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Fmoc-(2R,3S)-3-methyl-Se-phenylselenocysteine was used for the synthesis of dehydrobutyrine (Dhb)-containing peptides. Biomimetic cyclization
via Michael addition of Cys to a Dhb yielded the B-ring of the lantibiotic subtilin as a single diastereomer. The methyllanthionine product was
shown to have the natural configuration by preparation of the authentic stereoisomer. The formation of a single isomer suggests that the
prepeptide has a strong intrinsic preference for the stereochemistry observed in lantibiotics.

Lantibiotics are polypeptides with promising biomedical residues to generate dehydroalanines (Dha) and dehydrobut-
applications against multidrug-resistant pathogeriBhese yrines (Dhb), respectively, whereas LanC proteins are
ribosomally synthesized and posttranslationally modified thought to control the subsequent Michael additions of
peptides contain four unique structural motifs (Figure 1), cysteines. Biomimetic studies have shown that short peptides
containing Dha and Cys residues undergo stereo- and

_ regioselective cyclizations to give the naturalS(BR)-

lanthionines (Lnf. These studies suggest that the LanB

/xn\ Xq = n amino acid peptide /‘X" products_ may have an intrinsic propgnsity for. stereoselgqtive
S s S x s NH protongtlon of the gnolatgs formed in the M|chae! addition
— Y to provide thep-configuration at the new stereogenic center.
N, ° e © The stereochemistry of methyllanthionine (MeLn) formation
(2,3)-dizi§:§roalanine (zrdide?ggg;butyrine adds an additional degree of complexity since it also requires

si-face selectivity in the addition of Cys to Dhb. We report

{X"\ :Qx'\ here the first biomimetic formation of a MeLn.
@] o]

NH Me  NH The synthesis of linear and cyclic lanthionines and
HN er:o HN S/_>=O methyllanthionines has received much interest, both to
) 7 h o understand the properties and biosynthesis of lantibigtics
(2S8R Fnnionine (253588 o lantrionine and to prepare conformationally restricted peptRiage
focused our efforts on the biomimetic formation of the B-ring
Figure 1. of subtilin (1). This thioether ring is highly conserved in a
A ﬁida
a
introduced enzymatically by the LanB and LanC enzytnes. N s Vval o
The LanB proteins are believed to dehydrate Ser and Thr
o Me INH
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number of type A lantibiotics including nisfsubtilin,’ yield. Only one diastereomer was detected, suggesting that
epidermin® and gallidermir’. Analogues of the B-ring, the product was formed via a cleanZSreaction instead of
containing lanthionine instead of methyllanthionine, have an eliminatior-addition sequence (vide infra). Dipeptide
been prepared in several laboratories via cyclization of a Cyswas synthesized by solution-phase chemistry. As anticipated,
onto a Dha residugThe authentic B-ring has so far only upon oxidation only theZ)-isomer of Dhb was observed in
been prepared using desulfurization of the correspondingthe crude reaction mixture. Importantly, peelimination to
cyclic disulfide!? Investigation of its formation via a  give allylglycine was detected. The product peptide was
stereoselective Michael addition first required a general andisolated in 83% yield after purification by silica gel flash
facile route to (Z)-dehydrobutyrine. chromatography?

Because dehydroamino acids are unstable and result in Encouraged by these results we sought to apply the
low coupling yieldst* masked residues are usually employed methodology to Fmoc-based solid-phase peptide synthesis
during peptide synthesis and converted to the dehydroamino(SPPS)®* Fmoc-(R,39-3-methylSe-phenylselenocysteine
acids late in the synthetic route, preferably after global (9) was prepared as illustrated in Scheme 2. Fmoc-threonine
deprotection. Dhb residues have typically been incorporated
into peptides via the activation and elimination of threonine || NG
derivatives'? Such an approach, however, is not compatible Scheme 2
if the target contains unmodified Ser and Thr residues. We °
recently reported a facile, site-specific, and chemoselective  gmoctn, ;CL PhoC=NNHa _  FrnocHN fOme TsCl, Pyr

method for introduction of Dha residues via the chemo- Ph'(cgi\;)z» 2 70%
selective oxidative elimination of selenocysteine derivatfes. ’ Ho"o
Given the well-knownsyn stereochemistry of selenoxide o
elimination;® extension of our methodology to the prepara-  gmoctn, PhSeH FmocHNy, Moo TFA
tion of (Z2)-Dhb demanded an enantioselective synthesis of KOH, DMF . P 91%
(2R,3S)-3-methyl-Se-phenylselenocysteine. 83% PhSe 8
The target compound was synthesized as depicted in o
Scheme 1. Boc-protected threonine was converted to the FmocHN:tL _ Diazald__ FmocHNjiLOCH3
PhSe T PhSe
| 1
o] 0
Scheme 1 BocHN PhSeH 1) TFA FmocHN
o 0 J/kocm Buli . 2) Fmoc-OSu, EgN OCHs
BocH BnBr, EtsN - BocH TsCl,Pyr " ] PhS
OH  —— - B0C 0Bn  —— 97% 80% e
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BocH —PhSet__ BocHNp Mg, LIFA___,
OBn  "KOR, DMF " 2) Ac-Gly-OH, .
TsG 67% PhS Bop, DIEA was protected as the diphenylmethyl (Dpm) ester, and the
2 3 92% hydroxyl group was activated as before. Displacement of the

0 H © o o (5) (a) Polinsky, A.; Cooney, M. G.; Toy-Palmer, A.; Osapay, G.;
)LN N, Nalo, P H Goodman, M.J. Med. Chem1992,35, 4185. (b) Osapay, G.; Goodman,
N/\n’ )AOBH M. J. Chem. Soc., Chem. Comm@A93, 1955. (c) Mayer, J. P.; Zhang, J.;
Groeger, S.; Liu, C.-F.; Jarosinski, M. A. Pept. Res1998,51, 432. (d)
4 5 Osapay, G.; Prokai, L.; Kim, H. S.; Medzihradszky, K. F.; Coy, D. H,;
Liapakis, G.; Reisine, T.; Melacini, G.; Zhu, Q.; Wang, S. H.; Mattern, R.
H.; Goodman, MJ. Med. Chem1997,40, 2241.
(6) Gross, E.; Morell, J. LJ. Am. Chem. S0d.971,93, 4634.
; ; ; (7) Gross, E.; Kiltz, H. H.; Nebelin, BHoppe-Seylés Z. Physiol. Chem.
benzyl ester, and its .hydroxyl group was activated with 1973 354, 810,
p-toluenesulfonyl chloride. Nucleophilic displacement of the  (8) Allgaier, H.; Jung, G.; Werner, R. G.; Schneider,Ahgew. Chem.,
i i 0 Int. Ed. Engl.1985,24, 1051.
tosyl group of2 with phenylselenolate affordedlin 67% (9) Kellner, R.: Jung, G.. Hoerner, T.; Zaehner, H.; Schnell, N.; Entian,
K. D.; Goetz, F.Eur. J. Biochem1988,177, 53.

(2) (a) Brotz, H.; Bierbaum, G.; Reynolds, P. E.; Sahl, H.Esr. J. (10) Fukase, K.; Wakamiya, T.; Shiba, Bull. Chem. Soc. JpriL986,
Biochem1997,246, 193. (b) Breukink, E.; Wiedemann, I.; van Kraaij, C.; 59, 2505.
Kuipers, O. P.; Sahl, H. G.; de Kruijff, BSciencel999,286, 2361. (11) For a review, see: Schmidt, U.; Lieberknecht, A.; WildSynthesis

(3) (a) Toogood, P. LTetrahedron Lett1993,34, 7833. (b) Okeley, N. 1988,3, 159.
M.; Zhu, Y.; van der Donk, W. AOrg. Lett.2000,2, 3603. (c) Burrage, (12) For examples, see: (a) Fukase, K.; Kitazawa, M.; Sano, A.; Shimbo,
S.; Raynham, T.; Williams, G.; Essex, J. W.; Allen, C.; Cardno, M.; Swali, K.; Fujita, H.; Horimoto, S.; Wakamiya, T.; Shiba, Tetrahedron Lett.
V.; Bradley, M.Chem.—Eur. J2000,6, 1455. 1988,29, 795. (b) Li, K. W.; Wu, J.; Xing, W.; Simon, J. A. Am. Chem.

(4) (a) Nakajima, K.; Oda, H.; Okawa, Kull. Chem. Soc. Jpri983, S0c.1996,118, 7237.

56, 520. (b) Wakamiya, T.; Shimbo, K.; Sano, A.; Fukase, K.; Shiba, T. (13) (a) Sharpless, K. B.; Young, M. W.; Lauer, R.Tretrahedron Lett.
Bull. Chem. Soc. Jpri983,56, 2044. (c) Wakamiya, T.; Oda, Y.; Fukase, 1973, 1979. (b) Reich, H.; Renga, J. M.; Reich, .JL.Am. Chem. Soc.
K.; Shiba, T.Bull. Chem. Soc. Jpri985 58, 536. (d) Shiba, T.; Wakamiya, 1975,97, 5434.

T.; Fukase, K.; Sano, A.; Shimbo, K.; Ueki, Biopolymers1 986,25, S11. (14) still, W. C.; Kahn, M.; Mitra, A.J. Org. Chem1978,43, 2923.
(e) Fukase, K.; Kitazawa, M.; Sano, A.; Shimbo, K.; Horimoto, S.; Fujita, (15) (a) Merrifield, R. BJ. Am. Chem. S0&963,85, 2149. (b) Atherton,
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tosyl group with phenyl-selenolate and deprotection of the confirmed by mass spectrometry and multidimensional NMR

Dpm ester with TFA afforded the free carboxylic add
needed for SPPS.
To verify the optical purity o, it was converted to the

spectroscopy. ESI-MS and tandem MS-MS verified the
correct molecular weight and indicated a predominant
fragment ion at 412.3, corresponding to loss of the C-terminal

methyl ester. A racemic mixture of diastereomers was also Ala and Val residues. Th#d NMR spectrum of the product
prepared via Michael addition of phenylselenolate to Fmoc- in D,O displayed two sets of peaks in a ratio o8:1.

protected dehydrobutyrine methyl estér The latter reaction
afforded rac-10 with a diastereoselectivity of 10:1. The
products were analyzed by HPLC on a Whelk-O1 chiral
stationary phas®.For rac-10two sets of enantiomers were

Previous NMR investigations by Goodman and co-workers
on the B-ring indicated the presence of two slowly inter-
converting conformers in a similar raftd suggesting that

the biomimetic cyclization in Scheme 3 provided a single

observed, whereas for the methyl ester obtained by thediastereomeric product.
displacement of the toluenesulfonyloxy group, a single peak  siandard two-dimensional NMR techniques were used to

was detectedl! verifying that the nucleophilic displacement

occurred without loss of stereochemical pufiy.
Monomer9 was used to synthesize the B-ring of subtilin

(Scheme 3). Peptid&2 was synthesized on Wang re¥in
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and purified by HPLC after cleavage from the solid support.
The acetamidomethyl group was removed oxidatively with
I, under acidic conditions to provide disulfide3, and
chemoselective conversion of the phenylselenide Zp (
dehydrobutyrine was achieved by oxidation with Nai®
76% vyield after HPLC purification. The biomimetic cycliza-
tion of the methyllanthionine ring was achieved by reduction
of the disulfide with tris(carboxyethyl)phosphine (TCEP)
and subsequent Michael addition at pH 8. This cyclization
reaction took place with a rate significantly slower than that
previously observed for the formation of the corresponding
lanthionine3® The structure of methyllanthionin&5 was

(16) (a) Pirkle, W. H.; McCune, J. El. Chromatogr.1989,479, 419.
(b) Perrin, S. R.; Pirkle, W. HACS Symp. Sefl991,471, 43-66 and
references therein.

(17) See Supplementary Information.

(18) Stereospecific displacements of fhwluenesulfonyloxy group from

the 5-carbon of amino acids by sulfur and selenium nucleophiles has been

previously reported: (a) Wakamiya, T.; Oda, Y.; Fukase, K.; ShibBull.
Chem. Soc. Jprl985,58, 536. (b) Morell, J. L.; Fleckenstein, P.; Gross,
E. J. Org. Chem1977,42, 355. (c) Gieselman, M. D.; Xie, L.; van der
Donk, W. A. Org. Lett.2001,3, 1331 and references therein.

(19) Wang, S. SJ. Am. Chem. S0d.973,95, 1328.

(20) Burns, J. A,; Butler, J. C.; Moran, J.; Whitesides, G. MOrg.
Chem.1991,56, 2648.
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assign the resonances in peptie Because the peptide in
the prior stud¥* did not contain the flanking three amino
acids present il5, the reported assignments could not be
used directly to determine whether the cyclization provided
the natural stereoisomer. The structural assignments of
Goodman and co-workers did allow verification of several
characteristic features observed previously. The amide proton
of residue 5 occurs upfield of the other NH protons and
undergoes very slow solvent exchange gDThese spectral
features indicate that this proton is engaged in a rigid
hydrogen bond to the carbonyl of residue 2, as expected for
a f5-turn conformation.

The cyclization in Scheme 3 can give rise to four
diastereomeric methyllanthionines: the nattfrasomer
(2S3S6R), as well as the R,3R6R 2S3R6R and 2R3S6R
diastereomers. To obtain conclusive evidence of the stereo-
chemistry of the single observed product, we performed the
reaction in the reverse direction, i.e., the Michael addition
of (2S,3S)-3-methyl cysteine, located at the second residue
of the peptide, to a dehydroalanine at the fifth position. This
transformation could give rise to two diastereomeric products,
(2S,3S,6R)- and (2S,3S,6S)-MeLn, only the former of which
can be formed in Scheme 3. RBR)-1-Benzyloxycarbonyl-
3-methyl-2-aziridinecarboxylic acid methyl est&6 was
synthesized fromp-threonine in six steps using modifications
of existing procedures (Scheme“4§3Ring opening ofl6

Scheme 4
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with benzyl mercaptan in the presence of;H,0 afforded
17. Subsequent acidic hydrolysis yielded the hydrochloride
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salt ofthreo p-B-methylicysteine, and the final product was || NN

obtained after protection of the free amine with Fmoc. Scheme 6
Compound19 was utilized to synthesize peptid®® on

. ; ) A
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in TFA?* resulted in removal of the benzyl group and
concomitant elimination of phenylselenide to give peptide
21, which21 was reduced with TCEP, followed by adjust- addition by the thiolate, which occurred in the C-to-N
ment of the pH to 89 to initiate cyclization. Unlike previous  girection in prior investigations. Our findings suggest that
studies on biomimetic lanthionine formation of four-residue the formation of essentially a single diastereomer in those
lanthionines;;>*which all resulted in one isomer, two product  reportds2is due to highly stereoselective protonation of an
diastereomers were observed by HPLC in about equalendocyclic enolate with an adjacent chiral center (Scheme
quantities. One of the products was identical to the meth- ga) |n contrast, when an exocyclic enolate is formed as in
yllanthionine obtained in Scheme 3 as evidenced by coelutionscheme 6B, the protonation occurs nonselectively. The
in HPLC experiments and an identicéd NMR spectrum.  generality of this observation is currently under investigation
Since the only isomer that can be formed in both cyclizations as it has interesting implications for the biosynthesis of type
is the natural diastereomer, methyllanthionli&eorresponds B |antibiotics, which contains thioether bridges formed
to the B-ring of subtilin. Thus, this cyclic peptide not only  petween N-terminally positioned cysteines and C-terminally
has an intrinsic disposition toward formation of time located Dha and Dhb residuts
configuration at thea-carbon but also has a propensity |5 symmary, we have developed methodology to install
toward si-face selectivity in the Michael addition at the (7)_gehydrobutyrine residues in peptides, and applied this
f-carbon. Tetrameric peptides Xxx-Pro-Gly-Xxx have been technology to prepare the B-ring of subtilin via a stereo-
shown to populate predominantiy andy-turn conforma-  ggjective biomimetic cyclization.
tions with the relative preferences determined by the exact
sequencé? As shown in Scheme 6A, A-turn will bring Acknowledgment. This work was supported by grants
the thiol of Cys and the Dhb in relatively close proximity. from the Burroughs-Wellcome Fund (APP 1920) and the
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The major difference between the cyclization in Scheme
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