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ABSTRACT: The C-terminal thioesterase (TE) domains from nonribosomal peptide synthetases (NRPSs)
catalyze the final step in the biosynthesis of diverse biologically active molecules. In many systems, the
thioesterase domain is involved in macrocyclization of a linear precursor presented as an acyl-S-enzyme
intermediate. The excised thioesterase domain from the tyrocidine NRPS has been shown to catalyze the
cyclization of a peptide thioester substrate which mimics its natural acyl-S-enzyme substrate. In this work
we explore the generality of cyclization catalyzed by isolated TE domains. Using synthetic peptide thioester
substrates from 6 to 14 residues in length, we show that the excised TE domain from the tyrocidine
NRPS can be used to generate an array of sizes of cyclic peptides with comparable kinetic efficiency. We
also studied the excised TE domains from the NRPSs which biosynthesize the symmetric cyclic decapeptide
gramicidin S and the cyclic lipoheptapeptide surfactin A. Both TE domains exhibit expected cyclization
activity: the TE domain from the gramicidin S NRPS catalyzes head-to-tail cyclization of a decapeptide
thioester to form gramicidin S, and the TE domain from the surfactin NRPS catalyzes stereospecific
cyclization to form a macrolactone analogue of surfactin. With an eye toward generating libraries of
cyclic molecules by TE catalysis, we report the solid-phase synthesis and TE-mediated cyclization of a
small pool of linear peptide thioesters. These studies provide evidence for the general utility of TE catalysis
as a means to synthesize a wide range of macrocyclic compounds.

Nonribosomal peptide synthetases (NRPSsdJyketide which subsequently becomes covalently tethered by a
synthetases (PKSs), and hybrid NRPS/PKS systems producehioester linkage to a phosphopantethiene containing peptidyl
an incredibly diverse set of biologically active molecules carrier protein (PCP). At this stage, the tethered amino acid
(Figure 1) @, 2). Many of these molecules have macrocyclic may be modified by additional domains, including epimer-
structures, including the immunosupressant cyclosporin, theization,N-methylation, and heterocyclization domains. Chain
antibiotics erythromycin and daptomycin, and the anticancer elongation is catalyzed by condensation (C) domains which
agent epothilone. Macrocyclic structure decreases the con-couple the growing chain from an upstream PCP domain to
formational flexibility of a molecule compared to its linear the downstream aminoacyl-S-PCP, culminating in the gen-
analogue, which can constrain it to a biologically active eration of the complete linear peptidyl precursor tethered to
conformation. the most C-terminal PCP domain (peptide-S-PCP).

The modular organization of nonribosomal peptide syn-  pajease of the final product is usually catalyzed by a
S ot o v SAonoow il heserse (1) doa,which e sy

X X ; 4 ation of the most C-terminal PCP (Figure 2B). The mech-
domains (Figure 2A)X~4). An adenylation (A) domain s of TE catalysis involves transfer of the linear peptide
activates a specific amino acid as an aminoacyl adenylate ¢, the terminal PCP domain to the active site serine residue
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Ficure 1: Examples of macrocyclic structures produced by NRPS, PKS, and hybrid NRPS/PKS systems, organized according to the type
of cyclization linkage formed by TE catalysis: head-to-tail cyclization, oligomerization/cyclization, or branched chain cyclization. The
bonds formed by TE catalysis during biosynthesis are highlighted by shading.
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Ficure 2: (A) Schematic diagram of the tyrocidine, gramicidin S, and surfactin nonribosomal peptide synthetases. Boxes represent individual
protein domains: A, adenylation; PCP, peptidyl carrier protein; E, epimerization; C, condensation;TE, thioesterase (shaded). SH represents
phosphopantetheine and OH the TE active site serine. In this paper, the TE from each synthetase was excised for study by cloning, expression,
and purification of the isolated domain. (B) Mechanism of thioesterase domain catalysis: a peptide-O-TE acyl-enzyme intermediate is
formed by transfer of the peptidyl chain from the phosphopantethiene of the terminal peptidyl carrier protein (PCP) to the active site serine
of the TE domain. For hydrolyzing TE domains, the intermediate is captured by water, generating the linear peptide; for cyclizing TE
domains, an intramolecular nucleophile captures the intermediate, resulting in a cyclic product.

TE domains that have been produced as isolated domainsatalyzed approach to the synthesis of macrocyclic com-
can retain cyclization activity, providing a possible enzyme- pounds. We recently cloned the TE domain (TycC TE) from
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A e studies suggests that various substrates which meet these
o EE] minimal requirements will be cyclized by TE catalysis).

0x8 0.0 With an eye toward exploring the general synthetic utility
Leu' Leu' of isolated TE domains, we set out to examine three different
";E + E:> 3;1 IZ:} Tyrocidine A TE domains, excised from the tyrocidine, gramicidin S, and
Ty o Tyr surfactin synthetases. Having established that TycC TE can
Gin ?é‘ﬁgf Gin catalyze cyclization of decapeptide thioester substrates, here
:;:e ng:ﬁ we investigate its ability to catalyze cyclization to form cyclic
Phe Phe peptides ranging in size from 6 to 14 residues. Further, we
Pro Pro clone, express, and purify isolated TE domains from the

'}T: ”T;‘ gramicidin S NRPS (GrsB TE) and from the surfactin NRPS

(SrfA-C TE) and assess their ability to catalyze cyclization

TP to form gramicidin S and a lipopeptide analogue of surfactin
B 'Lu A, respectively (Figure 3). Finally, we report the solid-phase
HA synthesis of a small pool of peptide thioesters and test the
o & T o ability of TycC TE to convert it to a pool of corresponding
Ium E:> Ium IZ:> Gramicidin S cyclic pep_tl_des. These studies provide ewdgnce for the
om + 7 om general utility of this approach to the synthesis of macro-
Val  GeBTE Val cyclic compounds.
Pro (35kD) Pro
o-Phe o-Phe
Leu Leu EXPERIMENTAL PROCEDURES
Om Orn
val val Cloning and Expression of TycC TE, GrsB TE, and SrfA-C
I}';"r:;, D;L"B1 TE Domains TycC TE was cloned, expressed, and purified
NHe Ny as previously described ?). For GrsB TE and SrfA-C TE,
GLP10 gene fragments were amplified by PCR from chromosomal
DNA using Vent polymerase (New England Biolabs). GrsB
C o TE (containing GrsB residues 4163452) was amplified
A using the oligonucleotides'3TT CCA TGG TTA CAC
oy o p° _ ATA AAG AAT CAG AA-3' and B-ATAGGA TCC TTT
Lew’ Oy e E:} Surfactin A TAC TAC AAA TGT CCC TTG-3 from chromosomal
Dieu o D-beu analog DNA of Bacillus breiis ATCC 9999, digested wittNca
SP SrfA-C TE Asp (SLP1R cycle) . . .
Val (28 kD) val andBanH| (Amersham), and ligated infdcd/Bglll digested
D-Omn D-Om pPQEG6O (Qiagen), which appends a C-terminalsHégy to
o o the expressed protein. The SrfA-C TE coding sequence
mwde Ho\[/\n,N'H, (containing SrfA-C residues 10411274) was amplified
oy © oy © using the oligonucleotidesATA AGA TCT AAC GGG
SLP-1R GGC TCT GAT GG-3and 3-TAT GGA TCC TGA AAC

Ficure 3: Cyclization of peptide thioester substrates catalyzed by CGT TAC GGT TTG TG-3 from chromosomal DNA of

excised thioesterase domains from (A) the tyrocidine NRPS, (B Bacillus subtilisJH642, digested witBanH| andBglll, and
the gramicidin NRPS, and (C) the surfactin NRPS. The peptide ligated into pQE60 previously digested witRglll and
thioester substrates mimic peptide-S-PCP, the natural substrate fordephosphorylated using CIP (New England Biolabs), yielding

the TE domains. the vector pQE60-TE(SrfA-C). Standard procedures were
the tyrocidine NRPS subunit TycC (724 kDa) and expressed used for all DNA manipulationsl¢). Cloning products were:
it as an isolated 28 kDa domairld). A peptide N- confirmed by sequencing with an ABI prism 310 genetic

acetylcysteamine thioester (peptide-SNAC) was synthesizedanalyzer. For expression, the recombinant plasmids were
as a mimic of the full-length linear peptide linked to the transformed intoEscherichia coliM15/pREP4 (Qiagen).
phosphopantethiene of the most C-terminal PCP (peptide-Cells were grown to OB= 0.5 (600 nm), induced with 0.2
S-PCP). The isolated TycC TE efficiently catalyzed head- MM IPTG, and then grown at 22C for pQE60-TE(GrsB)
to-tail cyclization of the peptide-SNAC to form the cyclic and at 30°C for pQE-TE(SrA-C) for 6 h. The expressed
antibiotic tyrocidine A (Figure 3A). Varying the substrate Proteins were purified by NtNTA affininty chromatography
residues revealed that the TE was quite permissive in its (Figure 4) and dialyzed into 25 mM HEPES, 50 mM NacCl,
ability to cyclize substrate analogues. Only two residues, oneand 10% glycerol, pH 7.0.

near each end of the decapeptide substrate, proved to be Standard Peptide-SNAC Synthesisptide thioester sub-
required for efficient cyclization: the N-terminal-Phe strates, excluding the library of peptide thioesteiB1
provided an absolute stereochemical and side chain require{detailed below), were synthesized by a two-step process
ment for cyclization, and changing an Orn adjacent to the involving solid-phase peptide synthesis followed by solution-
C-terminal residue to Glu drastically reduced the cyclization phase thioester formation. Peptide synthesis was carried out
rate (L2). Further probes into peptide backbone requirementson a Perseptive Biosystems 9050 synthesizer (0.3 mmol
for cyclization indicated that some backbone amide bonds scale) using diisopropylcarbodiimide (DIPCDI)/hydroxyben-
near the cyclization junction are required for efficient zotriazole (HOBt) chemistry and 2-chlorotrityl resin deriva-
cyclization (L3). The model that has emerged from these tized with L-Leu. Couplings were carried out with Fmoc-
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kDa 1 2 3 4 carried out using automated DIPCDI/HOBt couplings with

protected amino acids as above. The peptide mixture was

synthesized with the wild-type tyrocidine sequence diversi-

fied at positions 3 and 4 by utilizing 1.5 equiv each.é?he

andL-Ala (for position 3) and 1.5 equiv each pfPhe and

45 — D-Trp (for position 4). Activation and cleavage from the resin

were carried out as per the method of Shin etlad).(Briefly,

the resin was activated by addition of NMP (4 mL) and DIEA

- (200 uL), followed by iodoacetonitrile (18@L) that was

31 —| e P . prefiltered through basic alumina. After agitation for 24 h
at 24°C, the resin was washed with NMP followed by THF.

FiGURe4: Purified excised thioesterase domains used in this study. Thioester formation was effected by agitation of the resin

Lanes: 1, molecular weight standards with masses listed; 2, TycC with 8% N-acetylcysteamine in THF (24 h, 2€). The resin

TEI'; 3, STSB ?E;d‘lbsrlf\lA-(l\:rlTAE' Efﬂz_ymeﬁ were overprzo%uceﬁ_.in was removed by filtration and the solvent removed by rotary

ggrhglnes l\[/)vueer;éeresglveg by Sgg‘ggEc({%%?tg%rdagtginégti:/?th evaporation. D.eprotection of the peptide was carried out with

Coomassie blue. a 16:3:1 solution of TFA/CKCI,/NAC (3 h, 24°C). The
pool of peptide-SNACs was then precipitated with cold ether

protected amino acids (Novabiochem), except for the (4 °C), dissolved in 20% CHCN/water, and | .
) ) , , yophilized,
N-terminal p-Phe of GLP substrates, which was Boc providing LIB1 as a white solid.

protected. Side chain protecting groups were Boc for Orn

66 —

and Trp,tert-butyl for Tyr, Thr, Asp, and Glu, and trityl for Ao\ssay.s Reactions were conducted in 400 volume, at
Asn and GIn. For the final coupling in the synthesis of 24°C,with 25mM MOPS, pH 7.0, 1 mM NaCl, and variable
substratesSLP-1R and SLP-1S, respectivelyR- and S-3- amounts of glycerol (0.021%). Stock solutions of the

hydroxybutyric acids were used (Aldrich). A mixture of 1:1:3 enzyme were diluted to 20desired concentration in 10 mM
acetic acid/trifluoroethanol/C}€l, was used to cleave the NaCl and 10 mM MOPS, pH 7.0. Reactions were initiated
peptide from the resin (3 h, 224C). The resin was then by addition of enzyme and quenched by addition ofu25
removed by filtration, the peptide precipitated withexane, ~ of 1.7% TFA/water, flash frozen with liquid i and stored
and the solvent removed by rotary evaporation. The protectedat —80 °C. Time zero reactions were conducted by addition
peptide was dissolved in THF and thioester formation of 25uL of 0.1% TFA/water to the reaction mixture prior
initiated by addition of DCC (1.2 equiv), HOBt (1.2 equiv), to initiation of reaction. The reactions were thawed 85

and NAC (3 equiv). After being stirred fd. h (24°C), K- of acetonitrile was added, and samples were analyzed by
CO; (0.6 equiv) was added and the reaction stirred for an HPLC (Beckman System Gold) with a reversed-phasg) (C
additional 2 h. The reaction was then filtered and solvent column (Vydac) with a gradient from 20% to 100% 0.1%
removed by rotary evaporation. Deprotection of the peptide- TFA/acetonitrile in 0.1% TFA/water over 35 min. Experi-
SNAC was effected using 16:3:1 TFA/GEI/NAC (3 h, mentally determined exinction coefficienty &t 220 nm for
24°C). The reaction was precipitated with cold ethef @) peptide-SNACs were used to determine concentrations of
and the precipitate washed twice with ether. The reaction peptide-SNACs, hydrolysis, and cyclic products in reaction
product was purified by preparative HPLC with a reversed- mixtures, assuming equalat 220 nm. Product formation
phase (Gg) column, using a gradient from 20% to 60% with TycC TE with the wild-type substraféLP and GrsB
acetonitrile in 0.1%TFA/water over 40 min. Lyophilization TE with the wild-type substrat&6LP10 was seen to be linear
afforded the peptide-SNAC as a white powder. The identity to 2 min (data not shown). Determination of kinetics of
and purity of the peptide-SNACs were assessed by analyticalcyclization for all GLP substrates was conducted by the
HPLC and MALDI-TOF mass spectrometry. The substrates mpethod of initial rates, using 1 min time points. For SrfA-C

were generated ir>95% pourity with the exception of g ynder steady-state turnover conditions, product formation
GLP14, which contained-50% of the free acid as estimated i jinear to 40 min (data not shown). Kinetics for reactions

by MALDI-TOF MS. ForGLP14, 50% purity was assumed ¢ 5| p_1R with SrfA-C TE were determined by the method
for klnetlc analysis. . . of initial rates, using 10 min time points. No uncatalyzed
Solid-Phase Peptide-SNAC Synthedior solid-phase product formation was detected after 24 h for any of the
synthesis of a Sma" pool of four pngde tthGSF@lﬁl, substrates examined (data not shown).
an acylsulfonamide safety-catch linker was utilizeid)( o .
4-Sulfamylbutyryl resin (NovaBiochem) was loaded with  Product CharacterizationAssignment of peaks on ana-
Fmoci-Leu using the method of Ingenito and co-workers lytical HPLC was conducted by MALDI-TOF mass spec-
(16). The resin (13.5 g, 1 equiv) was washed with CH trometry using a Perseptive Biosystems Voyager DE instru-
and suspended in 50 mL of GEl,. Diisopropylethylamine ment at the Dana Farber Cancer Institute, Molecular Biology
(10 equiv) and Fmoc-Leu (5 equiv) were added, and the Core Facility. Calculated and observed masses are given in
mixture was stirred for 20 min at 22C. The mixture was  Table 1. Identification of the peptide-SNACs inB1 and
then cooled to-20°C and PyBOP (5 equiv) added. After 8 the corresponding cyclic products and HPLC MS-MS
h, the reaction was filtered and washed with CH. The analysis ofSLP-1R cyclewere carried out using a Hewlett-
coupling procedure was repeated (total of three coupling Packard 1100 HPLC coupled to a Finnigan-MAT LCQ
cycles). The resin loading was 0.1 mmol/g as assessed byion trap mass spectrometer at the Biopolymers Facility of
treatment with 20% piperidine and quantitation of the the Howard Hughes Medical Institute/Harvard Medical
released Fmoc group. Subsequent amino acid couplings wereschool.
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Table 1: Characterization of Substrates and Reaction Products by
MS

mass
compound species calculated  observed
by MALDI-TOF MS
GLP6 [M+ H]* 868.5 868.5
GLP8 [M+H]* 1062.6 1062.8
GLP12 [M+H]* 1486.9 1486.8
GLP14 [M+H]* 1685.1 1685.1
GLP6 cycle [M+ H]* 749.5 749.5
GLP8 cycle [M+ H]* 943.6 643.6
GLP8 dimer [M+ H]* 2005.2 2005.3
GLP8 dimer cycle [MH+H]* 1886.2 1886.2
GLP12 cycle [M+ H]*" 1367.8 1368.0
GLP14 cycle [M+ H]* 1566.0 1566.1
SLP1-R [M+H]*" 1002.6 1002.5
SLP1-R hydrolyzed [Mt+H]* 901.5 901.6
SLP1-R glycerolysis  [M+H]" 975.6 975.6
SLP1-R cycle [M+ H]* 883.6 883.6
SLP1-S [M+ H]* 1002.6 1002.6
SLP2 [M+H]* 1059.6 1059.6
by ESkion trap MS
L1 [M + 2H]?+ 676.9 677.0
L2 [M + 2H]?* 657.4 657.4
L3 [M + 2H]?* 714.9 714.8
L4 [M + 2H]?* 695.4 695.4
L1 cycle M+ H]* 1233.7 1233.7
L2 cycle M+ H]* 1194.7 1194.7
L3 cycle [M+H]* 1309.7 1309.7
L4 cycle [M~+H]* 1270.7 1270.7
RESULTS

TycC TE Catalyzes Cyclization To Form-64 Residue
Cyclic Peptides To examine the ability of TycC TE to
catalyze cyclization to generate various sizes of cyclic

Biochemistry, Vol. 40, No. 24, 20017103

molecules, we synthesized a series of peptide thioester
substrates which were 6, 8, 12, or 14 residues in length
(Figure 5A). The sequences were based on the gramicidin S
linear precursor sequenc&l(P10), which we have previ-
ously synthesized and shown to be a substrate for cyclization
catalyzed by TycC TE12). The peptides were designed to
be symmetric following the gramicidin model and to retain
the key side chain recognition elements revealed by our
previous study, including an N-terminatPhe residue and

an Orn adjacent to the C-terminal residue. Assaying for TycC
TE catalyzed cyclization (3&M peptide-SNAC, 200 nM
TycC TE, 25 mM MOPS, pH 7.0) revealed that all of the
peptide-SNACSs are cyclized (Figure 5B). The identity of the
cyclic products was confirmed by MALDI-TOF MS. With
GLP®6, the substrate was completely consumed, producing
the hexapeptide cycle as well as the hydrolysis product. This
result with a hexapeptide substrate is in contrast to a previous
result with a pentapeptide-SNAC which undergoes TycC TE
catalyzed dimerization but not cyclizatioh?). With GLP8
several products were formed: the expected octapeptide
cycle, as well as a small amount of the 16-residue dimer-
SNAC which in turn was converted to the 16-residue dimer
cycle.

We next examined the kinetics of cyclization of G&P
series of substrates (1 min reactions). Cyclization reactions
follow Michaelis—Menten kinetics with theK,, and ke
values reported in Table 2. Remarkably, the cyclization rates
(Kay) are all within a factor of 3 of the 10-mé&LP10 (6—

30 turnovers/min) for all substrates, akig values (3-6 uM)
are similar for all substrates. The cyclization efficiencies/(

. C Cycle
A B GLP6 TWeCTE D Dimer
GLP6 t=0. 1 -DC Dimer Cycle |
DPhe-Orn-Leu- . e ;\V_Hydmly,sis,; ,
D-Phe-Om-Leu-SNAC GLPe ¢ :
t=20min I
GLP8
GLPS t=0 ’L
DPhe-Pro-Orn-Leu- T
D-Phe-Pro-Orn-Leu-SNAC GLP8 .
E ‘=20 min D DC
[=4
< |eipio .
GLP10 8 |t=0 A
DPhe-Pro-Val-Orn-Leu- 2 A T
D-Phe-Pro-Val-Orn-Leu-SNAC c |'GLP10
(é =20 min A
8 . Ny
O
< |GLP12
GLP12 t=0 }
DPhe-Pro-Leu-Val-Orn-Leu- "
D-Phe-Pro-Leu-Val-Omn-Leu-SNAC ’ GI-'P’I 2 ; [
t=20min. M A
GLP14.
GLP14 =0 A
DPhe-Pro-Val-Leu-Val-Om-Leu- ~
D-Phe-Pro-Val-Leu-Vai-Orn-Leu-SNAC GLP1A
t=20.min c
- I, W
| | 1 I
10 20 25

15
Retention time (min)

Ficure 5: Formation of 6-14 residue cyclic peptides catalyzed by the TE domain from the tyrocidine NRPS, TycC TE. (A) Sequences of
synthetic peptide thioester substrates (SNAC denitasetylcysteamine thioester). (B) HPLC traces of reactions that initially contained
35uM peptide-SNAC substrate, 200 nM TycC TE, and 25 mM MOPS, pH 7.0C2¢@ime = 0 or 20 min). The products were characterized

by MALDI-TOF mass spectrometry and assigned as cyclic product (C), dimer (D), dimer cycle (DC), or hydrolysis product (*). (C) Structures

of the cyclic peptide products. The bond formed upon cyclization

is highlighted by shading.
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Table 2: Kinetics of Cyclization of Increasing Size Substrates by
TycC T

substrate Keat(turnover/min) Km (uM) Keal Km
GLP6 30 4 8
GLPS8 17 3 6
GLP1C 12 5 2
GLP12 22 6 4
GLP14 6 5 1

2 Standard deviatios=15% (see refl2). ® From ref12.

Km) over the range of peptide sizes lie within an order of
magnitude.

GrsB TE Catalyzes Head-to-Tail Cyclization To Generate
Gramicidin S Gramicidin S is a symmetrical cyclic de-
capeptide generated IBy brevis by a nonribosomal peptide

synthetase (Figures 1 and 2A). The NRPS consists of two

large proteins: GrsA, which encodes one amino acid

Kohli et al.
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FiGure 6: Head-to-tail cyclization of the gramicidin linear de-
capeptide thioesterGLP10) to form gramicidin S catalyzed by

activating module, and GrsB, which encodes four additional the isolated thioesterase domain from the gramicidin S NRPS (GrsB
amino acid activating/elongating modules as well as a TE). HPLC traces of reactions that initially contained 3

C-terminal thioesterase domain (GrsB TH), (8). The

structure of the NRPS suggests a mechanism in which GrsB
TE serves as a holding bay for a gramicidin linear pentapep-

tide (19). After the buildup of a second pentapeptide, TE

GLP10, 500 nM GrsB TE, and 25 mM MOPS, pH 7.0, 2@ (time

= 0 or 20 min). The peak assigned to the cyclic product gramicidin
S was characterized by MALDI-TOF mass spectrometry and shown
to coelute with authentic standard.

catalysis generates a decapeptide which is subsequently actegl yariety of linkages including branched chain cyclic peptides
upon again by the TE domain to generate the cyclized gch as surfactin A and bacitracin A (Figure 1). Surfactin
product. This mechanism was supported by our finding that a which is generated bi. subtilis is a powerful biosur-

TycC TE can catalyze dimerization of the gramicidin S
pentapeptide-SNAC followed by cyclization of the resulting
decapeptide-SNACI1Q). To examine the generality of TE-

factant, with antimicrobial and antimitotic activitie®Q 21).
The structure of surfactin consists of a lipoheptapeptide
having the sequeng&HFA-Glu-LeubLeu-Val-AspbLeu-

catalyzed cyclization of peptide thioesters, we cloned and | o, (3-HFA = B-hydroxy fatty acid) cyclized via an ester

expressed the GrsB TE domain from the gramicidin S NRPS.

bond connecting the C-terminus to thoxygen of a

Cloning of GrsB TE was modeled on previous success in B-hydroxy Ga—Cus fatty acid @2). A recent study has

isolating the TE domain of TycC, using a start site 38 amino

revealed that surfactin A haR stereochemistry at the;C

acids downstream of the core serine of the adjacent PCParbon of the fatty acicd?B). The NRPS responsible for the

domain. Cloning of the GrsB TE domain using this start site

generates a protein with a 26-residue N-terminal extension

relative to TycC TE. The gene encoding GrsB TE was
amplified from B. brevis genomic DNA and incorporated
into a pQE6O expression vector with a hexahistidine C-
terminal tag to facilitate purification. GrsB TE (35 kDa) was
soluble when expressed kh coliat 24°C and was purified
by Ni—NTA affinity chromatography yielding 2 mg/L of
culture (Figure 4, lane 3).

GrsB TE was tested for its ability to catalyze head-to-tail
cyclization of the gramicidin decapeptide linear precursor,
GLP10 (Figure 3B). Upon incubation with GrsB TELP10
was cyclized to gramicidin S (Figure 6). The identity of the
cyclic product was confirmed by MALDI-TOF MS and by
coelution with authentic gramicidin S. TycC TE has previ-
ously been shown to catalyze cyclization@f P10, with a
Keat Of 12 mint andKy, of 5 uM (12). We characterized the
kinetics of cyclization ofGLP10 by GrsB TE and discovered
that cyclization was an order of magnitude slower than
observed with TycC TE, with & of 1.4 minm? and aK,,
of 13 uM. We also examined the ability of GrsB TE to
catalyze the dimerization of the pentapeptide thiogStaP5
(oPhe-Pro-Val-Orn-Leu-SNAC). In contrast to TycC TE,
which efficiently catalyzes the dimerization GLP5 to form
GLP10, GrsB TE showed barely detectable dimerization
activity (data not shown).

SrfA-C TE Catalyzes Stereospecific Cyclization to a
Lipopeptide Analogue of Surfactin AE catalysis generates

production of surfactin consists of three subunits, SrfA-A,
SrfA-B, and SrfA-C (Figure 2A) Z4). The third subunit,
SrfA-C, contains an activating module for the C-terminal
leucine residue of the linear lipoheptapeptide as well as the
TE domain (SrfA-C TE) 25). The cyclization reaction to
form surfactin A is distinct from the reactions to form
tyrocidine and gramicidin S in several regards: (1) the
nucleophile is a hydroxyl instead of an amine, (2) the
nucleophile is derived from a fatty acid molecule rather than
an amino acid, and (3) the cycle produced has a branched
cyclic structure rather than a head-to-tail cyclic structure.
We examined if the isolated SrfA-C TE domain could
independently catalyze cyclization to form a lipopeptide
analogue of surfactin A.

The isolated SrfA-C TE domain was cloned in an
analogous manner to GrsB TE and TycC TE. It was soluble
when expressed at 3C in E. coliand contains a C-terminal
hexahistidine tag to facilitate purification by NNTA
affinity chromatography. The purified SrfA-C TE was
produced with a yield of 12 mg/L (Figure 4, lane 4). The
natural substrate for SrfA-C TE is a lipoheptapeptide linked
to the phosphopantethiene of the most C-terminal PCP of
SrfA-C. The substrate we synthesize®l,P-1R, had two
modifications to the wild-type surfactin linear precursor to
increase the solubility of the substrate: (1) in the heptapeptide
sequencep-Leu3 is altered top-Orn and (2) instead of
conjugating g-hydroxy Gs—C;s fatty acid to the N-terminal
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FiIGURe 7: Substrates synthesized for study of the surfactin ?52,“ j\
thioesterase domain, SrfA-C TESLP-1R retains the naturaR -
stereochemistry at £ Regions highlighted by shading represent
differences in substrateSLP-1Sand SLP2 from SLP-1R. SLP- S
1Sinverts stereochemistry agGvhile SLP2 differs by substitution f’i—':gmm /\

of N-acetylthreonine for th@-hydroxy acyl chain.

Glu, we used the shorter analogie3-hydroxybutyric acid 10 Retention time {min) 15

(Figure 7). 50 —rrmrrmrmrrrmr R S
The reaction ofSLP-1R (200 uM, 1% glycerol, 25 mM B - Cydlization ]

MOPS, pH 7.0) with SrfA-C TE (M) generated three 40 [|B Glycerolysis ]

products in a 1:1:1 ratio (Figure 8A). The expected cyclic ~ § - [0 Hydrolysis ]

product formed, along with the products of hydrolysis and &€& 30 E

glycerolysis of the thioester. All products were identified by & g r

MALDI-TOF MS. We isolated the cyclic product and B £ 20 5

analyzed it by MS-MS fragmentation. Several of the 8= "t

observed fragments included the Leu7 to 3-hydroxybutyric & 10 C

acid linkage formed by the expected cyclization reaction, r

confirming the structure of the cyclic product (Figure 8C). of |, i; B

We characterized the kinetics of product formation with the SLP-1R SLP-1S SLP2

substrateSLP-1R (Table 3), revealing similak. (15—22 Substrate

min~1) andK,, (4.0-5.6 mM) values for the three products o

formed. No uncatalyzed cyclization was seen after incubation HO Observed Mass

at pH 7.0 for 48 h in the absence of enzyme, indicating a 0 ww, _7ogment lon _ (Calc. Mass)

rate enhancement of greater thark21(®. The K, values V_u‘u N —nH ﬂ LLxELOV 768.3 (768.5)

seen forISLP-1R are several orders of magnitude higher than o % T o Lo LLxELOV —HpO 750.4 (750.5)

those seen with substrates for TycC TE. Possible sources of N HN

the increase i, include the side chain alteration ofLeu3 o*l\/n " ) gtﬁgt-Hzo ggg:g ggggﬁ;

from the natural substrate, the need for a mimic longer than h %

N-acetylcysteamine for phosphopantetheine, the need for a O DLLxE 543.1 (543.3)

longer mimic of the fatty acid chain, or an inherent difference SLP-1R cycle DLLXE-Hp0 5253 (525.2)

in the reactivity of the SrfA-C TE. . . FiGURe 8: (A) HPLC traces of reactions &LP substrates catalyzed
We also addressed two other questions with regard to thep, sita-c TE. Reactions initially contained 200 peptide-SNAC,
catalytic potential of SIfA-C TE. To test the stereochemical 1uM SrfA-C TE, 1% glycerol, and 25 mM MOPS, pH 7.0, 26
requirements of the nucleophile for SrfA-C TE, we altered (time = 0 or 40 min). The cyclic product is labeled, and products
the stereochemistry ats(y coupling S-3-hydroxybutyric of hydrolysis and glycerolysis are noted by * and **, respectively.

. : ; : All products were characterized by MALDI-TOF mass spectrom-
acid to the N-terminal Glu to generate the peptide thloesteretry. (B) Observed number of SHA-C TE catalyzed turnovers of

SLP-1S(Figure 7). Additionally, to test the possibility that 5 p substrates to cyclization, hydrolysis, and glycerolysis products
Ac-L-Thr could serve as an analogueRsB-hydroxybutyric determined by quantitation of analytical HPLC runs shown in (A).
acid, as it differs only by the addition of an acetylamino (C) Characterization of the cyclization product3ifP-1R by ESH
group at G, we synthesize8LP2 (Figure 7). When assayed 0N trap mass spectrometry. The calculated and observed masses

. . for selected fragment ions are listed (x denotes 3-hydroxybutyric
with SrfA-C TE, no cyclization ofSLP-1S and SLP2 was acid; O denotes ornithine). The underlined sequence represents the

observed, but hydrolysis and glycerolysis products were 3-hydroxybutyric acid to Leu linkage formed in the cyclization
detected for both (Figure 8A). The fact that catalyzed reactions.
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Table 3: Kinetics of Product Formation wiBLP-1R with SrfA-C A ULBt=L1+L2+L3+14
TE2
product Keat (turnover/min) Ko (MM) L1 D-Phe-Pro-Ala-DTrp-Gin-Asn-Tyr-Val-Orn-Leu-SNAC
cyclization 15 4 L2 D-Phe-Pro-Ala-DPhe-Gin-Asn-Tyr-Val-Om-Leu-SNAC
hydrolysis 20 6 L3 D-Phe-Pro-Phe-DTrp-Gln-Asn-Tyr-Val-Orn-Leu-SNAC
glycerolysis 22 4 L4 D-Phe-Pro-Phe-DPhe-GIn-ASN-Tyr-Val-Om-Leu-SNAC

a Standard deviatioa=15% (see refl2).

hydrolysis and glycerolysis proceeded at rates in excess of B
that seen wittSLP-1R (Figure 8B) suggested that peptide-
O-TE formation proceeded efficiently, but the lack of the L3
proper intramolecular nucleophile precluded cyclization,
leading instead to reaction with an external nucleophile.
TE Catalysis Can Generate a Small Pool of Cyclic
Peptides Having observed that TE domains from several
NRPS systems can catalyze the cyclization of linear thioesters, L2 L4
we began to examine the synthetic utility of TE-catalyzed

L1

of either Phe or Ala at position 3 and eith@he oro-Trp

at position 4 (Figure 9A). To demonstrate that the process
will be amenable to synthesis of large numbers of com-
pounds, we pursued a solid-phase synthesis of the peptide
thioester substrates. Such a method would eliminate (1) the
need for preparative HPLC purification to separate the free
acid from the peptide thioester, (2) the need for the side chain
protected substrate to be soluble in organic solvent as

cyclization by assessing TycC T!E-catalyzed cyclization to g TyeC TE
generate a small pool of four cyclic molecules. On the basis g *
of our previous studies of the side chain specificity of TycC %
TE, we chose to alter positions 3 and 4 in the linear tyrocidine g .
sequence, generating a pool that contained the combinations § | uB1 ©

S | 1=0min L1

8

<

required with solution-phase thioester synthesis, and (3) two usy
. t=1.5min
solvent removal steps that would hamper parallel synthesis o
efforts. The peptide was synthesized using a safety-catch 10 15 20 o5
sulfonamide linker, the linker activated by alkylation with Retention time (min)

iodoacetonitrile, and cleavage from the resin was carried out ggyre 9: Cyclization of a pool of four peptide thioesters catalyzed
with N-acetylcysteamine, affording the mixture of four by TycC TE. (A)LIB1 contains four peptides with variations in
peptide thioesterd (B1) (15—17). We evaluated conversion  positions 3 and 4 (underlined) in the linear tyrocidine peptide
of the pool of linear peptide thioesters into a pool of cyclic Seduence. (B) HPLC trace of reactions initially containingh8

; . : . _ total peptide-SNAC, 100 nM TycC TE, and 25 mM MOPS, pH
peptide thioesters by TycC TE catalysis (Figure 98). Follow: 7.0, incubated at 24C for 0 or 1.5 min showing conversion of

ing a 1.5 min reaction, the four peptide-SNACs were largely | |B1 to a pool of four cyclic peptides. The identity of the peptide-
consumed, and the four expected cyclic products formed, asSNACs and cyclic products was confirmed by E®in trap mass

confirmed by LC-MS analysis. The relative amounts of the spectrometry.
cyclip peptide products mr?ltch the relative amounts of starting enzymatic synthesis of macrocycles. In this paper, we explore
peptide-SNACs, suggesting that, as expected, each of thene generality of this approach by several means: (1) we
molecules is cyclized with comparable efficiency. expand on previous results with TycC TE by probing the
ability to generate variously sized cyclic molecules, (2) we
DISCUSSION express and purify the TE domain from a closely related
Nonribosomal peptide synthetases often contain a C- system, the gramicidin S NRPS, and demonstrate that it also
terminal TE domain which can catalyze hydrolysis or catalyzes head-to-tail cyclization, and (3) we express and
cyclization to release the final product. For systems which purify the TE domain from the surfactin NRPS and dem-
contain cyclizing TE domains, a variety of cyclization onstrate that it can catalyze cyclization via macrolactone
linkages are possible, including head-to-tail cyclization, formation.
oligomerization/cyclization, and branched chain cyclization,  Our previous study of TycC TE revealed that, in addition
which facilitates formation of a diverse array of cyclic to generating tyrocidine A, modified substrates in which a
peptides, polyketides, hybrid polypeptide/polyketides, and single amino acid was deleted or added to the middle of the
lipopeptides (Figure 1). Previously, we showed that the tyrocidine decapeptide thioester sequence can also be cy-
isolated TycC TE can catalyze the cyclization of the linear clized to generate 9- and 11-membered cyclic peptitds (
tyrocidine decapeptide thioester to generate the antibiotic To test the range of sizes of cyclic peptides that can be
tyrocidine A (12). The observation that TycC TE was quite formed by TycC TE, we synthesized an array of peptide
liberal in its side chain requirements for cyclizatiob2) thioester substrates-d.4 residues in length. The sequences
suggested that isolated TE domains could be utilized for of the peptides are based on that of the symmetric cyclic
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peptide gramicidin S. Remarkably, TycC TE catalyzed the stringent stereoselective recognition of the part of the
cyclization of the various length peptide thioesters with substrate near the cyclizing nucleophile. Further, despite the
comparable kinetic efficiency (Figure 5, Table 2). These presence of alternate nucleophiles in the side chains (e.g.,
results suggest that TycC TE is quite permissive in its size Orn in GLP and SLP substrates) which could lead to
requirements for cyclization. Additionally, dimerization was alternate cyclic molecules, no such alternative products have
not observed for peptides longer than 8 residugsR®8). been observed. Thus, in the examples investigated so far,
Chemical approaches to macrocyclization face the significant TE domains are both stereo- and regiospecific cyclization
challenge of controlling for cyclization versus oligomeriza- catalysts. From alanine scanning mutagenesis, we have
tion. Enzymatic macrocyclization could serve as an alternate previously shown that only two residues, one near each end
means to control for desired product formation. of the tyrocidine decapeptide-SNAC substrate, are critical
Recently, the structures of-@6 residue cyclic peptides, for cyclization by TycC TE. Similarly, the SrfA-C TE
modeled on gramicidin S, have been characterized by NMR domain was tolerant of mutation ofLeu3 tob-Orn. In the
(26). The study suggested that products withH4 2 residues examples investigated thus far, TE domains appear to be
have high antiparallgf-sheet content, while those witm4  tolerant of side chain substitutions that are not immediately
residues have loW-sheet content. The accompanying paper adjacent to the cyclizing nucleophile or the C-terminus of
(13) provided evidence suggesting that substrate preorgani-the linear peptide. Finally, in addition to internal TE domains,
zation bys-sheet hydrogen bonds contributes to TycC TE- NRPSs commonly contain an external thioesterase, whose
catalyzed cyclization 1(3). Our results with the array of  function has remained speculati&/(28). We have shown
substrate lengths suggest that, assunfirgeet content is  in three cases that, when taken as an isolated domain, the
lower in the 4 (8- and 12-residue) cyclic products versus internal TE domain, independent of the external TE, has
the 4 + 2 (6-, 10-, and 14-residue) cyclic products, the cyclization activity.
ability to form transienfi-sheet hydrogen bonds is sufficient Chemical approaches to peptide cyclization have been
for efficient cyclization. utilized to generate libraries of modest sized cyclic peptides
We further explored the generality of TE-catalyzed cy- (29, 30). These efforts have met significant challenges with
clization by evaluating isolated TE domains from two other regard to the need for strict protecting group control, the
NRPS systems, gramicidin S and surfactin. The excision of need for solubility of the protected substrates, unreliable
isolated GrsB TE and SrfA-C TE domains from the syn- efficiency of cyclization, and undesired multimerization. TE-
thetase proteins was modeled on the successful cloning ofcatalyzed cyclization may provide an alternative approach
the TycC TE. The isolated TE domains were cloned, for generating libraries of cyclic peptides and a new
expressed with C-terminal hexahistidine tags, and purified opportunity for accessing diverse structures such as cyclic
(Figure 4, lane 3). GrsB TE was active as a cyclization lipopeptides, hybrid polypeptide/polyketides, and branched
catalyst when tested with the decapeptide thioester substratehain cyclic peptide libraries. As a demonstration of the
GLP10 (Figure 6). The activity observed with this substrate synthetic utility of TE-catalyzed cyclization in the generation
was an order of magnitude slower than that seen with TycC of a library of cyclic molecules, we synthesized a small pool
TE with the same substratdd). The decrease in activity of cyclic peptides by TycC TE catalysis. A solid-phase
for GrsB TE compared with TycC TE could be due to a peptide thioester synthesis stratedyb17) was used to
number of factors, including the need for a PCP-TE fusion generate a pool of four peptides which vary at positions 3
to stabilize the domain fold, the need to delete the 26-residueand 4 of the linear tyrocidine sequence. When subjected to
N-terminal extension, or an inherent difference in the TE TycC TE catalysis, the linear peptide thioester pool was
domains. SrfA-C TE was tested with an acylheptapeptide- efficiently converted into a corresponding pool of cyclic
SNAC mimic of its natural lipoheptapeptide-S-PCP substrate. peptides. The approach presented here should be amenable
This substrateSLP-1R, substituted 3-hydroxybutyric acid to synthesis of larger libraries. Further, this approach to
for a f-hydroxy Gs—C;s fatty acid and included a-Leu3 macrocycle synthesis could complement the engineered
to b-Orn change to increase substrate solubility. SrfA-C TE biosynthetic approach. A cyclic molecule, initially produced
catalyzed the cyclization @LP-1R, as well as its hydrolysis ~ on a small scale by TE-catalyzed cyclization of a synthetic
and glycerolysis. It is notable that, despite the presence ofacyl thioester substrate and once identified as an interesting
only 1% glycerol in the reaction, the flux to glycerolysis is target, in principle could subsequently be produced en masse
similar to that to hydrolysis (Figure 8B). The cyclization was by engineered synthetaseXl{34).
stereospecific, as the substr&eP-1S with altered stereo- Our results suggest that cyclization of synthetic acyl
chemistry at ¢ was not cyclized by SrfA-C TE. Further, thioester substrates catalyzed by excised thioesterase domains
when tested with Ae-Thr as a substitute for the 3-hydroxy- from NRPSs may be a generally useful approach to the
butyric acid SLP2), no cyclization was observed. synthesis of diverse cyclic molecules. Though the approach
The cyclization activity of GrsB TE and SrfA-C TE may not be ideally suited to the generation of large amounts
demonstrates that peptide cyclization catalyzed by an isolatedof a single cyclic peptide, the liberal side chain, backbone,
TE domain, first observed with TycC TE, is a generalizable and length requirements should allow for the generation of
phenomenon. Some mechanistic lessons can be drawn frondiverse libraries of cyclic molecules which could be probed
our results. TycC TE has previously been shown to exclu- for activity (12, 13). The diversity of molecules potentially
sively catalyze cyclization of substrates with an N-terminal accessible by this approach is further amplified by the
D-Phe residue, as substrates with substitution-8hel by observation that naturally occurring TE domains from
eitherL-Phe om-Ala are not cyclized12). The results with different NRPSs can catalyze diverse ring closure reactions,
the SrfA-C TE domain, wher8LP-1R but notSLP-1S or including head-to-tail cyclization, oligomerization/cycliza-
SLP2 undergo cyclization, provide a second example of tion, and branched chain cyclization.
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