions 6 and 6’ in GR-I for exhib-
iting the antibiotic activity were elucidated.

1 2 3 4 5 6
[iVal—Orn—Leu-D-Phe—Pro—D-Tyr
D-Tyr-Pro-D-Phe-Leu-Orn-vVal
6' 5! 4 3 2" 1
GR-I
[iVal—Orn—Leu-D—Ala—Pro—D—Tyr
D-Tyr-Pro-D-Ala-Leu-Orn-Val
6a
Val-Orn-Leu-D-Phe-Pro-D-Ala
D-Ala-Pro-D~-Phe-Leu-Orn-Val
6b

Fig. 1. Primary structures of GR-I and its analogs
(6a and 6b).

The routes of the syntheses of these peptides are
shown in Fig. 2. In the synthesis of peptide 6a, the
Boc-hexapeptide benzyl ester (1a) was synthesized from
the Pro benzyl ester by step-by-step elongation using
dicyclohexylcarbodiimide (DCC) and 1-hydroxy-
benzotriazole (HOBt). Then, a part of the 1a was con-
verted into the corresponding hydrazide (2a). The
coupling of 2a with the hexapeptide benzyl ester
derived from la was carried out using the azide
method; this afforded the Boc-dodecapeptide benzyl
ester (3a). This ester 3a was treated with hydrazine
hydrate to give the corresponding hydrazide (4a), and
then the Boc-group of 4a was removed by the action of
trifluoroacetic acid. The dodecapeptide hydrazide tri-
fluoroacetate (4a’) thus obtained was changed to the
azide by using isopentyl nitrite at —20 °C for 15 min.
The azide could be cyclized under a high dilution in
pyridine at 0°C for 3 d. The resulting product was
purified by means of silica-gel column chromato-
graphy, followed by recrystallization. The cyclodode-
capeptide (5a) was obtained in a 53% yield. The remo-
val of all the masking group of 5a by hydrogenolysis
yielded 6a. Peptide 6b was synthesized in a similar
manner. In the synthesis of 1b, 1-ethyl-3-(3-di-
methylaminopropyl)carbodiimide hydrochloride
(WSCD:-HCI1) was used as the coupling reagent
instead of DCC. The yield of cyclization by the azide
method was 67%. The homogeneities of the products
were confirmed by means of thin-layer chromato-
graphy (TLC), amino-acid analysis, high-performance
liquid chromatography (HPLC), and fast-atom-
bombardment (FAB) mass spectrum.

The CD spectra of GR-I and its two analogs were
measured in aqueous solutions (Fig. 3). Peptide 6a
showed almost the same CD curve as GR-I, although
this analog does not contain aromatic side chains at
positions 4 and 4. In the CD spectrum of peptide 6b
we observed a curve similar to that of GR-I, but its
trough was shallower than the troughs of GR-1. These
results indicated that, in aqueous solutions, these syn-
thetic peptides possess a conformation similar to that
of GR-I; they also show that the aromatic side chains
of the p-Phe residues at positions 4 and 4’ make only a
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Boc-X-Val-Orn(Z)-Leu-Y-Pro-OBzl
(la) X= D—Tyr(leClz) Y= D-Ala
(1b) X= D-Ala Y= D-Phe
NH,NH,+ H,0
Boc-X—Val—Orn(Z)-Leu—Y—Pro-NHNH2 (2a and 2b)
l isopentyl nitrite J HCl/dioxane
Boc—X-Val-Orn(Z)—Leu-Y—Pro—N3 H-X-val-Orn(Z)-Leu-Y-Pro-OBzl
Boc-[X-Val-Orn(Z)-Leu-Y—Pro-]2-0B21 (3a and 3b)
l NH,NH,+ H,0
Boc—[X-Val-Orn(Z)-Leu—Y—Pro—]z-NHNH2 (4a and 4b)
l TFA
H-[X—Val—orn(z)—Leu—Y—Pro—]z—NHNHZ-2TFA (4a' and 4b')
l isopentyl nitrite
H-[X-Val—orn(Z)-Leu-Y—Pro—]z—N3
l in pyridine
cyclo[-val-Orn(Z)-Leu-Y-Pro-X-], (5a and 5b)
l H,/Pd, HCl
cyclo(-Val-Orn—Leu—D—Ala—Pro—D—Tyr-)2-2HC1 (6a)
or
cyclo(—Val—Orn—Leu—D-Phe-Pro—D—Ala-)2oZHCl (6b)
Fig. 2. Synthesis of peptides 6a and 6b.
the microorganisms tested, although this peptide pos-
sesses almost the same CD curve as GR-I in an aqueous
solution. Lee et al.® reported that [p-Ala**]GS con-
= 0 Vil / taining p-Ala residues in place of p-Phe residues
Té‘ / preceding Pro residues possesses about 1/8 of the activ-
o ity of the natural GS against Bacillus subtillis and
& Staphylococcus aureus, and that its ORD spectrum is
b similar to that of GS. The difference in activity
g) between 6a and [p-Ala**]GS may result from the dif-
R 20k ference in their ring sizes, in other words, the differ-
- ence in the rigidity of their ring conformations. The
= activity of 6b, which has a p-Phe-Pro-p-Ala sequence,
X was half that of GR-I. These results indicated that, in
2, GR-analog peptides, the phenyl group of the p-Phe
residue preceding the Pro residue is essential for the
activity, while the p-hydroxyphenyl group of the p-
-40} Tyr residue following the Pro residue is not essential.
. ! . Further, no relationship between the CD spectra in
200 220 240 aqueous solution and the antibiotic activities could
Wavelength/nm be found
Fig. 3. CD spectra of 6a —, 6b————, GR-I —-—— in As for the mode of action of gratisin and GS, it is
water.

small contribution to the conformation in an aqueous
solution.

The antibiotic activity of these synthetic peptides is
summarized in Table 1. Peptide 6a, which has a »o-
Ala-Pro-p-Tyr sequence, showed no activity against

considered that the most significant role for their anti-
biotic action is played by each ring conformation
induced during the binding of their antibiotics to the
bacterial cell.”"® In the present studies, it is suggested
that peptides 6a and 6b in aqueous solutions have con-
formations similar to that of GR-I, but that, when
these peptides interact with the bacterial cell, peptide
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Table 1. Antibiotic Activity of GR-I and Its Analogs®

Test organism GR-I 6a 6b
Staph. aureus ATCC 6538 P 6.3 >50 12.5
Strept. pyogenes N.Y. 5 3.1 >50 6.25
Micrococcus flavus ATCC 10240 3.1 >50 6.25
Corynebact. diphtheriae P.W. 8 3.1 >50 3.13
Bac. subtilis ATCC 6633 3.1 >50 6.25
E. coli NIH]J-JC2 >50 >50 >100
Proteus vulgaris OX 19 >50 >50 >100

a) The minimum inhibitory concentration (pg ml-!) was determined by means of an agar-dilution method

with 108 organisms per milliliter.

6b can take an active conformation similar to that of
GR-I, while peptide 6a can not take the active confor-
mation. This great contrast between the two peptides
is caused by the removal of the aromatic ring of the
residues at positions 4 and 4.

Experimental®)

All the melting points are uncorrected. The CD spectra
were obtained by use of a JASCO spectropolarimeter, model
J-500, using a 1-mm quartz cell at room temperature. The
CD spectroscopy of GR-I and its two analogs was carried out
with an aqueous solution of their dihydrochlorides at the
concentration of 1.1—1.5X10"4 M (1 M=1 moldm™3). The
molecular weights of these synthetic peptides were deter-
mined by FAB mass spectrometry using a JEOL D-300 mass
spectrometer. Amino-acid analyses were carried out by
means of a Hitachi 835 amino-acid analyzer after the hydrol-
ysis of the peptides in 6 M HCl at 110 °C for 24 h. HPLC was
performed by means of an ODS column (¢ 4.6X250 mm),
using MeOH-5% NaClO, aq (5:1) as the elution solvent.
TLC was performed on Merck silica-gel Fys4 plates with the
following solvent systems (v/v): R}, CHCI3-MeOH (9:1);
R?, CHCIl;-MeOH-AcOH (95:5:3); R, n-BuOH-AcOH-
H,0 (4:1:1); R4, n-BuOH-pyridine-AcOH-H,0 (4:1:1:2).

Boc-p-Tyr(BzlCly)-Val-Orn(Z)-Leu-p-Ala-Pro-OBuzl (1a).
DCC (2.06 g, 10 mmol) was added to a solution of Boc-p-Ala
(1.90 g, 10 mmol), HOBt (1.49 g, 11 mmol), Pro-OBzl - HC1
(2.42 g, 10 mmol), and NMM (1.1 ml, 10 mmol) in CHCI; (50
ml) at 0 °C. This solution was stirred for 2 h at 0 °C and then
overnight at room temperature. After the reaction mixture
has then been concentrated in vacuo, AcOEt (20 ml) was
added to the residue and insoluble substances were removed
by filtration. The filtrate was then diluted with AcOEt (200
ml). The solution was washed successively with 5% citric
acid, water, 5% Na,COj; and water, and dried over sodium
sulfate. After the removal of the drying reagent, the solvent
was evaporated in vacuo. The residue was dissolved in 4 M
HCl/dioxane (20 ml) containing anisole (0.2 ml) at 0°C.
After stirring for 30 min at room temperature, the solution
was concentrated in vacuo. The residue was dissolved in
CHCI; (50 ml). The solution was washed with 10% Na,CO;3
and water under cooling with an ice bath. To this solution
we then added Boc-Leu (2.40 g, 10 mmol), HOBt (1.49 g, 11
mmol), and DCC (2.06 g, 10 mmol) at 0 °C. The same proce-
dure as has been described above was repeated for this reac-
tion mixture. Further, Boc-Orn(Z), Boc-Val, and Boc-p-
Tyr(BzICly) were successively coupled by the same method.
All the reactions were followed by TLC on a silica-gel plate.
The crude, protected hexapeptide obtained from the final

reaction mixture was purified by chromatography on a
silica-gel column (¢ 2X50 cm), using a solvent system of
CHCIl3-MeOH (50:1). The fractions containing the desired
product were combined and concentrated. The product was
reprecipitated from AcOEt-ether; overall yield, 3.28 g (28%
from Pro-OBzl); mp 161—163°C; [«]%® —13.2° (¢ 1, DMF);
R} 0.63, R% 0.55.

Found: C, 62.20; H, 6.81; N, 8.82%.
012N;Cly: C, 62.17; H, 6.69; N, 8.46%.

Boc-p-Ala-Val-Orn(Z)-Leu-p-Phe-Pro-OBzl (1b). This
compound was prepared from Pro-OBzl-HCIl (1.45 g, 6
mmol) in a manner similar to that described for the prepara-
tion of 1a. In the synthesis of this compound, WSCD - HCl
was used instead of DCC as the coupling reagent, and the
reaction mixture was washed successively in a CHCI; solu-
tion with 5% citric acid and 5% Na,COj; yield, 3.84 g (64%);
mp 188—193 °C; [«]8® —33.5° (¢ 1, DMF); R} 0.76, R% 0.53.

Found: C, 64.54; H, 7.47; N, 10.05%. Calcd for Cs3Hz;-
01Nz C, 64.68; H, 7.48; N, 9.96%.

Boc-p-Tyr(BzlCly)-Val-Orn(Z)-Leu-p-Ala-Pro-NHNH,
(2a). A solution of la (1.17 g, 1 mmol) and hydrazine
hydrate (1.5 ml) in DMF (10 ml) was allowed to stand for 2d
at room temperature. The solution was concentrated in
vacuo, and then water was added to the residue. The result-
ing solid product was collected by filtration; yield, 0.96 g (88
%); mp 167—170°C; [a)®® —17.6° (¢ 1, DMF); R} 0.49,
R%0.33.

Found: C, 58.44; H, 6.92; N, 11.69%. Calcd for Cs3H3-
011NoCly: G, 58.77; H, 6.79; N, 11.64%.

Boc-p-Ala-Val-Orn(Z)-Leu-p-Phe-Pro-NHNH: (2b).
Compound 1b (1.81 g, 1.84 mmol) was treated with hydra-
zine hydrate in the manner described for the preparation of
2a; yield, 1.20 g (72%); mp 171—173°C; [a]® —34.2° (¢ 1,
DMF); R} 0.54, R% 0.49.

Found: C, 60.64; H, 7.74; N, 13.56 %. Calcd for C,sHgo-
OyNg: C, 60.84; H, 7.66; N, 13.88%.

Boc-[p-Tyr(BzIClz)-Val-Orn(Z)-Leu-p-Ala-Pro-L-OBzl (3a).
Compound 1a (0.95 g, 0.82 mmol) was dissolved in 4 M
HCl/dioxane (15 ml) containing anisole (0.5 ml) at 0 °C. After
stirring at room temperature for 30 min, the solution was
concentrated in vacuo. Ether was added to the residue, and
the resulting solid, H-b-Tyr(BzICl,)-Val-Orn(Z)-Leu-b-
Ala-Pro-OBzl - HCI, was collected by filtration. To a solu-
tion of 2a (0.86 g, 0.8 mmol) in DMF (20 ml) we added 4 M
HCl/dioxane (0.6 ml, 2.4 mmol) and isopentyl nitrite (0.12
ml, 0.9 mmol) at —40 °C. After stirring at —20 °C for 15 min,
the solution was cooled again to —40 °C and neutralized with
TEA (0.34 ml, 2.4 mmol). This solution was combined with
the chilled solution of H-p-Tyr(BzICl,)-Val-Orn(Z)-Leu-b-
Ala-Pro-OBzl - HCI mentioned above and TEA (0.12 ml,
0.82 mmol) in DMF (12 ml). The mixture was stirred at 0 °C

Calcd for C60H77-
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for 3 d and then concentrated. The residue was dissolved in
AcOEt (200 ml), and the solution was washed with 5% citric
acid, water, 5% Na,COj3, and water, and dried over sodium
sulfate. After the solution has been concentrated, the residue
was purified by chromatography on a silica-gel column (¢
1.8X30 cm), using a solvent system of CHCl;-MeOH (20: 1),
and the fractions containing the desired product were com-
bined and concentrated. Further purification was performed
by reprecipitation from CHCl;-ether; yield, 0.90 g (53%); mp
202—205 °C; [@]3’ —9.36° (¢ 1, DMF); R} 0.55, R%0.77.

Found: C, 6119, H, 681, N, 9.43%. Calcd for C103H138-
021N14CI4Z C, 6147, H, 659, N, 9.29%.

Boc-[p-Ala-Val-Orn(Z)-Leu-p-Phe-Pro-],-OBzl (3b).
This compound was prepared from 1b (1.08 g, 1.1 mmol)
and 2b (1.00 g, 1.1 mmol) in a manner similar to that des-
cribed for the preparation of 3a. Purification was performed
by silica-gel column chromatography, followed by recrystal-
lization from AcOEt-ether; yield, 1.16 g (60%); mp 213—
216 °C; [a]8® —35.8° (c 1, DMF); R. 0.53, R% 0.68.

Found: C, 64.02; H, 7.67; N, 11.13%. Calcd for CgyH;39-
OypNyy: C, 64.14; H, 7.44; N, 11.14%.

Boc-[p-Tyr(BzlCly)-Val-Orn(Z)-Leu-p-Ala-Pro-J,--NHNH,
(4a). Compound 3a (0.76 g, 0.36 mmol) was treated with
hydrazine hydrate as has been described for the preparation
of 2a; yield, 0.61 g (83%); mp 206—210°C; [a]&® —15.8° (¢ 1,
DMF); R} 0.51, R%0.26.

Found: C, 59.34; H, 6.83; N, 10.98%. Calcd for Ci5H;3,-
O9N6Cly: C, 59.64; H, 6.64; N, 11.02%.

Boc-[p-Ala-Val-Orn(Z)-Leu-p-Phe-Pro-].~-NHNH; (4b).
Compound 3b (1.00 g, 0.57 mmol) was treated with hydra-
zine hydrate as has been described for the preparation of 2a;
yield, 0.90 g, (92%); mp 214—218°C; [a]?® —36.0° (¢ 1,
DMF); R} 0.59, R%0.49.

Found: C, 61.43; H, 7.61; N, 13.13%. Calcd for Cg;H -
043N H,O: C, 61.39; H, 7.58; N, 13.16%.

Cyclo[-Val-Orn(Z)-Leu-p-Ala-Pro-p-Tyr(BzIClp)-]2 (5a).
Compound 4a (0.55 g, 0.27 mmol) was dissolved in TFA (10
ml) containing anisole (0.2 ml). The mixture was stirred for
40 min at room temperature and then concentrated in vacuo.
The residue was triturated with ether and collected by filtra-
tion. To a solution of the trifluoroacetate of the dodecapep-
tide hydrazide in DMF (5 ml), we then added 4 M HCl/diox-
ane (0.2 ml) and isopentyl nitrite (0.041 ml, 0.30 mmol) at
—40°C. After stirring at —20 °C for 15 min, the mixture was
poured, drop by drop, into pyridine (300 ml) at 0°C. After
stirring for 3 d at 0°C, the solution was concentrated. The
addition of water to the residue afforded a precipitate, which
was then filtered and washed with water. Purification was
performed by recrystallization from MeOH-ether; yield, 272
mg (53%); mp 270—275°C (decomp); [«]® —9.1° (¢ 0.8,
DMF); R10.72, R%0.55.

Found: C, 59.91; H, 6.75; N, 9.59 %. Calcd for CggH1gs-
018N14C14’2H20I C, 5950, H, 655, N, 1012%

Cyclo[-Val-Orn(Z)-Leu-p-Phe-Pro-p-Ala-]» (5b). This
compound was prepared from 4b (0.70 g, 0.42 mmol) as has
been described for the preparation of 5a. The purification of
this compound was performed by chromatography on a
silica-gel column (¢ 1.8X20 cm), using a solvent system of
CHCI3-MeOH (50:1), followed by recrystallization from
MeOH-ether; yield, 438 mg (67%); mp 271—276°C
(decomp); [@]% —86.0° (¢ 0.8, DMF); R} 0.72, R?% 0.53.

Found: C, 62.87; H, 7.49; N, 12.01%. Calcd for CgHj4-
OysNyy- 1.5 H,O: C 62.37; H, 7.46; N, 12.41 %.
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Cyclo(-Val-Orn-Leu-p-Ala-Pro-p-Tyr-)z - 2HCI1 (6a).
Compound 5a (100 mg, 0.052 mmol) was dissolved in 90%
MeOH (20 ml) and dioxane (10 ml), and then 1 M HCI (0.11
ml) was added to the solution. The mixture was hydrogen-
ated in the presence of palladium black for 15 h. After the
removal of the catalyst, the filtrate was concentrated in
vacuo. The product was purified by gel filtration on a
Sephadex LH-20 column (¢ 1.3X120 cm), using MeOH as
the solvent, and by reprecipitation from MeOH-ether; yield,
40 mg (55 %); mp 256—259 °C (decomp); [@] —56.0° (¢ 0.2,
EtOH); R} 0.76, R4 0.44. Amino acid ratios: Val, 0.98;
Orn, 0.97; Leu, 1.00; Ala, 1.11; Pro, 1.01; Tyr, 0.94. MS
(FAB), m/z 1316 (C65H102014N14, MH+).

Found: C, 53.75; H, 7.60; N, 13.27%. Calcd for CgHjgp-
O44Ny,-2 HC1-5 H,0: C, 53.61; H, 7.77; N, 13.26%.

Cyclo(-Val-Orn-Leu-p-Phe-Pro-p-Ala-); - 2HCI (6b).
This compound was prepared from 5b (200 mg, 0.13 mmol)
as has been described for the preparation of 6a; yield, 164 mg
(93%); mp 276—279 °C (decomp) [a]g°? —134.1° (c 0.4, EtOH);
R3 0.62, R% 0.65. Amino acid ratios: Val, 1.00; Orn, 0.98;
Leu, 1.00; Phe, 1.02; Pro, 1.03; Ala, 1.07. MS(FAB), m/z 1283
(CeeH102012N 14, MHY).

Found: C, 5512, H, 7‘1’2, N, 13.23%. Calcd for C56H102-
012N14-2 HC1- 4.5 H;0: C, 55.14; H, 7.92; N, 13.64%.

Cellulose-Plate Electrophoresis. The electrophoresis of
the products was carried out with a cellulose (Avicel) plate
and a solvent system of HCOOH-AcOH-MeOH-H,0
(1:3:6:10 v/v, pH 2.2) for 2 h at 500 V /20 cm. Each of the
peptides revealed a single spot, the mobility being the same
as that of GS.

We are grateful to the staff of the Research Labora-
tories of the Toyo Jozo Co. for their elemental ana-
lyses, microbiological assays, and the measurement of
the FAB Mass.
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