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Fig. 2. Scheme for the synthesis of 1-6 fragment.

Gln b Aib Gly Aib

Boc -

Boc-

-OH H—| 0Bzl Boc-
DCC/HOBT
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-0OH H—
pce/

Fig. 3. Scheme for the synthesis of 7-13 fragment.
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Fig. 4. Scheme for the synthesis of 14-17 fragment. Fig. 5. Scheme for the synthesis of fragment.
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Boc-18-20

HCL/THF

—0OMe

OMe

—on H—
0Bzl
i DCC/HOBT

Hp/Pd

Fig. 6. Scheme for the condensation of 1-6, 7-13, 14-17 and

have been completed by NMR . 67.89MHz "*C spectra®"
of the alamethicin fragments also sugported the assigned
structures. While 'H and NMR have been exten-
sively used in organic chemistry, their routine application
to the monitoring of peptide synthesis has been a rela-
tively recent phenomenon. This has in part been aided b
the availability of high field Fourier Transform NM
spectrometers that afford both the sensitivity and chem-
ical shift resolution that are necessary in studies of oligo
peptides. Examples stressing application of NMR to the
monitoring of peptide have appeared in the
literature.

Characterisation of synthetic alamethicin

Synthetic alamethicin was characterised by amino acid
analysis and comparison of its tlc, CD and UV spectra
with natural alamethicin. The synthetic and natural pep-

tides were also compared for their ability to
render  liposomes permeable to  cations. In
65:24:4, synthetic

alamethicin showed a spot at R, =056 (silica gel) and a
faint spot at R, =0.60. Natural alamethicin had a R, of

056 in this solvent system. In
acid/water (4:1:1), synthetic alamethicin showed a spot
at R; =0.44 and a faint spot at R, =0.80 compared to a
R; =048 of natural alamethicin. The spots were visu-
alised by staining with iodine. The amino acid analysis
for synthetic alamethicin is summarised in Table 2.
Satisfactory results for all the amino acids were
obtained. As in the case of fragments, ratios for Aib
could not be obtained due to low colour value of Aib.
Hence, only relative values of Aib in the 1-17 fragment
and alamethicin normalised with respect to Gly is repor-
ted. Phol could not be detected under the conditions
used for amino acid analysis. In fact Gisin et have
used a buffer of pH 10 to identify Phol. However the
eresence of Phol is easily identified from UV (Fig. 7)and
MR. The CD spectra of synthetic and natural
are shown in Fig. 8. Small differences in
the spectra of the natural and synthetic peptides could
possibly arise from the heterogeneity of the natural
material, which is contaminated by closely related poly-
peptides. However, the synthetic and natural peptides
compare reasonably well. The cation

Table I. Elemental analysis of the fragments of alamethicin |

Peptide Calculated Fog’r‘md -

60,96 7.16 9.70 61.32 7.29 9.41

53.46 8.30 11.69 52.97 8.50 11.46

Z-Aib-Pro-aib-Ala-Aib- Ala- OH 57.47 7.17 13.00 57.31 7.60 12.52
Boc-Gln-Aib-CBz 1 58.66 7.63 10.26 58.53 7.87 10.52
56.78 8.64 12.25 56,96 8.49 11.98

55.79 8.58 10.85 55.44 8.78 11.19

56.23 8.39 14.57 55.78 8.74 14.67

Boc-Val-Aib-Aib-OMe 56.84 8.79 10.47 57.20 0.40 10.57
Boc=T =benzyl Glu-Gln-Phol 62.19 7.07 9.36 62.59 7.51 9.51
56.70 7.62 14.94 56.28 7.99 1461
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250 260 270 280
A (nm)

Fig. 7. UV spectra of (a) Natural alamethicin (b) Synthetic
alamethicin in methanol at 20°, | mg/mi.

(nm)
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Fig. 8. CD spectra of (a) Synthetic alamethicin (b) Natural
alamethicin; in trifluoroethanol at 20°, 0.2 mM.
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effects of synthetic and natural in uni-
lamellar egg lecithin vesicles, monitored by time depen-
dent changes in fluorescence is
shown in Fig. 9. A good correlation is clearly seen
between the synthetic and natural peptides. While a well
resolved "H NMR spectrum of alamethicin could not be
obtained even at 270MHz, peaks corresponding to
aromatic protons of Phol —76 and acetyl protons —26
were clearly discernable. Earlier reports describing the
NMR of natural alamethicin®® used the convolution
difference technique to enhance resolution.

A very useful feature of Aib containing peptides is
their relatively restricted range of backbone confor-
mations. The reduction in conformational freedom im-
posed by the presence of Aib residues facilitates the
ready of many peptides. As a consequence
even large fragments could be purified by crystallisation.
The availability of single crystals provides a method for
the determination of molecular weights by X-ray diffrac-
tion if accurate cell parameters and crystal densities can
be obtained. The crystal data for some synthetic frag-
ments of alamethicin are listed in Table 3. For the amino
terminal and 1-13 fragments, molecular weights
obtained were 649 and 14125. While the agreement is
good for the  fragment with the calculated mol wt of
660, the slightly higher mol wt of the 1-13 fragment
obtained from the crystal as compared to the calculated
mol wt of 1312 may be due to the of
solvent molecules. The mol wt obtained for synthetic
alamethicin was 1852. The calculated value is 1960. The
mol wt determined by X-ray crystallography is based on
an assumed density of 1.25 for the crystal. Actual density
measurements were not carried out as only one or two
good single crystals were available. However the expec-
ted error is about =100, The X-ray results, together with
the spectroscopic and amino acid analysis confirm that
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Table 2. Amino acid analysis of the fragments of alamethicin |

Peptide® Glx Gly val Aib
Boc-G In-Aib-Val 1.0 1,00 1.17 - 0.91 -
Aib-OMe (1.00) (1.00) (1,00)
2.25 0.86 1.00 0.07 1.11 0.82
(2,00) (1,00} (1.00) (1.,00) (@.00) (1.00)
2.18 0.2 1.00 0.2 2.20 2.6 1.07°
(2,00) (1.00) (.00) (1.00) (2.00) (2.00)
Synthetic alamathicin 18 2.86 1.0 0.2 1.60 1.83 =
(2.00) (3.00) (1,00) (1,00} (2.00) (2.00}

Numbers in brackets are theoretical values.

Ailb value is the ratio
normalised with respect to Gly.

Aib value is the ratio
normalised with respect to Sly.

the synthetic product corresponds to alamethicin |
sequence.

The synthesis of alamethicin reported in this paper
differs in several respects from the solid phase synthesis
reported by Gisin and the synthesis of amino
terminal 1-11 peptide by the POE method by Mayr et

In the former, a combination of stepwise and frag-
ment couplings was adopted and a large excess of pro-
tected amino acid derivatives and peptide fragments was
used to ensure complete coupling. Further, extensive

Aib (1-13 fragment

aAib (1-17 fragment

(7-13 fragment

(Synthetic alamethicin

purification of the fragments and the final product by
chromatography was necessary. Aib was quantitated by
using small amounts of *C labelled Aib in the synthesis.
The synthesis by Gisin et although elegant turns
out to be fairly expensive, due to the large excess of
fragments used and the sophisticated monitoring system.
In the synthesis of the 1-11 amino terminal fragment of
alamethicin by Mayr ef purification of the POE
bound peptide esters was easily effected by precipitation.
However, as in the case of solid phase synthesis, large

Table 3. Crystal data for the fragments of alamethicin |

Molecular weight

Peptide calculated cbserved

Density Space group Cell parameters

660 648

a- 645 670

Nb- Ale- OH

1312 1412.4

Synthetic ala-
methicin 27

1960 1052

10,96 R
11.781
28,406 K

1.20 a=

lop
L}

9.@
16.23
c=s 20 K

1.24 P2, a

T

28.08 &
= 22.14
C = 23.82

v

7.715 R
= 18,53 X
35.66
93,2¢

X-ray data for the peptides

density.

were provided by Dr.N.Shamala

this laboratory.
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excess of amino acid derivatives were used in the syn-
thesis. In the synthetic approaches to alamethicin repor-
ted in this paper, good yields were obtained with equi-
molar amounts of the amino acid derivatives and peptide
fragments as compared to the studies of Gisin ef

and Mayr et Extensive use of chromatographic
methods for the of the peptides was not
necessary as pure peptides could be obtained by routine
crystallisations. An important aspect of the present syn-
thesis is that the fragments could be used for further
conformational studies by spectroscopic and crystallo-
graphic methods.

EXPERIMENTAL

M.ps reported are uncorrected. Optical rotations were recor-
ded in a Jobin Yvon polarimeter at 589 nm. CD spectra were
recorded using a Jasco J-20 spectropolarimeter. Micro analysis
and amino acid analysis were obtained through the courtesy of
Department of Organic Chemistry, Indian Institute of Science,
Bangalore, India and Dr. G. M. Anantharamiah of Ohio State
University, Columbus, USA. respectively. Crystal parameters
were measured in this laboratory by Dr. N. Shamala, Natural
alamethicin was obtained as a gift from Dr, G. E. Grady, The
Upjohn Company, Michigan, USA.

Boc and amino acids were prepared by
conventional procedures. Amino acid methyl esters were pre-
pared as follows: The methyl ester hydrochloride®* was dissolved
in sat Na,CO, aq and extracted with CHCl;. On drying and
evaporating the organic layer, the free base ester was obtained as
an oil. AJ peptides were checked for homogeneity by tlc on silica
gel using 5% and 10% MeOH/CHC; for amino protected peptide
esters and 4:1:1 for amino protected pep-
tide acids. The peptide free base esters were checked for purity
by tle on silical gel by iodine and ninhydrin visualisation and
used without further purification. The protected peptides were
atso checked by 270 MHz 'H and 67.89 *C NMR.

Synthesis of

1. Z-Aib (2.6g, 10mmol) was dissolved in
CH,Ct, (15 ml) and cooled to 0". Pro-OMe {0 mmol) was
added followed by DCC 10 mmol). The mixture was
stirred at room temp. overnight. The dicyclohexylurea (DCU)
was filtered off and the organic layer washed with IN HCI. H,0,
1M NaHCO; and dried over Na,SO, The organic layer was
evaporated to leave an oily residue. The oil solidified on keeping in
the cold for several days, yield=29g (80%); m.p. =83-88*;
Lit =0il""; =-87.5° (¢ =02 in MeOH).

Z-Aib-Pro-OH 2. The ester 2 (299, 8 mmol) was dissolved in
MeOH (5 ml) and 2N NaOH (8 ml) added. After 12 hr at room
temp., H,O (25ml) was added and the aqueous layer extracted
with EtOAc (4 x 25ml). The aqueous layer was acidified with 1 N
HCl and extracted with EtOAc 4x25ml. On drying and
evaporating the organic layer, the dipeptide was obtained as an
oil, yield=2.1 g (75%).

3. The tripeptide was obtained by coup-
ling 2 (2.1 g, 7mmol) to Aib-OMe (0.8g, 7mmol) in asin
the case of 1. Evaporation of CH,CI; yielded an oily residue
which solidified on trituration with petroleum ether. The com-
pound was recrystallised from MeOH—ether, yield=2.1g (75%);
m.p. = |60 [a)p? =-125" (¢ = 0.2 in MeOH).

4. The ester 3 (2.1 g) was saponified as in
the case of 1 to give the tripeptide acid yield = 1.7g (85%);
m.p. =195°% =-12.5° (¢ =0.2 in MeOH).
5. The dipeptide was obtained by coupling
Boc-Ala (152 g, 8mmol) to Aib-OMe (0.92 g, 8mmol) as in
e of 1,yield =1.8g (80%); m.p. =82-84"; =-302"(c =
0.2 in MeOH).
¢. The ester § (1.8 g) was saponified with 2 N
NaOH-MeOH as in the case of 2 to give the acid, yield =1.6g
(90%); m.p. =170° =-47.5° (¢ =02 in MeOH).
7. The acid 6 6 mmol) was
coupled to Ala-OMe (0.620 gg, 6 mmol) as in tre case of 3, yield

R. NacArA) and P. BALARAM

= 151g (70%); m.p. =158% =-25"(c =02 in MeOH).

8. The tripeptide 7 (1.1g,
3mmol) was dissolved in 2N HCI/THE. After 4 hr, the removal
of Boc group was complete. The THF was evaporated, the
residue dissolved in H,0 and filtered to remove some undis-
solved material. The aqueous layer was made alkaline with
Na,CO, and extracted with CHCIy (3x 10 ml). On drying and
evaporating CHCly, was obtained as an

oil.

The acid 4 (1.0 g, 2.4 mmol) was dissolved in DMF (10 ml) and
cooled to 0°. (6.00g, 2.4 mmol) in DMF
(5 ml), HOBT (0.325 g, 2.4 mmol) and DCC (0.500 g, 2.4 mmol)
were added successively. After stirring at room temp. for 36 hr,
the N U was filtered off and the filtrate diluted with EtOAc
(25 ml). The organic layer was washed with H,0, 1N HCI, H,0,
1 M NaHCO, and dried over Na,SO,. On evaporating EtOAc, an
oily residue was obtained, which solidified on triturating with
petroleum ether and slight warming, yield = 10g (60%); m.p. =
88", =10.0° (¢ =0.2 in MeOH).

Single crystals were obtained from methyl acetate/ether. The
cell parameters obtained from X-ray diffraction are summarised
in Table 3.

9. The ester 8 (0.700 g) was
saponified as in the case of 2 to give the acid, yield =0.600¢g
(81%); m.p.=220" =200" (¢=02 in - Single
crystals were obtained from MeOH/ether. The cell parameters
obtained from X-ray diffraction are summarised in Table 3.

Synthesis of

10. Boc-Gln (2.0g, 8 mmol) was dissolved
in DMF (15ml) and cocled to 0" Aib-OBzl 8 mmol),
HOBT 8 mmol), DCC 8 mmol) were added suc-
cessively and the mixture stirred at room temp. for 24 hr. The
DCU was then filtered off and the filtrate diluted with EtOAc
(25ml). The organic layer was washed with H,O, I N HCI, H,0,
1 MNaHCO;, and dried over Na,SO,. On evaporating EtOAc and
triturating the residue with petroleum ether, the dlpeptlde ester
was obtained as a solid, yield =2.0g (63%); m.p. =101°; =
22.5° (¢ =02 in MeOH).

11. The dipeptide 10 (2.0g) was dissolved in
EtOH (15 ml). Freshly prepared Pd black cyclohexene
(10 ml) were added and the soln refluxed for 2hr. The soln was
decanted to remove Pd black and evaporated. On triturating the
residue with ether, the dipeptide acid was obtained, yield =1.35 g
(X0%); m.p. = 176° =-27.5° (¢ =02 in MeOH).

12. Boe-Gly (3.0g, 17 mmol) was coupled
to Leu-OMe (2.5g, 17mmol) in CH,Cl, as in the case of 1. The
dipeptide ester was obtained as an oil, yield =44 g (85%).

13. The ester 12 (4.4 g) was saponified as in
the case of 2. On triturating the oily residue with petroleum
ether, the dipeptide acid was obtained as a solid, yield =4.0 g
(95%); m.p.=133; [a],"" =-21.0"(¢ =02 in .

14. The tripeptide was obtained by
coupling (2.3g, 8mmol) to Aib-OMe
8mmol) in DMF as in the case of 10, yield = 1.6g (62%);m.p. =
112 =-375" (¢ =02 in MeOH).

15. Boc-Val (1.74 g, 8mmol) was coupled
to Aib-OMe (1.0 g, 8 mmol) in CH,Cl, as in the case 1, yield=
1.75g (70%); m.p. =115-118°; =-275"(c=0.2 in MeOH).

Boc-Val-Aib-OH 14. The dipeptide ester (1.75g) was
saponified as in the case of 12 to give the dipeptide acid,

(90%);

MeOH).

17. Boc group was removed
from 14 (1.54g) as in the case of 7.
(1.2 g, 4 mmol) was coupled to (1.28, 4 mmol)
in DMF as in the case of 14, yield = 1.5 g (65%); m.p. = [54-155°;

=-325"(c =02 in MeOH).
18,

(obtained as in the case of 7(0.940 g, 2 mmol)
was coupled to (0.660 g. 2mmol) in DMF ,with
DCC-HOBT as in the case of 16, yield = 10g (55%); m.p. =1
112% =-20.0° (c =0.15 in MeOH).
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Synthesis of and Boc-y-benzyl:
Glu-Gln-Phot

19. (158, 5 mmol)
was coupled to Ai-OMe (0.650g, S mmol) as in the case of 10 in
DMF, yield =1.2g (60%); m.pl = 14(°; =-175(c =0.2in
MeOH).

20. Boc-Pro (05408, 2.5 mmol)
was coupled to (0.700g, 2.5 mmol)
(obtained as in the case of 7) in DMF with DCC-HOBT. The oily
residue obtained after removing EtOAc, solidified after several
hr in the cold, yield =0.6g (5%): m.p.=135" =-550"
(c=0.2in MeOH).

Boc-y-benzyl Glu-Gln 21, (3.0g, 9mmol)
was dissolved in EtOAc (20ml) and cooled to 4. HOSU (0.945g,
9mmol) and DCC (1.440 g, 9 mmol) were added and the mixture
kept at 4° overnight. The was filtered off and the filtrate
washed with I N HCI, H,0 and | M NaHCO,. On drying and
evaporating EtOAc the HOSU ester of Boc-y-benzyl Glu was
obtained as a solid, yield =26 g (66%).

The Boc-y-benzyl Glu-0Su (2.6¢, 6 mmol) was dissolved in
THF (10 mL) and a soln of Gln 6 mmol), Et;N (0.84ml,
6mmol) in H,0 (10 ml) was added. After 2 hr at room temp. the
THF was removed, the aqueous was acidified with 1 N HCI and
extracted with EtOAc (3x 20ml). The organic layer was dried
and evaporated. The oily residue was triturated with ether-
EtOAc when the dipeptide was obtained as a solid, yield =1.6 g
(57%):m.p. = 125" =-150" (¢ =02 in MeOH).

Boc-y-benzyl  Glu-Gln-Phol 22, Phenylalaninol
(0.380g, 2.5 mmol) was added to a soln of 21(1.16 g, 2.5 mmol) in
DMF at (°. HOBT 25 mmol). DCC (0.515g, 2.5mmol)
were added and the mixture stirred at room temp. for 24 hr. The
DCU was filtered off and the filtrate diluted with EtOAc (25ml).

INHCILH,0, | MNaHCO,
and dried. On evaporating the ethyl acetate, the tripeptide was
obtained as a solid, yield = 0.950 g (60%); m.p. = 165°C: =
-52.5" (¢ =0.2 in MeOH).

Synthesis of
23
9 (0.575g, 0.9mmol) was coupled to
OMe 0.9 mmol) (obtained by deprotection of 18 by
HCI/THF as in the case of 7) in DMF with DCC-HOBT as in the
case of 10, yield of the crude peptide =0.700 g (66%).

The peptide was purified by column chromatography on silica
gel (1.8 cmx 30 cm, of silica gel). The peptide was eluted
with 5% yield (after chromatography) =

(80%); (c=0.25 in MeOH).

Single crystals were obtained from MeOH. The cell parameters

obtained X-ray diffraction are summarised in Table 3.

Synthesis of
24
The peptide 23 (0.565g) was saponified as in the case of 2

with 2N NaOH to yield the Z(1-13) acid, yield (50%);
m.p. = 150-152°.
The Z( (0.5209, 0.45 mmol) was coupled to Pro~Val-

Aib-Aib-OMe (03909 10mmol) (obtained by deprotection of
20 as in the case of 7) in DMF with DCC-HOBT. Work up was
as in the case of 10, yield of crude peptide =0.500g (74%).

The peptide was purified by column chromatography on silica
gel (1L.8cmx30cm, 25¢ of silica gel). The desired peptide was
obtained by elution with 5% yield =0.450g (¥%):;
m.p. = 155-158°,

Synthesis of
Ag(l- 28

Peptide 24 (0.130g, 0.08 mmol) was dissolved in EtOH. Freshly
prepared Pd black (0.100g) and cyclohexene (5 ml) were added
and the mixture refluxed for 1 hr with stirring. The Z-group was
removed during the period of 1 hr. The soln wes decanted and
evaporated. The residue was dissolved in CHCl, (15 ml) were
added and the mixture stirred at room temp. for 1 hr. The CHCl,
soln was washed with 1 N HCI, H,0 and dried. On evaporation
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of CHCJ,, the desired compound was obtained, yield =0.115g
(%0%); m.p. = 180°.

26. The peptide 25 wes dissolved in MeOH
(Iml) and 2N NaOH (1ml) added to it. After 6hr, H;O (5ml)
was added and the aqueous soin was acidified with 2N HCI. The
aqueous layer was extracted with CHCly (3x 15ml) and dried.
The peptide acid obtained on evaporating CHCl; was used
directly in the next step.

Synthesis of alamethicin 27

The Boc group was removed from 22 (0.120 g, 0.2 mmol)
with 2N HCUTHF (10ml). The hydrochloride was
dissolved in DMF (5ml), cooled to 0° and Et;N (0.03 mi)
added under stirring. After 20 min 26 (0.100 g, 0.6 mmol)
was added followed by HOBT (0.015g, 0.1 mmol) and DCC
(0.025 g, 0.1 mmol). The mixture was stirred at room temp. for
48hr. The DCU was filtered off and the filtrate diluted with
CHCl; (ISml). The organic layer was washed with H,0, | N HCI
H,0, 1M NaHCO; and dried CHCl; was evaporated and the
residue dissolved in EtOH (ISml). Freshly prepared Pd black
(0.050g), cyclohexene (3ml) were added and the mixture was
refluxed for | hr with stirring. The EtOH was then decanted
and evaporated. The residue was triturated with ether to give the
desired compound, yield =0.35g (3f); m.p. =237 Lit (natural

275-27%.

Single crystals were obtained from MeOH. The cell parameters
obtained from X-ray diffraction are summarised in Table 3. The
characterisation of the peptide is described in the text.
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