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Gramicidin S is a potent decapeptide antibiotic with high hemolytic activity but is unlikely to provoke microbial resistance. Here we demonstrate
that gramicidin thioesterase (GrsB TE) correctly cyclizes immobilized linear decapeptide precursors into head-to-tail products, indicating its
suitability for parallel solid-phase synthesis of gramicidin analogues from linear precursors on solid support. This chemoenzymatic method
will enable the optimization of the therapeutic index of the natural product to fight microbial resistance.

Widespread resistance of microbial pathogens to currently results in disruption of the barrier functidrend no resistance
available antibiotics has become a serious public healthto this antibiotic has been found so fain addition,
threat! To contain the resistance, considerable interest hasdevelopment of resistance to such a compound is unlikely

been focused on the amphiphilic peptide antibiotics, including
gramicidin S (1, Scheme #)which has hydrophobic side _

chains on one side of its rigid antiparall@ipleated sheet Scheme 1. Dimerization and Cyclization of Pentapeptide
structure and hydrophilic side chains on the other &itleis Precursor in Gramicidin S Biosynthesis
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because it requires significant alteration of the lipid composi- proved by the successful synthesis of tyrocidine A analogues
tion. However, the effort to increase its therapeutic index, by TycC TEZX an NRPS thioesterase homologous to GrsB
namely, minimizing its high hemolytic activity while main- TE. Here we explore the activity of the gramicidin S
taining its high antibiotic activity, has been hampered by thioesterase toward linear precursor substrates on solid
the limited number of accessible analogues of the naturalsupport and test its suitability for solid-phase parallel
product through traditional synthetic methdds. synthesis of the natural product analogues.

One way to circumvent this problem is to take advantage The gramicidin S thioesterase gene was amplified from
of enzymes in gramicidin S biosynthesis for chemoenzymatic B. bre»is(ATCC 9999) genomic DNA and expressed in the
analogue synthesis. The natural product is a cyclic decapep-vector pFAB5c.His! The 34-kD thioesterase with a histidine
tide antibiotic composed of two repetitive pentapeptide units tag at the carboxy terminus was purified from Bn coli
that is produced byacillus breuis’ It is synthesized by a  host, using metal-chelating affinity chromatography and
thiol-template mechanism catalyzed by modular nonriboso- anion-exchange column chromatography, in good yieltl.Q
mal peptide synthases (NRPS) GrsA and GY€B particular mg L™1) and high purity (>95% pure by SDS—PAGE). The
interest is the last functional domain of GrsB, which is expressed protein was tested active toward NAC-pentapep-
predicted to be a thioesterase (GrsB TE) responsible fortide and pentapeptide dimer with a comparatlgand Ky
dimerizing the linear pentapeptide precursor generated byas reported.
the NRPS and then cyclizing the dimer head-to-tail to release  The fully deprotected biosynthetic decapeptide precursor
the product gramincidin S (Scheme 1). of gramicidin S da, Figure 1) was synthesized on TentaGel-

In its putative form, GrsB TE was found to retain the

dimerization and cyclization power toward the pentapep- || NN N NN

tide substrate?) coupled to aN-acetylcysteaminyl (NAC)

group at carboxy terminus, a mimic of the native phospho- j’]\
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precursors with variable sizes. These investigations show the
potential of the thioester in parallel generation of the cyclic Figyre 1. Structures of the linear precursors on TentaGel resin
peptide analogues for the natural product. for cyclization by GrsB TE.

The most efficient way to generate analogues of the natural
product is to use the thioesterase to cyclize an array of linear
decapeptide precursors through the combinatorial solid-phaseOH resin, using a modified Fmoc deprotection method for
peptide synthesis (SPPS). Feasibility of this strategy has beersolid-phase peptide synthe&id his precursor, similar to that
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(3) (a) Hodgkin, D. C.; Oughton, B. MBiochem. J1957,65, 752. (b) head-to-tail productl) in ammonia solution, providing a

Stern, A.; Gibbons, W. A;; Craig, L. ®roc. Natl. Acad. Sci. U.S.A968, ; ; ;
61, 734, () Ohnishi, M.. Urry, D. WBiochim. Biophys. Res. Commun. convenient way to quantify the total amount of correct linear

1969,36, 194. decapeptide precursor.
_(4) Prenner, E. J.; Lewis, R. N. A. H.; McElhaney, R. Biochim. To test the activity of the enzyme toward the solid-
Biophys. Actal999,1462, 201. . .
(5) Hancock, R. E. WLancet1997,349, 418. supported substrate, freshly deprotected linear peptide on the

(6) Waki, M.; Izumiya, N. InBiochemistry of Peptide Antibiotics: Recent  resin (50 mg, loading 0.20 mmol~4 was extensively

Adwances in the Biotechnology giLactams and Microbial Bioacte : —Aainni
Peptides; Kleinkaug, H., von Déhren, H., Eds.; Walter de Gruyter: Berlin, washed with methanol and double-deionized water and

1990, pp 205—244. immersed in 10QiL of the GrsB TE (10Qug mL™1) in 25

(7) (@) Gause, G. G.; Brazhnikova, M. Glature 1944,154, 703. (b) _(N- i
Izumiya, N.; Kato, T.; Aoyagi, H.; Waki, M.; Kondo M. I8ynthetic Aspects mM 3-(N-morpholino)propanesulfonate (MOPS) buffer (pH

of Biologically Actbe Cyclic Peptides-Gramicidin and Tyrocidindédan- 7.0) in a 1.5-mL microfuge tube. The suspension was
Sh?slstéi)f:(nthllehy: TOEVC:{ 1979. VL Marahiel. M. 2 Bacterio] 1989 constantly swirled and incubated at 3Z for 3 h. After the

a ratzscnmar, J.; Krause, V., Maraniel, M. A.Bacteriol. s . . . e
171, 5422. (b) Kleinkauf, H.; von Dohren, ur. J. Biochem1990,192, ~ incubation, the reaction was quenched by addition of 100
1. (c) Turgay, K.; Krause, M.; Marahiel, M. Avlol. Micriobiol. 1992,6, uL of 1.7% trifluoroacetic acid in KD. The resin was
529. (d) Kleinkauf, H.; von D6hren, Hur. J. Biochem1996,236, 335.  geparated from the supernatant and washed thrice with 1 mL

(e) von Dohren, H.; Keller, U.; Vater, J.; Zocher, ®hem. Rev1997,97,
2675. (f) Marahiel, M. A.; Stachelhaus, T.; Mootz, H. Chem. Re21997,

97, 2661. (10) Kohli, R. M.; Walsh, C. T.; Burkart, M. DNature2002,418, 658.

(9) () Trauger, J. W.; Kohli, R. M.; Mootz, H. D.; Marahiel, M. A. (11) Orum, H.; Andersen, P. S.; Oster, A.; Johansen, L. K.; Riise, E.;
Walsh, C. T.Nature 2000, 407, 215. (b) Trauger, J. W.; Kohli, R. M; Bjgrnvad, M.; Svendsen, |.; EngbergNlcleic Acids Resl993 21, 4491.
Walsh, C. T.Biochemistry2001,40, 7092. (c) Kohli, R. M.; Trauger, J. (12) Bu, X.; Xie, G.; Law, C. W.; Guo, ZTetrahedron Lett2002,43,

W.; Schwarzer, D.; Marahiel, M. A.; Walsh, C. Biochemistry2001,40, 2419.
7099. (13) Bu, X.; Wu, X.; Xie, G.; Guo, ZOrg. Lett.2002,4, 2893.

1750 Org. Lett., Vol. 5, No. 10, 2003



s expected cyclic product, gramicidin S, for the enzyme

catalyzed reaction.

T ' Finally, the enzyme treatment of the resin-bound precursor
€ | 4 Gramicidi P___Jl_./ (4a) was scaled up, and the product at 32.4 min was isolated
o . Gramicidin . X X ) X
8 wa_ by semipreparative HPLC and dried in vacuo.'tsNMR
g | c (4a)+TE A spectrum was found to be completely consistent with that
5 of the wild-type gramicidin SP On the basis of these results,
o b. TE
§ ’ the thioesterase GrsB TE indeed correctly cyclizes the
g [& vy MOPSA e heterogeneous decapeptide precurdaj {o form the cyclic
0 10 20 30 40 50 gramicidin S (1).
Time (min) From the HPLC and mass spectroscopic analyses, appar-

ently gramicidin S formation dominated the enzyme-
Figure 2. HPLC analysis of the turnover product of gramicidin catalyzed cyclization reaction, with negligible amount of
thioesterase-catalyzed cyclization of the linear decapeptide precursohydrolytic product that should appear at about 22 min in the
(T4|§-) (2)” ?asn?il(l:oil disr:‘é)%ort’q TE = gramicidin thioesterase, GrsB Hp| C elution chromatogram. This conclusion was further
)9 ' confirmed by LC-MS analysis of the turnover product.
However, it was also found that only a fraction of the
of methanol. The solution phase was combined and dried inlinear decapeptide precursor on the resin was converted into
vacuo, and the turnover product was dissolved in 50®f gramicidin S product since treatment of the same amount of
methanol. As a negative control, the same amount of resinin 7 M agueous ammonia solution produced substan-
substrate-bearing resin was processed in parallel using purdially greater amount of the same product. By comparison
buffer instead of the enzyme solution to obtain a control Of their HPLC chromatograms and co-injection, it was found
product. that only 28% of the linear precursor was cyclized by GrsB
As shown in Figure 2, HPLC analysis of the turnover TE. Increasing the enzyme concentration (from 100 to 500
product showed there were two major peaks at retention timexdg mL™*) or the incubation time at 37C did not increase
(tz) 29.1 and 32.4 min (trace c). Both peaks are associatedthe product yield. These results indicate that the majority of
with the enzyme treatment of the immobilized linear precur- the linear precursor is hidden in the resin, and only a portion
sor (4a, Figure 1) because they are absent in the chromatoOf it is exposed on the particle surface and accessible for
gram (trace a, Figure 2) resulting from the MOPS buffer the enzyme GrsB TE. Although this result contradicts that
treatment. The peak at 29.1 min was found to be from the from a recent investigation in which TentaGel-supported
thioesterase GrsB TE in comparison to the chromatogramSubstrates were found to be inaccessible to enzyfriess
for the pure enzyme (trace b). The other peak at 32.4 min otherwise consistent with the results of other investigations
was determined to be the expected product, gramicidin Sof enzyme activity toward substrates on the same solid
(1), because it showed elution time identical with that of Support:®
the authenticated natural product (trace d). This product Seven other linear decapeptides (4b—4h, Figure 1) with
identification is further supported by the FAB-MS analysis variations in the wide-type gramicidin S precursor were
that showed only one molecular ion peak at 1141.9 (fM  synthesized to test GrsB TE activity toward immobilized
1]%), consistent with the calculated mass of 1140.71 for the unnatural substrates. The enzyme conversion and the turnover

Table 1. Product Characterization of the Cyclization of Linear Decapeptide Precutasrdh catalyzed by GrsB TE

overall ratio % precursor accessible
precursors X1 X2 X3 tr (min) calcd mass [M+ H]* yield® (cyclic:linear)® by GrsB TE¢
4a (wt) pPhe orn Val 32.4 1140.7 1141.7 5.5 8:1 28
4b pPhe Lys Val 30.0 1154.7 1155.6 9.2 10:1 28
4c DAla Oorn Val 27.1 1064.7 1065.6 13.4 9:1 18
4d DAla Lys Val 26.8 1078.7 1079.4 8.8 5:1 9
4e pPhe orn Phe 32.4 1188.7 1189.6 7.1 4:1 29
4f pPhe Lys Phe 32.2 1202.7 1203.5 16.8 9:1 35
49 DAla Oorn Phe 29.3 1112.7 1113.5 18.9 8:1 39
4h DAla Lys Phe 29.0 1126.7 1127.6 9.2 10:1 37

aMolecular ion is from mass spectroscopic analysis under FAB mode. Other results are derived from the HPLC analyses and purification performed with
Waters 600E system with a reverse-phase semipreparative XTegg@®@Pmn, 7um, 7.8 mmx 300 mm. Separation conditions were 3.0 mL rdiflow
rate, a linear gradient of 80% to 20% A in 25 min, 20% to 0% A in another 10 min, washed with 100% B for 10 min, and then calibrated at 80% A for 15
min. Solution A was 0.1% TFA in double-deionized® solution B was 0.1% TFA in acetonitrile Overall HPLC-isolated yield of the head-to-tail cyclic
products based on the original loading value of the resirr &t NH3-H,O treatment® Ratio of the cyclic product peak area to that over-28 min on
the HPLC chromatograms where the linear hydrolytic products app@arcentage of the linear precursor cyclizable by the enzyme is calculated as the
ratio of cyclic product peak area on the HPLC chromatogram from GrsB TE#§08L 1), after subtraction of that from blank MOPS incubation, to that
from the 7 M NH;-H,O treatment of identical amount of the precursor-bound resin.
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products were characterized as summarized in Table 1. Thespontaneously is an interesting finding that may lead to an
thioesterase was found to convert the analogous precursorgven simpler synthetic method for gramicidin analogues.
into cyclic products with high selectivity, similar to the In summary, we have demonstrated that the putative
formation of gramicidin S from its biosynthetic precursor. gramicidin thioesterase (GrsB TE) is active toward hetero-
HPLC purification and subsequett NMR spectroscopic ~ geneous substrate analogues immobilized on solid support
analyses showed that the resulting cyclic products were through a poly(ethylene glycol) linker. Considering the high
formed through the head-to-tail cyclization of the corre- substrate flexibility of the thioestera8éhis result indicates
sponding precursors. that the enzyme is feasible for generation of diverse cyclic
Interestingly, these analogous precursors, like the wide- peptides by cyclizing the linear precursors from combina-
type one, underwent spontaneous head-to-tail cyclization totorial solid-phase peptide synthesis. In turn, this chemoen-
form corresponding gramicidin S analogues in ammonia zymatic method will provide convenient access to large
solution, enabling quantification of the total amount of the amount of gramicidin analogues for lead discovery against
linear precursors on the resin. Again, it was found that only microbial resistance.
a small portion of the linear precursors were accessible to
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