1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Chembiochem. Author manuscript; available in PMC 2016 September 21.

-, HHS Public Access
«

Published in final edited form as:
Chembiochem. 2015 September 21; 16(14): 2011-2016. doi:10.1002/chic.201500179.

Ribosomal synthesis of natural product-like bicyclic peptides in
E. coli

Dr. Nina Bionda and Dr. Rudi Fasan [Prof.]
aDr. N. Bionda, Prof. Dr. R. Fasan, Department of Chemistry, RC Box 270216, University of
Rochester, Rochester, NY 14627 (USA)

Rudi Fasan: fasan@chem.rochester.edu

Abstract

Methods to access natural product-like macrocyclic peptides can disclose hew opportunities for
the exploration of this important structural class for chemical biology and drug discovery
applications. Here, the scope and mechanism of a novel strategy for directing the biosynthesis of
thioether-bridged bicyclic peptides in bacterial cells was investigated. This method entails split
intein-catalyzed head-to-tail cyclization of a ribosomally produced precursor peptide combined
with inter-side-chain cross-linking via a genetically encoded cysteine-reactive amino acid. This
study demonstrates how this strategy can be successfully applied to achieve the formation of
structurally diverse bicyclic peptides with high efficiency and selectivity in £. coli. Insights into
the sequence of reaction underlying the peptide bicyclization process were gained from time
course experiments. Finally, the potential utility of this methodology toward the discovery of
macrocyclic peptides with enhanced functional properties was illustrated through the isolation of a
bicyclic peptide with submicromolar affinity for streptavidin.
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Macrocyclic peptides of both naturallll and syntheticl2] origin have attracted significant and
increasing interest as a potential source of biologically active molecules.[3] Among the
bioactive peptides found in nature, several exhibit a bicyclic topology wherein a head-to-tail
cyclic structure is further rigidified by an intramolecular linkage connecting two side chains
of the peptide.[*] For example, a-amanitin, a fungal toxin that potently inhibits the activity
of eukaryotic RNA polymerases 1115], features a head-to-tail cyclic backbone constrained by
an intramolecular bond between a modified trypthophan and cysteine residues (Figure
1A).16] Other relevant examples include 6-defensinsl’], which act as antimicrobial agents as
part of innate immune system in non-human primates, and plant-derived bicyclic peptides
such as members of the bouvardin and celogentin families, which were shown to possess
anticancer activity.[®] In these molecules, the conformational constraints imposed by the
bicyclic backbone are critical for their biological activity and beneficial toward increasing
their cell penetration properties and stability against proteolysis. Owing to the attractive
features of bicyclic peptides, a number of synthetic approaches have been investigated to
access this type of compounds.[®] As an alternative approach, our group!:% and others(]
have made available strategies to obtain bicyclic peptides through the in vitro cyclization of
ribosomally derived polypeptides. Despite this progress, viable approaches to direct the
biosynthesis of bicyclic peptides of arbitrary sequence in living cells have been missing. The
latter would be highly desirable toward acquiring the capability of generating genetically
encoded libraries of natural product-like bicyclic peptides, which could be then functionally
interrogated by means of selection{!2] or phenotypic screens.[13]

To bridge this gap, our group has recently introduced a 'biomimetic' strategy to enable the
ribosomal synthesis of bicyclic peptides featuring a head-to-tail cyclic backbone as well as
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an inter-side-chain thioether linkage[*4], thereby resembling the overall topology of naturally
occurring bicyclic peptides such as a-amanitin (Figure 1A). The scope of this methodology
beyond the model 12mer peptide sequence considered in those initial studies (Figure 1B)
was not explored however. Here, we report the investigation and successful application of
this approach to create bicyclic peptides featuring variable ring sizes and intramolecular
connectivities. In addition, we elucidated the sequence of intracellular events that lead to the
cyclopeptide product and demonstrated the utility of this biosynthetic approach toward
enabling the isolation of bicyclic peptides with improved functional properties.

Figure 2 outlines the key steps of the aforementioned biomimetic method for orchestrating
the biosynthesis of thioether bridged bicyclic peptides in £. coli. In this system, peptide N-
to-C circularization is obtained by framing a target peptide sequence between the C-terminal
(Intc) and the N-terminal domain (Inty) of the naturally occurring split intein DnaE (Figure
$1).18] Installation of the inter-side-chain thioether linkage is achieved through a
spontaneous reaction between a cysteine residue and the cysteine-reactive unnatural amino
acid, O-(2-bromoethyl)-tyrosine (O2beY), which is incorporated into the precursor
polypeptide via amber stop codon suppression.[14] O2beY is able to efficiently react with a
cysteine positioned between 2 and 8 residues apart via a nucleophilic substitution reaction,
thus resulting in a stable, non-reducible thioether bridge.[14]

In terms of mechanism, two possible pathways can be envisioned for the intracellular
formation of the bicyclic peptide. As described in Figure 2, a first one would involve an
initial head-to-tail cyclization of the target peptide sequence, followed by reaction of the
cysteine residue with O2beY to create the thioether bridge (‘path 1"). Alternatively, the cross-
linking reaction between O2beY and the cysteine residue could occur before the peptide
circularization step mediated by the split intein (path 2, Figure 2). In our previous studies,
expression of the protein constructs corresponding to Entry 1 and 2 of Table 1 in £. coliwas
found to lead to the accumulation of the corresponding bicyclic peptides in the cells as the
nearly exclusive product.[14]

In addition, quantitative splicing of the precursor protein was observed in each case. While
promising, these results provided no information regarding the sequence of reactions
underlying the bicyclization process. In order to shed light on the latter, the expression
conditions were altered with the goal of trapping reaction intermediates resulting from
partial cyclization. First, using the control construct Z3C_OpgY (Entry 3, Table 1), we
established that the extent of DnaE-catalyzed frans splicing decreases with temperature
(Figure S3). Next, the precursor proteins Z3C_02beY and Z3C(S1C) O2beY were
expressed at lower temperatures (20°C vs. 27°C) and for a shorter period of time (6 hours vs.
12 hours). Under these conditions, both constructs were found to have undergone only
partial splicing (64% for Z3C_02beY; 59% for Z3C(S1C)_0O2beY), as determined based on
SDS-PAGE analysis and LC-MS analysis of the corresponding full-length precursor protein
and spliced protein after isolation from the cell lysate using the C-terminal chitin binding
domain (CDB) (Figure S15).

Importantly, a streptavidin-binding His-Pro-GIn (HPQ) motifl16] was included in the target
sequence in these constructs, enabling the isolation of the bicyclic and monocyclic peptides
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as well as any potential acyclic byproduct(s) by affinity chromatography with streptavidin-
coated beads. Using this procedure, the small molecular-weight peptide products were
isolated from the corresponding cell lysates and analyzed by LC-MS. Interestingly, under
the altered expression conditions, a significantly larger fraction of the head-to-tail
monocyclic peptides (65-67%, Table 1) was isolated for both the Z3C_02beY and
Z3C(S1C)_02beY constructs as compared to the thioether-bridged bicyclic peptide (33—
35%), as estimated based on the peak areas of the respective extracted-ion chromatograms
(Figures S4-S5).[17]1 Combined together, these results and the splicing data clearly indicated
that backbone cyclization precedes cross-linking of the Cys/O2beY side chains, i.e. that the
overall reaction follows the course described by path 1 of Figure 2.

Noteworthy was also the observation that nearly identical results were obtained for the
Z3C_02beY and the Z3C(S1C) 0O2beY construct, which differ from each other by the
residue at the Intc+1 position (Ser or Cys, respectively). This residue is responsible for
attacking the thioester linkage at the C-terminal end of the target sequence during the split
intein-catalyzed #rans splicing process (Figure S1). The similar behaviour of these proteins
thus showed that the overall bicyclization mechanism (i.e., path 1 vs. path 2) is not affected
by the inherently different nucleophilicity of the Cys vs. Ser residue at the Intc+1 site.
Finally, no detectable amounts of the acyclic peptide or thioether-bridged monocyclic
peptide byproducts were observed in either case, indicating that premature splicing of the
split intein fragments does not effectively compete with the desired bicyclization process.

To this point, all the bicyclic peptides produced via the strategy outlined in Figure 2
contained a thioether bridge between the O2beY and Cys residue in an /, /+3arrangement.
To explore the possibility of generating alternative bicyclic topologies, two protein
constructs in which the cysteine occupies the /+8 position with respect to O2beY, namely
Z8C_02beY and Z8C(S1C)_O2beY (Entries 4-5, Table 1), were prepared and tested. The
corresponding proteins were produced in BL21(DE3) cells co-expressing an orthogonal
aminoacyl-tRNA synthetase (AARS)/tRNA pair capable of mediating the ribosomal
incorporation of O2beY in response to an amber stop codon.[14]

To our delight, both constructs were found to lead to the intracellular accumulation of the
desired bicyclic product in high yields (~75%), with the remainder of the isolated peptides
being in the head-to-tail monocyclic form (Figure 3 and Figures S7-S8). In a parallel
experiment, benzyl mercaptan (BnSH) was added immediately after lysis of cells expressing
the Z8C_0O2beY construct to quench any unreacted O2beY residue. This experiment yielded
a distribution of monocyclic and bicyclic peptide products identical to that obtained in the
absence of BnSH treatment (Figure S18), further confirming the formation of the bicyclic
peptides directly inside the bacterial cells. The slight reduction in the bicyclic-to-monocyclic
ratio observed with these /, /+8 constructs as compared to the /, /+3 counterparts (>95%), is
consistent with the observed dependence of the cross-linking efficiency on the spacing
distance between the O2beY/Cys residues.[¥4 Importantly, the successful bicyclization of
the target sequence in Z8C(S1C)_02beY also highlights the high chemoselectivity of the
0O2beY-mediated cross-linking reaction toward the desired /+8cysteine as opposed to the /-1
and 7+11 cysteines occupying the Intc+1 and Inty+1 positions, respectively. This conclusion
is further supported by the high levels of intein splicing observed for both
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Z8C(S1C)_0O2beY and Z8C_02beY constructs (98%, Figure S15A), a process which would
be prevented by alkylation of the Inty+1 or Intc+1 cysteine by O2beY. Interestingly, further
incubation of the isolated monocyclic peptide in phosphate buffer (pH 7.5) did not lead to
any appreciable increase in the amount of bicyclic product up to 24 hours, suggesting a
beneficial effect of macromolecular crowding in the intracellular milieul18] toward
facilitating O2beY-mediated crosslinking of the peptide.

Whereas our time course experiments indicated that backbone cyclization is faster than
O2beY-induced crosslinking, we wondered whether the latter could actually facilitate the
former reaction in the presence of target sequences less prone to circularization. In order to
investigate this aspect, two additional /, /+8 constructs were prepared in which the terminal
alanine at position Inty-1 is substituted for Asn and Pro (Entries 6 and 8 in Table 1,
respectively). These types of Inty-1 substitutions were previously reported to disfavor DnakE
split intein-mediated peptide circularization.[*9] As controls, two precursor proteins were
also prepared in which O2beY is replaced with a structurally similar unnatural amino acid
that is yet unable to react with cysteine, namely O-propargyl-tyrosine or OpgY (Entries 7
and 9, Table 1). Surprisingly, the O2beY- and OpgY-containing A12N variants showed
equally high levels of protein splicing (~90%, Figure S15B), suggesting that the previously
reported deleterious effect of Asn at the Inty-1 site is most likely sequence-dependent. More
insightful results were obtained for the O2beY- and OpgY-containing A12P variants, which
showed a reduced and differential degree of split intein franssplicing, as illustrated by the
MS spectra in Figure S15C-D. In this case, the O2beY-containing variant showed a higher
degree of protein splicing as compared to the OpgY-containing counterpart (60% vs. 45%),
suggesting that O2beY/Cys-mediated crosslinking can indeed facilitate DnaE-mediated
head-to-tail peptide cyclization when the latter becomes less favorable. This effect may be
attributed to the thioether bridge causing a rigidification of the target peptide sequence
and/or a closer proximity of the Inty+1 cysteine to the ester group at the level of the Intc-1
residue, thereby facilitating the trans splicing reaction (Figure S1). Importantly, for both of
the O2beY-containing precursor proteins, the bicyclic peptide constituted the largely
predominant product (>75%) isolated from the cell lysates via streptavidin affinity (Figure
S9-S12).

In the interest of further exploring the reaction scope of this biosynthetic strategy, the
precursor proteins corresponding to Entry 10 and 11 of Table 1 were investigated. In the
corresponding bicyclic peptide products, the size of the second ring is expanded to include 7
or 9 residues, respectively, as compared to the 3-residue rings of the previous (/, /+8)-
bridged constructs. To our delight, both constructs were found to undergo nearly quantitative
splicing (96-98%), resulting in the intracellular formation of the desired 16mer and the
18mer bicycles as the major product (72% and 69%, respectively), as determined by LC-MS
analysis (Figure S13-S14). Altogether, the results with these and the previous constructs
support the versatility of this method toward enabling the biosynthesis of structurally diverse
bicyclic peptide structures (Figure 1).

In these compounds, the conformational rigidification induced by the presence of the
thioether bridge significantly alters the properties of the peptide, as suggested by the large
shift in polarity observed for the bicyclic product as compared to the monocyclic counterpart
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(ART ~ 5 min in reverse-phase C1g column, Figure 3). Other beneficial effects potentially
arising from an increased conformational rigidity of the molecule could be an enhanced
protein binding affinity as a result of the reduced entropic costs associated with complex
formation. To examine this aspect, milligram amounts of the (/, /+3)- and (/, /+8)-bridged
bicyclic peptides corresponding to Entries 1 and 4 in Table 1, called bicyclo-Z3C and
bicyclo-Z8C, respectively, were isolated from large scale cultures (1 L) of £. colicells
expressing the precursor proteins Z3C_02beY and Z8C_02beY, respectively. The isolated
yield for these peptides was about 0.6-0.7 mg / L culture, which compares favourably with
that reported for the production of cyclopeptide natural products from £. coli cells
expressing heterologous biosynthetic pathways (e.g., 0.1-1 mg / L culture for
patellamides!1°]). As a control, a head-to-tail monocyclic peptide encompassing the same
target sequence as bicyclo-Z3C was obtained from cells expressing the precursor protein
Z3C_OpgY (Entry 3, Table 1), called cyclo-Z3C. All these macrocyclic peptides encompass
the streptavidin-binding HPQ sequence, but differ from each other based on the relative
location (bicyclo-Z3C vs. bicyclo-Z8C) or presence (cyclo-Z3C) of the O2beY/Cys
crosslink. The relatively affinity of these compounds toward streptavidin was then evaluated
via an in-solution competition assay[16]. As illustrated in Figure 4A, a streptavidin-binding
surface was first generated by immobilizing bicyclo-Z8C(S1C) (obtained from cells
expressing the construct corresponding to Entry 5, Table 1) onto maleimide-coated
microtiter plates. Inhibition curves were then obtained by titrating each of the peptides in the
presence of a streptavidin-horseradish peroxidase (HRP) conjugate and measuring the
concentration-dependent decrease in fluorescence after incubation with the HRP substrate.
After validation of the assay with D-desthiobiotin (ICgo: 12 nM), the ability of the
monocyclic peptide ¢yclo-Z3C to inhibit binding of the streptavidin to the functionalized
surface was determined, yielding an 1Csq value of 1.9 uM (Figure 4B). Interestingly,
bicyclo-Z3C was found to display a comparatively weaker affinity for streptavidin as judged
based on the 2-fold higher IC5q (3.7 uM). In stark contrast, bicyclo-Z8C exhibited a
significantly higher inhibitory activity (ICsq: 0.77 uM) as compared to both the monocyclic
peptide (2.5-fold) and the (/, /+3)-bridged bicyclic peptide (4.8-fold, Figure 4B). On the
basis of the available crystal structure of streptavidin in complex with a HPQ-containing
peptide (Figure S2),[2%] neither of the sites occupied by the unnatural amino acid or by the /
+3 (or i+8) cysteine are expected to establish direct contacts with the protein surface.
Accordingly, we derive that the observed effect of the inter-side-chain thioether bridge on
the streptavidin binding affinity of these compounds mainly stems from its ability to pre-
organize the HPQ pharmacophore. More importantly, these results illustrate the potential
utility of this method in the context of the discovery of bicyclic peptides with improved
functional properties.

In conclusion, the functionality and versatility of a new strategy for directing the
biosynthesis of natural product-like bicyclic peptides was demonstrated through the
generation of structurally diverse bicyclic peptides featuring varying ring size and thioether
bridge connectivities with high efficiency and selectivity in £. coli. From a mechanistic
standpoint, time course experiments revealed that these macrocyclic peptides are generated
at the post-translational level via head-to-tail cyclization followed by inter-side-chain
crosslinking, with the latter increasing the efficiency of the former reaction in the presence
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of target sequences less prone to split intein-mediated circularization. Finally, the potential
utility of this methodology toward the discovery of functional, conformationally constrained
peptides was illustrated through the production and isolation of a bicyclic peptide with
enhanced affinity toward the model target protein streptavidin.

Experimental Section

Experimental details and additional schemes, figures, and LC-MS and MS/MS spectra are
provided in the Supporting Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A

Figure 1.
Natural and artificial bicyclic peptides. (A) Structure of the natural product peptide a.-

amanitin. (B-D) Structures of representative thioether-linked bicyclic peptides obtained
using the biomimetic method investigated here and outlined in Figure 2.
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Figure 2.
Strategy for the ribosomal synthesis of thioether-bridged bicyclic peptides in £. coli. From N

to C, the linear precursor polypeptide comprises the C-terminal domain of split intein DnaE
(Intc), a Ser or Cys residue at Intc+1 site, the unnatural amino acid O-(2-bromoethyl)-
tyrosine (O2beY or 'Z"), a variable target sequence containing the reactive cysteine (purple),
and DnaE N-terminal domain fused to a chitin binding domain (Inty-CBD). The two
envisioned pathways leading to the bicyclic product are indicated.
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Figure 3.
LC-MS extracted-ion chromatogram (left), MS/MS fragmentation spectrum (center), and

chemical structure (right) of the bicyclic (A) and monocyclic (B) peptide products isolated
via streptavidin affinity from cells expressing the contruct Z8C_O2beY. Peaks labeled with *
correspond to unrelated multicharged ions from adventitious proteins. Data for the other
constructs can be found in Figures S7-S13.
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Figure 4.

Streptavidin binding assay. (A) Schematic representation of the inhibition assay. (B)
Inhibition curves for monocyclic peptide ¢yc/o-Z3C and bicyclic peptides bicyclo-Z3C and
bicyclo-Z8C.
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