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Abstract: Many biologically active natural products are constrained by macrocyclization and modified with
carbohydrates. These two types of modifications are essential for their biological activities. Here we report
a chemoenzymatic approach to make carbohydrate-modified cyclic peptide antibiotics. Using a thioesterase
domain from the decapeptide tyrocidine synthetase, 13 head-to-tail cyclized tyrocidine derivatives were
obtained with one to three propargylglycines incorporated at positions 3—8. These cyclic peptides were
then conjugated to 21 azido sugars via copper(l)-catalyzed cycloaddition. Antibacterial and hemolytic assays
showed that the two best glycopeptides, Tyc4PG-14 and Tyc4PG-15, have a 6-fold better therapeutic index
than the natural tyrocidine. We believe this method will also be useful for modifying other natural products
to search for new therapeutics.

Introduction Sharpless and co-workers (Figure 2BThis cycloaddition
. . L o reaction has been used by several groups in various bioconju-
A var_lety of natL_JrgI products with antlblo_uc activities are qf gation experiments and has proved to be robtstn the past
polyketide (PK) origin, such as erythromycin and daunomycin, , gecades, the ability to make complex glycoconjugates,
or of nonribosomal peptide (NRP) origin, such as novobiocin ., ding glycopeptides and glycoproteins, has increased dra-
and vancomycin, or are PK/NRP hybrids, such as bleomycin y,4iica)iy10.11n the field of natural product modification, both
(Figure 1). Macrocyclization and glycosylation are the two late- oo ical and enzymatic methods and natural and unnatural
stage modifications in the biosynthesis of many PK or NRP linkages have been used to conjugate carbohydrates to
natural products, the stage that usually confers the biological peptides2-19 However, chemical methods to form glyco-

activity per se or an improved property such as solubility or i 5ates normally require several transformations to install

-1 . L
target affinity: The widespread occurrence of such tailoring 500 riate functional groups for the conjugation reaction, and
macrocyclization and glycosylation encourages us to make novelthe yield could be low. On the other hand, enzymatic methods

glycosylated cyclic peptides and to study the effect of different ¢ ttar from the availability of glycosyl donor substrates

carbohydrates O'.q their activity. . (normally TDP-sugars, which are difficult to make even via

We have designed a chemoenzymatic approach to make
carbohydrate-modified cyclic peptides, which begins, as the first (4) Rostovtsev, V. V.; Green, L. G.; Fokin, V. V.; Sharpless, K.Aigew.
example, with the cyclic decapeptide tyrocidine (Tyc) as the 4 ﬁfnﬁ;’éhf'cida%?(ﬁ R ﬁﬁgfgf‘zﬁ?#okm‘ V. V.; Sharpless, K. B.: Finn,
peptide scaffold onto which various carbohydrates will be M. G. J. Am. Chem. So@003 125, 3192-3193.

attached. The head-to-tail cyclic peptide scaffold of Tyc can be (© fggg%’gf‘ Adam, G. C.; Cravatt, B.JF-.Am. Chem. Soel686 125

generated enzymatically by the excised thioesterase domain (TE) (7) Lee, L. V.; Mitchell, M. L.; Huang, S.-J.; Fokin, V. V.; Sharpless, K. B.;
from the tyrocidine synthetase using the corresponding linear ®) YYSQQA%'_'H“@W'SE'} iﬁogiéésggggggsf% 11164-11165.

peptideN-acetyl cysteamine (SNAC) thioester as the substrate (9) geri]telrs, é';GC.Jpr’ TC-hA.; Mgkg%gi, l\l/lé; Clhlir;éi Q%;génderson, J. T,
(Figure 2A)? This 35 kDa TE has relaxed substrate specificity (1) Davis B, & Chem Re. 2002 102, 2 yaa :

and can tolerate substitutions at most of the substrate’'s 10(11) Grogan, M. J.; Pratt, M. R.; Marcaurelle, L. A.; Bertozzi, CARnu. Re.
idue2 Cyclization i ied b il " Biochem.2002 71, 593-634. N
residues:® Cyclization is accompanied by variable amounts o (12) Solenberg, P. J.; Matsushima, P.; Stack, D. R.; Wilkie, S. C.; Thompson,

; i i i i ilizi R. C.; Baltz, R. H.Chem. Bi0l.1997, 4, 195-202.
enzlyme mediated, competln.g.thmester hydrolysis. Utilizing Tyc (13) Thompeor. C. G, Mo Kafme, D. Am. Chom: S0d099 121, 1237-
TE's relaxed substrate specificity, we planned to make alkyne- 1244.

ini i i i i i (14) Nicolaou, K. C.; Cho, S. Y.; Hughes, R.; Winssinger, N.; Smethurst, C.;
containing cyclic peptides by enzymatic macrocyclization and Labisahinski, - Endermann, Rohem. Eur. 120017 57083823,

)
then conjugated them to azido sugars to produce glycosylated(is) Losey, H.; Peczuh, M.; Chen, Z.; Eggert, U.; Dong, S.; Pelczer, I.; Kahne,
cyclic peptides using the copper(l)-catalyzed432] cyclo- | D.; Walsh, C.Biochemistry2001, 40, 47454755.
)

o . . (16) Sun, B.; Chen, Z.; Eggert, U. S.; Shaw, S. J.; LaTour, J. V.; Kahné, D.
addition, a reaction condition that was recently developed by Am. Chem. SoQ001, 123 12722-12723.

(17) Dong, S. D.; Oberthur, M.; Losey, H. C.; Anderson, J. W.; Eggert, U. S;
Peczuh, M. W.; Walsh, C. T.; Kahne, b. Am. Chem. SoQ002 124,
(1) Ge, M.; Chen, Z.; Onishi, H. R.; Kohler, J.; Silver, L. L.; Kerns, R; 9064—-9065.
Fukuzawa, S.; Thompson, C.; Kahne, Sciencel999 284, 507-511. (18) Ritter, T. K.; Mong, K.-K. T.; Liu, H.; Nakatni, T.; Wong, C.-tFAngew.
(2) Trauger, J. W.; Kohli, R. M.; Mootz, H. D.; Marahiel, M. A.; Walsh, C. T. Chem., Int. Ed2003 42, 4657-4660.
Nature 200Q 407, 215-218. (19) Fu, X.; Albermann, C.; Jiang, J.; Liao, J.; Zhang, C.; Thorson, Na$.
(3) Kohli, R. M.; Walsh, C. T.; Burkart, M. DNature 2002 418 658-661. Biotechnol.2003 21, 1467-1469.
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Figure 1. Structures of representative natural antibiotics with carbohydrate moieties.
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Figure 2. Chemoenzymatic approach (B) to make glycopeptidevariants of the antibiotic tyrocidine using Tyc TE catalyzed macrocyclization (A) and copper(l)
catalyzed [3+ 2] cylcoaddition.

enzymatic method® and substrate specificity of the glycosyl- bacteria. However, Tyc has the liability that it can also insert
transferases. Therefore, new chemoselective ligation reactionsnto eukaryotic membranes and cause lysis of human red blood
could potentially offer advantages. cells, which limits its systemic applicatidhHere, by introduc-
Tyc is a NRP antibiotic, and it is believed that it targets the ing carbohydrates into Tyc, we seek to improve its therapeutic
lipid bilayer of bacteria to make porésBecause there is no  index which is defined by the ratio of the minimal hemolytic
specific bacterial protein target for the cyclic peptides of the concentration (MHC) to the minimal inhibitory concentration
tyrocidine class, drug resistance is rare, which is particularly (MIC) of bacteria growth. It should be noted that even though
beneficial considering the increasing antibiotic resistance in carbohydrates are important for the functions of many natural

(20) Izumiya, N.; Kato, T.; Aoyagi, H.; Waki, M.; Kondo, M. Kondansha  (21) Lambert, H. P.; O’Grady, F. WAntibiotic and Chemotherapy6th ed.;
International Ltd.: Tokyo, 1979. Churchill Livingstone: Edinburgh, U.K., 1992; pp 23233.
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Figure 3. 21 azido sugars used in this study.

products, modification of a natural product's sugar portion may Table 1. Cyclization Efficiency of PG-Substituted Peptide—SNACs
not always confer beneficial effects, as indicated by related work peptide-SNAC  complete consumption  cyclization-to-hydrolysis  cyclic peptide
on vancomycirt#18.19Therefore, to maximize the chance of our substrate of substrate?? ratio® prepared?

success with the modification of tyrocidine, we decided to take 2PG - NDP -
a combinatorial approach, and as will be shown, the choice of 2:32 i gg i
Sharpless’s click chemistry greatly facilitates its implementation.  gpg + 37 +
Resul 6PG + 11.1 +

esults 7PG + 3.2 +

Macrocyclization of Propargylglycine Substituted Tyc 8PG + 3.3 +

. . . . . 56PG - 0.04 -
Linear Peptide—Thioesters by TE. Tyc linear peptides 57PG + 1.2 +
containing propargylglycine (PG) at different positions were 58PG + 2.3 +
synthesized on solid support. For monosubstituted peptides, ggﬁg N g-é N
position 2-8 were used. For di- and tri-substituted peptides, 78PG ¥ 54 ¥
only positions 5-8 were used because these positions are more  s567pG — 0.9 +
tolerant to substitutions than others for subsequent TE-mediated 568PG - ND* -
head-to-tail macrolactamization. After cleavage from solid g;ggg i g-i i

support, these peptides were then coupldd-txetylcysteamine
and deprotected using published procedédr&sven mono- a Determined with 10(M substrate and 100 nM TE, room temperature,
substituted, six di-substituted, and four trisubstituted propar- 1 h.”ND: not determined because almost no reaction occurred.
gylglycine variant peptide-SNACs were synthesized. These 17
peptide-SNACs were then subjected to TE-catalyzed cyclization.
Most of them (13 out of 17) can be cyclized with reasonable
efficiency (Table 1). The competing reaction is TE-mediated
hydrolysis of the peptidyl-SNAC as noted by cyclization/
hydrolysis ratio. For these 13 peptid8NACS, preparative scale
reactions were carried out to give enough quantities of the cyclic
peptides to be used in the subsequent cycloaddition reaction.23) wang, P.; Shen, G. J.; Wang, Y. F.; Ichikawa, Y.; Wong, CJHOrg.
Choice and Synthesis of Azido Monosacchrideg.or azido (24) %gwf%?ggé?gﬁj?%. Med. Chem1679 22, 971-976.
sugars, we have focused Inltla”y on monohexoses (Flgure 3), (25) Maier, M. A.; Yannopoulos, C. G.; Mohamed, N.; Roland, A.; Fritz, H.;
most of which (—12) can be easily accessed following g/lgohan, V.; Just, G.; Manoharan, MBioconjugate Chen2003 14, 18—
published procedure’:2® The acyl chain and the biphenyl (26) Chemyak, A. Y.; Sharma, G. V. M.; Kononov, L. O.; Krishna, P. R.;
group in azido sugar44-18 were incorporated to increase ',-\lei""J”‘f%’ivn/a-h53g";(‘\’/\Clgﬁgfol‘_’j_%iﬁgggjz%*;{g’bﬁgsnlgg&zaﬁ 305308
(283 Roy, R.; Kim, J. M.Tetrahedron2003 59, 3881-3893.

(22) Fazio, F.; Bryan, M. C.; Blixt, O.; Paulson, J. C.; Wong, C.HAm. (29) Kerns, R.; Dong, S. D.; Fukuzawa, S.; Carbeck, J.; Kohler, J.; Silver, L;
Chem. Soc2002 124, 14397 14402. Kahne, D.J. Am. Chem. So200Q 122 12608-12609.

membrane affinity as inspired by teicoplanin and other vanco-

mycin-type lipoglycopeptide antibioti@3 The detailed synthesis

of 13—21 can be found in the Supporting Information.
Preparation of the Glycopeptide Library by Click Chem-

istry. We carried out the cycloaddition reaction in 96-well plates

to facilitate subsequent MIC and MHC assays. Sharpless’s
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Table 2. MIC and MHC Values for Reagents Used in the [3 + 2]
Cycloaddition Reaction

reagent MIC/uM MHC/uM
cwt 1250 160
ascorbate >10000 >10000
TCEP 5000 1250
tris(triazolyl)amine ligand 5000 >10000
tyrocidine 15 25
tyrocidine with 2.5 equiv of C#, 15 12,5

5 equiv of ascorbate, and
5 equiv of ligand

original condition for azide-alkyne [3+ 2] cycloaddition is to
use sodium ascorbate to reduce'@a Cu.* However, in later
publications, slightly different conditions have been used; for
example, the use of Cu wire or tris(carboxyethyl)phosphine

(TCEP) as reducing reagent and the use of a tris(triazolyl)amine

ligand>8 For our experiments, we chose to run the reaction at
about millimolar concentrations and then carry out MIC and
MHC assays initially without any purification process. There-

fore, we utilized reagents that give fast reaction rates and do

not interfere with the MIC and MHC assays. Sodium ascorbate
was the reducing reagent of choice since it is less toxic than
TCEP to both bacteria and human red blood cells (Table 2).
Using cyclic peptide Tyc3PG and azido sudarwe found
conditions (0.7 mM peptide, 1.4 mM azido sugar, 1.7 mM
CusQ, 3.4 mM ascorbate in a 6@L reaction) that give
complete conversion of starting material for mono-PG-
substituted peptides in 2 h. The reaction products, however,
contain both the desired triazole product and a minor product

tyrocidine’s MIC and MHC values measured in the presence
of all three reagents in 2.5- or 5-fold excess. The MIC and MHC
values of the 21 azido sugars were also tested and are all greater
than 200uM. Therefore the use of more than 1 equiv of azido
sugars should cause no problems for the assays.

The tested concentration range of glycopeptides is from 200
to 1.5uM for MHC and 25 to 0.1uM for MIC. The MIC and
MHC data for the mono-glycosylated peptides are shown in
Table S2 in the Supporting Information. These data reveal two
trends: first, most simple sugars cannot increase the therapeutic
index (MHC/MIC) of the peptides, and the best sugdarsgnd
15) are those that have either a nonoyl group or a biphenyl
group; second, the best position to put the sugars is position 4,
while positions 5 and 6 are also acceptable.

Among the di- and tri-glycosylated peptides, none has better
therapeutic index (data not shown) than tyrocidine. In fact, most
of them have MIC's higher than 28M. It seems that modifying
more than one position with the 20 or so sugars is detrimental
to the antibiotic activity, at least for positions-8.

Biological Activity Assays of Selected Glycopeptides Using
Purifed Products. To verify the library MIC and MHC assay
results, the cycloaddition was repeated to synthesize the two
glycopeptides with the best therapeutic index, Tyc4RGnd
Tyc4PG45 (Figure 4). MIC and MHC assays were then carried
out using HPLC purified compounds. The result indicates that
Tyc4PG14 and Tyc4PGi5 have at least a 6-fold better
therapeutic index compared with wild-type tyrocidine (entries
1-3 in Table 3). Two other glycopeptides Tyc4HA8-and

whose mass is the desired triazole product plus 16. We assignedTyC?PG'1 were also purified and assayed (entries 4 and 5 in

this M + 16 product as the 5-hydroxytriazole product, which
has been observed befdreUnder similar conditions, the
reactions involving di- and trisubstituted peptides could not go
to completion. However, this problem was solved by the addition
of tris(triazolyl)amine ligand (0.7 mM peptide, 2.7 or 3.6 mM
azido sugar, 1.8 mM CuSO3.6 mM ligand, and 22 mM
ascorbate in a 5%L reaction). Under this condition, the
formation of 5-hydroxytriazole is almost completely suppressed.
Using these two sets of conditions, a library of ¥321

cycloaddtion reactions were conducted. The quality of the
product library was determined by LCMS. For most monosub-
stituted peptides the quality is good, witt0% conversion to
products and minimal 5-hydroxytriazole products. But for

Table 3) to further examine the results from library screening.
The assay results using the cycloaddition mixtures are similar
to those obtained using purified compounds.

Divalent Display of Azido Sugars at Postion 4Since the
best position to bear the sugar is position 4, it was of interest
to see whether more than one sugar at position 4 would further
affect MHC and MIC values. To this end, two branched glycan
chain peptides, Tyc4P®4, and Tyc4PGL5, (Figure 4), were
synthesized. However, the MIC and MHC assays showed these
two glycopeptides have no advantage compared with Tyc4PG-
14 and Tyc4PG15, even though Tyc4P@5; is still slightly
better than tyrocidine itself (Table 3, entries 6 and 7).

Discussion

disubstituted peptides, incomplete reactions were observed when

using azido sugard?7 and 18 For trisubstituted peptides,

We have generated a library of 247 glycopeptides by

incomplete reactions were observed when using azido sugarscombining enzymatic macrocyclization by TE and the ligation

13, 15, 17, 18, 20, and 21. Therefore, the total number of
glycopeptides made in this two-step enzymatic macrocyclization,
triazole-forming glycosylation is 247.

Biological Activity Assays of the Glycopeptide Library.
We then carried out biological activity assays of these glyco-
peptides. After the cycloaddition reaction, the reaction mixtures
were used directly for MIC and MHC assay#s a control it
was important to make sure that the reagent${Cascorbate,
and the ligand) used in the cycloaddition do not interfere with

reaction via click chemistry. The relaxed substrate specificity
of TE from the tyrocidine synthetase enabled the preparation
of unprotected Tyc cyclic peptide derivatives with propargyl-
glycine substituted at various positions, further demonstrating
the utility of this enzyme. The unique features of the copper(l)-
catalyzed [3+ 2] cycloaddition, such as the mild reaction
condition, the orthogonality of azide and alykne with other
functional groups, the ease of preparing azido glycosides, and
the ability of the reaction to proceed at less than 1 mM

the assays at the concentrations used. Data in Table 2 showedoncentration on a 40 nmol scale, greatly facilitated the
that all the reagents used have MIC and MHC values greaterconstruction of the library in a relatively short period of time.

than 1 mM, except that copper(ll) has a MHC of 1689. Since
tyrocidine’s MIC is only 1.5uM and MHC is 25uM, these

It also facilitated the subsequent MIC and MHC assays because
the reaction is clean and the reagents used do not interfere with

reagents, when used in severalfold excess, should not interferehe assays at the concentrations used. For a combinatorial library
with the MIC and MHC assays. This is further supported by approach, these features are essential and are advantageous

J. AM. CHEM. SOC. = VOL. 126, NO. 43, 2004 14001
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Figure 4. Structures of glycopeptide Tyc4PGk Tyc4PG45, Tyc4PG44,, and Tyc4PGL5,.
Tapble 3. MIC and MHC Values Obtained Using Purified approach. For example, it is not easy to simultaneously ligate
Glycopeptides different azido sugars to the Tyc scaffold with multiple
peptides MIC/uM MHCM MHCMIC propargylglycine residues.
1 tyrocidine 15 25 16 From this 247-member library, glycopeptides with more than
2 Tyc4aPG14 3 >300 >100 6-fold i d th tic ind th tive T
3 Tyc4PG15 3 300 =100 -fold improved therapeutic indexes over the native Tyc were
4 Tyc4PG18 6 100 16 obtained while maintaining Tyc’s antibacterial potency. It is
g Tyc7Pg1 g‘ 25 g worth noting that carbohydrate randomization of natural products
Tycd4PG14, 1 5 ; i, 18,19 Thic i
- TycaPG15, 15 50 39 does not always improve activif§:181°This is probably because

the functional mechanisms of the carbohydrate portion and/or
the rest of the natural product in each case could be different.
compared with thén vitro glycorandomization method reported  Such complication is also clearly evident in our study. For
in a recent publicatio®? in which only a portion of the library example, we found that position 4 is the best position to attach
generated was assayed for biological activity. Of course, as with the sugars, and the best sugars are those with lipophilic chains
any other method, limitations do exist for the click chemistry (14 and 15). While it is easy to explain the function of the

14002 J. AM. CHEM. SOC. = VOL. 126, NO. 43, 2004
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lipophilic chains’ since they are known to increase membrane purified (20-100% acetonitrile/0.1% TFA over 50 min). Cyclic peptides

affinity, it is difficult to explain why similar azido sugars with
only slight changes in the sugar portion, suchlés 18, gave
different results from those df4 and 15. Similarly, without

were prepared using 1QaM peptide-SNAC thioesters and 100 nM
TE in 25 mM MOPS buffer (pH 7) with 0.1% Brij58 at room
temperature for 3 h. The cyclization-to-hydrolysis ratio was calculated

molecular details of the interactions of these glycopeptides with " the basis of the areas of absorption at 220 nm from LCMS. The

bacterial and human membranes, it is difficult to explain the

selectivity observed. This emphasizes the importance of a

combinatorial library approach for this kind of study.

It is also interesting that displaying multiple sugars on the
Tyc scaffold did not further improve the therapeutic index of
tyrocidine, even with azido sugaf<l and 15. For Tyc cyclic
peptides with multiple propargylglycine residues at positions

cyclic peptides were purified by HPLC (30.00% acetonitrile/0.1%
TFA over 40 min). The lyophilized peptides were dissolved in methanol,
and the concentrations were determined by analytical HPLC using a
known concentration of Tyc peptie€SNAC thioester.

[3 + 2] Cycloaddition for Mono-PG-Substituted Tyc Peptides.
The following solutions were made: 1.5 mM cyclic peptides in
methanol (solution A), 50 mM azido sugars in methanol (solution B),
10 mM CuSQ in water (solution C), and 10 mM sodium ascorbate

5-8, one could argue that the sugars are not displayed at the(solution D, make before use). The reactions were carried out in 96-

right positions. However, for Tyc4P®4, and Tyc4PGt5,, the
result is still negative. For Tyc4P@5,, both MIC and MHC
are lower than those of Tyc4P®%, indicating that displaying
two copies ofl15 does increase membrane affinity. However,
the change in MHC is more significant than the change in MIC,
resulting in a lower therapeutic index compared with Tyc4PG-
15. Multivalent effect can exist when a targeted partner has
multiple binding sites° A priori, it is not clear that this condition
would apply to tyrocidine, and it is possible that the conjugated
sugars could somehow block the function of tyrocidine as
implied by the MIC and MHC of Tyc4PQ@4,. Therefore, it
may not be surprising that displaying multiple sugars on the
Tyc scaffold did not further improve the therapeutic indexes in
this study.

There is no reason to think this approach will be limited to
the tyrocidine skeleton. We believe this combination of enzyme-
mediated linear precursor macrocyclization followed by azide
glycoside cycloaddition will be generalizable to other TE-
mediated macrocyclizations in both polyketide and hybrid
polyketide/nonribosomal peptide scaffofds33 By combining

well plates. Reagents were added in the following sequencel 2
solution A, 1.6uL of solution B, 10uL of solution C, and 2QuL of
solution D. The wells were then immediately sealed with Thermowell
sealers (Corning Incorporated, Catalog No. 6570), and the plates were
incubated with shaking at room temperature for 3 h. The reactions were
checked by LCMS to ensure the quality of the glycopeptide library.

[3 + 2] Cycloaddition for Di- and Tri-PG-Substituted Tyc
Peptides.The condition was similar to that for the mono-PG-substituted
Tyc peptides unless otherwise stated. The following solutions were
made in addition to solutions A and B: 20 mM CuS® water
(solution E), 120 mM sodium ascorbate (solution F, make before use),
and 20 mM tris(triazolyl)amine ligand (solution G). Reagents were
added in the following sequence: 2T of solution A, 3uL (for di-
PG-substituted peptides) orid (for tri-PG-substituted peptides) of
solution B, 5uL of solution E, 10uL of solution G, and 1QL of
solution F.

MHC Assay of the Glycopeptide Library. To the reaction mixtures
were added appropriate amounts of methanol to make the final volume
100 uL. Then 50uL was transferred to new 96-well plates to make
serial 2< dilutions (200uM to 1.6 uM) of the cyclic peptides with
methanol. Methanol was then removed with a speedvac. Human red

chemical modifications to introduce alkyne groups, this strategy Plood cells (Research Blood Components, Boston, MA) were diluted
should also be useful for modification of other natural products 100x with PBS buffer (pH 7.4), and 50L was added to each well.

that are not accessible through TE-mediated cyclization to searc
for new therapeutics.

Experimental Section

Preparation of PG-Substituted Tyc Cyclic PeptidesTyc TE was
expressed and purified as previously repoftéihear peptides were

hThe plates were incubated at room temperature with rocking, and the

concentrations required for complete lysis were determined visually
after overnight incubation.

MIC Assay of the Glycopeptide Library. A 10 uL aliquot of the
diluted reaction mixture was transferred to 96-well plates to make serial
2x dilutions (25uM to 0.2 uM) with methanol. Methanol was then

synthesized on a Symphony peptide synthesizer using standard Fmocremoved with a speedvac. An overnighit subtilisPY79 culture was

solid-phase peptide synthesis (the last residue DoPhvas Boc
protected). The peptides were cleaved from the 2-CI Trt resin (3:1:1

dichloromethane:trifluoroethanol:acetic acid), and solvents were re-

moved by azeotroping with hexanes. The peptideSqumol) were
then coupled tdN-acetylcysteamine (10 equiv) using dicyclohexylcar-
bodiimide (2 equiv)/1-hydroxybenzotriazole hydrate (2 eqNN-
diisopropylethylamine (4 equiv) in tetrahydrofuran (THF; 1 mL). After
removal of THF, the peptideSNAC thioesters were deproteced using
95:2.5:2.5 trifluoroacetic acid (TFA):water:triisopropylsilane and HPLC

(30) Mammen, M.; Choi, S.-K.; Whitesides, G. Mngew. Chem., Int. EA.998
37, 2754-2794.

(31) Tseng, C. C.; Bruner, S. D.; Kohli, R. M.; Marahiel, M. A.; Walsh, C. T;
Sieber, S. ABiochemistry2002 41, 13350-13359.

(32) Sieber, S. A,; Tao, J.; Walsh, C. T.; Marahiel, M. Angew. Chem., Int.
Ed. 2004 43, 493-498.

(33) Grunewald, J.; Sieber, S. A.; Marahiel, Biochemistry2004 43, 2915-
2925.

diluted 1000 with LB media, and 8Q:L of the diluted culture was
added to each well. After incubation in a shaker at’@0overnight,
the concentrations required for complete inhibition of bacterial cell
growth were determined visually.
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