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Nonribosomal peptide synthetases responsible for the production
of macrocyclic compounds often use their C-terminal thioesterase
(TE) domain for enzymatic cyclization of a linear precursor. The
excised TE domain from the nonribosomal peptide synthetase
responsible for the production of the cyclic decapeptide tyrocidine
A, TycC TE, retains autonomous ability to catalyze head-to-tail
macrocyclization of a linear peptide thioester with the native
sequence of tyrocidine A and can additionally cyclize peptide
analogs that incorporate limited alterations in the peptide se-
quence. Here we show that TycC TE can catalyze macrocyclization
of peptide substrates that are dramatically different from the
native tyrocidine linear precursor. Several peptide thioesters that
retain a limited number of elements of the native peptide sequence
are shown to be substrates for TycC TE. These peptides were
designed to integrate an Arg-Gly-Asp sequence that confers po-
tential activity in the inhibition of ligand binding by integrin
receptors. Although enzymatic hydrolysis of the peptide thioester
substrates is preferred over cyclization, TycC TE can be used on a
preparative scale to generate both linear and cyclic peptide prod-
ucts for functional characterization. The products are shown to be
inhibitors of ligand binding by integrin receptors, with cyclization
and N�-methylation being important contributors to the nanomo-
lar potency of the best inhibitors of fibrinogen binding to �IIb�3
integrin. This study provides evidence for TycC TE as a versatile
macrocyclization catalyst and raises the prospect of using TE
catalysis for the generation of diverse macrocyclic peptide libraries
that can be probed for novel biological function.

Macrocyclic structure is a desirable feature for biologically
or pharmaceutically active compounds. Macrocyclization

stabilizes products from degradation and decreases the confor-
mational f lexibility of a molecule compared with its linear analog
by constraining it to a biologically active conformation (1). In the
biosynthesis of macrocyclic natural products, such as the mac-
rolactam antibiotic tyrocidine, the macrolactone antifungal
fengycin, and the macrolactone siderophore enterobactin by
nonribosomal peptide synthetases (NRPSs), a C-terminal thio-
esterase (TE) domain introduces this constraint by catalyzing
cyclization of a linear precursor (2, 3). Analogous cyclases in
polyketide synthetase assemblies generate erythromycin and
ketolide antibiotics as well as other bioactive macrolactones
(4, 5).

We have recently shown that several 28- to 35-kDa C-terminal
TE domains excised from megadalton NRPS subunit proteins
retain autonomous macrocyclization activity with peptide thio-
ester substrates that mimic their natural protein-bound peptide
phosphopantetheinyl substrates (6, 7). As a representative ex-
ample, TycC TE, the C-terminal TE domain from the synthetase
responsible for the biosynthesis of tyrocidine, macrocyclizes a
soluble decapeptide thioester with the native peptide sequence
of the antibiotic tyrocidine A (Fig. 1A). We have investigated the
substrate specificity of TycC TE by site-specific alterations in the
soluble substrate. Substitution of single residues of the peptide
sequence by alanine, as well as targeted substitution of ester for

amide bonds in the linear precursor, suggested that the TycC TE
could serve as a permissive macrocyclization catalyst (Fig. 1 A)
(6–8). The elements of the substrate that appeared necessary for
cyclization included the potential for preorganization of the
substrate in an antiparallel �-sheet, as well as side-chain require-
ments for an N-terminal D-phenylalanine and a penultimate
ornithine. The sum of our site-specific alterations have led us to
propose a model for the minimal substrate requirements for
cyclization and raised the question of the effect on cyclization of
simultaneous alterations in potentially substitutable positions
(Fig. 1B) (8).

We now address the ability of TycC TE to catalyze the
cyclization of peptide thioesters with different therapeutic po-
tential, switching from antibiotic endpoints to peptide inhibitors
of integrin receptors. The molecules studied, as they differ
dramatically from the natural tyrocidine substrate, allow for
examination of the effects of aggregate changes in the substrate
on TycC TE catalysis of cyclization.

Integrins are ��� heterodimeric receptors that mediate nu-
merous cell–cell and cell–matrix interactions (9, 10). Many
natural ligands for integrins contain an Arg-Gly-Asp (RGD)
sequence that is believed to be important for recognition by the
integrins, including fibrinogen (ligand for �IIb�3 and �v�3),
vitronectin (ligand for �v�3), and fibronectin (ligand for �5�1)
(11). Peptides containing the RGD motif are able to inhibit
receptor-ligand binding and therefore are potentially useful
therapeutic agents. With the introduction of a conformational
constraint, peptides cyclized by means of a disulfide linkage have
been shown to have a higher affinity and increased specificity
when compared with their linear counterparts (12, 13). Speci-
ficity also is linked to the structural presentation of the RGD
motif, as presentation on a � type II� turn gives �IIb�3 speci-
ficity, whereas presentation on a � type I turn gives specificity for
the integrin �v�3 (14, 15).

In this work, we explore the ability of TycC TE to catalyze
cyclization of rationally designed peptide thioesters and evaluate
the integrin inhibition activity of the macrolactam enzymatic
products. The utility of the excised TE domain for the synthesis
of macrocyclic molecules with novel bioactivity is revealed by our
characterization of the cyclization of these integrin binding
peptides.

Materials and Methods
Substrate Synthesis. Peptide N-acetylcysteamine thioester
(SNAC) substrates were synthesized by solid-phase peptide
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synthesis followed by solution-phase thioester formation. Pep-
tide synthesis was carried out on a Perseptive Biosystems 9050
synthesizer (0.3 mmol scale) by using 2-chlorotrityl resin deri-
vatized with Leu (Novabiochem). 9-Fluorenylmethoxycarbonyl
(Fmoc)-N�-Me-Arg(Mtr) was purchased from Bachem. All
other amino acids and coupling reagents were obtained from
Novabiochem. Couplings were carried out with Fmoc-protected
amino acids, except for the N-terminal D-Phe, which was Boc-
protected. Side-chain protecting groups were: Boc for Orn and
Trp, Mtr for N�-Me-Arg, Pbf for Arg, and t-Bu for Asp. For all
couplings not involving N�-Me-Arg, 30-min single coupling using
diisopropylcarbodiimide (DIPCDI)�1-hydroxybenzotriazole
(HOBt) chemistry was conducted. Coupling of Fmoc-N�-Me-
Arg(Mtr) to the growing peptide was carried out with DIPCDI�
HOBt for 4 h. Coupling of the amino acid subsequent to
N�-Me-Arg(Mtr) was carried out by double coupling (3 h each)
with DIPCDI and 1-hydroxy-7-azabenzotriazole (HOAt). Cleav-
age of the protected peptide from resin, solution-phase thioester
formation, deprotection, and purification were conducted as
described (7), with the exception of increasing to 24 h the length
of deprotection of the peptide thioesters containing Mtr-
protected N�-Me-Arg. The purity and identity of peptide-
SNACs were confirmed by analytical HPLC and matrix-assisted
laser desorption ionization–time of flight mass spectroscopy
(MALDI-TOF MS) (Table 1).

Kinetic Assays of Peptide Thioester Substrates. TycC TE was ex-
pressed with a C-terminal hexahistidine tag and purified as
described (6). Reactions were carried out in total volume of 200
�l with 25 mM Mops, pH 7.0 at 24°C. Reactions were initiated
with addition of TycC TE and quenched by addition of 12.5 �l
of 1.7% trif luoroacetic acid (TFA)�water followed by flash-
freezing in liquid N2. Product analysis was carried out by HPLC
(Beckman System Gold) with reverse-phase C18 column (Vydac)
using a gradient from 20% to 65% of 0.1% TFA�acetonitrile into
0.1% TFA�water over 35 min. Product formation with peptide
thioester substrates was shown to be linear to 2 min (data not
shown). The identities of linear acid and cyclic peptide products
were confirmed by MALDI-TOF MS (Table 1). The regiochem-
istry of cyclic peptide products was further confirmed by HPLC
MS-MS analysis of the purified product with a Hewlett–Packard
1100 HPLC coupled to a Finnigan-MAT LCQ ion trap mass
spectrometer at the Biopolymers Facility of the Howard Hughes

Medical Institute�Harvard Medical School. For each cyclic
product, multiple fragment ions were found that contained the
D-Phe-1 to C-terminal Leu linkage expected from head-to-tail
cyclization. For cyclo-IT1, see observed peptides in Fig. 3. For
cyclo-IT2, detected peptide fragments included the sequence
LF observed 261.0 (calculated 261.2), LFA 332.1 (332.2),
and LFAAR 559.3 (559.3). For cyclo-IT3, detected fragments
included the a-ion of LF 233.1 (233.2) and the b-ion of
LF(NMe)RGD 603.4 (603.3). For kinetic analysis of substrates,
peptide thioester concentration was varied, and product forma-
tion at 1 min was quantified and fitted to the Michaelis–Menten
kinetic model.

Preparative Scale Generation of Linear Peptide Acid and Cyclic Pep-
tide Products. The reactions studied kinetically were carried out
on the preparative scale to generate products for bioactivity
studies. Reactions were conducted with 200 nM TycC TE, 150
�M peptide-SNAC in a total volume of 30–90 ml, with 25 mM
Mops, pH 7.0. After 30-min incubation with gentle agitation at
24°C, the substrates were �95% converted to products (data not
shown). A second aliquot of enzyme was added to bring TycC TE
to 400 nM final concentration. After an additional 30-min
incubation, trif luoroacetic acid was added to a final concentra-
tion of 0.1%, and the reactions were frozen in liquid N2.
Lyophilization of the reaction afforded a white solid that was

Table 1. Characterization of substrates and reaction products by
MALDI-TOF MS

Compound Species
Mass,

calculated
Mass,

observed

Substrates
IT1-SNAC [M�H]� 1,221.6 1,221.5
IT2-SNAC [M�H]� 1,207.6 1,207.2
IT3-SNAC [M�H]� 836.5 836.6

Products
IT1-COOH [M�H]� 1,120.6 1,120.5
cyclo-IT1 [M�H]� 1,102.6 1,102.6
IT2-COOH [M�H]� 1,106.6 1,106.5
cyclo-IT2 [M�H]� 1,088.6 1,088.5
IT3-COOH [M�H]� 735.5 735.5
cyclo-IT3 [M�H]� 717.5 717.5

Fig. 1. (A) The natural reaction of the C-terminal TE domain from the NRPS responsible for production of the cyclic decapeptide antibiotic tyrocidine A is shown
(Left). The terminal peptidyl carrier protein (PCP) is shown with its phosphopantetheine arm represented by SH. A linear decapeptide is transferred to the
active-site serine (OH) of the TE domain, followed by head-to-tail cyclization giving the product tyrocidine A. (Right) The experimental design for studying the
isolated TE domain. The protein-bound substrate is replaced by a decapeptide SNAC (TLP), which is cyclized by the isolated TE domain, TycC TE. The portions of
the substrate that have been shown to tolerate substitution without leading to a more than 3-fold drop in the rate of cyclization are shown in gray (6, 8). (B)
The proposed model for the minimal substrate, based on examination of substrates with site-specific alterations (6–8). The curved line represents a variable
length linker. R represents variable side chains, X represents NH2 or OH, and LG represents a leaving group.
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redissolved in 5 ml water. Preparative HPLC was carried out as
described for purification of the peptide-SNAC substrates, and
the products corresponding to the linear peptide acid and cyclic
peptide were purified. The purity of the products was more than
99% by analytical HPLC, and the product identity was confirmed
by MALDI-TOF MS (Table 1).

Preparation of Recombinant Soluble Integrins and Their Ligands.
Soluble recombinant �5�1, �V�3, and �IIb�3 integrins were
purified from the culture supernatants from CHO-lec 3.2.8.1
cells stably tranfected with corresponding subunits (J.T., unpub-
lished work). The design for all constructs was essentially the
same as for the soluble �5�1 reported previously (16), in that all
subunits are truncated before the transmembrane domain and
fused to a BASE-p1 (for �) and ACID-p1 (for �) peptide (17)
with one residue mutated to Cys. To facilitate purification, a
hexahistidine tag was attached to the C terminus of the �
subunit. The recombinant integrins were purified by Ni-NTA
agarose and gel filtration, and the purities were confirmed to be
�95% by SDS�PAGE. Human fibrinogen (Enzyme Research
Laboratories, South Bend, IN) was labeled with Sulfo-NHS-LC-
biotin (Pierce) according to the manufacturer’s recommenda-
tions. Recombinant fibronectin fragment (Fn9–10) was pre-
pared and biotinylated as described (16).

Ligand Binding Assay. Linear and cyclic peptide products were
assayed for inhibition of fibrinogen binding to �V�3 and �IIb�3
or fibronectin fragment binding to �5�1. Purified integrins (250
ng) were coated onto microtiter wells followed by blocking of
nonspecific binding sites with 1% BSA. Biotinylated ligands (9
nM for fibrinogen, 50 nM for Fn9–10) were added to wells
together with varying concentrations of peptides in 50 mM Tris
(pH 7.5), 150 mM NaCl, 1 mM MnCl2, 0.1% BSA and incubated
for 1 h at room temperature. After washing three times with
buffer, the bound ligands were quantitated by peroxidase-
conjugated streptavidine. Assays were performed in duplicate
and repeated at least three times. Binding values were fitted to
a sigmoidal curve used to derive IC50 values.

Results
Design of Peptide Thioester Substrates. The peptide thioester
substrate, IT1-SNAC, was designed for this study to satisfy two
sets of requirements (Fig. 2A). To test the effect of a large
number of changes in the peptide thioester substrate on enzy-
matic cyclization, we wanted to retain only the elements present
in the minimal peptide model (Fig. 1B). To this end, when
compared with the linear peptide sequence of the natural
substrate tyrocidine, IT1-SNAC had an alteration in the side
chains of seven of the 10 residues. Further, it incorporates two
changes in stereochemistry at positions 3 and 4 and the intro-
duction of an N�-methyl residue in the backbone, making it a
stringent test of the minimal peptide model (Fig. 2B).

The sequence of the variant positions was set to create a
potential cyclic integrin inhibitor. It is known that an RGD
sequence situated with the Arg at the i�2 position of a � type
II� turn can give specificity for the �IIb�3 integrin (14). As
D-amino acids followed by N�-methyl amino acids are known to
be strong � type II� turn-inducing elements (14, 18), we incor-
porated D-Ala-3-N�-Me-Arg-4 into the linear sequence of IT1-
SNAC (Fig. 2C). Further, it is known that the residues C terminal
to the RGD pharmacophore can affect specificity. For the
integrin �5�1, although little is known about the preferred
spatial presentation of the RGD sequence, a Gly-Trp or Gly-Phe
sequence appended to the C terminus of RGD has been shown
to increase potency of inhibition (13, 19). To introduce potential
potency for �5�1 inhibition, we introduced Gly-Trp after RGD
in IT1-SNAC. The des-N�-Me substrate IT2-SNAC and
hexapeptide IT3-SNAC allow for examination of the effect of

two features of the designed molecule, N�-methylation and the
length of the peptide, respectively, on both peptide cyclization
and bioactivity (see Fig. 4).

Test of the Minimal Substrate Model for TycC TE. The peptide SNAC
substrates were synthesized and tested as substrates for enzy-
matic transformation by TycC TE. An initial test of IT1-SNAC
revealed the formation of two products that were identified by
MALDI-TOF MS as the linear free decapeptide acid IT1-
COOH and the head-to-tail cyclized decapeptide cyclo-IT1 (Fig.
3). The regiochemistry of the cyclic product was confirmed by
MS-MS fragmentation as peptide fragment ions containing the
predicted dipeptide linkage from D-Phe-1 to Leu-10 can be
identified (Fig. 3). The kinetics of hydrolysis and cyclization were
studied and revealed that hydrolysis is preferred over cyclization
in a ratio of �4:1, as compared with a ratio of 1:6 for the native
tyrocidine sequence (Fig. 4) (6). The absolute reduction in kcat
of cyclization is only 4-fold from the kcat � 60 min�1 for the
native tyrocidine decapeptide thioester (6), which is remarkable
given the large number of alterations incorporated in the sub-
strate. The flux to cyclization was sufficient to allow the reaction
to be carried out on the preparative scale, generating milligram
quantities of the linear and cyclic products for characterization
of integrin binding activity.

In the proposed cyclizing conformation of IT1-SNAC, the
N�-methyl Arg is situated with the methyl group directed away
from the core of the �-sheet (Fig. 2B). The effect on cyclization

Fig. 2. (A) Structure of peptide substrate IT1-SNAC. (B) The intermediate in
the reaction of IT1-SNAC with the active-site serine of TycC TE modeled in the
proposed cyclizing conformation of the natural substrate tyrocidine A. The
substrate meets the criteria of the minimal substrate model and introduces
numerous amino acid side-chain and stereochemical alterations relative to the
natural substrate. (C) The proposed structure in solution of cyclo-IT1, the
product of enzymatic cyclization of IT1-SNAC. The � type II� turn-inducing
D-Ala-N�-Me-Arg sequence could position Arg at the i�2 position of the turn.
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of deletion of the N�-methyl group from IT1-SNAC was ad-
dressed by kinetic characterization of IT2-SNAC (Fig. 4). The
rate for cyclization is moderately decreased and that for hydro-

lysis slightly increased, giving a ratio of hydrolysis to cyclization
of �8:1. The results suggest that TycC TE is largely insensitive
to the presence or absence of the N�-methyl residue.

We have previously shown that TycC TE can be used to
generate cyclic peptides from 6–14 residues in length (7). The
substrate IT3-SNAC was designed with the N�-methyl RGD
sequence inserted after D-Phe-1 and upstream of Orn-5–Leu-6
as a hexapeptide substrate that met the requirements of the
minimal substrate model and could potentially position the
RGD sequence on a � type II� turn. The hexapeptide substrate
was cyclized at a rate comparable to the decapeptide, although
the hexapeptide thioester was a better substrate for hydrolysis
(Fig. 4).

Assay of Enzymatic Products as Integrin Inhibitors. The purified
linear and cyclic enzymatic reaction products were tested for
their ability to inhibit integrin-ligand binding. Soluble recombi-
nant integrins �IIb�3, �V�3, and �5�1 were purified and used
with biotinylated fibrinogen, for �V�3 and �IIb�3 integrins, or
a biotinylated fibronectin fragment, for �5�1, in a competition
binding experiment. All linear and cyclic enzymatic peptide
products studied showed measurable inhibition activity against
all integrin receptor subtypes. The linear and cyclic peptides
were tested in comparison to a standard integrin inhibitor, a
linear GRGDSP peptide derived from the native fibronectin
sequence (20). The control peptide has a 1.7 �M IC50 in the
binding displacement assay against �IIb�3, 6.7 nM against the

Fig. 3. The reaction of TycC TE with IT1-SNAC followed by HPLC. Reactions
initially contained 15 �M IT1-SNAC, 200 nM TycC TE, 25 mM Mops, pH 7.0 at
24°C and were quenched at time 0 min or 10 min. The labeled hydrolyzed and
cyclic products, IT1-COOH and cyclo-IT1, respectively, were identified by
MALDI-TOF MS. (Inset) Shown are peptide fragment ions generated by MS-MS
that confirm the presence of the underlined D-Phe-1 to Leu-10 linkage formed
by cyclization.

Fig. 4. Kinetics of hydrolysis and cyclization of peptide thioester substrates by TycC TE.
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�v�3, and 30 �M against the �5�1 for a 10,000-fold range in
potency against these three integrin receptor subtypes. Given
interassay variability, using normalized IC50 values (Q �
IC50[peptide]�IC50[GRGDSP]) allows for comparison between
integrin subtypes as well as intra-assay results (Table 2).

With the �IIb�3 integrin, three of the peptides were more
active than the control peptide in inhibition of fibrinogen
binding. In agreement with the predictions incorporated in our
peptide design, the cyclization and N�-methylation constraints
contributed to the potency of the best inhibitors. The most active
inhibitor, cyclo-IT1, was both cyclic and contained N�-
methylated Arg. Cyclization also leads to an 8-fold increase in
the potency of the hexapeptide, cyclo-IT3, relative to IT3-
COOH. The des-N�-methyl peptides cyclo-IT2 and IT2-COOH
both were at least 10-fold less potent than their N�-methylated
analogs.

With the �v�3 integrin, relative to the control peptide
GRGDSP, all linear and cyclic peptides tested were less active
with the exception of equipotent cyclo-IT3. In contrast to the
�IIb�3 integrin, N�-methylation slightly decreases the potency of
inhibition of cyclo-IT1 and IT1-COOH relative to their des-N�-
methyl analogs. The finding that the cyclic hexapeptide is a
reasonably potent inhibitor at �v�3 was surprising given the �
type II� turn-stabilizing D-Phe-N�-Me-Arg sequence, which has
been seen to confer �IIb�3 specificity (14). However, based on
Q values, cyclo-IT3 shows a 3.5-fold specificity preference for the
�IIb�3 integrin.

The study of inhibition of the fibronectin fragment binding to
the �5�1 integrin by the enzymatically synthesized linear and
cyclic peptide products reveals that cyclization need not increase
the potency of an inhibitor. The linear decapeptide acids IT1-
COOH and IT2-COOH are more than 10-fold more potent than
their cyclized analogs and equipotent to the control peptide.
Notably, these inhibitors also contain the Gly-Trp sequence C
terminal to RGD. Given the recent finding of a synergistic
binding site in �5�1 that recognizes the Gly-Trp sequence (19),
it is feasible that cyclization constrains the peptide such that an
active conformation allowing for interaction at this synergistic
site with the linear peptide is no longer accessible with the cyclic
peptide. As cyclo-IT1 and cyclo-IT3 both are proposed to
present the RGD sequence in the context of a � type II� turn, the
lack of inhibitory potency of these molecules suggests that the
conformational preference favored by �IIb�3 is not shared by
�5�1.

Discussion
In the biosynthesis of most macrocyclic compounds by NRPSs
and polyketide synthetases, chain termination and macrocycliza-
tion is catalyzed by a C-terminal TE domain. The TE domains
are �,� hydrolase family members that use an active-site serine
as part of a catalytic triad (21). A linear substrate activated as a
thioester is attacked by the active-site serine forming an acyl-
O-TE intermediate (Fig. 1 A) (22). Deacylation occurs by attack

of the acyl-O-TE intermediate by an intramolecular nucleophile,
with minor flux to hydrolyzed, linear product by attack of water.
When excised from their native context, at the terminus of large
multidomain synthetase proteins, the isolated TE domains retain
their ability to act as enzymatic macrocyclization catalysts when
probed with peptide SNACs (6, 7). Our initial biochemical
studies of the TE domain from the synthetase responsible for the
production of the antibiotic tyrocidine established that TycC TE
could cyclize substrates with site-specific alterations in the native
peptide sequence (8). Studies with substrates containing single
side chains substituted by alanine, alteration in the length of the
peptide substrate, and substitution of specific amide linkages for
ester bonds led us to propose a minimal set of requirements for
a cyclization substrate for TycC TE (Fig. 1B).

TycC TE Is a Permissive Cyclization Catalyst. The versatility of TycC
TE as a peptide thioester cyclase has been addressed in this study
by the synthesis and characterization of substrates dramatically
different from the native tyrocidine sequence. Seven side chains
that had previously been shown to be tolerant to individual
substitution by alanine were simultaneously altered in the de-
signed substrate IT1-SNAC. The side-chain alterations in some
positions resulted in radically different substituents, such as
L-Arg for D-Phe-4 and L-Trp for L-Val-8. Additionally, the
substrate contained two alterations in stereochemistry and an
N�-methylated residue.

When IT1-SNAC was assayed with TycC TE, the enzymatic
macrocyclization producing the head-to-tail cyclized decapep-
tide cyclo-IT1, occurred with a kcat only 4-fold reduced from that
of the wild-type tyrocidine sequence (kcat � 60 min�1) (6). As a
test of the minimal substrate model, IT1-SNAC lends support to
the notion that only a small number of elements of the substrate
are necessary for cyclization to be a productive outcome. The
importance of these minimal substrate elements is revealing with
regard to the mechanism of action of TycC TE. After formation
of the acyl-O-TE intermediate, the enzyme could recognize and
position the important side chains to aid in bringing the reactive
termini together. The minimal requirements could also reflect
the ability of the tethered peptide intermediate to take on a
product-like conformation by the formation of a stable antipa-
rallel �-sheet. The cyclization of the substrates IT2-SNAC and
IT3-SNAC by TycC TE are further demonstrations of the
permissive cyclization ability of the TE domain. The TE domain
is largely insensitive to the presence of an N�-methylated amino
acid in the substrate and can catalyze cyclization of the short-
ened, hexapeptide thioester, satisfying the requirements of the
minimal substrate model. Further, the cyclization reaction was
regiospecific, forming exclusively monomeric head-to-tail cy-
clized molecules as evidenced by MS-MS fragmentation of the
purified cyclic products.

For all substrates examined, whereas cyclization occurs at
rates only 4- to 6-fold reduced from the natural peptide se-
quence, hydrolysis predominates over cyclization. The increased
flux of hydrolysis to cyclization, in the face of only moderately
decreased rates of cyclization, suggests that the acyl-O-TE
intermediate is more accessible to water with the peptides
examined in this study. To build on this finding that cyclization
is a productive outcome with substrates that retain the minimal
substrate elements requires addressing the problem of hydrolysis
of peptide thioester substrates to make NRPS TE domains more
effective synthetic tools to make diverse macrocyclic structures.
Potential solutions to this problem may come from an explora-
tion of TE catalysis in nonaqueous solvents, structure-driven
mutagenesis to suppress acyl-O-TE hydrolysis, or enzymatic
production of an activated peptide substrate from the peptide
acid (23, 24).

Table 2. Integrin inhibition activity of RGD-containing peptides

IC50, nM
(Q � ratio versus control peptide)

�IIb�3 �v�3 �5�1

IT1-COOH 350 (0.21) 380 (57) 30,000 (1.0)
cyclo-IT1 210 (0.12) 120 (18) 400,000 (13)
IT2-COOH 26,000 (15) 230 (34) 25,000 (0.83)
cyclo-IT2 2,300 (1.4) 90 (24) 600,000 (20)
IT3-COOH 3,700 (2.2) 40 (6.0) 300,000 (10)
cyclo-IT3 460 (0.27) 6.5 (0.97) 300,000 (10)
GRGDSP (control) 1,700 (1.0) 6.7 (1.0) 30,000 (1.0)
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TycC TE Catalysis Can Generate Integrin-Inhibiting Peptides. Certain
classes of integrins recognize RGD motifs in their protein
ligands, and RGD-containing peptides can inhibit ligand binding
either directly or indirectly. These peptides are drug candidates
against �IIb�3 in thrombosis (25) and against �v�3 in tumor
angiogenesis (26) and osteoporosis (27). The peptide thioester
substrates described in this study contain the RGD sequence in
various contexts. TE domain enzymatic conversion generated
the linear peptide acid and cyclic peptide products that all
showed varying degrees of measurable integrin inhibition activ-
ity against the integrins �IIb�3, �V�3, and �5�1.

The introduction of constraints can affect the potency and
specificity of a bioactive peptide. Cyclization of a peptide, for
example, limits a molecule to a subset of the conformational
space available to its linear analog. If the bioactive conforma-
tional space is accessible to the cyclic molecule, it has an entropic
advantage for binding. With the �IIb�3 integrin, cyclization led
to better inhibition of fibrinogen binding as evidenced by
cyclo-IT1 and cyclo-IT3. Alternately, cyclization can preclude a
molecule from taking on a bioactive conformation, as seen with
loss of potency against the �5�1 integrin for cyclo-IT1 and
cyclo-IT2 compared with their linear analogs IT1-COOH and
IT2-COOH. A cyclization constraint can further be useful in the
design of bioactive molecules as it stabilizes the molecule from
degradation. The second constraint explored in this study was
N�-methylation of a residue in the peptide. The most active

inhibitor of �IIb�3, cyclo-IT1, was designed with the strong �
type II� turn-inducing D-Ala-N�-Me-Arg sequence. The N�-
methylation constraint by itself makes IT1-COOH and cyclo-IT1
more than 40-fold and 10-fold more potent against �IIb�3 than
their respective des-N�-Me versions IT2-COOH and cyclo-IT2.

It is notable that TycC TE, excised from a synthetase involved
in the biosynthesis of a cyclic peptide antibiotic, is a useful tool
for the generation of cyclic molecules with bioactivity against an
unrelated therapeutic target, the integrin receptors. The TE
domain is able to catalyze cyclization of dramatically different
substrates that retain a small number of important structural
elements. The potential diversity of macrocyclic compounds
attainable by TE catalysis is further amplified by the fact that a
myriad of macrocyclization reactions are performed by TE
domains from different NRPS and polyketide synthetase assem-
bly lines (2). The utility of such terminal TE domains can be
exploited in efforts to engineer synthetases to generate novel
compounds (28–31). Additionally, it is feasible that these small
(25–35 kDa) enzymatic domains in isolation could be used in the
generation of diverse libraries of macrocyclic compounds with
possible biological activity in areas distinct from the natural
synthetase product.
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