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ABSTRACT: PaaA is a RiPP enzyme that catalyzes the transformation of two glutamic acid residues within a substrate peptide into
the bicyclic core of Pantocin A. Here, for the first time, we use mRNA display techniques to understand RiPP enzyme—substrate
interactions to illuminate PaaA substrate recognition. Additionally, our data revealed insights into the enzymatic timing of glutamic
acid modification. The technique developed is quite sensitive and a significant advancement over current RiPP studies and opens the
door to enzyme modified mRNA display libraries for natural product-like inhibitor pans.

Ribosomally synthesized and post-translationally modified
peptide natural products (RiPPs) are an exciting family of
natural products that have seen a surge in research due to
exceptional versatility of their biosynthetic enzymes.' Recent
studies have shown that, in many cases, RiPP chemistry is
guided by specific interactions between a RiPP recognition
element (RRE) and the peptide substrate.””® The RRE binds
one region of the substrate and feeds the remainder into the
catalytic domain for modification. This modular strategy allows
for remarkable substrate promiscuity, and as a result, RiPP
enzymes are increasingly bein7g exploited to make complex
libraries of peptide derivatives. ~16 Most recently, RiPPs have
been paired with phage and yeast display to identify high
affinity, RiPP-based peptide binders."’~"” While this work
hints at the extraordinary promiscuity and generality of RiPP
enzymes, verifying and measuring enzymatic modification of
library members remains a significant challenge. Indeed, in
many display libraries where chemical modification is used,
including phage,”””*' mRNA display,”* and even DNA-encoded
libraries (DELs),””** panning hits wind up being the most
significant evidence that chemistry worked. In the case of RiPP
enzymes, quantitative assessment and comparison of enzymatic
modifications on large display libraries could inform broadly
on substrate promiscuity and mechanistic features of these
enzymes, leading the way to their more effective implementa-
tion in benchtop campaigns.

Inspired by several reports of high-throughput assays for
proteases and ligases,” ** we envisioned a coupled mRNA
display assay that might allow expedient study of RiPP
enzymology and promiscuity. mRNA display is a powerful
peptide display technology where peptides are linked to their
own encoding RNA during in vitro ribosomal translation.”
mRNA display allows the easy incorporation of non-natural
amino acids by Flexizyme reprogramming,*’ which could aid in
our assay design and significantly expand library diversity one
day. To substantiate mRNA display as a biochemical tool to
study RiPPs, we first chose PaaA, an RRE-containing RiPP
enzyme from the biosynthesis of the antibiotic Pantocin A
(1).>'7*° PaaA is a ThiF/El-like activating enzyme that

catalyzes the double dehydration/decarboxylation of two
glutamic acid residues (E16 and E17) in substrate peptide,
PaaP, to form the fused-bicyclic core of the active tripeptide
natural product. Interestingly, the enzymatic mechanism may
proceed by either of two imide intermediates to achieve the
same product (Figure 1b).>* Since PaaA chemically modifies
two glutamic acids, we could use the indiscriminate Glu-
protease GluC to cleave unmodified substrate analogues in an
mRNA display library and report on PaaA activity. This
approach would confirm and measure PaaA modification of
substrate peptide mutants and constitute a first application of
RiPP enzymes to mRNA display libraries.

To implement this approach, we first sought to confirm that
PaaA could modify an mRNA displayed PaaP substrate: we
established a gel shift assay, wherein treatment of **S-Met-
labeled and mRNA displayed-PaaP with PaaA rendered the
peptide resistant to GluC cleavage (Supplementary Figure
Sla). To further optimize reaction conditions with mRNA
display substrates and allow for enrichment of modified
peptides from larger libraries, we adapted this assay to include
affinity purification and qPCR-based quantitation (Figure 1c).
This new iteration of the assay involves four key steps: (1)
display of an N-terminal biotinylated PaaP substrate via
Flexizyme codon reprogramming, (2) treatment with PaaA,
(3) protease treatment with GluC to remove RNA tags from
unmodified substrates, and finally (4) streptavidin enrichment
of only modified substrates. The assay was optimized for GluC
cleavage conditions, PaaA concentration, and reaction time
(Supplementary Figure S1b—d). With a functioning activity
assay in hand we next designed a saturation mutagenesis single
variant library (smSVL) to explore how point mutations along
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Figure 1. Pantocin A biosynthesis and mRNA display activity assay to study PaaA. (a) Pantocin A gene cluster, including paaA, an ATP-dependent
ThiF/El-like enzyme; paaB, a-ketogluterate-dependent iron oxidase; paaC, efflux pump; and paaP, precursor peptide. (b) Potential mechanisms
for PaaA catalyzed modification of PaaP. (c) Overview of mRNA display assay with N-terminal biotinylated (blue) PaaP linked to mRNA via
puromycin “P”. Modified substrates are enriched by streptavidin (green) pulldown and analyzed by qPCR or next generation sequencing (NGS).

“«_»

x” is any given peptide, “wt” is wild type. (d) E scores for each single mutant PaaP peptide analyzed after a single round of PaaA activity selection.

Blue indicates sequence enrichment worse than WT, and orange indicates sequence enrichment better than WT. Each square represents an average

(n =3).

PaaP would affect PaaA activity. The library was treated with 1
UM PaaA for 5, 22.5, and 60 min before GluC treatment and
streptavidin purification. Recovered sequences were PCR
amplified and submitted for next generation sequencing
(NGS). The sequencing data was processed by calculating E
scores (Supplementary Figure S2),>> which are normalized
values for success of each mutant compared to wild type (WT)
(Figure 1d and Supplementary Figure S3). In this analysis a
score >1 is better than WT and a score <1 is worse than WT.
As an important assay control, we examined Glu mutants
within the leader and follower. Because these mutations lie
outside the core, we anticipate that they will go unmodified
and thus be readily cleaved by GluC irrespective of PaaA
activity at E16 and E17. Satisfyingly, these Glu mutants have
consistently low E scores, demonstrating that the assay
selection conditions are stringent (Figure 1d, gray arrow).
Beyond this internal control four key trends are readily
apparent. (1) First, PaaA is broadly tolerant of point
mutations. Of the 26 positions within the leader and follower
probed by saturation mutagenesis, 22 appear numb to
mutation. This is especially evident in the follower sequence
as no single mutations strongly inhibited PaaA processing. (2)
While the leader sequence also shows high tolerance to
mutations, four positions (F4, L7, R10, and I11) consistently
enriched poorly when mutated (Figure 1d, black arrows). With
increasing PaaA incubation time this result lessened suggesting
that these mutations slow the reaction but do not prevent it.

However, aspartic acid replacements at these positions appear
to severely inhibit PaaA processing (Figure 1d and
Supplementary Figure S3ab). Given that PaaA exhibits an
RRE domain, we speculate that this FXXLXXRI motif may be
involved in substrate recognition at the RRE/peptide interface
where backbone hydrogen bonding typically drives ﬂ strand
interactions and hydrophobic residues fill key hotspots.”™® (3)
The smSVL data also shows that while E16 mutations were
highly susceptible to GluC cleavage, E17 mutants were
strongly protected implying modification of E16 (Figure 1d,
blue arrows). These results suggest that PaaA may exhibit a
preference for activation of E16 over E17, which may further
play a role in the mechanism of modification (Figure 1b). (4)
Finally, core residue N18 also displays a high tolerance to
mutation (Figure 1d, red arrow), suggesting that PaaA can be
used to make new Pantocin A analogues.

To validate selection results, we chose several mutants for
confirmation by in vitro enzymatic assay and mass spectro-
metric characterization. Each substrate was translated with
NEB PURExpress, then treated with 1 yuM PaaA, and reaction
products were analyzed by MALDI-TOF. As seen in the
smSVL data, PaaA proved promiscuous to point mutations
within the leader and follower peptides (Figure 2a,
Supplementary Figure S10, Supplementary Table S1). Notably,
N18D was processed to the final bicycle demonstrating that
PaaA can be used for preparation of novel Pantocin A
analogues. Also, aligned with the smSVL data, qualitative
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Figure 2. PaaA substrate promiscuity, binding, and processing. (a) MALDI-TOF analysis of PaaA activity on PaaP mutants. Total extracted ion
integration areas for substrate remaining “S” and observed products “P” were summated and used to calculate percent substrate or products for
display in a heatmap. (b) PaaA binding to PaaP measured by competitive fluorescence polarization (FP, mean and error for n = 3) and isothermal
calorimetry (ITC, mean and error for n = 2). (c,d) MALDI-TOF analysis of PaaA catalyzed dehydration (—18 Da) of PaaP core E mutants. (e)
PaaP A13C was prepared by native chemical ligation with *C-labeled E17. Orange dots indicate labeled carbons. Reaction of E17 labeled PaaP
A13C with PaaA leads to a mass shift of 81 Da indicating loss of a single '*C atom due to E17 decarboxylation. (f) Weblogo analysis of 996 most

enriched sequences with PaaP NNK 6.

analysis shows that PaaA struggles to process F4D, L7D,
R10D, and 111D mutants, and the quadruple alanine mutant
went completely unmodified. In contrast a quadruple mutant
outside these four residues was accepted (K3A, T6A, S8A,
T1SA). These data further support that PaaA has a wide
tolerance for single mutations and strengthens the importance
of F4, L7, R10, and I11 for PaaA reactivity. To investigate
whether these four residues are involved in PaaA recognition,
we prepared synthetic variants of the N-terminal 12 residues of
PaaP and a TAMRA-labeled fluorescent probe that could be
used for competitive fluorescence polarization (FP) assays. In
these FP assays, only WT and T6D peptides competed
effectively with TAMRA-WT for PaaA binding (Figure 2b and
Supplementary Figure S4). This was further substantiated by
isothermal titration calorimetry (ITC, Figure 2b and
Supplementary Figure SS). Together, the MALDI-TOF data
and binding experiments confirm that PaaA is a promiscuous
RiPP enzyme and that these four residues are essential for
PaaP binding and subsequent processing. A BLAST of
available PaaP homologues shows significant conservation
across the central third of the precursor peptide (L7-Y21,
Supplementary Figure S6). F4, L7, R10, and I11 are heavily
conserved, as are many others, thus highlighting the power of
this approach in effectively discriminating between essential
residues where bioinformatics could not.

We next turned to the difference in enrichment between E16
and E17 mutants (Figure 1d, blue arrows). To better
understand this result, we first validated several core E mutants
in MALDI-TOF assays. Notably, as exemplified by E17A and
E17Q_(Figure 2c), E17 mutants were readily modified to a

single dehydration product, suggesting partial processing to
putative imide intermediates (e.g, Figure 1b). In good
agreement with the selection data, only hydrophobic mutations
to E16 are converted to this intermediate (Figure 2d and
Supplementary Table S2). The mechanism of PaaA can be
reasonably written from a first step condensation of either E16
or E17, and both routes could yield the same bicyclic Pantocin
A core (Figure 1b and Supplementary Figure S7). If E16 is
condensed first, then E17 must undergo decarboxylation and
vice versa. The general rejection of E16 mutations suggests
that the E16 side chain is the preferred initial substrate. To
confirm this biosynthetic timing, we prepared a PaaA substrate
selectively *C-enriched at E17 (Supplementary Figure S8).
Treatment with PaaA transformed the peptide into the product
with a mass shift consistent with loss of a single *C label
(Figure 2e, E17 Decarboxylation, Supplementary Table S3).
The loss of a '*C label agrees with a mechanism in which E16
is modified first, followed by E17 cyclization and decarbox-
ylation.

The smSVL experiment proved informative for studying
point mutations, but the power of mRNA display is its capacity
to screen much larger libraries, containing multiple simulta-
neous mutations. To show that RiPPs and mRNA display
might be compatible with larger and more diverse libraries, we
prepared a ~34 million-member library where the 6 positions
from T6-I11 were simultaneously randomized with NNK
codons. This library was treated with 1 yM PaaA before
purification, GluC treatment, and streptavidin pull-down. After
enrichment, the recovered DNA was PCR amplified, submitted
for NGS and analyzed by Weblogo. Significantly, positions 7,
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10, and 11 showed strong enrichment to a generalized version
of the natural epitope evinced by smSVL experiments:
FXXBXXRB (B =V, L, or I, Figure 2f). Additionally, this
data shows that other residues are significantly less important
for substrate recognition and processing. Such broad
permissiveness has previously been hypothesized in RRE-
substrate interactions but not validated to this extent.

In summary, we successfully deployed an mRNA display-
based enzyme activity assay to study the RiPP enzyme PaaA.
This assay provides rapid insight into the broad promiscuity,
sequence dependent substrate recognition, and residue specific
processing of the PaaP core all in one set of experiments. The
results suggest that PaaA is broadly promiscuous outside of its
core and binding epitope and might be readily adapted to
synthesize new Pantocin analogues or incorporate the
indolizidinone core into peptide libraries.*”*” The present
version of this assay is limited to reporting on glutamate
modification because of reliance on GluC, but future iterations
might probe other amino acids by exploiting alternative
proteases or biorthogonal chemistries.”® mRNA display is
particularly well-suited to broadly probe peptide post-transla-
tional enzymatic chemistry in this manner because of the ready
introduction of non-natural functionality through Flexizyme
codon reprogramming. Perhaps most importantly, this work
demonstrates the compatibility of a RiPP enzyme, here PaaA,
with a C-terminal mRNA display tag, suggesting that others
might also be used in this manner. These results ultimately
pave the way for using RiPP enzymes to transform mRNA
display libraries into more natural product-like molecules for
inhibitor discovery.
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