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ABSTRACT: Peptide cyclization improves conformational rigidity, providing
favorable pharmacological properties, such as proteolytic resistance, target
specificity, and membrane permeability. Thus, many synthetic and biosynthetic
peptide circularization strategies have been developed. PatG and related natural
macrocyclases process diverse peptide sequences, generating millions of cyclic
derivatives. However, the application of these cyclases is limited by low yields and
the potential presence of unwanted intermediates. Here, we designed a covalently
fused G macrocyclase with substrates that efficiently and spontaneously release cyclic peptides. To increase the fidelity of synthesis,
we developed an orthogonal control mechanism enabling precision synthesis in Escherichia coli. As a result, a library comprising 4.8
million cyclic derivatives was constructed, producing an estimated 2.6 million distinct cyclic peptides with an improved yield and
fidelity.
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■ INTRODUCTION
Cyclic peptides have attracted attention as drug candidates
because their properties bridge those of biologics and small
molecules. As a result of their therapeutic advantages, cyclic
peptides are growing rapidly as FDA-approved drug and
clinical trial candidates.1,2 Numerous cyclization strategies have
been developed, including synthetic and biosynthetic methods,
each of which has advantages in specific applications. For
example, the biosynthetic approach enables genetic random-
ization to construct peptide libraries, which are compatible
with selection- or phenotype-based screens directly within the
producing organisms.3−6 For that reason, many genetic
methods have been developed. Arguably, the most successful
of these has been split-intein circular ligation of peptides and
proteins (SICLOPPS).6 Other tools have been developed, such
as modified thioesterase domains.7,8 Genetic code reprogram-
ming supplements these methods by bringing in non-
proteinogenic amino acids.9,10 Each of these methods has
strengths and limitations in the scope of substrate tolerance,
production of unwanted mixtures, and relative yield produced
in vivo.
The naturally relaxed substrate promiscuity of ribosomal and

post-translationally modified peptide (RiPP) pathways has
enabled their application to library generation.11−14 For
example, cyanobactin-family macrocyclases, the G enzymes,
show exceptionally broad substrate tolerance and high fidelity,
efficiently generating a single cyclic peptide without observable
linear side products. G enzymes are subtilisin-like proteases
that, instead of hydrolysis, perform transpeptidation to form
macrocycles. The native substrates for PatG and PagG
macrocyclases are short peptides composed of 6−10 amino

acids in the hypervariable “core peptide” region that encodes
the final circular product and 3−5 amino acids in the C-
terminus that comprise the conserved “recognition sequence”.
The core peptide is directed to the enzyme’s active site
through interactions with the recognition sequence. Once
positioned, G enzymes cleave the peptide to form an enzyme−
core-peptide covalent intermediate. The core peptide’s free N-
terminus attacks the ester intermediate, releasing a circular
peptide product. In both PagG and PatG, a heterocyclic
residue is required at the C-terminus of the core peptide, while
other positions in the core are broadly substrate tolerant. In
PagG, the preferred heterocycle is proline, while in PatG, an
azoline is preferred; this azoline is usually produced enzymati-
cally.15−18

Because of their unusual fidelity and substrate tolerance, G
enzymes have been widely applied to synthesizing circular
peptide derivatives and large libraries.12,19 Experiment has
demonstrated that G enzymes broadly accept many different
substrates and are often capable of making millions of
compounds, by just considering proteinogenic amino
acids.11,17 Adding to this diversity, G enzymes are compatible
with D-amino acids18 and nonproteinogenic amino acids,10

making them amenable to generating compounds and libraries
that bridge synthetic and genetic strategies.
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However, several factors have limited their success. In
Escherichia coli-based expression libraries, instead of a simple
core-recognition sequence substrate, the precursor peptides
also contain N-terminal elements that must be processed and
cleaved prior to the action of G enzymes, and the reactions are
quite slow, creating several difficulties.20 In vitro, the purified
G enzymes and substrates are combined, but reactions are
sometimes low-yield and do not always go to completion. This
leaves a mixture that is not ideal for screening.18 We
hypothesized that the in vivo and in vitro limitations were
largely caused by the substrates and not the inherent
efficiencies of the enzymes. For example, in vivo different
linear substrates may be readily hydrolyzed in E. coli in a
sequence-dependent manner. Similarly, in vitro short peptide
substrates often have unfavorable solubility, oligomerization, or
folding terms, which are also sequence dependent.
If this hypothesis was correct, then we reasoned that

covalent fusion of the substrate to the N-terminus of a G
protein would significantly increase efficiency, yield, and
fidelity. Furthermore, we reasoned that developing orthogonal
control of cyclization activity would provide several advantages
for in vivo and in vitro peptide circularization. Here, we report
the design and implementation of the covalent fusion strategy,
leading to the efficient synthesis of cyclic peptides in vivo and
in vitro. We generated a mutant library with a high
circularization success rate. We also performed a large-scale
culture and isolated one of the successful mutants, yielding
enough material for full spectral analysis.

■ RESULTS AND DISCUSSION
Development of Autocatalytic G Macrocyclase. We

first used PagG because its substrates do not require enzymatic
modification prior to the circularization step.17 The precursor
peptide, PagE,21 was fused through its C-terminus to different

linkers, which in turn were fused with the PagG protease
domain. The native core peptide (QAYLGIPLP) and C-
terminal recognition sequence (“RSIII”) were used, but the N-
terminal PagA protease recognition sequence was replaced
with the PatA element (“RSII”) since the PatA enzyme has
been much more widely used (Figure S1).22 Cleavage of RSII
would liberate a free N-terminus that is ready for
circularization (Figure 1a). Thus, in principle, after PatA
action, autocatalysis would afford the macrocycle. The cyclic
peptide is the native PagG product and the precursor of the
natural product, prenylagaramide from cyanobacteria.23

We tested constructs with variable GlySer linkers (GSGn n =
3−12 and GGGGSn n = 2−8) that range between 3 and 40
amino acids.24,25 Based upon available crystal structures,15,26

the linker size ranges easily spanned the distance between the
substrate and the active site of the enzymes. Eight enzyme
constructs with variable linkers were expressed in E. coli and
purified (Figure S3). To confirm that the PagG enzyme
constructs retained activity, we performed an in-trans enzyme
assay using the PagG native substrate: a short peptide
consisting of QAYLGIPLP fused to RSIII. The cyclic peptide
was produced by each of the PagG constructs, indicating that
the additional N-terminal sequences in the protein do not
interfere to its catalytic activity (Figure S4).
The purified proteins were next treated with PatA protease

(Figure S5), which cleaves the leader peptide and frees the N-
terminus of the core peptide. In principle, this should lead to
rapid circularization and the release of cyclic products. In the
event, we found that circularized peptides were detected in
experiments using constructs with GSG linkers but not those
with GGGGS linkers. Circularization was most efficient with a
36 amino acid linker comprising 12 GSG repeats (Figure 1b).
Therefore, this linker length was used in all of the further
experiments.

Figure 1. Developing covalently fused PagG macrocyclase enzymes with a prenylagaramide core substrate. (A) Protein constructs containing the
artificial PagE precursor peptide were fused with the PagG macrocyclase enzyme through flexible linkers with varying sizes. Treatment of these
proteins with PatA protease cleaves the leader sequences, liberating the N-terminus of the core sequences, which then ultimately leads to the rapid
release of circular products. (B) LC−MS analysis of the reaction mixture of designed constructs shows cyclic prenylagaramide (1) formation at tR =
3.15 min, with the longest-size GSG linker providing the most efficient production. Scale is constant in all traces and represents total counts.
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Figure 2. A simplified construct dubbed as “auto-PagG” was designed to produce cyclic peptides inE. coli in vivo. A mixture of cyclic peptides
containing the core and core with additional methionine was observed from organic extracts in this simplified protein construct, as shown by EIC
peaks from LC−MS analysis. Scale is constant in all traces, showing the relative abundance of each peak in the extract.

Figure 3. Utilizing auto-PatG and RSI-TruD as a control for peptide cyclization. (A) Protein constructs containing patellin cores and RSIII (SYD)
were fused with the PatG macrocyclase enzyme through the optimized GSG flexible linker. Treatment of these constructs with RSI-TruD converts
the C-term cysteine residue of the core into thiazoline ring, cascading into peptide cyclization. (B) LC−MS analysis of the reaction mixture of
designed protein constructs showing EIC peaks of cyclized products.
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We aimed to efficiently produce the cyclic products in vivo
without any additional PatA or related protein. Leader
sequences were removed through mutagenesis, leaving a free
N-terminus that was primed for immediate circularization.
This PagG protein construct, dubbed auto-PagG (Figures S6
and S7), was expressed in E. coli, and products were extracted
from the resulting cell pellet using acetone. Abundant cyclic
peptides were observed by UPLC−MS (Figure 2). Interest-
ingly, while the desired product cyclo[QAYLGIPLP] (1) was
present in the mixture, by far the major product consisted of
the cyclic peptide containing additional Met, cyclo-
[MQAYLGIPLP] (2), and the derivative with a spontaneously
oxidized Met sulfoxide (3) (Figures S8 and S9). The
incorporation of Met in the final product suggests a competing
reaction between the methionyl endopeptidase and PagG
macrocyclization, indicating unexpectedly rapid cyclization
kinetics. This increased rate is analogous to what has been
observed in some engineered protein kinases, in which
phosphorylation is dramatically enhanced when the substrate
is covalently linked to the enzyme, and the enhancement
strongly depends on the linker length.27

Applying RSI-TruD as an Orthogonal Control for
Autocyclization. A possible way to prevent unwanted Met
incorporation would be to include PatA and the PatA RSII

sequence in vivo. A disadvantage is that PatA releases the linear
N-terminal sequence, which is potentially a complicating
factor. This issue led us to apply the same methodology to our
previously described PatG macrocyclase domain as an
alternative.18 PatG native substrates contain Cys (instead of
Pro) at the C-terminus; Cys is not a substrate for
circularization, but instead, it must be heterocyclized to
thiazoline by the action of D enzymes. Among these, TruD
has been engineered to be constitutively active by fusing the
enzyme N-terminus with a leader peptide, producing RSI-
TruD.21,28,29 This would enable orthogonal control of enzyme
action in which a macrocycle would be observed only in the
presence of active RSI-TruD.
Therefore, by analogy to PagG, we synthesized PatG variants

containing native PatG core peptides, the PatG RSIII, and the
GSG12 sequence linked to the PatG protease domain (C-
terminal His tag) (Figure 3a). This construct was dubbed
“auto-PatG”. Core peptide sequences used included the
precursors to the natural products patellin 2 (TVPTLC) (4)
and patellin 3 (TLPVPTLC) (6), as well as a mutant of the
patellin 2 sequence (TVPTVC) (5). The RSIII sequence was
truncated to SYD, in line with recent reports of a minimum
sequence requirement. The three auto-PatG protein variants
were expressed in E. coli and purified (Figure S10). The

Figure 4. Utilizing auto-PatG and RSI-TruD in making an octapeptide library. (A) Core sequences of substrate-fused PatG were randomized from
the P1−7 position, allowing codons specific to certain amino acids. Coexpression with RSI-TruD enables the conversion of cysteine into a
thiazoline ring, which permits peptide cyclization. Mutant plasmids were transformed in BL21(DE3) E. coli cells and grown for 3 days at 37 °C.
Cells were harvested and treated with acetone, which is then used for LC−MS analysis. (B) Acceptance rate of selected amino acids in positions
P1−P7 for peptide cyclization, generated by WebLogo.31 (C) 1H NMR of cyclic TAYWTWIC (7) in DMF- d7 (500 MHz) at 25 °C.

ACS Synthetic Biology pubs.acs.org/synthbio Research Article

https://doi.org/10.1021/acssynbio.3c00645
ACS Synth. Biol. 2024, 13, 394−401

397

https://pubs.acs.org/doi/suppl/10.1021/acssynbio.3c00645/suppl_file/sb3c00645_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.3c00645/suppl_file/sb3c00645_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.3c00645/suppl_file/sb3c00645_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.3c00645/suppl_file/sb3c00645_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssynbio.3c00645?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.3c00645?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.3c00645?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.3c00645?fig=fig4&ref=pdf
pubs.acs.org/synthbio?ref=pdf
https://doi.org/10.1021/acssynbio.3c00645?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


purified RSI-TruD enzyme was added, and the reaction
mixtures were analyzed by UPLC−MS. No reaction products
were observed unless RSI-TruD was included, demonstrating
the requirement for thiazoline synthesis prior to cyclization
(Figure 3a). Efficient cyclic peptide formation was observed
when RSI-TruD and ATP were included in the reaction
mixture (Figure 3b) (Figures S11 and S12). Following these in
vitro experiments, the same experiments were performed in E.
coli, in which the auto-PatG and RSI-TruD constructs were
simultaneously expressed from a single plasmid. The cell
pellets were isolated, and their acetone extracts contained the
expected cyclic peptides (Figure S13).
Interestingly, the patellin 2 core peptide led to two products,

one of which was twice the expected mass of the TVPTLC
core (Figure S11). This dimer was observed in both in vitro
and in vivo expression experiments. The presence of the
dimeric patellin 2 derivative was highly sequence-dependent
since it was not observed in a Leu-Val mutant TVPTVC, nor
was it observed in the octapeptide patellin 3 product (Figure
3b). In addition, dimers were not observed in larger libraries
(see below). To investigate how these dimers are formed, the
molar ratio of auto-PatG and RSI-TruD varied from 80:1 to
1:1 (Figure S14). Noticeably, as both enzymes reach equal
concentration, dimer product increased indicating that
formation could be dependent upon the concentration of
activated G protein available for cyclization. This implies that
the product was synthesized by cross-reaction between two
auto-PatG constructs and not by more complex possibilities
involving already-synthesized macrocycles. To test this latter
idea, preformed macrocycles were added to enzyme reaction
mixtures, but they had no effect on the dimer: monomer ratio.
Moreover, since the dimer formation was restricted only to the
patellin 2 sequence, we could not test mechanistic hypotheses
by mixing enzymes and observing unsymmetrical dimer
formation. Further work is required to elucidate the
mechanism of dimer formation, but since it was restricted to
a single compound, it did not prevent further technology
development.
An Efficient Cyclic Peptide Library. The cyclic peptide

library was constructed in the duet vector encoding RSI-TruD
and auto-PatG (Figure 4). We synthesized an octapeptide
library in which the seven N-terminal amino acids in the core
peptide were randomized. The eighth amino acid Cys was left
intact to direct cyclization. The library was prepared using
trimer phosphoramidites encoding Ala, Val, Ile, Leu, Phe, Ser,
Trp, Tyr, and Thr; these were selected because, in previous
work, other amino acids exhibited greater positional depend-
ence.11 The resulting library of 97 (4.8 × 106) theoretical
derivatives was transformed into E. coli, and 100 individual
colonies were picked randomly and sequenced. One of these
anomalously contained Lys and was thus discounted in further
experiments. The 99 remaining plasmids had the correct
elements in place, achieving a relatively even incorporation of
all codons: Ala (67), Val (66), Ile (81), Leu (77), Phe (73),
Ser (77), Trp (84), Tyr (64), and Thr (69).
The colonies were used in expression experiments at a 25

mL scale. After 3 days of incubation, cultures were pelleted,
extracted with acetone, and enriched by passage over a solid
phase extraction resin. Analysis of the extract by UPLC−MS
revealed that of the 99 mutants considered, 55 produced the
desired cyclic peptide. Five of these were duplicated sequences;
therefore, 51 out of 94 peptide sequences were successfully
turned over into products. This analysis was robust because

every chromatogram served as a negative control for every
other chromatogram analyzed. Some extracts contained two
distinct, isobaric peaks, suggesting possible spontaneous
epimerization of the C−H protons adjacent to the thiazoline
double bond, as previously observed.30

Every amino acid appeared multiple times in each of the
seven mutated positions. In comparison to the natural product
sequence TLPVPTLC (patellin 3), highly different sequences
such as YSVFWAVC, TWASIIIC, SAYTLSLC, TTTLIFVC,
and VVLSSYIC were efficiently processed (Tables S4 and S5).
Amino acids were not evenly accepted, with overall acceptance
rates between 45 and 76% (Figure S15). Thr is the preferred
amino acid (76%). In contrast, aromatic amino acids are
notably less accepted, with specific positions less so. For
example, Trp has an average acceptance rate of 45%, with the
lowest at P1 at 27% (Figure S15). Similarly, Phe has an average
of 49% but the lowest acceptance rate at P7 at 19%.
Examination of the 43 peptide sequences that failed to cyclize
produced a logo plot similar to the trend observed in cyclized
sequences (Figure S16), suggesting that while aromatic amino
acids are tolerated, their presence, specifically at the ends of the
core sequences (P1 and P7), reduces cyclization efficiency.
Based upon MS areas under the curve (AUCs), the apparent

yield of cyclic peptides varies depending on the core sequences
(Tables S4 and S5). AUC depends upon many factors that are
both compound and context dependent and therefore is at best
semiquantitative. Nonetheless, this analysis revealed that many
cyclic peptides are present and noticeably abundant in the 25
mL cultures. To confirm the abundance and identity of cyclic
peptides, we selected a plasmid encoding a sequence
TAYWTWIC whose product would be readily isolatable due
to aromatic residues that would make the product obvious
even as a minor component in rich media. The proteins were
expressed at 12 L scale for 3 days. After extraction, the
predicted peptide was clearly observed in the total ion
chromatogram (not just in the mass-filtered chromatogram),
indicating abundant production (Figure S17). After purifica-
tion, cyclo[TAYWTWIC] (7) was obtained (4.9 mg), and its
structure was confirmed using full spectroscopic analysis
(Figure S19). Using this peptide as a standard, we determined
that the crude extract contained 17 mg/L of peptide before
purification (Figure S27).
In the context of the peptide library, the AUC of 7 was

compared with AUCs for other detected cyclic peptides
(Figure S29; Table S6). About 30% of compounds had roughly
similar AUCs in comparison to 7 (average AUC ∼3.5× that of
7), while 70% had lower AUCs in comparison to 7 (average
AUC ∼0.1× that of 7). No sequence trends stood out strongly
in comparing peptides with different AUCs. The yield of 7,
which could be precisely quantified with the purified standard,
was lower in the library method (estimated prepurification
amount 2 mg/L, in comparison to 17 mg/L in the scaled up
expression), indicating that modification or optimization of
conditions might be required for robust library synthesis.

■ CONCLUSION
Here, we report the development of a simple cyanobactin-
based method to synthesize cyclic peptides and cyclic peptide
libraries in vivo and in vitro. Despite its simplicity, the method
relies on 18 years of research to understand the biochemistry
of the cyanobactin pathway enzymes. The speed and efficiency
of this approach, as represented by the incorporation of
methionine in a cyclic product, strongly support our
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hypotheses about factors limiting cyclization in previous
approaches. Notably, both the amount of product purified
and the percent of peptides successfully produced in vivo
greatly exceeded our previous capabilities. The method is also
relatively straightforward, involving only a single plasmid and
no special conditions for fermentation, in contrast to
previously reported methods.20 Finally, the process is
compatible with other post-translational modifications, en-
abling combinatorial RiPP biosynthesis using multiple
enzymes.
There are several other genetic methods to produce cyclic

peptides and cyclic peptide libraries, dominated by intein-
mediated cyclization and RiPP-based cyclization as found in
broad-substrate pathways such as some of those to
lanthipeptides, thiopeptides, cyclotides, and others.32−34

Previous studies used engineering approaches to improve the
yield and scope of RiPP modifications. In these cases, RiPP
enzymes from cyanobactins, microviridins, and lanthipeptides
were covalently attached to their leader peptides, allowing
efficient leaderless processing.29,35,36 Instead of this approach,
we redesigned the G enzyme to directly link to its substrate,
which then independently released cyclic peptides. By doing
so, universal issues, such as substrate solubility, concentration,
and proteolytic stability, are minimized. We expect this
approach to be applied to other ribosomal pathways since
many operate under the same biosynthetic logic, allowing the
RiPP enzymes to be pliably engineered according to
biotechnological needs.
Compared to other RiPP cyclases that usually make multiple

products (both linear and cyclic) under the artificial conditions
used to create libraries, PatG and TruG are thought to produce
almost solely circular peptides.18,37 This work demonstrates
that G family enzymes are indeed exceptionally flexible in
substrate tolerance, while simultaneously exhibiting high
fidelity for the RSIII requirement and for synthesizing only
one circular product. However, the enzyme itself certainly has
preferences for specific core peptides in a natural setting. As
evidence of this, perhaps the only reasonable way a dimer of
patellin 2 could form is if the patellin 2 core peptide itself has
an especially stable interaction with the enzyme active site.
Despite this advance, the method has several limitations.

Chief among these, it would be desirable to create a system
that does not require enzymatic modification before cyclization
in E. coli and yet still avoids undesired Met incorporation.
Obviously, this can be done by modulating the catalytic rate of
the G enzymes. In addition, each G enzyme has inherent
limitations in substrate scope; therefore, only a subset of
sequence space will be accessible. This limitation is clearly
discernible in this study, in which despite using a preferred
subset of amino acids, only a 54% success rate was achieved.
Previously, we proposed that this limitation could be addressed
by using multiple cyclases with different substrate selectiv-
ities.17 The same principle used here, in which the substrate is
covalently tethered to the enzyme, will be applicable in most
foreseeable cases.
This work was inspired by natural autocatalytic enzymes,

such as the BURP cyclases, which connect aromatic amino
acids in plant peptides, and the N-methyltransferases from
omphalotin biosynthesis.38−41 In addition, while we were
completing this work, an engineered autocatalytic cyclase was
reported that uses sortase as the cyclization enzyme.42 Sortase
has several advantages in comparison with auto-G enzymes.
First, it is capable of cyclizing many larger proteins in addition

to shorter oligopeptides.43,44 While G enzymes might be
capable of this activity, it has not been experimentally
established. Second, the substrate scope for these enzymes is
relatively wide, although the substrate scope was not
thoroughly established in the autocyclase, and the experiments
were largely in vitro. However, sortase has several limitations
compared with G enzymes that are crucial in small molecule
cyclic peptide design. Foremost among the limitations is that
sortase incorporates a five amino acid recognition sequence,
LPXTG, into its products.43,44 By contrast, the G enzyme
recognition sequences are external to the products, with the
exception of an essential heterocycle. Thus, G enzymes are
more suitable for synthesizing 6−8 amino acid, drug-like
circular peptide libraries, since 5−7 of those amino acids can
be randomized instead of just 2−4 in sortase products.
Another limitation was that sortase required a low

concentration of autocatalyst because dimer formation was
universal in sortase products, whereas only the best native
substrate (patellin 2) was dimerized in the auto-G constructs,
and dimerization was otherwise not observed.42 We propose
that dimerization is facilitated when, as found in sortase, a part
of the substrate is also a recognition sequence for cyclization.
In the case of sortase, this LPXTG recognition sequence is
found in the product. However, in the case of PatG, the
recognition sequence is external to the product. The patellin 2
sequence itself may have evolved higher affinity for this pocket
and, therefore, forms dimers more efficiently than other
compounds. As a result, the products of auto-G enzymes are
also cleaner than those expected from autosortase enzymes.
Overall, our engineered enzymes remove several practical

limitations, enabling compatibility with numerous synthetic
biology approaches to designed organisms or in vitro synthetic
methods. Here, we demonstrate several of these applications
by showing the advantages of the system in vivo and in vitro,
such as the generation of high-quality cyclic peptide libraries
that are compatible with cell-based functional screens. We also
demonstrated that the process is robust enough to produce
enough material needed for applications such as pharmaco-
logical evaluation. Thus, we present a practical approach that
not only robustly and predictably produces compounds and
libraries but also does so at a practical scale.
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