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ABSTRACT (153 words)

Microcin J25 (MccJ25) is the prototypical member of the lasso peptide family and is
characterized by a mechanically interlocked structure. Scientists have long been interested in
MccJd25 for its potent RNA polymerase inhibitory activity and unique threaded topology.
Previous efforts to generate MccJ25 variants through precursor engineering have largely
focused on amino acid substitutions — many of which were poorly tolerated by the biosynthetic
machinery and resulted in diminished production. In this work, we demonstrated that the
MccJ25 biosynthetic enzymes are surprisingly permissive toward insertions in the loop region.
Specifically, the loop can be expanded at different positions by up to 15 additional amino acids
and accommodate diverse types of amino acids. Our findings suggest that the lasso
synthetase (McjC) has a sizable cavity that tolerates loop expansions. More broadly, this work
establishes a new strategy for constructing mechanically interlocked molecules and potentially
enables the grafting of diverse bioactive ligands onto the MccJ25 scaffold.

INTRODUCTION

Lasso peptides are a family of peptide natural products with diverse functions and a unique
topology,! wherein the enzymatic maturation process likely involves a pre-folded precursor
peptide, such that the tail becomes threaded through its own N-terminal macrolactam ring to
form a mechanically interlocked configuration.?* Microcin J25 (MccJ25) is the prototypical
member of this family and the focus of the current study.® Its biosynthetic gene cluster encodes
four genes (mc/A — D) (Figure 1a). McjB and McjC likely form a complex that pre-folds the
precursor peptide (McjA), and then catalyzes the formation of a macrolactam that encircle its
own tail.* The mature MccJ25 binds within and obstruct the secondary channel of the bacterial
RNA polymerase to inhibit transcription.” The membrane transporter McjD is responsible for
pumping MccJ25 out of the cell to confer self-immunity.2

Although the mechanism by which MccJ25 inhibits transcription is well established, the
molecular details of MccJ25 biosynthesis — and that of lasso peptide biosynthesis in general -
remain poorly understood. In fact, much of our current understanding of MccJ25 biosynthesis
has come from precursor engineering.®'2 For example, Severinov and coworkers replaced all
core peptide residues in McjA, one at a time, with every other canonical amino acid (AA)
residue. They studied the expression, maturation, export, and stability of these 381 variants.
McjB and McjC were able to convert 64% of these variants into mature products with the lasso
topology. Subsequent studies further showed that these two biosynthetic enzymes can
tolerate the incorporation of multiple non-canonical AAs in the precursor and still convert it into
the lasso topology.'3-14
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In general, a lasso peptide, including MccJ25, can be divided into the loop, ring, and tail
regions (Figure 1b). Structure predictions by AlphaFold suggest that McjC contains a deep
and narrow cavity that accommodates the precursor peptide during biosynthesis.’s In this
model, the ring region makes multiple contacts with the enzyme, whereas the loop region
extends into the cavity and engages in comparatively fewer interactions. This model also
suggests that residues within or near the ring region are less tolerant of changes, while the
loop region is subject to fewer constraints and may be more readily modified.

Previous reports on engineering the precursor peptide McjA have focused primarily on
amino acid substitufions, whereas the feasibility of /nsertions has remained underexplored.
The only literature precedent entails the insertion of a single residue in the ring or the tail
region.'> Specifically, Rebuffat and coworkers reported that ring variants containing an
additional Ala inserted after Gly4 or His5 were not produced in the lasso form, but instead as
branched-cyclic peptides. In contrast, tail variants containing an additional residue (Gly or Asp)
after the C-terminus were compatible with the biosynthetic enzymes (McjB and McjC) and
produced as lasso peptides. Herein, we systematically explore AA insertions as a means for
lasso peptide engineering and discovered that the loop region can be expanded by inserting
multiple AAs of diverse types.

RESULTS

We began by examining whether the MccJ25 biosynthetic enzyme complex is compatible
with insertions at various structural regions. All insertions were introduced by manipulating the
precursor gene mcjA via established cloning methods. Throughout this manuscript, 2X,
denotes insertion in the Z region of MccJ25 wherein superscript R, L, and T refer to having
additional AA(s) in the ring, loop, and tail regions, respectively. The type and number of
inserted AA(s) are specified using the standard one-letter abbreviation (X) and the subscript
(n), respectively. For example, LA; indicates inserting three Ala residues in the loop region.
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Figure 2. The MccJ25 biosynthetic machinery tolerates a wide range of AA insertions. We systematically tested a)
single AA insertions, b) homo-multimeric insertions, c) double insertions, and d) hetero-multimeric insertions. e)
Data for the 'Gys variant is shown here to illustrate the workflow used to confirm lasso topology. Briefly, thermolysin
digestion converts the lasso peptide into a linear peptide trapped within the ring. This mechanically interlocked
architecture appears as a single molecular species in MS (center), which is subjected to tandem MS for further
validation (right). The lasso topology (or the lack thereof) of all variants were confirmed by this workflow; the full

dataset can be found in the Supporting Information (Figure S2-514).

First, variants with a single Ala inserted into the ring and loop region in between Gly2/Ala3
and Gly12/lle13, respectively, were generated. In addition, a variant with a single Gly placed
after Gly21 for tail extension was generated (Figure 2a and T7able 7). The ring insertion
construct RA, appeared to be a branched-cyclic peptide. On the other hand, the tail insertion
construct TG4 was produced in the lasso form, albeit with a yield that is approximately 30-fold
lower than that of wild-type (WT) MccJ25 (1 vs. 30 mg per liter of culture). These observations
recapitulated previous reports and suggest that the biosynthetic enzymes are sensitive to
insertions in the ring and tail regions.'? In contrast, the unprecedented loop insertion construct
LA, wherein an additional Ala was placed in between Gly12/lle13, was not only produced in
the lasso form but also in ample amounts (32 mg/L). In fact, the yield was ~3% higher than
that of WT MccJ25. Note that all loop constructs reported herein, unless mentioned otherwise,
contained insertions in between Gly12/1le13.

We decided to focus on insertions in the loop region of MccJ25 (7able 7). No further ring
engineering was attempted, as the RA; variant failed to form the lasso topology. Tail
engineering was not pursued further either, as these variants are technically an extension
rather than a true insertion. To evaluate the effects of introducing multiple additional residues
into the loop region, we generated the LAs, LAs, LA;, LA, and LGy constructs (Figure 2b).
Furthermore, simultaneous insertions on both sides of the loop yielded the LA;A; construct,
wherein one Ala residue was introduced in between Val11/Gly12 and another in between
Pro16/lle17 (Figure 2c). Our largest construct adds a total of 15 residues (:Gys) into the loop
region, corresponding to 45 additional bonds with an estimated length of ~55 A when fully
extended.

The feasibility of inserting different types of AAs was then assessed (Figure 2d). Three
more MccJ25 variants were generated, LARA, 'SARAE, and 'G,S,G,S,G,, which have
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insertions in the loop region with three, five, and ten additional AAs, respectively ( 7able 7).
Ser contains a side-chain hydroxyl group that may serve as either a hydrogen bond donor or
acceptor. At neutral pH, Glu has a negatively charged side-chain carboxylate, whereas Arg
has a positively charged side-chain guanidinium. Arg is also the largest among the 20
canonical AAs. Proteolysis coupled to MS confirmed that all of these variants adopt the lasso
topology (Figure 2e).

[this paragraph was moved to here from two paragraphs above] We used proteolysis
coupled to mass spectrometry (MS) for structural analysis, which is an established method for
characterizing the composition and topology of lasso peptides (Figure 3). Specifically,
thermolysin is a protease known to cleave within the loop region of WT MccJ25 (and its
variants as well), converting a lasso peptide into a linear peptide trapped within the
macrolactam ring.'® This mechanically interlocked architecture appears as a single molecular
species in MS. In contrast, cleavage of a branched-cyclic peptide by thermolysin would
generate two separate entities. These distinct outcomes are readily distinguished by MS. All
constructs were produced in sufficient quantities for structure characterization (Supporting
Figure S17 fo S74). The lasso peptide production yield displayed no obvious correlation
between the size and sequence of the inserts (1.0 to 32 mg/L, 7able 7). As a benchmark, we
routinely obtained ~31 mg/L of MccJ25, and most insertion variants have comparable yields
relative to the WT. Some can even be produced at higher quantities.

The bioactivity of these MccJ25 variants was evaluated using a semi-quantitative growth
inhibition zone assay. In this assay, a drop of each of the variants was added onto a lawn of
Escherichia coli MG1655. The size of the zone (or the lack thereof) was recorded after
overnight incubation at 37 °C and compared to that of the WT MccJ25 (7able 7). The RA;
variant was not tested (entry 2), as it was not even produced as a lasso peptide. The TG,
variant exhibited antibacterial activity weaker than the WT MccJ25 (entry 3), which was in line
with previous literature reports. In fact, structural information obtained by X-ray crystallography
showed that the MccJ25 C-terminal carboxylate mediates its interaction with the £. co/i RNA
polymerase,'” and chemical modifications at this position were also known to compromise its
antibacterial activity.’® As for the loop variants, our data suggest that insertions in general
weaken their antibacterial activities; however, there is no obvious correlation between the size
and sequence of the inserted AAs (entry 4-14). Variants with more Ala insertions were either
barely active (entry 6-8) or completely inactive (-). Interestingly, two of the largest insertion
variants (1G4 and LG,S,G4S,G,, entry 9 and 14, respectively), were moderately active.
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Table 1. Summary of Mccl25 constructs reported herein . 10_103%%2&‘;‘80%”2“6”;
Entry Name? Aar:'(;': Topology® m/z calcd (obsd) (m;}f_lg CSD) In?;?":fn
1 McclJ25 21 Lasso [M+Na]*2129.0108 (2129.103) 31+4.3 100%

2 RA, 22 B/C [M+H]* 2178.0661 (2178.116) 1.7+0.53 n.d.
3 G, 22 Lasso ¢ [M+Na]* 2186.0323 (2186.833) 1.0+£0.42 55%
4 LA; 22 Lasso [M+Na]* 2200.5718 (2200.379) 32+2.8 54%
5 LA; 24 Lasso [M+Na]* 2342.1222 (2342.916) 26+17 31%
6 A5 26 Lasso [M+Na]* 2484.1964 (2484.254) 25+1.3 8%
7 LA, 28 Lasso [M+Na]* 2626.2707 (2626.289) 12+6.8 2%
8 LA10 31 Lasso [M+Na]* 2839.3820 (2839.305) 9.7+1.3 9%
9 LGio 31 Lasso [M+Na]* 2699.2255 (2699.854) 161 4.0 44%
10 lGss 36 Lasso [M+Na]* 2984.3328 (2984.305) 1.0+£0.13 -

11 LAA; 23 Lasso [M+Na]* 2271.0851 (2271.155) 21+2.4 46%
12 LARA 24 Lasso [M+Na]* 2405.2043 (2405.550) 20+ 6.6 25%
13 LSARAE 26 Lasso [M+H]* 2621.2789 (2621.930) 14+ 4.8 20%
14 LG,S5,G,S,G; 31 Lasso [M+Na]* 2819.2678 (2819.724) 12+1.9 24%

Notes: ? Insertions in the ring, loop, and tail regions were between residues Gly2/Ala3, Gly12/lle13, and after Gly21
of MccJ25, respectively. The only exception was *A;A; (entry 11), in which one Ala residue each was inserted in
between Val11/Gly12 and Pro16/Ile17. ®* Topology was characterized by proteolysis coupled to MS; B/C denotes
branched-cyclic. ¢Yields were determined based on HPLC peak integration using a fixed amount of caffeine (0.25
mM) as an internal standard. ¢ Antimicrobial activities were evaluated against Escherichia coli MG1655 and scored
relative to that of WT MccJ25 (see Supporting Information). Antibacterial activity of the RA; variant was not
determined since it did not even adopt the lasso topology (n.d.). ¢ Rebuffat and coworkers confirmed the lasso
topology of 7G;.[12

CONCLUSION and DISCUSSION

In this study, we demonstrated that the MccJd25 biosynthetic enzymes can convert
genetically engineered precursor variants with loop regions substantially larger than that of
the WT into the lasso topology. Up to 15 additional residues can be introduced between
Gly12/lle13, and a variant containing insertions on both sides of the loop was also successfully
produced in the lasso topology. Moreover, the biosynthetic enzymes appeared to tolerate
insertions spanning a broad range of AA identities and sequences, including residues that are
acidic, basic, large, and small. Notably, most variants were produced in yields comparable to
that of WT MccJ25.

It was hypothesized that McjB and McjC form an enzyme complex that catalyzes
macrolactam ring formation while folding the precursor peptide (McjA) into a
thermodynamically unfavorable conformation.'®'® Molecular dynamics simulation suggested
that the pre-folded conformation is entropically disfavored and that enzymes must have played
a critical role in this process.?%-22 Structural models based on AlphaFold predictions suggested
that the region destined to become the loop of MccJ25 is positioned within the cavity of McjC.
This rather spacious cavity is estimated to be ~2800 A3 and may be the reason behind its
surprising tolerance to loop insertions (Figure 4).2>-?* The successful production of our
insertion variants suggests that McjC can accommodate at least 15 additional residues, and
potentially even more. The loop region of all of our variants adopts a compact p-turn-like
topology based on the prediction algorithm designed specifically for lasso peptides
(LassoPred, Supporting Figure S15).25-26

Although the biosynthesis of MccJ25 tolerates a wide range of loop insertions, its
antibacterial activity is much more sensitive and compromised to some extent when more than
one additional residue was introduced. The primary goal of this study, however, was not to
generate antibacterial MccJ25 variants per se, but rather to develop a more broadly applicable
strategy for MccJ25 engineering. Previous studies have shown that the ring and loop regions
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(green). High ipTM and pTM scores (0.82 and 0.87,
respectively) suggest that these predicted
structures are fairly reliable. The cavity within
McjC is shown in red. b, c) McjB and McjC are
removed to more clearly show McjA and the
cavity. The peptide segment in McjA that
=  eventually becomes the ring is shown in

turquoise, and the loop and tail segments are

shown in black. The key Glu8 residue, whose side-
_ chain carboxylate condenses with the N-terminus
Cavity of Glyl to form an isopeptide for ring
2799 A? construction, is shown in orange. CASTpFold

estimates that the cavity is ~2,800 A3,

~29 A

play a critical role in recognition by FhuA, an outer membrane protein that mediates MccJ25
import.2”-3% In contrast, the ring and tail regions of MccJ25 are responsible for key interactions
with RNA polymerase and is essential for its transcription inhibitory function.'” The fact that
our MccJ25 variants exhibit only moderate to no antibacterial activity is likely attributable to
impaired uptake rather than diminished target engagement.

MccJd25 is a rigid scaffold that is resistant to most proteases and stable under extreme pH
and temperature.'® Nature has taken advantage of these desirable features and evolved lasso
peptides into the binder of a variety of proteins, including RNA polymerase, glucagon receptor,
atrial natriuretic factor, etc.” Likewise, scientists have engineered this scaffold by grafting serial
AA substitutions. For example, Marahiel and coworkers grafted the integrin binding RGD motif
into MccJ25 via consecutive AA substitutions in the loop region.3'-32 Burk and coworkers
expanded upon this strategy and reported selective a ,f s and a ,f g integrin binders by
introducing up to nine AA substitutions throughout MccJ25.33 Link and coworkers built two von
Willebrand factor binding motifs into MccJ25 via AA substitutions, and the resulting derivatives
showed inhibitory activity in the low micromolar range.** However, these constructs are
generally produced in lower yields than the WT MccJ25, which underscores a major limitation
in epitope grafting via AA substitutions. In contrast, our discovery that MccJ25 biosynthesis is
compatible with tail insertion and highly tolerant to loop insertions circumvents this constraint.
Tail insertion makes it possible to explore applications that require immobilization on a solid
support and various display systems (phage, bacteria, or yeast).35-38 Loop insertion tolerance
hint at the potential of grafting larger and more diverse epitopes onto the MccJ25 scaffold,
thereby expanding its utility for a broad range of biomedical applications.
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