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Abstract: The 2-amino-3-oxohexahydroindolizino[8bfindole-5-carboxylate system (IBTM) has been proposed as

a dipeptide surrogate of type' IB-turns. To evaluate which of the 1Rtand 11I$ diastereomers of IBTM best
reproduces the conformational properties of typgiurns, gramicidin S (GS), a cyclic antibiotic peptide that contains

two such units, has been chosen as a test compound and the effect of either diastereomer on both conformation and
activity of the resulting peptide analogues has been determined. A conventional approach to the cyclic peptide
structure based on solution cyclization of a partially protected precursor was only practicable f&)-B&N
diastereomer. As an alternative, a solid phase mediated cyclization approach has been devised and applied successfully

to both gramicidin S and its Ly$ analogue, then extended to thB){BTM-containing analogues.

NMR

conformational analysis has clearly shown that only fRedjastereomer of IBTM is a suitable mimic of the type
II" B-turn conformation typical of GS. Differences in antibacterial activity betweenShe(d R)-IBTM-containing

GS analogues confirm the conformational results.

TheS-turn motif, a segment of four amino acid residues that

peptides also posseBsturns in their bioactive conformations,

reverse the direction of peptide chains, is an important structuraland the resulting compact structures have clustered side chains

feature of proteins. The surface localization of turns in proteins,
and the predominance within them of residues containing
potentially critical pharmacophoric information, has led to the

available for interaction with receptotsA general approach
to confirm these suggestions involves the use of non-peptide
building blocks which, when inserted into a peptide chain,

hypothesis that turns play relevant roles in diverse recognition enforce or stabilize a particular type gfturn. In this respect,
eventst There is substantial evidence to suggest that smaller a variety of conformationally restricted compounds, mostly

® Abstract published if\dvance ACS Abstract€ctober 1, 1997.

(1) Abbreviations: AAA, amino acid analysis; Al, allyl; Bodert-
butoxycarbonyl; ATCC, American Type Culture Collection; BOP, (benzo-
triazol-1-yloxy)tris(dimethylamino)phosphonium hexafluorophosphate; COSY,
homonuclear correlated spectroscopy; DCM, dichloromethane; DNEM,
diisopropylethylamine; DIPCDIN,N'-diisopropylcarbodiimide; DMAP,
N,N-dimethylaminopyridine; DMFN,N-dimethylformamide; DMSO, di-
methyl sulfoxide; DSC, disuccinimidyl carbonate; Fmoc, 9-fluorenyl-
methoxycarbonyl; GS, gramicidin S; HATWM-[(dimethylamino)(H-1,2,3-
triazolo[4,5b]pyridin-1-yl)methylene]N-methylmethanaminium  hexa-
fluorophosphatéN-oxide; HOAc, acetic acid; HOAt, 7-azahydroxybenzo-
triazole; HOBt, 1-hydroxybenzotriazole; HPLC, high performance liquid
chromatography; IBTM, Z)-amino-3-oxohexahydroindolizino[8lindole-
5(8)-carboxylic acid; MALDI-TOF MS, matrix-assisted laser desorption
ionization, time-of-flight mass spectroscopy; MBHgymethylbenzhydryl-
amine (resin); MeCN, acetonitrile; NOE, nuclear Overhauser effect; NOESY,

nuclear Overhauser enhancement spectroscopy; ODS, octadecylsilica; Pam, (6) For recent reviews on peptide conformation mimetics see:

4-phenylacetamidomethyl (resin); PyAOP, (7-azabenzotriazol-1-yloxy)tris-
(pyrrolidino)phosphonium hexafluorophosphate; Su, succinimidyl; TBTU,
N-[(1H-benzotriazol-1-yl)dimethylaminomethylend}methylmethanamin-
ium tetrafluoroboratéN-oxide; TFA, trifluoroacetic acid; THF, tetrahydro-
furan; TOCSY, total correlation spectroscopy; TSP, sodium 3-trimethylsilyl-
[2,2,3,32H4]propionate.
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lactams, have been proposed as dipeptide mimetic replacements
for thei + 1 andi + 2 residues of-turns®’ Incorporation of
such g-turn surrogates into model peptides containing well-
establishe@-turns produces analogues whose structural analysis
indicates how well the replacements match the origihairn
conformation. A useful candidate for this type of studies is
the antibiotic gramicidin §[GS, cyclaVal-Orr?-Leud-p-Phé-
Pro),, 1], a cyclic decapeptidethat exists in a very stable
solution conformation with two symmetrical type JB-turns

(5) (a) Dyson, H. J.; Cross, K. J.; Houghten, R. A.; Wilson, |. A.; Wright,
P. E.; Lerner, R. ANature1985 318 480-483. (b) Oka, M.; Montelione,
G. T.; Scheraga, H. AJ. Am Chem Soc 1984 106 7959-7969. (c)
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C.M,; Fry, D. C.; Graves, B. J.; Hatada, M.; Hill, D. E.; Kahn, M.; Madison,
V. S.; Rusiecki, V. K.; Sarabu, R.; Sepinwall, J.; Vincent, G. P.; Voss, M.
E.J. Med Chem 1993 36, 3039-3049. (d) Liskamp, R. M. Recl Trav.
Chim Pays-Basl994 113 1—19.
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Scheme 1

i
Boc-Pro-OCHy-Pam-(. § — Boc-D-Phe-Leu-Lys(Fmoc)-Val-(S)-IBTM-Leu-Lys(Fmoc)-Val-Pro-OCHy-Pam-

ii, ii v, v
——— H-D-Phe-Leu-Lys(Fmoc)-Val-(S)-IBTM-Leu-Lys(Fmoc)-Val-Pro-OH —— 4a

3a
( i) 8 cycles of Boc solid phase synthesis. (ii) HF-anisole (9:1 v/v, O °C). (ii1) reverse phase

purification. (iv) Cyclization: peptide (50 uM), BOP (10 eq), DIEA (20 eq), DMF, 6 h. (v) Piperidine-DMF (1:4
v/v), 20 min; reverse phase purification.

connected by a short antiparallglsheet® The replacement  IBTM#%Lys?22]|GS @a), [(R)-IBTM45Lys?2]|GS (4b), and [R)-
of thep-Phe-Pro residues in GS by rigid mimetics has become IBTM*9GS (6b), and the comparison oS- and R)-IBTM-
a standard method for measuring their capacity to serve ascontaining peptidomimetics to GS by NMR conformational
surrogates of the+ 1 andi + 2 residues in type 1I3-turnsi! analysis. Additional evidence on how well these dipeptide
Moreover, since the antibacterial activity of GS has been related surrogates mimic the topology ofPhé-Prc® in GS has been
to its particular conformatiot? the cyclic decapeptide provides provided by the activity of compoundks, 4b, and5b against
not only structural but also functional evidence to assess theseveral bacterial strains, in comparison with those of GS and
adequacy ofs-turn mimetic candidates. its [Lys??] analogue2.

In a recent paper we have proposed the 2-amino-3-oxo-
hexahydroindolizino[8.B]indole-5-carboxylate system (H- Results and Discussion
IBTM-OHY) as a new type oB-turn surrogaté3 Molecular
dynamics studies on model structures &BTM-NHMe and Synthesis. Our initial approach to IBTM-containing GS
Ac-R-IBTM-NHMe have revealed that, although both deriva- analogues chose a conventional synthetic strategy based on
tives are able to adopt conformations close to an ideal type-1l solution cyclization of a partially protected linear precursor
B-turn, the diastereoisomer with the Rizonfiguration is a  (Scheme 1) assembled by solid-phase mettoais a Partf
more effective replacement than the Sisomer for thel + 1 resin. As in previous studies on GS analogtiéshe replace-
andi + 2 residues of this type g8-turn13 In a similar way, ment of the two Orn residues nby Lys was primarily dictated
the temperature dependence of thel-Nle amide hydrogen by synthetic reasonsi.e., commercial availability of the
chemical shift of the 11R isomer in DMSO AJ/AT = —2.8 orthogonally protected derivative Boc-Lys(Fmoc)-OH. #ro
ppb/K) indicated that this proton is involved in an intramolecular was chosen a-terminal residue to minimize the risk of
hydrogen bond# characteristic of5--turn conformations. The  €pimerization at the cyclization step, and the peptide was built
corresponding value for tHderivative (-3.9 ppb/K), however, ~ from that residue by Boc-based chemistfscheme 1). In the
was within a region where it is difficult to draw concrete case ofa, the §-IBTM pseudodipeptide unit was incorporated
conclusions with respect to hydrogen bondifg. into the sequence as the Boc derivatbe HF acidolysis of

In search of a more conclusive evaluation of the fitness of the peptide-resin gave the linear bis-Fmoc protected precursor
the IBTM system as a type'l3-turn mimetic, we decided to 3_a, Whlch was purified on reverse phase, cyclized under high
replace one of the-Phé-Prd® dipeptide units in GS with either dllutlon_ condm_ons, and deprotected to give the target compound
S or RIBTM surrogates. This in turn depended on convenient 4& satisfactorily characterized by AAA and MALDI-TOF MS.
access routes to these IBTM-containing GS analogues. TheA parallel synthesis with theR)-IBTM derivative 6b readily

present paper reports the synthesis of three such peptips, [( Provided the expected B-Phe-Leu-Lys(Fmoc)-ValR)-IBTM-
Leu-Lys(Fmoc)-Val-Pro-OH intermediate. However, attempts
S _(91)9F702r gelcigt‘{gyif%% On(gtélilc pterl)ztidsg _SeerI (@ K;%rgi,z*% liggrlm to cyclize this precursor using a variety of activation reagents
CL , . out, E. RBiopolymer: , — P, . . . .
1912. () Hruby, V. JLife Sci 1982 31, 189-199. (d) Ovchinikov, Y. and c_on_d_ltlons led invariably to very complex crudes in which
A.; Ivanov, V. T. InThe ProteinsNeurath, H., Hill, R. L., Eds.; Academic N0 significant levels of4b could be detected after Fmoc

Press: New York, 1982; pp 36642. (e) Schmidt, UPure Appl Chem
1986 58, 295-301. (f) Tonelli, A. E. InCyclic PolymersSemlyen, J. A.,

Ed.; Elsevier Applied Science: London, 1986; pp 2@B4. For reviews Val/xaa‘Leu /Xaa Leu\
on cyclic peptides as models for conformational studies see: (g) Kessler, / \ Val D-Phe
H. Angew Chem, Int. Ed. Engl. 1982 21, 512-523. (h) Rizo, J.; Gierasch, Pro b-Phe / \
L. M. Annu Rev. Biochem 1992 61, 387418, ! ! via o
(10) (a) Dygert, M.; Go, N.; Scheraga, H. Macromoleculed975 8, p-Phe Pro
750-761. (b) Huang, D.-H.; Walter, R.; Glickson, J. D.; Kirshna, N. R. \ / Leu val
Proc. Natl. Acad Sci U.SA. 1981, 78, 672-675. (c) Krauss, E. M.; Chan, Leu o Ve ~xaa~
S. 1.J. Am Chem Soc 1982 104, 6953-6961.
(11) (a) Sato, K.; Nagai, Ul. Chem Soc, Perkin Trans1 1986 1231~ . )
1234. (b) Bach, A. C.; Markwalder, J. A.; Ripka, W. @t. J. Peptide 3 e O (gramicidin 8) p iRy b ALy
Protein Res1991, 38, 314-323. (c) Ripka, W. C.; De Lucca, G. V.; Bach, ’ 5b: Xaa=Om: Yaa=(R)-IBTM

A. C.; Pottorf, R. S.; Blaney, J. Ml[etrahedronl993 49, 3609-3628. (d)
Lombart, H.-G.; Lubell, W. D. InPeptides: Chemistry, Structure and ) ) o ) )
Biology. Proceedings of the 14th American Peptide Sympasiaumaya, deprotection. In view of these difficulties, an alternative route,

E'nJI'a Ed' ngg_e;'p %gﬁéggds'; Mayflower Scientific Ltd.: Kingswinford, jnyolving solid-phase-mediated cyclization as the key step, was

(12) (a) Imazu, S.; Shimohigashi, Y.; Kodama, H.; Sakaguchi, K.; Waki, €Xplored. This type of cyclization has been successfully applied
M.; Kato, T.; Izumiya, N.Int. J. Peptide Protein Re€988 32, 298-306.
(b) Shimohigashi, Y.; Sakamoto, H.; Yoshikomi, H.; Waki, M.; Kawano, (15) (a) Merrifield, R. B.J. Am Chem Soc 1963 85, 2149-2154. (b)
K.; Ohno, M. InPeptides, Chemistry and Biology, Proceedings of the 12th Merrifield, R. B. InPeptides Synthesis, Structures and ApplicatipGaitte,
American Peptide Symposiu@mith, J. A., Rivier, J. E., Eds.; Escom: E., Ed.; Academic Press: San Diego, 1995; pp-989.

Leiden, 1992; pp 274272. (c) Tamaki, M.; Akabori, S.; Muramatsu, I. (16) Mitchell, A. R.; Kent, S. B. H.; Engelhard, M.; Merrifield, R. B.
Int. J. Peptide Protein Resl996 47, 369-375. Org. Chem 1978 43, 2845-2852.

(13) De la Figuera, N.; Alkorta, |.; Ga@iLopez, M. T.; Herranz, R; (17) Barany, G.; Merrifield, R. B. IThe Peptides Analysis, Synthesis,
GonZédez-Mutiz, R. Tetrahedron1995 51, 7841-7856. Biology; Gross, E., Meienhofer, J., Eds.; Academic Press: New York, 1979;

(14) De la Figuera, N. Unpublished results. Vol. 2, pp 1-284.
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Scheme 2
Yaa
Leu Tval
i if H i \ H
HO— — SuO — Fmoc-Xaa~N _— Xaa~~N o—
| Boc—Xaa AlD” \n/
OAl
o) 0 Leu-Fmoc o
Val\
Yaa Pro—bD-Phe
o Leu Va\l .
o . 1,2,4p,5b
Boc—Xaa
Val\ Leu
Pro—D-Phe
(i) (Su0),CO-DMAP (10:1 eq), DMF. (ii) Fmoc-Xaa-OAl trifluoroacetate (10 eq), (Xaa= Orn, Lys),

DIEA (20 eq), DMF. (iii) Fmoc solid phase synthesis; Yaa= D-Phe-Pro for 1 and 2, (R)-IBTM for 4b and 5b. (iv)

Pd’(PPhs), in DMSO-THF-0.5 N aqueous HCl-morpholine (20:20:10:1 v/v}, 2.5 h, 25°C. (v) Piperidine-DMF (1:4

v/v), 20 min, (vi) PyAOP-HOAt-DIEA (10 eq each), DMF, 2 h, 1t. (vii) TFA-H,0 (19:1), 2 h, 25°C.
to the synthesis of cyclic peptides in recent yéér3he original I
approach used carboxyl (Asp, Glu)- or carboxamide (Asn, GIn)-
containing residues for side chain anchoring to the polymer, 296 260
with thea-COOH of those residues orthogonally protected with
respect to the chemistry used for chain elongation. Selective
removal of botiN- andC-terminal protections allows cyclization
to proceed, ideally under the pseudodilution conditions provided
by the polymeric matriX? One of our laboratories has
developed a variation of this strategy that allows anchoring
through the side chain amino groups of Lys or Orn, via a
carbamate-functionalized resih.The procedure requires Fmoc
chemistry for chain elongation and uses orthogonal allyl J
protection of thea-COOH of the Lys or Orn residue. We . ' .
decid(_eo_l to apply this method to prepare tHE)-I(BTI\_/I- 0 time (min) 35 0 time (min) 35
contalnl_ng a”a'og_ues Of_ GS_ that were not accessible by Figure 1. HPLC analysis of crudé (left panel) and2 (right panel)
conventional solution cyclization. after acidolytic cleavage from resin. ODS column (425 cm, 5

Trial syntheses of GS1f and [Ly$?]GS (2) were first  ,m). Elution by a linear 595% gradient of MeCN+0.036% TFA)
performed (Scheme 2). The starting resin, 3-[4-(hydroxymeth- into H,O (+0.045% TFA) over 30 min, followed by 5 min isocratic at
yl)phenoxy]propionyl-Ala-MBHA&! (with Ala used as the 95%. UV detection at 220 nm. Retention times are indicated above
internal reference amino aéf)l was activated with DSC/DMAP  the peaks.
to give a Su-carbonate resin, to which the trifluoroacetate salt
of Fmoc-Xaa-OAl (Xaa= Orn, Lys) was anchored in the Of the Fmoc derivative ofR)-IBTM, 7b, as replacement for
presence of DIEA. From this point, chain assembly was Positions 4,5. lIts incorporation to the peptide resin was
continued by Fmoc chemistry, with Boc protection for the side facilitated by the strong activating agent HAP&.A depro-

chains of Orn or Lys. Deprotection of tiizterminal allyl ester, ~ tection and cleavage sequence similar to the ones usedl for
followed by Fmoc removal at thi-terminus, allowed cycliza- ~ and 2 above provided the target compounds, albeit in much
tion on the solid phase, with activation of tecarboxy! of lower yields, presumably due to the enhanced hydrophobicity

Orn/Lys by means of PyAOP/HOAYDIEA Finally, acidolytic of IBTM, which substantially decreased recoveries at the
deprotection and cleavage furnish&dand 2 in good purity purification steps. The cyclic pseudopeptides were satisfactorily
(Figure 1), although in moderate yieldsa( 10% after purifica- ~ characterized by AAA and MALDI-TOF MS.

tion, based on initial resin substitution). NMR Conformational Analysis. Since type I1 g-turns

Extension of this approach to theR){IBTM-containing present negativeps angles, and since only an equatorial
mimetics4b and 5b was essentially straightforward with use disposition of the €H proton in [§)-IBTM*4Lys*?]GS (4a)
: : — and [R)-IBTM45Lys??]GS (4b) is compatible with negative

Ka%g) gf’rArf‘:Seé};Ef%”?fﬁgéﬁ;g!'?:i’h;‘asreag;‘?d(';"’.‘tlergggg'('é‘;tz'oggéi?;‘?: (@ 45 angles (Figure 2), NMR analysis was started by investigating

Synthesis and Biological Acty; Basava, C., Anantharamaiah, G. M., Eds.; the equatorial or axial disposition of that particular proton. A
Birkhauser: Boston, 1994; pp 3%8 and references cited therein. (b) 3Js6 of ~0 Hz is expected for the downfield¢B proton of
Valero, M. L.; Camarero, J. A, Adeva, A.; Verdaguer, N.; Fita, |.; Mateu, |BTM in an equatorial disposition, while a large value would

M. G.; Domingo, E.; Giralt, E.; Andreu, Biomed Pept Proteins Nucleic . . L .
Acids 1995 1, 133-140. (c) Valero, M. L.; Giralt, E.; Andreu, D. be expected for an axial disposition. The experimefiak

Tetrahedron Lett1996 37, 4229-4232. value observed for compounds and4b in agueous solution
68§19) Mazur, S.; Jayalekshmy, B. Am Chem Soc 1979 101, 677~ at pH 3.0 and in DMSO is-0 Hz, which confirms the equatorial
(éO) Alsina, J.; Rabanal, F.; Giralt, E.; Albericio, Fetrahedron Lett dISposmon of the GH proton in both4a and‘}b' Th,us' bOth,
1994 35, 9633-9636. (9- and R)-IBTM skeletons prefer conformations with negative
(21) Albericio, F.; Barany, GInt. J. Peptide Protein Re4985 26, 92— ¢3 angles, as required for the formation of a typeSHturn.
97. _ 4,5 2,2
(22) Matsueda, G. R.; Haber, Bnal. Biochem 1980 104, 215-227. The NMR parameters of §-IBTM**Lys**]GS (4a) under
(23) Carpino, L. A.; EI-Faham, A.; Minor, C. A.; Albericio, B. Chem both experimental conditions investigated are very different from

Soc, Chem Commun 1994 201, 203. those previously reported for native G%. Differences in the
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Table 2. Temperature Coefficients for Amide ProtonS&{AT,
ppm 1G/K)

GS@) (9-IBTM-GS 4a) (R)-IBTM-GS (4b)
residue no. DMS® H,OP DMSC* H,0OP DMSC*

Val 1 —-1.6 -9.0 —-5.2 -3.0 —-1.6
Xaa 2 -5.0 -85 =25 -9.0 —-5.3
Leu 3 —-2.8 -15 -3.3 —-2.5 -1.6
0 = 59.1°, y, = -150.6° 0y = 49.5°, yp = -115.6° Yaa # —7.4 -1.0 —0.6 -85 —-4.7
63 = -56.8°, yz = -12.6° 03 = -112.6°, w3 = 26.7° Val ' -1.6 -55 —-4.9 +0.5 -0.4
Hs-Cs-Cg-Hg = -66.8° Hs-Cs-Cg-Hg = -74.1° Xaa 2 d -5.0 -9.0 -4.0 -85 -5.1
Hs-C5-Ce-Hg: = 53.0° H5-Cs-Cg-He = 44.8° Leu3 —-2.8 —9.0 —6.4 -3.0 —-2.4
D-Phe 4 7.4 —-10.5 —-54 —=12.0 —7.6

Ac-(S)-IBTM-NHMe Ac-(R)-IBTM-NHMe

a b _ o
Figure 2. Significant dihedral angles of th&turn-like conformations ¢ Te\rgaggfeftur'?r?ar:g; 12%£bpol—c|:.3d.géée?s1pgrrar\]tuirne Cr;asngaendR?_ySC in

of Ac-(§- and Ac-R)-IBTM-NHMe model compounds. compoundsta and 4b. ¢ p-Phe-Pro in GS, and IBTM in compounds
4 d4b.
Table 1. Chemical Shifts of Amide and ProdEl protons 6, ppm aan
from TSP) H,0 DMSO
GS (@) (9-IBTM-GS (4a) (R)-IBTM-GS (4b) 0,6 0,6
residue no. RHO? DMSO* H,O° DMSC* H,O° DMSC* 0.4 1 0.4 1
val 1 7.62 722  8.44 8.14 7.53 7.23 02+ O»ZIILIIL
XaaZ 861 868 857 8.12 8.64 8.52 0,0 0.0
Leu3 881 8.34 7.78 7.44 8.27 8.10 02 024
Yaa4 899 911 7.80  7.91 9.39 9.46 - GS(1) - GS(1)
Val 1' 762 7.22 8.20 7.90 8.44 8.14 -0,4 -0.4
Xaa2¢ 861 868 819 781 856 853 06 06
Lleu3 881 834 818 792 872 846 73 ABtares 1234512345
p-Phe4 899 911 839 835 901 882 Res. no Res. no
Pro 8¢ 3.68 3.60 3.67 3.58 3.66 3.58 0,6 0,6 -
259 248 3.29 3.30 2.54 2.49 04 04
g -IBTM- : S)-IBTM-GS(4a
aValues from ref 10cb DMSO, 20°C. © H,0, pH 3.0, 5°C. ¢ Xaa § ,,| ©BM™MGSEa) | “a)
is Orn in GS and Lys in compoundk and4b; Yaa isp-Phe-Pro in oo 0.0
GS, and IBTM in compoundda and 4b. ¢ Values corresponding to v '
CoH and @'H protons. £ -0,2 02
=}
o-values of most NH and @4 protons of [§)-IBTM#45, % -04 <04
Lys?>?]GS (4a) with respect to GS1( are large (Table 1). The Bt e s e e s L 5
CaH protons of residues involved in an antiparafiesheet are 123451 2R3 45 123451 2R3es4ng
expected to be downfield shift&with respect to the random 06 - e 6] '
coil values?®> As shown in Figure 3, this is the case for the 0.4 04-
CaH protons of Vatt, Orr?2, and Led? in GS (1), but not 02 02
for the same @H protons in [§-IBTM45Lys?>?]GS (4a), which | '
are upfield shifted. A small absolute value for the temperature 0.0 0.0
coefficient of an amide proton indicates its protection from 0.2 4 0,2
solvent exchange by either involvement in an intramolecular 04 (R-BTM-GS(4b) 04 (R-BTM-GS(4b)
hydrogen bond or inaccessibility to solvent. The temperature 06 Lr—rrrrrrrr 06 T
coefficients measured for the amide protons &-{8TM45, 123457 2"13' 45 1234512345
€s. No Res. no

Lys>?]GS (4a) do not fit with the hydrogen-bonding pattern
expected for a GS-like structure (Table 2).4Hwere to adopt ~ Figure 3. Conformational @H Ad shifts (Ad = Jobserved— Srandom coi
a GS-like structure such as shown in Figure 4, one should expect?Pm) as a function of sequence obtained for @% (vas obtained
temperature coefficients for Via! and Led?3 to be small (in from the o-values reported by Krauss and CHanfor compound4a

absolte value), s previousy reporcd or QB however, &9 Pl s sobtin DU, It oot
Valtt e_an_ql Led have large coefficients, indicative of_the|r for themn.

accessibility to bulk solvent. The pattern®fq—nn coupling

constants ofla is also very different from that of GS (Table
3). Small values for Valand Ly$ may suggest the presence
of reverse turns involving these residues. The observation of
CaH(Valt)—NH(Lew®), NH(Vall)—NH(Lys?), and NH(Ly%)—
NH(Lew?) NOE connectivities is also compatible with the
presence of a typef-turn centered at ValLys?. In addition

to those NOEs, several long-range NOEs involving the IBTM
nucleus and V&) Lel?, andp-Phe residues were found for
4ain both aqueous solution and DMSO (Table 4 and Figure
5). These nonsequential NOEs could be explained by the

formation of antiparallel dimers that bring the indole ring and
the Val, Lel®, andp-Phé residues into close proximity, or
by monomeric species with a hydrophobic cluster in which the
IBTM skeleton and the hydrophobic side chains of ¥ end
D-Phée interact. In any event, th@-turn involving thep-Phe -
Pr& in GS residues is not detected 4.

In contrast to the previous data, the NMR parameters found
for [(R)-IBTM#5,Lys?2]GS (4b) in both aqueous solution, pH
3.0, and DMSO clearly indicate that it adopts a GS-like structure.
The o values of NH and @H protons in both solvents are very

(24) (a) Wishart, D. S.; Sykes, B. Methods Enzymol994 239, 363 close to those reported for G®)( while substantially different
ggg 3(95)2)_(ﬁs6e D. A.; Dyson, H. J.; Wright, P.Eethods Enzymoll994 from those of [_S)-IBT_M 4'5,Ly82'2‘]1GS @a) (Tablg 1). As
(25) Witrich, K. NMR of Proteins and Nucleic Acipé/iley: New York, expected for residues infastrand* and observed in G8F 6

1986. values of the @H protons of Val?, Lys?*?, and Led? are
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Table 3. Coupling Constants of Amide Proton®\y—cox, Hz)

GS@) (9-BTM-GS (43  (R-IBTM-GS (4b) 11 (5)-tem . 10 (sy-18md_p
a . . . . . = YY’'Vall
Xaa 2 8.9 2.8 75 8.9 10.3 W'Val § 3Leus’) V%J ! ro.8
Leu3 9.2 9.6 8.1 8.0 9.1 11 (S)-IBTM v IZ VW1 10 ¢sy1BTM
Yaa £ 2.6 7.0 8.2 6.4 4.3 ' all’l g Leu3
Val ' 9.7 9.0 125 9.3 12.3 5
Xaa 2 8.9 8.8 8.4 8.4 9.7 _ ppm
Leu 3 9.2 5.5 7.3 8.0 10.3 wvanaf) fr 0vans [0 ]wvarz
p-Phe 4 2.6 8.6 7.9 3.8 2.6 N 2 vati 3 -
a25°C; values from ref 11625 °C, pH 3.0.650°C. ¢¢ As in Table ,
2. a 2
-4.0
Ta;\;))le 4. Long-Range NOEs observed fd){IBTM-GS (4a, 5 @Lysz 2
m ,%
- — (xLeu3' 3’ @U Leu3’@ 3
NOE intensity in 11 (5)-1BTH " 4.2
residue i residue j b0, pH 3.0,5°C DMSO, 20°C Lys2’ @2 R
NH Val 1 NiH IBTM weak not detected ) @ 5 3’ = 4.4
CoH Vval 1 NuiH IBTM strong a b b
CyHs Val 1 NuaH IBTM medium medium
CyHsVal 1 CiH IBTM medium strong - | , | | 4.6
CaH Leu 3 N1;H IBTM strong b _ 10.6  §,ppm 8. 3, ppm 7.8 7.6 §, ppm
gi:?’slieeﬂ% ’C\lli;: :g:l-rm VngLum ;?reodr:;rﬁ Figure 5. Selected regions of the NOESY spectrum of){(
CﬁH p-Phe 4 CuH IBTM strong not detected |BTM4’5,LySZ.’Z]GS (4a) in H,O—D,O (91 V/V), pH 3.0 a..t 5°C..
CsHD-Phe 4 CyyH IBTM medium not detected Nonsequential NOEs are boxed and labeled. The sequential assignment

with other NOE crosspeak8CsHs; and G'Hs protons of Leu 3have

the same) value.

J. Am. Chem. Soc., Vol.

119, No. 44, 1990583

8

for most residues can also be followed througlHENH(i,i+1) NOEs

#NOE connectivity could not be observed due to closeness to (lower regions) and throughy@&—NH(i,i+1) and @H—NH(,i+1)
diagonal.” NOE connectivity could not be observed due to overlapping nNoEs (upper regions).

Table 5. Nonsequential NOEs Observed f@){IBTM-GS (4b, 5

mM)
H H O H H - —
| | NOE intensity in
N K2 N o o
NL3 \ residue i residue j kO, pH 3.0, 5°C DMSO, 20°C
Vi ) pF4' NH Val 1 NH Leu3 weak weak
l
H (o) H H o] CoH Lys 2 CoH Lys 2 a strong
R-IBTM ﬂ\ﬂ /¢ /ﬂ\ﬂ CoaHLlys2 NHLeu3 b medium
At 3 M NH Leu 3 NH Val 1 weak a
0 H NH Leu 3 GoH Lys 2 b medium
I I :
L3 N vin P Cyy'HVvall NHLeu3 not detected weak
N CpAH Val 1 NH Leu 3 not detected weak
K2 | NH Val 1' CyH Leu 3 weak not detected
H o) H H o CpH val I' NH Leu 3 not detected weak
. . . . Cyy'HVall NHLeu3 weak medium
Figure 4. Schematic representation of the GS-like backbone conforma- Cyy'HVall Cypf'HLeu3 medium medium
tion. Hydrogen bonds are indicated by arrows and the expected NOEs cgH val 1 NH Leu 3 weak weak

by black lines.

aNOE connectivity could not be observed due to closeness to the
diagonal.> NOE connectivity could not be observed due to overlapping
with other NOEs.

downfield shifted (Figure 3) with respect to random coil
values?®> The amide protons of residues Véland Led-? are
hydrogen bonded, as in the GS structure (Figure 4). Their o )
temperature coefficients, which are small in absolute value in ISMs. However, R)-IBTM derivatives4b and 5b were quite
both solvents (Table 2), as expected for hydrogen-bonded amidecOmparable in antibiotic activity to the reference GS against
protons, confirm that R)-IBTM45 Lys?2]GS (4b) adopts a GS- gram-positive strains, while theS)(—IB'I’_M analogue4a was
like structure. The strongest evidence for the existence of suchPractically inert against these organisms. The Lys for Orn
structure comes from the analysis of NOE connectivities. The 'ePlacement ir2 did not produce any significant difference in
CaH(Lys?)—CaH(Lys?), CoH(Lys?)—NH(Lew®), and antibiotic potency relative to GS.

NH(Lew?)—CaH(Lys?) NOE crosspeaks, as well as some non-
sequential,i + 2 NOEs involving at least one side chain proton,
fully support the proposed GS-like structure (Figure 6 and Table
5). Further confirmation is obtained from thk+—nH coupling
constants ofib (Table 3).

Conclusions

The NMR studies reported here clearly show tjtIBTM,
when incorporated into [LYZ]GS, does not disrupt the
conformation of this peptide. MoreoverR¢IBTM43GS and
Antibacterial Activity. Minimal inhibitory concentrations  [(R)-IBTM#5Lys>?]GS retain the biological activity of the
of mimetics4a, 4b, and5b, GS (1), and its [Ly$?] analogue parent peptides. These results conclusively demonstrate that
2 were determined against two gram-positive and two gram- (R)-IBTM is an effective type Il f-turn mimetic. However,
negative organisms (Table 6). The results showed again a cleasimilar studies on theS-IBTM-containing peptide analogue
difference between theR}- and §)-IBTM GS analogues. As  do not support this type of conformation.
is the case with GS, none of the IBTM-containing peptides  The versatility of R)-IBTM as a suitable dipeptide surrogate
showed significant activity toward gram-negative microorgan- is evidenced by its incorporation into peptide sequences by solid-
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Table 6. Minimal Inhibitory Concentrationsug/mL) of GS and Analogues

gram-positive

gram-negative

peptide Bacillus subtilis

Staphylococcus aureus

Escherichia coli Pseudomonas aeruginosa

GS (@) 4
[Lys2,2]GS (2) 4
[(9-IBTM*5,Lys??]GS (4a)
[(R-IBTM45Lys*?]GS (4b) 4
[(R)-IBTM*9GS (5b) 2

4 128
8
128
16
8

256

256
>512
>64
>128

256

128
>64
>128

7
Y1 @

iy

33§
[oy3
| ’

(R)-IBTM4

17

27
B1 Qjﬁfl
23

T T T T

T T T
9.2 9.0 8.8 8.6 8.4 J§ ppm 0.8

2 ppm

pPhe4’ 1 ‘ 0

Leu3’ Leu3

(R)-IBTM4

(R)—IBTMS (]
1

T T T T
9.0 8.8 8.6 8.4

T T T
9.4 8 ppm 4.8 ppm

Figure 6. Selected regions of NOESY spectra dqR{IBTM *5Lys??]-

T
9.2

were of the highest purity commercially available. Solvents for peptide
synthesis (DMF and DCM) and HPLC supplies (MeCN and ODS
columns, 4x 250 mm, 5um) were from Scharlau (Barcelona, Spain).
Analytical HPLC runs used linear gradients (usuaty®%) of MeCN
(+0.036% TFA) into HO (+0.045% TFA) over 30 min at 1 mL/min,
with UV detection at 220 nm. Amino acid analysis of peptide
hydrolysates (6 N HCI, 150C, 4 h) were run in a Beckman 6300
autoanalyzer. Mass spectra of peptides were acquired by the MALDI-
TOF ionization technique in a Kompact | instrument (Kratos Analytical,
Manchester, UK) with aro-cyano-4-hydroxycinnamic acid matrix.
Electrospray mass spectra were obtained in a VG Quattro instrument
(Fisons Instruments, Wythenshawe, UK) working in the positive mode,
using nitrogen as nebulizing and drying gas (10 and 450 L/h,
respectively), a source temperature of°80) a capillary voltage of 3.5

kV, and a focusing voltage of 60 V. The same instrument, fitted with
a Cs gun, was used to acquire FAB spectra.

COR?

L L an o

6b: Boc-(R)-IBTM-OH; R'= Boc
7b: Fmoc-(R)-IBTM-OH; R'= Fmoc

NH-R'

6a: Boc-(S)-IBTM-OH; R'= Boc

Solid-Phase Synthesis and Purification of [§)-IBTM 45 Lys??]-
GS (4a). Boc-Pro-OCH-Pam resin (300 mg, 0.22 mmol) was
submitted to a cycle of Boc solid-phase synthesis for each residue of
the sequence, as follows: (i) deprotection with TFA-DCM (2:3 viv; 1
+ 20 min); (ii) washes with DCM (4x 0.5 min) and DMF (2x 1
min); (iii) neutralization with DIEA-DCM (1:19 v/v; 2x 1 min); and
(iv) coupling with Boc-amino acid (0.66 mmol), TBTU (0.66 mmol),

GS @b) in DMSO at 20°C. Nonsequential NOEs are boxed and  and DIEA (1.32 mmol) in dry DMF for 60 min. All couplings were
labeled. The sequential assignment for most residues can also becomplete after this time by the Kaiser #stxcept for the $)-IBTM

followed through @H—NH(i,i+1) NOEs (lower regions) and through
CAH—NH(i,i+1), CyH—NH(i,i+1), and @H—NH(i,i+1) NOEs (upper

residue, which required a second coupling véigh(0.33 mmol), HATU
(0.33 mmol), and DIEA (0.66 mmol) during 60 min for complete

regions). Intraresidue crosspeaks at the upper regions are not labeledacyiation. The fully protected linear sequence (6fol, 150 mg of

resin) was cleaved from the resin and Boc-deprotected attifieristion

phase synthesis, using both Boc and Fmoc chemistries. Fromby acidolysis in anhydrous HFanisole (9:1 v/iv) fo 1 h at 0°C. After
a structural point of view, it is interesting to note the presence evaporation, the residue was triturated with anhydrous ethyl ether,

of an indole moiety in R)-IBTM which can be considered as
the side chain of the+ 2 residue of the8-turn mimetic. This
fact could represent an advantage for mimickiurns with

aromatic or hydrophobic amino acids at this position, since most
of the dipeptide mimetics reported so far lack substituents for

dissolved in glacial HOAc, and lyophilized to give 8ol (74% yield)
of the bis-Fmoc protected linear precur8ar Prior to cyclization, 18

umol of this peptide was lyophilized several times fromCHo remove

traces of HOAc and dried under vacuum ovgdfand KOH overnight.
The dried, HOAc-free peptide was dissolved in dry DMF (B final
concentration) under nitrogen, then treated with DIEA (0.36 mmol, 20

the corner residue side chains. Finally, one can easily envisag&qyiv) and BOP (0.18 mmol, 10 equiv) under mild stirring at"25
the extension of the solid-phase-mediated cyclization schemeonce HPLC analysis showed the cyclization to be compleaed h)

used in this work to other cyclic peptidomimetics.

Experimental Section

General. Full details on the synthesis and characterizatiorR){ (
and §-IBTM amino acids and their Boc derivativés,bhave appeared
previously®® Conversion of the zwitterion HR)-IBTM-OH into its
Fmoc (7b) derivative is described below. Boc-protected amino acids,
BOP, TBTU, and MBHA resin were purchased from Novabiochem
(Laufelfingen, Switzerland). Boc-Pro-OGHPam resin (0.73 mmol/
g) was from Applied Biosystems (Foster City, CA). Fmoc-protected
amino acids and HATU, HOAt, and PyAOP coupling reagents were
from PerSeptive Biosystems (Framingham, MA). All other chemicals

the reaction mixture was concentrated to 20 mL and treated with 100
mL of piperidine-DMF (1:4 v/v) for 2 h at 25°C. Evaporation gave

an oil that was redissolved in glacial HOAc, lyophilized, and purified
by reverse-phase chromatography (OD%, 25 cm, 15-20 um) with

use of a 16-70% linear gradient of MeCN into 4D over 4 h at 3
mL/min. Fractions judged to be homogeneous by HPLC were pooled
to give 4a (4 umol; cyclization and purification yield 22%), with the
expected amino acid composition and molecular mass (MALDI-TOF;
calculated average molecular mass fesHgsN13010 1192.52; positive
spectrumm/z 1194.4 [MH').

(26) Kaiser, E.; Colescott, R. L.; Bossinger, C. D.; Cook, PAnal
Biochem 197Q 34, 595-598.
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Fmoc-(R)-IBTM-OH (7b). To a suspension of the zwitterion )¢ Synthesis and Purification of Gramicidin S (1). Polymer (0.5 g)
IBTM-OH (400 mg, 1.4 mmol) in 10% NaHC£-dioxane-DMSO loaded with Fmoc-Orn-OAlda. 0.22 mmol Orn) was submitted to one
(20:5:1 viviv, 26 mL) was added Fmoc-CI (541 mg, 2.1 mmol) in three cycle of Fmoc solid-phase synthesis for each residue of the sequence,
portions over a 30-min period, and the mixture was stirred for another as follows: (i) deprotection with piperidineDMF (1:4 v/v, 2x 1 min
3.5hat 25°C. The pH was maintained at 9 throughout this period by + 1 x 10 min); (ii) DMF washes (5< 0.5 min); (iii) coupling of Fmoc

addition of 10% NaHC®@as required. The reaction mixture was chilled
in an ice bath for 20 min and filtered, and the filtrate was extracted
with hexane (3x 150 mL) and acidified to pH 3 wit 1 M KHSO,,
whereupon7b separated as an off-white solid (370 mg, yield 52%)
that was not recrystallized, given its insolubility in most solvents except
DMSO and DMF. The purity of the material was judged to be adequate
for peptide synthesis>95%) by analytical HPLC (see above) with
use of a 6-100% MeCN (-0.036% TFA) into HO (+0.045% TFA)
gradient over 30 min at 1 mL/min (retention time 23.5 mifjC NMR

(50 MHz, CD:SOCDy) ¢ 172.4 (COOH), 171.8 (CON), 141.0 £
136.5 (G, 132.8 (Gy), 127.6 (GrH), 127.0 (GrH), 126.6 (G-H),
125.0 (GrH), 121.3 (GrH), 119.9 (G-H), 118.8 (G-H), 117.8 (G~

H), 111.0 (G-H), 104.6 (G)), 66.2 (CH), 52.0 (CH), 50.6 (CH), 50.3
(CH), 46.8 (CH), 32.4 (Ch), 23.5 (CH). Mass spectroscopy (FAB,
“magic bullet”, dithioerythritot-dithiothreitol, 3:2 v/v): calculated
monoisotopic mass of4H2sN3z0s 507.86, positive spectrumyz508.1
[MH™].

Fmoc-Orn-OAl, Trifluoroacetate Salt. A solution of Fmoc-
Orn(Boc)-OH (4 g, 8.8 mmol) in MeCN (15 mL) was treated with
allyl bromide (20 mL, 231 mmol) and DIEA (2.9 mL, 17 mmol) for 5
h at 40°C, with magnetic stirring. The reaction mixture was diluted
with ethyl acetate (200 mL) and washed with 0.1 N HCI %4125
mL), 10% NaHCQ (4 x 125 mL), and saturated NaCl ¢4 125 mL),
and the organic phase was dried over Mg®@d evaporated to give
Fmoc-Orn(Boc)-OAl as a white solid in quantitative yield. To this
intermediate was added dropwise 100 mL of TFA-DCM (1:1 v/v), and
the solution was stirred f@ h at 25°C. Solvent removal followed by
repeated evaporations from ethyl ether provided Fmoc-Orn-OAl as a
clear oil (yield 4.1 g, 92%R: 0.56, CHCYMeOH/HOACc, 75:25:2),
which was used without further purificationtH NMR (200 MHz,
CDsSOCDy) 6 7.28-7.92 (m, 9H), 5.85 (m, 1H), 5.29 (dd; = 1.3
Hz,J, = 17.4 Hz, 1H), 5.19 (dd}, = 1.3 Hz,J; = 10.4 Hz, 1H), 4.58
(d,J=5.1Hz, 2H), 4.29 (tJ = 15.1 Hz, 1H), 4.28 (dJ = 15.1 Hz,
2H), 4.06 (m, 1H), 2.79 (m, 2H), 1.501.80 (m, 4H). Mass
spectroscopy (electrospray): calculated monoisotopic masstefdN,0,
394.19, positive spectrunmyz 395.1 [MH'].

Fmoc-Lys-OAl, Trifluoroacetate salt. Fmoc-Lys(Boc)-OH (1 g,
2.2 mmol) was treated with allyl bromide (7 mL, 89 mmol) and DIEA
(0.77 mL, 4.4 mmol), then deprotected with TFA as described above
to give the title compound as a clear oil (yield 0.99 g, 8%R00.25,
CHCl/MeOH/HOACc, 75:25:2), which was used without further
purification. *H NMR (200 MHz, CB3SOCDy) 6 7.28-7.93 (m, 9H),
5.87 (M, 1H), 5.29 (dd}, = 1.7 Hz,J, = 17.2 Hz, 1 H), 5.19 (ddJ,
= 1.7 Hz,J, = 10.2 Hz, 1H), 4.57 (dJ = 5.2 Hz, 2H), 4.29 (t) =
14.7 Hz, 1H), 4.28 (dJ = 14.7 Hz, 2H), 4.03 (m, 1H), 2.75 (m, 2H),
1.30-1.85 (m, 6H). Mass spectroscopy (electrospray): calculated
monoisotopic mass of 4H2sN204 408.19, positive spectrumyz409.1
[MH™].

Side Chain Anchoring of Fmoc-Orn-OAIl and Fmoc-Lys-OAIl2°
MBHA resin (0.5 g, 0.56 mmol/g) was reacted with Boc-Ala-OH (265
mg, 1.4 mmol) in the presence of equimolar amounts of DIPCDI and
HOBt in DMF. The Boc-Ala-resin (Ala serving as internal reference
amino acid? was deprotected with TFA-DCM (2:3 v/v), neutralized
with DIEA-DCM (1:19 v/v), and loaded with the bifunctional spacer
3-(4-(hydroxymethyl)phenoxy)propionic acid (165 mg, 0.84 mmol) in
the presence of equimolar amounts of DIPCDI and HOBt in DMF.
The resulting polymer was placed under an Ar stream, reacted with
DSC (2.8 mmol, 10 equiv) and DMAP (0.28 mmol, 1 equiv) in dry
DMF, and stirred mechanically for 2 h, with periodic Ar bubbling
through the suspension. After filtration and DMF washesx(®.5
min), the polymer was reacted with the trifluoroacetate salt of Fmoc-
Orn-OAl or Fmoc-Lys-OAl (2.8 mmol, 10 equiv) and DIEA (5.5 mmol,
20 equiv) in dry DMF fo 4 h at 25°C, with periodic Ar bubbling.
Amino acid analysis of the polymers after 12 N H@ropionic acid
(2:1) hydrolysis (4 h, 150C) showed incorporation of Orn and Lys to

be 71% and 74%, respectively, corresponding to actual substitutions

of ca. 0.45 mmol/g in both resins.

amino acid (4 equiv) in the presence of TBTU (4 equiv) and DIEA (8
equiv) in DMF for 60 min; and (iv) DMF washes (5 0.5 min).
Couplings were monitored for completion by the Kai&er chloranif”
tests; all residues were satisfactorily incorporated after the first coupling.
Once the target sequence, Fmoc-leeBhe-Pro-Val-Orn(Boc)-Leo-
Phe-Pro-Val-Orn(OAl)-polymer, was assembled, the peptide-resin (0.28
mmol/g, 160 mg, 44mol) was suspended on 4 mL of DMSOHF—

0.5 M HCl—morpholine (2:2:1:0.1 v/v) and treated with Pd(BR(D.44
mmol, 10 equiv) for 2.5 h under Ar. The resin was then washed with
THF (3 x 2 min), DMF (3 x 2 min), DCM (3 x 2 min), DIEA—
DCM (1:19) (3x 2 min), DCM (3 x 2 min), sodium diethyldithio-
carbamate-DMF (5 g/L; 3 x 15 min), DMF (5x 2 min), and DCM

(3 x 2min). FollowingN-terminal deprotection with piperidireDMF

(as above), cyclization was performed with PyAOP (229 mg, 0.44
mmol, 10 equiv), HOAt (60 mg, 10 equiv), and DIEA (158, 20
equiv) in dry DMF fa 2 h at 25°C, after which ninhydrin analysis
showed no remaining free amino groups. Acidolysis with FHO
(19:1 viv, 2 h, 25°C) and diethyl ether precipitation furnished 11.9
mg of crudel, ca. 90% pure by HPLC. This material was dissolved
in 3 mL of THF—H;O (1:4 v/v), loaded onto a reverse-phase column
(ODS, 2 x 25 cm, 15-20 um) and eluted with a linear 2660%
gradient of THF into HO at 1.5 mL/min. Fractions judged to be
homogeneous by HPLC were pooled to give 5.2 mg (44%ol,
purification yield 47%) of purifiedl, with the expected amino acid
composition and molecular mass (MALDI-TOF, calculated average
mass for GoHgoN12010 1141.46; positive spectrumyz 1142.5 [MH']).

Synthesis and Purification of [Lys?]Gramicidin S (2). Starting
from a resin loaded with Fmoc-Lys-OAt4 0.21 mmol of Lys), the
target sequence, Fmoc-LedPhe-Pro-Val-Lys(Boc)-Lew-Phe-Pro-
Val-Lys(OAl)-polymer, was assembled, deprotectsedndC-termini),
and cyclized (4Qumol scale) by a procedure analogous to the one
described above for G, Acidolysis yielded 9.4 mg (gmol, 20%
yield) of crude product that was purified as above to give 5.1 mg (yield
54%) of 2, with the expected amino acid composition and molecular
mass (MALDI-TOF, calculated average mass feiHgeN12010 1169.53;
positive spectrumm/z 1170.6 [MH']).

Synthesis and Purification of [R)-IBTM 9GS (5b). The same
protocols described fot and2 were employed to prepare the target
sequence, Fmoc-LenHPhe-Pro-Val-Orn(Boc)-LeuR)-IBTM-Val-
Orn(OAl)-polymer. FmocH)-IBTM was activated with HATU (2
equiv) and DIEA (4 equiv) in DMF and coupledrf@ h at 25°C.
Deprotection and cyclization of a 40nol resin sample furnished 12.8
mg (11umol, yield 27.5%) of crudéb that was purified on reverse
phase (ODS, 2x 25 cm, 20um) by means of a 56100% linear
gradient of methanol into #D to give 1.4 mg of pur® (11% vyield),
with the expected amino acid composition and molecular mass
(MALDI-TOF, calculated average mass fors18sgN13010 1164.47,
positive spectrumm/z 1165.7 [MH']).

Synthesis and Purification of [R)-IBTM 45 Lys??]GS (4b). The
same protocol described f&b was employed to assemble the target
sequence, Fmoc-LenrPhe-Pro-Val-Lys(Boc)-LeuR)-IBTM-Val-
Lys(OAl)-polymer. Deprotection and cyclization of a gol resin
sample provided 13.9 mg (11:6mol, yield 32%) of crude that was
purified as above to give 1.2 mg of pudb (9% yield), with the
expected AAA and mass (MALDI-TOF, calculated average mass for
Ce3HoaN13010 1192.52; positive spectrumyz 1192.4 [MH').

NMR Conformational Analysis. NMR samples were about 5 mM

in H,O/D,0O (9:1) or in DMSO. pH of the samples in agueous solution
was adjusted to 3.0 by addition of minute amounts of DCI or NaOD.
pH measurements were not corrected for isotope effects. Sodium
3-trimethylsilyl(2,2,3,3?H,)propionate (TSP) was used as internal
reference. NMR experiments were performed on a Bruker AMX-600
spectrometer. All the two-dimensional spectra were acquired in the
phase sensitive mode with the use of the time proportional phase

(27) Christensen, TActa ChemScand 1979 33, 760-762.
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incrementation (TPPI) technigtfavith presaturation of the water signal. ~ aqueous solution and in DMSO are given in Table 1 and those for the
COSY? and NOESY° spectra were recorded by using standard phase- other protons are available as Supporting Information.
cycling sequences. Short mixing times (200 ms) were used in the  Antibiotic Activity. ~Minimal inhibitory concentrations of the
NOESY experiments in order to avoid spin-diffusion effects. TO&SY  peptides were determined agairBacillus subtilis ATCC 6633,
spectra were acquired with use of the standard MLEV17 spinlock Staphylococcus auredsTCC 6538P Pseudomonas aeruginosd CC
sequence and a 80 ms mixing time. The size of the acquisition data 9027, andEscherichia coliATCC 10799, using a 100L inoculum of
matrix was 2048x 512 words inf, andfi, respectively, and prior to a 2 x 10° CFU/mL log phase bacterial culture. Serial dilutions of the
Fourier transformation the 2D data matrix was multiplied by a phase- peptides covering a 256.01xg/mL range were prepared in 10 mM
shifted square-sine bell window function in both dimensions and zero- sodium phosphate buffer, pH 7.3. After incubation at@7for 20 h,
filled to 4096 x 1024 words. The phase shift was optimized for every inhibition of bacterial growth was determined by turbidimetry measure-
spectrum. ment with a microplate reader at 650 nm.

Assignment of théH NMR resonances of §-IBTM*5Lys?>?]GS
(48) and [R)-IBTM*5Lys>2]GS (4b) in both aqueous solution and Acknowledgment. We thank Dr. Irene Fefmalez (Mass
DMSO was readily performed by using the sequential assignment Spectrometry Service, University of Barcelona) for the mass
method?*? For the connection of spin systems through sequential NOE gpectra. Work at the University of Barcelona was supported
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