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Abstract

A chemoenzymatic method was developed for the synthesis of macrocyclic peptides and
glycopeptides. Sortase A was found to mediate either head to tail cyclization or oligomerization
and then head to tail cyclization of peptides and glycopeptides, depending on the peptide length, to
produce 15-mer or higher cyclic peptides and glycopeptides.
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Cyclic peptides and glycopeptides show remarkable biological activities, probably due to
their inherently relatively rigid and defined conformation and resistance to enzymatic
degradation.! Thus, cyclopeptides and cycloglycopeptides have been widely explored as
antibiotics,? antitumor agents,3 immunoregulative agents,* and in vaccine development.® For
cyclic peptide and glycopeptide synthesis, chemical methods have been extensively
investigated.5-8 However, to achieve effective and regiospecific reactions, orthogonal
protecting tactics and often special peptide sequences, such as glycine-/proline-rich peptides,
are required. To tackle this synthetic challenge, biological methods, e.g., the split-intein
circular ligation of peptide and protein (SICLOPPS) technology,® have been developed.
Even though powerful, these methods are not straightforward for creating large cyclic
peptide libraries. Chemoenzymatic approaches using enzyme-mediated peptide cyclization
have also been established for the synthesis of cyclopeptides and cycloglycopeptides.10
These methods can be particularly useful owing to the unique properties of enzymatic
reactions. However, promiscuous enzymes that can effectively promote peptide cyclization
are necessary.

Sortases are a class of transpeptidases found in Gram-positive bacteria, which are
responsible for anchoring surface proteins to bacterial cell walls by the so-called “sorting
reaction”.1! Each sortase recognizes and reacts with a specific short peptide, known as
“sorting signal”, near the C-terminus of the target protein to form a reactive protein-enzyme
conjugate and then transfers the acyl group to the N-terminus of an oligoglycine motif of
target pepteoglycans.1? For example, the sorting signal of sortase A (SrtA) of
Staphylococcus aureus origin is a pentapeptide LPXTG, where X is variable. It has been
demonstrated that sortases are quite substrate promiscuous, so sortase-mediated
transpeptidation has been proved to be a powerful alternative to native chemical
ligation.13-15 Accordingly, SrtA has been utilized to ligate and functionalize peptides and
proteins,16-19 anchor proteins to solid surfaces?0 and living cells,21-23 etc. Recently, we
employed SrtA to effectively couple peptides, glycopeptides, and proteins with

TThis article is part of the ChemComm “Glycochemistry and glycobiology” web themed issue.

*Electronic Supplementary Information (ESI) available: Experimental procedures and data; NMR and MS spectra of the intermediates
and final products. See DOI: 10.1039/b000000x/

This journal is © The Royal Society of Chemistry [year]
Fax: 1 313-577-8822; Tel: 1 313-577-2557; zwguo@chem.wayne.edu.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wu et al.

Page 2

glycosylphosphatidylinositols (GPIs) for the synthesis of GPI-linked peptides,
glycopeptides, and proteins.24-26 Based on these studies, we envisioned that SrtA might be
utilized to perform intramolecular transpeptidation reaction to prepare cyclopeptides
(Scheme 1), provided that the substrate peptide contains both the sorting signal and the
proper peptide acceptor at its C- and N-termini, respectively. Indeed, Ploegh and co-workers
found that SrtA could catalyze protein cyclization to produce moderate to excellent yields of
cyclic proteins.2’

To test the above hypothesis, we prepared a peptide 1 having the sorting signal of SrtA and a
diglycine motif at its C- and N-termini, respectively, and examined its reaction with SrtA.
As previously reported, the enzymatic reaction was carried out in Tris-HCI buffer containing
0.5 mM of peptide 1 and 20 uM of SrtA,24-26 whereas the reaction was monitored and
analyzed by HPLC and MS. After incubation at 37 °C for 20 h, the reaction was quenched
and the products were isolated and characterized. We identified 4 major products from this
reaction, including the linear dimer 2 (8%), linear trimer 3 (5%), cyclic dimer 4 (53%), and
cyclic trimer 5 (10%) (Scheme 2), as well as some unreacted 1 (23%). No direct cyclization
product of 1 was observed. All of the products were confirmed by MS.

These results suggest that SrtA first catalyzed peptide head to tail oligomerization to
produce 2 and 3 and then promoted their intramolecular head to tail transpeptidation to
result in cyclic peptides 4 and 5. That peptide 1 did not cyclize directly suggests that the
cyclization reaction can occur only if the peptide reaches certain length. Furthermore, it
appears that once the dimmeric and trimeric peptides were generated, their cyclization
would prevail under the described conditions, as the linear oligomers 2 and 3, which are the
cyclization precursors, were isolated in much lower yields than that of the cyclic
counterparts.

After having proved that SrtA could indeed effect peptide cyclization and that this could be
a practical method for cyclic peptide synthesis, we then examined how SrtA concentrations
might affect the reaction and the product distribution. In these studies, we fixed the
concentration of 1 at 0.5 mM, while the concentrations of SrtA were 10 to 60 uM (Table 1).
Clearly, the enzyme concentration in the tested range had little influence on the overall
reaction yield and product distribution, except for the small decrease and increase of the
amount of recovered 1 and the yield of cyclic dimmer 4, respectively. Since the substrate
peptide concentration was much higher than the concentration of SrtA, the results seemed
surprising, but if we take into consideration that SrtA-catalyzed reactions are reversible,28
because the side product GGS can also function as a peptide acceptor, the results are
understandable. Consequently, 1 did not completely convert to the products even in the
presence of higher SrtA concentration, and the reactions were in equilibrium to give
thermodynamically controlled products.

We also probed the influence of substrate concentrations on the enzymatic reaction and the
product distribution. It is expected that substrate concentrations should have a major
influence on the ratios of intermolecular and intramolecular reactions, if both can occur and
compete with each other. For these studies, we used relatively high concentration of SrtA
(40 uM) in order to shorten the reaction time and facilitate the monitoring, and the substrate
peptide concentrations were 0.1 to 10 mM. As disclosed in Table 2, with the increase of
substrate concentration, the yields of linear oligomers 2 and 3 and recovered 1 increased, but
the yields of cyclic peptides 4 and 5 decreased. The build-up of 1 and linear peptides 2 and 3
in the reaction mixture suggests again that the enzymatic reaction side product GGS may
have a major influence on the reaction equilibrium and that with accumulation of GGS
subsequent oligomerization and cyclization of 1, 2, and 3 were depressed. Another notable
trend revealed in Table 2 is that the reactions gave elevated ratios of total trimeric to total
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dimeric products with the increase of the concentration of 1, e.g., from 14:70 to 18:40 at 0.1
and 10 mM of 1, respectively. This trend was expected because increased substrate
concentrations should improve intermolecular reactions significantly.

To determine the minimal size required for a peptide to realize direct head to tail cyclization,
we then prepared peptides HoN-G3VTSAPDTLPKTGGS-OH (6), HoN-
G4VTSAPDTLPKTGGS-OH (7), and HyN-GsVTSAPDTLPKTGGS-OH (8) that contained
17, 18, 19 amino acids, respectively. Subsequently, the peptides were treated with SrtA
under the optimized conditions (0.5 mM peptide and 40 uM SrtA), while these reactions
were monitored by HPLC and MALDI-TOF MS. For peptide 6, direct head to tail
cyclization product was formed in only 6% yield, and its dimeric cyclic product was formed
as the major product (54%) (Table 3). The results were very similar to that of 1. The reaction
of peptide 7 offered direct cyclization product as the major product (42%), and the dimeric
cyclic product was also observed in a substantial quantity (32%). However, the reaction of
peptide 8 gave direct head to tail cyclization product overwhelmingly (79%) with little
dimerization or trimerization. These studies clearly demonstrate that, for SrtA-catalyzed
peptide cyclization, the minimal size of substrate peptides is an 11-mer, not counting the
sorting signal (underlined). However, for an 11-mer peptide, the dimerization reaction can
still compete with the cyclization reaction. Thus, to achieve more effective and nearly
exclusive cyclization reaction, the substrate peptide should be a 12-mer or longer, which
does not count the required sorting signal.

This unprecedented one-pot oligomerization and cyclization procedure was finally employed
to perform cyclization of MUCL1 glycopeptide 9 (Scheme 3). The reaction was carried out
under optimized conditions using 0.25 mM of 9 and 20 uM of SrtA. After reaction at 37 °C
for 20 h, the anticipated dimmeric cyclic glycopeptide 11 was obtained in 61% yield, along
with a small amount of the dimeric linear product 10 and cyclic trimer 12, in 10% and 8%
yields, respectively.

In brief, we have demonstrated that SrtA can be utilized to synthesize cyclic peptides and
glycopeptides via intramolecular head to tail cyclization reactions of bifunctional peptides
and glycopeptides. The peptide size was proved to be important for this application. For 11-
mer and longer substrate peptides, not counting the sorting signal at the peptide C-terminus,
SrtA promoted direct head to tail cyclization reactions to afford the corresponding 15-mer
and larger cyclic peptides predominantly. It was further observed that a 12-mer peptide
could cyclize more effectively than an 11-mer to produce a 16-mer cyclic peptide almost
exclusively. However, when the substrate peptides were shorter than an 11-mer, SrtA
catalyzed an intermolecular head to tail peptide oligomerization first and then an
intramolecular head to tail cyclization of the resultant peptides and glycopeptides. This
chemoenzymatic method is expected to be widely applicable to prepare macrocyclic
peptides and glycopeptides containing 15 or more amino acids, either via SrtA-catalyzed
direct cyclization in the case of large peptides/glycopeptides or via SrtA-catalyzed one-pot
oligomerization and then cyclization in the case of short peptides/glycopeptides. Compared
to existing chemoenzymatic syntheses, the new method is simple and potentially widely
useful as SrtA is promiscuous and the only requirement of this synthetic method is that the
substrate peptides/glycopeptides must have a short signal peptide and a Gly residue at their
C- and N-termini, respectively, which is easily achievable. On the other hand, this
requirement has determined that all products of the new synthetic method contain a LPXTG
sequence. The impact of this sequence on the biological activity is an interesting issue to
explore.
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Scheme 1.
Projected SrtA-mediated synthesis of cyclic peptides
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SrtA-mediated oligomerization and clyclization of 1
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Scheme 3.

SrtA-catalyzed glycopeptide oligomerization and clyclization reactions
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Table 3

Product distributions of SrtA-catalyzed reactions of 6, 7, and 8

Substrate peptide 6(n=3) 7(n=4) 8 (n=5)
Recovered peptide (%)2 24 18 10
Linear dimer (%)2 7 4 ndd
[(G,VTSAPDTLPKT),GGS]

Linear trimer (%)2 ndP ndbd nab
[(G.VTSAPDTLPKT);GGS]

Cyclic monomer (%)& 6 42 79
Cyclic dimer (%)2 54 32 4
Cyclic trimer (%)2 9 4 ndb

a% Yields derived from HPLC analysis of reaction mixtures.

bnd: not detectable.
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