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Abstract

Using genome mining and heterologous expression, we report the discovery and production of a
new antimicrobial lasso peptide from species related to the Enterobacter cloacae complex. Using
NMR and mass spectrometric analysis, we show that this lasso peptide, named cloacaenodin,
employs a threaded lasso fold which imparts proteolytic resistance that its unthreaded counterpart
lacks. Cloacaenodin has selective, low micromolar, antimicrobial activity against species related to
the E. cloacae complex, including species implicated in nosocomial infections and against clinical
isolates of carbapenem-resistant Enterobacterales. We further used site-directed mutagenesis to
probe the importance of specific residues to the peptide’s biosynthesis, stability, and bioactivity.
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Enterobacter

The ESKAPE pathogens are species of bacteria that are of clinical concern for their
ability to evade the mechanisms of current antibiotics.! Without new drugs and treatments,
these resistant species present a threat to humanity, causing an unnecessary loss of

life to infections once treatable. The last “E” in “ESKAPE” represents species of
Enterobacter, which is a genus of Gram-negative y—proteobacteria.2 While Enterobacter
species commonly reside commensally in the human and animal Gl tract and in the
environment on decaying matter, in soil, and in sewage, certain species like £. cloacae
have been the causative agents of many nosocomial outbreaks.2-4 With the emergence of
Enterobacter strains displaying resistance to many last-resort antibiotics like carbapenems,
these concerning pathogens call for a renewed interest in development of new treatments.3

Within this genus is the Enterobacter cloacae complex (ECC) consisting of closely related
species that are commonly isolated as clinical specimens, most notably £. cloacae and E.
hormaechei®-> Concerningly, many of these pathogens have natural resistance to p-lactam
antibiotics and possess various carbapenemase genes.3 Colistin resistance has also been
increasingly found in Enterobacterinfections.6-12 With the rise of multidrug resistance in
Enterobacter isolates, new compounds are sorely needed for future treatments.

A rapidly growing list of lasso peptides exhibit antimicrobial activity by several different
mechanisms.13-24 These peptides are named after their unusual threaded shape, resembling
a slipknot, and are biosynthesized from a ribosomal precursor peptide (known as A) via
the action of two enzymes, a protease (known as B) and lasso cyclase (known as C).25-29
The compact, threaded structure of lasso peptides shields portions of the amide backbone,
often rendering the peptides protease resistant. With advances in genomic sequencing, we
can now find and predict new lasso peptides and other ribosomally synthesized and post-
translationally modified peptides (RiPPs) that may not be detected from cultivation of the
native species in the lab, enabling discovery of potential new drug compounds.30-35

Many lasso peptides display focused spectra of activity, presenting a route to target

specific pathogens without disturbing commensal bacteria.36-38 From past investigations
with lasso peptides such as ubonodin?®, citrocinl?, klebsidinl®, microcin J25 (MccJ25)13,
and capistruin4, it was noticed that these compounds often target strains that are
phylogenetically similar to the producer, potentially serving as a mechanism for competition
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in microbial communities.3° We thus hypothesized that lasso peptide biosynthetic gene
clusters (BGCs) found in pathogen-related species would be more likely to have
antimicrobial activity against clinically relevant pathogens (a guilt-by-association approach),
presenting an effective way to screen and prioritize genome mining hits.

Here, we report the discovery and heterologous production of a lasso peptide from members
of the ECC, which we have named cloacaenodin. We solved the structure of this novel

lasso peptide using solution NMR and studied its stability and structure-activity relationship
via site-directed mutagenesis. Cloacaenodin showed potent and selective activity against
multiple clinically relevant strains from the ECC.

Results and Discussion

Genome Mining Reveals a New Lasso Peptide from Enterobacter Species

We employed our precursor-centric genome mining algorithm28 with a particular interest
in putative lasso peptides with a Tyr after the ring and a Tyr in the penultimate

position. The corresponding Tyr residues in the lasso peptide MccJ25 make specific
hydrogen bonding contacts in the secondary channel of RNA polymerase (RNAP).40

We identified a putative lasso peptide BGC in Enterobacter hormaechei strain LB3

(on contig NZ_LFHB01000019.1), a strain that was originally identified in long beans.
We later identified identical BGCs in Enterobacter cloacae strain B2 (on contig
NZ_JSWY(01000033.1), a strain isolated from bitter gourd, and Enterobacter kobei strain
1572712 (on contig NZ_LFHB01000019.1), a strain isolated from human sputum in China.
We named this lasso peptide cloacaenodin (Figure 1), as it originates from species of the £.
cloacae complex and the Latin root nodum signifies knot.

A protein BLAST search on the CloA protein revealed 14 distinct protein accession numbers
corresponding to cloacaenodin-like precursors from other strains of Sa/monella, E. coll,
Citrobacter, and Enterobacter, including £. cloacae and E. hormaechei subsp. xiangfangensis
(Figure S1). We queried Enterobacter cloacae and Enterobacter hormaecheiin an NCBI
assembly search, and found 616 total GenBank assemblies for £. cloacae and 3,754 total
GenBank assemblies for E. hormaecher. Since we only observe the cloacaenodin BGC in a
select few E. cloacae and E. hormaechei strains, this indicated to us that the cloacaenodin
BGC is particularly rare among the currently assembled genome sequences of these two
species.

From the BLAST results, we manually confirmed the presence of the B, C, and D

genes (corresponding to the lasso peptide protease, cyclase, and exporter, respectively)
downstream of the A gene (corresponding to the precursor). With the exception of the £. coli
strains encoding a cloacaenodin-like precursor (Figure S1) which appear to have their Band
C genes disrupted, the amino acid sequences of the biosynthetic enzymes all have at least a
50% amino acid identity to CloB, CloC, and CloD, with the D proteins having the highest
degree of identity (Table S1-S3).

Due to the producing species, this lasso peptide BGC caught our attention since we
hypothesized it may have activity against members of the ECC. The gene cluster
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organization of ABCD (Figure 1A) all in a single operon is typical of proteobacterial lasso
peptide gene clusters4, with the gene clusters of citrocin and MccJ25 being exceptions in
which the A genes are transcribed divergently from the BCD operon.17: 41

Our lab has previously reported the structure and activity of lasso peptides ubonodin1®

and citrocinl?, which were shown to be potent inhibitors of RNAP, similar to the lasso
peptides MccJ25, klebsidin, and acinetodin (Figure 1B).19:40.42-44 Dye to the presence of
the conserved Tyr residues, we predicted that cloacaenodin may also function by inhibiting
RNAP. However, the C-terminal amino acid in cloacaenodin is serine, differing from the
conserved glycine seen in other RNAP-targeting lasso peptides (Figure 1B). We were

thus interested to see if and how this residue would be important to the biosynthesis and
activity of this new lasso peptide. Additionally, the previous RNAP-targeting lasso peptides
ubonodin, citrocin, MccJ25, acinetodin, and klebsidin have been 8-membered rings, while
cloacaenodin has a 9-membered ring (Figure 1B).

Heterologous Expression of Cloacaenodin

To produce the lasso peptide, we opted for a heterologous expression strategy in £. coli, a
strategy that has historically worked well for proteobacterial lasso peptide BGCs.#546 We
placed the A gene under the inducible T5 promoter in the pQE-80 plasmid with the other
genes (B, C, and D) under the control of the constitutive p,gscp promoter (Figure 1A).
This gene refactoring strategy was originally developed for MccJ254° and has been used
subsequently6:17 to allow for lasso peptide B, C, and D proteins to be already present in

the cell once the A precursor is produced. To facilitate expression and eliminate any codon
bias, the gene sequences were codon optimized for £. coli. The resulting codon-optimized
BGC was synthesized as gBlocks and cloned into pQE-80. With this construct, we expressed
cloacaenodin at room temperature in M9 minimal media overnight. Consistent with the
presence of a D gene, which encodes for an ATP-binding cassette transporter that exports
the lasso peptide from cells, we detected a signal that matched the expected mass of
cloacaenodin in the supernatant extract through LC-MS analysis. We observed a prominent
peak when extracting for the expected cloacaenodin mass and a much smaller later-eluting
peak (Figure S2). Since lasso peptides are capable of unthreading®’-4%, we hypothesized that
these peaks corresponded to the threaded and unthreaded variants of cloacaenodin.

We injected the supernatant extract onto an HPLC instrument and collected the prominent
peak eluting at a retention time of 15.0 min (about 60/40 water/acetonitrile) (Figure 2A).
Following collection, we checked this compound using LC-MS analysis, revealing a single
peak that eluted at ~10.5 minutes, containing a species consistent with the expected mass of
cloacaenodin (Figure 2B). We were able to obtain a yield of ~1.1 mg/L of culture.

We next sought to verify the threaded nature of the collected cloacaenodin sample, as the
threaded structure is crucial to the bioactivity of lasso peptides.>® Heat treatment of certain
lasso peptides leads to their irreversible unthreading; the unthreaded species often elutes
differently than the threaded peptide.#8:4% We performed a heating assay at 95 °C and
noticed that after 1.5 hours ~75% of cloacaenodin now eluted at around 12.4 min instead
of 10.5 min (Figure S3). Upon treatment with carboxypeptidase®849, this later eluting peak
was eliminated, and we could then observe various earlier-eluting peaks consistent with
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C-terminal truncations of 6, 9, or 10 amino acids (Figure S3-S4). We did not observe these
truncations for the unheated cloacaenodin sample when treated with carboxypeptidase. This
result supports our hypothesis that the smaller, and later eluting, peak in the supernatant
extract is unthreaded cloacaenodin. This unthreaded variant in the extract may have formed
due to thermal unthreading during expression and purification, exposure to organic solvents
methanol and acetonitrile during purification, or both. To ensure that the sample we
collected from the HPLC instrument remained stable, we froze the sample immediately
upon collection until lyophilization, such that the peptide was minimally kept in solution.

Knowing that cloacaenodin was susceptible to unthreading, we tested how it would unthread
at 37 °C, physiological temperature, in pure water. After a period of 72 hours, we observed
that the sample of 18 uM cloacaenodin remained ~83% threaded based on relative peak area
detected via LC-MS (Figure S5). We note that it is unusual for lasso peptides to unthread at
this temperature, but, in terms of bioactivity, this degree of unthreading would still provide a
majority of threaded peptide to exert its function.

We performed MS/MS analysis via collision-induced dissociation (CID) on both the
threaded and unthreaded conformers of cloacaenodin. We observed similar fragments for
both conformers, but found that the unthreaded conformer was more prone to fragmentation
than the threaded conformer, consistent with previous observations that threaded lasso
peptides are resistant to fragmentation.1416:50 Certain fragmentation ions were only
observable for the unthreaded conformer (Figure S6).

NMR Structure of Cloacaenodin

We next sought to determine the structure of cloacaenodin in water using 2D NMR analysis,
a technique that has been successfully used to show the threaded shape of lasso peptides.>?
We were concerned about cloacaenodin unthreading during the NMR acquisition, which we
addressed by keeping the sample at 4 °C throughout acquisition. LC-MS analysis of the
sample prior to and following NMR data collection confirmed that cloacaenodin remained
threaded (Figure S7). As an additional control, 1D NMR spectra were acquired in between
each 2D spectrum acquisition to ensure stability of the sample (Figure S8).

We acquired TOCSY at a mixing time of 80 ms (Figure S9) along with two NOESY spectra:
one at 150 ms (Figure S10) and one at 300 ms (Figure S11). The TOCSY and 300 ms
NOESY were used together to assign proton shifts (Table S8). We note that this NMR
analysis was particularly challenging due to the presence of five prolines in the sequence.

In addition to the prolines disrupting the NOESY walk during the assignment of residues,
these prolines can lead to multiple isomers of cloacaenodin due to c/s/trans isomerization

as observed previously in MccJ25.52 We found multiple possibilities in our assignments of
Prol7 and Gly18 (Table S8), and due to this ambiguity in assigning the chemical shifts

for these protons, we chose to leave these residues undefined in our model building. The
chemical shifts for the amide protons of Phe22 and Tyr23 (9.210 ppm and 10.320 ppm
respectively) are markedly downshifted from the BMRB average; the unique chemical
environment experienced by these residues suggest that they may be the amino acids passing
through the isopeptide bonded ring. The wide dispersion of the amide proton chemical shifts
in the spectra (6.364 ppm — 10.320 ppm) provides further support for the lassoed structure
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of cloacaenodin as it has been previously demonstrated that the amide proton shifts for
unthreaded lasso peptides are generally in a narrower range.>!

The 150 ms NOESY spectrum was integrated for through-space distance restraints. From
the NOESY spectrum, we observed interactions between protons from Phe22 with Asp5,
Arg6, Pro8, and Glu9, as well as between protons from Tyr23 with Gly1, His2, Asp5, lle7,
Pro8, and Glu9 (Table S9). These interactions indicated that Phe22 and Ty23 likely function
as the bulky steric lock residues to keep the peptide threaded. Our assignments as well

as through-space NOEs from integrated peaks and explicit distance constraints around the
isopeptide bond (calculated from the rubrivinodin crystal structure PDB 50QZ) 53 were
given to CYANA 2.154 using the automated mode, where all prolines were presumed frans.

The top 20 structures calculated by CYANA show Phe22 and Tyr23 as the upper and lower
steric lock residues respectively (Figure 3A), similar to the Phe19 and Tyr20 steric locks
of MccJ2550:55:56 Cloacaenodin has a loop region of 13 amino acids, which is the second
largest loop observed after ubonodin, and a short tail of only two amino acids (Figure 3B).
This large loop and short tail structure is similar to the RNAP-inhibiting lasso peptides
MccJ25, ubonadin, citrocin, klebsidin, and acinetodin, but with cloacaenodin being unique
with its C-terminal serine and 9-membered ring (Figure S12).

Threaded cloacaenodin resists protease cleavage

One of the advantages of lasso peptides is that they are often resistant to proteolysis.

We previously established that cloacaenodin was resistant to C-terminal proteolysis by the
exopeptidase carboxypeptidase (Figure S3-S4), and we wanted to see if this peptide would
be resistant to endopeptidases.

The sequence of cloacaenodin contains residues cleavable by trypsin, chymotrypsin,
elastase, and thermolysin. As expected, when we tested a sample of unthreaded
cloacaenodin (generated by heating), we observed fragments consistent with cleavage of
the unthreaded peptide both in its linear and ring segments. In stark contrast, under the
same conditions, the threaded peptide remained resistant to proteolysis by each of these
four proteases (Figure 4, Figure S13-S16). This is consistent with the reported proteolytic
resistance of previously discovered lasso peptides and demonstrates that the threaded
structure of cloacaenodin is essential to its proteolytic stability.57-9

Cloacaenodin has antimicrobial activity against multiple Enterobacter strains

After characterizing the structure and proteolytic resistance of cloacaenodin, we next tested
if cloacaenodin could inhibit bacterial growth. As a preliminary test of antimicrobial activity,
we cloned a version of our expression plasmid where the ¢/oD gene was removed, so that
the lasso peptide could not be exported by the £. coli upon IPTG-induced expression. We
found that £. coli XL-1 Blue colonies did not appear on LB agar when IPTG was added to
the plate (Figure S17), indicative of intracellular cloacaenaodin toxicity.

Of the antimicrobial lasso peptides characterized to date, most target strains that are
phylogenetically or environmentally related to the producing strain.6% Therefore we chose
to test strains that were members of the ECC as well as strains that may reside in the
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same environmental niche as Enterobacter strains. We acknowledge that there are different
proposed names for some of the strains we tested, such as the re-classification of £.
amnigenus and E. nimipressuralisto the genus Lelliottia.5!

We used spot-on-lawn assays in M63 agar against a panel of bacteria using purified
cloacaenodin dissolved in water (Figure S18A, Table S4A). Cloacaenodin had no

observed activity against £. coli MG1655, B. subtilis 168, Salmonella enterica serovar
Newport, Klebsiella aerogenes ATCC 13048, Enterobacter hormaechei ATCC 700323,

and Enterobacter kobei BAA-260. However, we observed zones of inhibition in the low
micromolar range when we tested cloacaenodin against £. c/loacae ATCC 13047, E. mori
DSM 26271, E. asburiae DSM 17506, E. amnigenus ATCC 33072, and E. nimipressuralis
DSM 18955 (Table 1). £. cloacae is the most clinically relevant strain that we found activity
against, as this pathogen is a frequent cause of nosocomial infections around the globe.2 The
other strains that we found as susceptible to cloacaenodin are known to be causative agents
for certain plant diseases or occasional human pathogens.62-65

The type strain of £. cloacae (ATCC 13047) tested above was isolated from human
cerebrospinal fluid in 189066 before the era of antibiotics. We were motivated to test whether
cloacaenodin would have activity against more recent clinical isolates. We tested a panel of
12 clinical isolates of Enterobacter using the spot-on-lawn assay (Table S4B). These isolates
are part of a larger collection of carbapenem-resistant Enterobacterales (CRE) that have been
extensively analyzed for their genetic mechanisms of resistance.%” In 6 of these strains, 3

of which are classified as resistant to carbapenem antibiotics, we consistently observed low
micromolar values of the minimal inhibitory concentration (MIC) of cloacaenodin (Table

1, Figure S18B). In the other 6 clinical isolates (Table S4B), we observed either weak

or no activity. The observation of strain-specific activity is consistent with the observed
narrow-spectrum activity of ubonodin against Burkholderia strains due to transport through
PupB.16:68 These assays demonstrate that cloacaenodin has the potential to serve as a potent
therapeutic against Enterobacter strains that have evolved resistance to last-resort antibiotics.

We also tested the bioactivity of a sample of cloacaenodin that had been heated and then
HPLC-purified to isolate the unthreaded peptide. At a concentration of 15 uM, we observed
no activity of this unthreaded peptide against £. c/oacae, consistent with our understanding
of the essential nature of the threaded structure for activity (Figure S19).

Cloacaenodin was also tested against £. cloacae and E. amnigenus using a broth
microdilution assay in M63 media. We observed an MIC value of 940 nM for E. cloacae
and 230 nM for E. amnigenus from this assay, showing that cloacaenodin is more active

in solution than on solid media (Table 1, Figure S20). When testing against £. cloacae, we
noticed larger OD values for sub-MIC treated wells, which motivated us to see if there was
a phenotypic abnormality for these cells. When looking at some of the treated bacteria under
the microscope, we observed that £. cloacae cells that were treated with sub-MIC values of
cloacaenodin exhibited a degree of filamentation (Figure S21). Filamentation has previously
been observed for £, coli cells upon exposure to MccJ25.13
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Stability and Bioactivity of Cloacaenodin Variants

To gain insight into the contribution of specific cloacaenodin residues toward its stability
and bioactivity, we carried out site-directed mutagenesis on various residues, with the main
results summarized in Table 2. We were intrigued by the fact that we saw a peak of
unthreaded cloacaenodin in the supernatant extract (Figure S2). We reasoned that increasing
the sidechain volume of the steric lock residues Phe22 and Tyr23 may retard the unthreading
process. Swapping of the upper steric lock Phe22 to Trp still resulted in comparable levels
of unthreaded peptide in the extract, while a Y23W variant only had the threaded peptide
observable in its supernatant extract (although the yield was reduced >10-fold) (Figure S22).

Since cloacaenodin is unique in having a C-terminal serine compared to other lasso peptides
that inhibit RNAP, we next swapped this residue to the more typical C-terminal glycine.

To our surprise, when we expressed the S24G variant, we found that the majority of the
peptide was now unthreaded in the supernatant extract, based on the later retention time

as well as heating and carboxypeptidase assays (Figure S23). This unthreaded peptide
completely lost bioactivity when tested against £. amnigenus (Figure S24). However, when
expressed intracellularly without the c/oD gene present, the S24G variant still inhibited

E. coli cell growth, suggesting that at least some fraction of the peptide remains threaded

in the cytoplasm and exerts antimicrobial activity (Figure S25). Surprised by the S24G
results, we next made conservative substitutions to the S24 residue (cloacaenodin S24A,
S24C, and S24T), all of which were similarly stable to wild-type and had similar or
decreased bioactivity compared to wild-type (Figure S24). Given the unthreading behavior,
we hypothesized swapping the S24 to a bulkier Tyr, Phe, or Trp residue may stabilize the
lassoed shape, but we found that these variants still allowed unthreading. The S24Y mutant
was purified by HPLC and had similar bioactivity as wild-type (Figure S24).

We next asked if the cloacaenodin biosynthetic enzymes could tolerate an increase in ring
size. An increase in ring size from 9 to 10 aa was previously reported for the lasso peptide
fuscanodin/fusilassin.5? We cloned a variant of cloacaenodin with an extra alanine near the
middle of the ring, so that the new ring sequence would be GHSVADRIPE. We detected a
single peak corresponding to the expected mass and isotopic distribution in the supernatant,
eluting at about 12.1 minutes, made at about 1% of the yield as wild-type. Heating assays
and carboxypeptidase assays of the extract demonstrated that this was an unthreaded peptide
(Figure S26). We hypothesize that the lasso peptide is first made threaded by the B and C
enzymes, but then readily unthreads upon being secreted into the supernatant and during our
purification procedure (Figure S27).

While changes to the isopeptide-bonded residues are generally not tolerated for lasso
peptides’0.71, several reports demonstrated that certain biosynthetic enzymes could tolerate
variations at these positions.23.72.73 For cloacaenodin, G1A and E9D variants were not
produced, as the variants could not be detected in the supernatant or the cell pellet.

A report by Hegemann et a/. demonstrated that a proline at position 8 in the 9-membered
ring of the lasso peptide caulosegnin 1l was vital for prevention of unthreading at 95

°C."4 For cloacaenodin, we did not observe a dramatic decrease in the ratio of threaded-to-
unthreaded peptide in the extract for a cloacaenodin P8A variant (Figure S28). However,
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swapping the Val4 residue to Pro appeared to favor the threaded peptide, suggesting that
rigidification of the ring with proline can stabilize the lasso peptide against unthreading.
This increased stability comes at a cost, however, as the V4P variant is only made at about
1% of the wild-type yield (Figure S29).

The Tyr9 sidechain in MccJ25 (corresponding to Tyr10 in cloacaenodin) was shown to
hydrogen bond with RNA polymerase in a co-crystal structure.? We purified a cloacaenodin
Y 10A variant but found that, despite being threaded, it had drastically reduced activity
against £. amnigenus (Figure S30). When expressing this peptide in £. coli without CloD
present, the £. coli cells could still grow, suggesting that the Y10A variant lacks activity due
to decreased target binding as opposed to decreased transport into susceptible cells (Figure
S17).

Discussion and Conclusion

This paper focuses on a novel antimicrobial lasso peptide cloacaenodin. This lasso peptide
is particularly notable because of its potent antimicrobial activity against multiple members
of the Enterobacter genus, including those implicated in nosocomial infections. While other
lasso peptides with antimicrobial activity against Gram-negative bacteria such as klebsidin,
capistruin, and citrocin have only modest potency, the MIC of cloacaenodin is in the high
nanomolar to single micromolar range for the strains tested here. This potency coupled
with the urgency to develop new antimicrobial interventions against the ESKAPE pathogen
Enterobacter makes cloacaenodin a promising lead for antibiotic development. We noted
that BGCs related to cloacaenodin are present in 5 different species of Enterobacteras well
as other enterobacteria (Figure S1). Furthermore, many of the BGCs appear in genomic
contexts consistent with being plasmid-borne. The mobility of the cloacaenodin BGC may
be due to horizontal gene transfer between these strains which are all part of the gut
microbiota. We speculate this horizontal gene transfer occurs because cloacaenodin confers
a competitive advantage on the producing cells.

We were initially interested in cloacaenodin not only because of its antimicrobial potential
but also because it differs in structure from other antimicrobial lasso peptides targeting
Gram-negative bacteria. Specifically, cloacaenodin has a 9-membered ring and a C-terminal
serine, in contrast to other characterized examples which have 8-membered rings and C-
terminal glycine (Figure 1). Cloacaenodin is also unusually rich in proline residues with 5
prolines, 4 of which are in the 13 aa loop region. As we noted above, the threaded structure
of cloacaenodin protects it from proteolysis (Figure 4). The high prevalence of prolines

in the structure likely contributes to this proteolytic resistance as well. Proline c/sl trans
isomerization is known in lasso peptides’®, and so in principle cloacaenodin may exist as an
ensemble of up to 32 (ie 2°) different conformers. In addition to the likely role of proline

in engendering cloacaenodin with proteolytic resistance, this conformational flexibility may
also be related to the antimicrobial activity.
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Detailed materials and methods used in this study can be found in the supplementary
information.

Cloacaenodin BGC Identification

The cloacaenodin BGC was found through a precursor-centric genome mining approach?®,
where we prioritized hits having a Tyr after the ring as well as a penultimate Tyr. Subsequent
BlastP searches were conducted on the ¢/oA gene to identify cloacaenodin-like BGCs in
other strains.

Plasmid Construction

For heterologous expression in £. coli, the cloacaenodin BGC was refactored and cloned
into the pQE-80 vector. Primers were used to assemble the ¢/oA gene which is under the
control of the prg promoter, and synthesized gBlocks were used to assemble the c/loBCD
genes which are under the control of the promoter for mc¢/BCD. Mutagenic primers were
used to generate plasmids to express cloacaenodin variants.

Heterologous Expression and Purification

To generate cloacaenodin and cloacaenodin variants, we used £. coli BL-21 which had been
transformed via electroporation with a plasmid to express cloacaenodin or a given variant.
The transformed cells were grown at 37 °C with shaking in M9 minimal media (containing
M9 salts supplemented with glucose, MgSQy, thiamine, and amino acids) with 100 pg/mL
ampicillin. Once the ODggq of the culture reached ~0.2, 1 mM IPTG was added to the
culture, which was then allowed to continue growing at room temperature with shaking
overnight.

Following expression, the cultures were centrifuged to isolate the supernatant. The
supernatant was further purified via a C8 column and eluted with methanol. The methanol
extract was dried via rotary evaporation, and the dried extract was resuspended in water (1
mL/L of culture).

The resuspended extracts were purified via HPLC, and masses were verified via LC-MS
analysis. Some peptide variants expressed too poorly for HPLC analysis, so they were
instead only analyzed via LC-MS. The cloacaenodin Y10A variant required a second round
of HPLC purification before use in antimicrobial assays. HPLC-purified peptides were
lyophilized before use in later assays.

NMR Data Acquisition and Determination of Cloacaenodin Structure

We acquired NMR spectra, including TOCSY and two NOESY spectra (300 ms and 150
ms mixing time), at the Princeton University Department of Chemistry NMR Facility. We
maintained the sample at 4 °C during acquisition to ensure that cloacaenodin remained
threaded. Following data acquisition, MNova was used for residue assignment, and
through-space distance restraints were manually chosen from the 150 ms mixing time
NOESY spectrum. With these residue assignments and distance restraints, CYANA 2.1 was
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employed to generate 20 structures of cloacaenodin. Each of the 20 structures was then
energy minimized with Avogadro.

Evaluation of Antimicrobial Activity

Purified cloacaenodin was dissolved in water and its concentration measured by determining
its absorbance at 280 nm using a NanoDrop instrument. A spot-on-lawn assay was employed
to evaluate antimicrobial activity against a panel of strains. A strain of interest was cultured
overnight in LB media. This culture was then used to inoculate 5 mL of LB, which

was grown until mid-exponential phase (ODggg ~ 0.4-0.6). The culture was then used to
inoculate 10 mL of melted M63 soft agar at an inoculum of ~107 CFUs/mL. The soft agar
was poured atop a plate with 10 mL of M63 agar and allowed to dry. Dissolved cloacaenodin
(10 uL) was spotted on the plate at various concentrations and then allowed to dry on the
plate. After incubation of the plate overnight, the plate was analyzed for zones of inhibition.
The last visible spot was defined as the MIC.

For E. cloacae and E. amnigenus, a broth microdilution assay in M63 media was also used
to evaluate antimicrobial activity. The same procedure above was followed, but instead of
inoculating M63 soft agar, the culture was used to inoculate liquid cultures (starting ODgqg
of 0.0005) in a 96-well plate. The plates were then grown with shaking and their ODgqg
was measured after 8 hours and 16 hours. The lowest concentration with no visible bacterial
growth was defined as the MIC. For some of the cultures grown in the plate at sub-MIC
concentrations, microscopy was employed to view the morphology of the bacteria.

Proteolytic Susceptibility Assays

Cloacaenodin (or a variant) was incubated with carboxypeptidase B and carboxypeptidase Y
at 20 °C for 16 hours in a buffer of 50 mM sodium acetate, pH 6.0. For trypsin digestion,
cloacaenodin was incubated in 50 mM ammonium bicarbonate buffer with trypsin in a
1:100 trypsin:peptide weight ratio. The reaction proceeded for 30 minutes to 1 hour before
quenching. For a-chymotrypsin digestion, cloacaenodin was incubated in a buffer of 100
mM Tris, 10 mM CacCly, pH 8.0, with 0.04 mg/mL a-chymotrypsin. The reaction proceeded
for 1 hour at 25 °C before quenching. For elastase digestion, cloacaenodin was incubated in
a buffer of 50 mM Tris, pH 9.0, with 0.04 mg/mL elastase. The reaction proceeded for 1
hour at 25 °C before quenching. For thermolysin digestion, cloacaenodin was incubated in

a buffer of 50 mM Tris, 0.5 mM CaCls, pH 8.0 with 0.04 mg/mL thermolysin. The reaction
proceeded for 1 hour at 30 °C before quenching. All reactions were quenched via addition of
1% formic acid.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A.
Native BGC
cloA cloB cloC cloD

1 kbp

Refactored BGC

P1s pmc;'BiD

B.
Cloacaenodin GHSVDRIPEYFGPPGLPGPVLFYS

Ubonodin GGDGSIAEYFNRPMHIHDWQIMDSGYYG
Microcin J25 GGAGHVPEYFVGIGTPISFYG
Citrocin GGVGKIIEYFIGGGVGRYG
Klebsidin GSDGPIIEFFNPNGVMHYG
Acinetodin GGKGPIFETWVTEGNYYG

Figurel.
Genome mining reveals a new lasso peptide from Enterobacter species. (A) The native

BGC consists of a typical organization of lasso peptide genes in proteobacteria. It contains
the precursor gene, c/oA; the leader peptidase gene, c/oB; the lasso peptide cyclase gene,
cloC; and an ATP-binding cassette transporter gene for export of the mature lasso peptide,
cloD. To facilitate heterologous expression, the BGC was codon-optimized and refactored
into a pQE-80 vector with the ¢/oA gene under the control of an IPTG-inducible T5
promoter, while the rest of the cluster is under the control of the constitutive ppgsco
promoter. (B) The sequence of cloacaenodin and other known RNAP-inhibiting lasso
peptides. Cloacaenodin contains a 9-membered ring (purple) and a C-terminal serine, which
differs from the other lasso peptides which contain an 8-membered ring and a C-terminal
glycine. Cloacaenodin contains the relatively well-conserved tyrosine residue directly after
the ring, and the conserved penultimate tyrosine residue (underlined).
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Figure 2.

Cloacaenodin can be biosynthesized heterologously in £. coli. (A) HPLC chromatogram of
the M9 supernatant extract from £. coliheterologous expression of cloacaenodin (purple
trace) and purified cloacaenodin (light orange trace). (B) Mass spectrum of purified
cloacaenodin displaying the +4, +3, and +2 charge states. A close-up of the +3 charge

state isotopic distribution is shown. The expected monoisotopic +3 m/z is 861.77.
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Figure 3.
NMR structure of cloacaenodin (A) Representative cloacaenodin structure is shown.

Carbons from ring residues are colored in green. Carbons from loop and tail residues
are colored in grey. The steric locks Phe22 and Tyr23 are displayed in magenta (oxygen
for Tyr23 sidechain is in red). (B) 20 lowest energy structures are overlaid. These model
structures have been deposited to the Protein Data Bank under PDB code 8DYN.
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Figure 4.
Threaded cloacaenodin is resistant to proteolysis while the unthreaded conformer is

proteolyzed into the major products shown. Loop/tail residues are colored green and ring
residues are colored orange. Phe22 and Tyr23 are enlarged to denote their role as the steric
lock residues for cloacaenodin. The LC-MS data underlying this schematic are shown in
Figure S13-S16.
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Table 1.

Minimal inhibitory concentration (MIC) of cloacaenodin against susceptible strains. An asterisk indicates that
the strain is a clinical isolate.

Species MIC in M63
media
Enterobacter cloacae ATCC 13047 7.5 uM (agar) / 940 nM (liquid)
E. nimipressuralis DSM 18955 1.9 M (agar)
E. asburiae DSM 17506 3.8 UM (agar)
E. morf DSM 26271 1.9 uM (agar)
E. amnigenus ATCC 33072 500 nM (agar) / 230 nM (liquid)
* E. cloacae UCI102 1.0 uM (agar)
* E. ludwigii MGH216 1.0 uM (agar)
* E. kobei MGH178 2.0 uM (agar)
* E. hormaechei UCI35 2.0 uM (agar)
* E. asburiae MGH243 1.0 uM (agar)
* E. asburiae UC1193 1.0 yM (agar)
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Table 2.

Summary of yield, stability, and bioactivity of cloacaenodin variants. For yield, +++ signifies made at near
wild-type levels, ++ signifies made at ~40-60% wild-type levels, + signifies made at <10% wild-type levels,
all as detected by absorbance at UV-215 measured from HPLC. L signifies only detected via LC-MS. Stability
was judged by ratio of threaded-to-unthreaded peptide in supernatant extract after purification, judged by LC-
MS. N/A stands for not applicable. Variants that were not tested for bioactivity are listed as n.d. for no data.

Cloacaenodin Yield Stability Relative  Bioactivity

Variant Relativeto toWT RelativetoWT
WT

F22w ++ Comparable Comparable

Y23W + More n.d.

S24G +++ Less Abolished

S24T ++ Comparable Less

S24C ++ Comparable Less

S24A ++ Comparable Comparable

S24Y ++ Comparable Comparable

10-membered ring L Less n.d.

G1A Not tolerated ~ N/A N/A

E9D Not tolerated ~ N/A N/A

P8A ++ Comparable n.d.

V4P L More n.d.

Y10A + Comparable Much less
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