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Ribosomally synthesized and post-translationally modified peptides (RiPPs) are natural products that feature
diverse modifications. They show a wide range of biological activities and are therefore of great interest for
drug discovery and protein engineering. An unusual modification found in spliceotide RiPPs is the
installation of B-amino acid residues with diverse side chains, generated by backbone excision of
a tyramine moiety derived from tyrosine. We have previously shown that the modification can be
adapted to protein engineering to greatly expand the set of amino acid residues and to introduce unique
reaction centers for site-directed modification. To understand requirements for splicease—substrate
interactions, we investigated the role of a RiPP recognition element (RRE) in spliceotide biosynthesis and

provide evidence that it acts as an activator and enables leader-independent protein splicing. We
Received 12th June 2024 l d this k ledge t . implified spli ¢ derived f Rheinhei . .
Accepted 16th September 2024 everaged this knowledge to engineer a simplified splicease system derived from Rheinheimera aquimaris
B26 that processes splice tags introduced into proteins with high efficiency. This work expands the

DOI: 10.1039/d4sc03867¢ toolbox for peptide and protein engineering and contributes to an understanding of substrate
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Introduction

Ribosomally synthesized and post-translationally modified
peptides (RiPPs) are a diverse class of natural products with
antibiotic, anticancer, antifungal, antiviral, and other activi-
ties."” RiPP biosynthesis involves a precursor that, with some
exceptions, consists of an N-terminal leader and a C-terminal
core section.>® Miscellaneous maturase enzymes install post-
translational modifications (PTMs) in the core, a process that
is commonly initiated by binding to the N-terminal leader. In
many bacterial RiPPs, these interactions are mediated by an
additional small, <100-residue peptide or domain called RiPP
recognition element (RRE).® RREs display high sequence
divergence but in general share (partial) structural similarity to
PqqgD, which mediates the interaction between the precursor
PqqA and the maturase PqqE in pyrroloquinoline quinone
biosynthesis.” Due to their presence in diverse RiPP biosyn-
thetic gene clusters, RRE genes have been used as a bio-
informatic tool for natural product discovery.®

Spliceotides are a remarkable class of RiPPs that contain
various a-keto-B-amino acid residues as a characteristic feature, in
the following termed ketoamides.” The ketoamide moiety is an
important pharmacophore in natural and synthetic compounds
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of therapeutic interest, often in the context of protease inhibi-
tion.®* Examples of well-known (ribosome-independent) ketoa-
mide compounds include the immunosuppressants rapamycin®
and FK506," the anticancer peptide aplidine," and HIV protease
inhibitors such as the chloropeptins.’* In accordance, we found
several tested spliceotides to exhibit potent protease-inhibitory
activities.™ This property as well as the extraordinary introduction
of diverse B-amino acids in gene-encoded products make the
spliceotide modification an attractive reaction for drug develop-
ment and synthetic biology.

The ketoamide residue is installed by a radical S-adenosyl
methionine (rSAM) enzyme — the “X protein”, such as PIpX —
that post-translationally excises a tyramine equivalent at XYG
sequence motifs in precursors — the “A proteins” (Fig. 1a). In
the initially discovered cyanobacterial spliceotide pathways,”
the X enzyme required an additional small protein — the “Y
protein” — for activity. Y proteins share distant sequence
similarity to PqqD and were therefore suspected to be an RRE,
but their exact function was unknown. We showed that,
contrary to conventional RiPP biosynthesis, PlpX does not
require the leader for substrate modification.” This enabled us
to adapt the RiPP modification system to protein engineering:
Introducing a core-derived splice tag at internal or terminal
protein positions and co-production in vivo with the PlpXY
splicease system provides access to the f-amino acid-containing
proteins (Fig. 1b). This work was recently expanded by using the
ketoamide group as a molecular handle for site-selective protein
conjugation.**
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Fig.1 (a) Netsplicing reaction. A tyramine equivalent (marked in red) is
excised from the peptide backbone through enzymatic catalysis,
forming an a.-keto-B-amide (akBX). (b) Leader-independent splicing of
protein substrates by PlpX in the presence of PlpY. SUMO is small-
ubiquitin-like modifier, MBP maltose binding protein, and DHFR
dihydrofolate reductase.

The observed leader-independence questioned our initial
hypothesis that Y acts as an RRE to mediate binding between
the X protein and the leader of the substrate. More recent work
by our group has expanded the spliceotide family beyond the
cyanobacterial phylum, revealing hundreds of pathways in
diverse bacteria, which have been categorized into types based
on the phylogeny of the rSAM splicease and the identity of the
precursor protein.** These all lack the Y protein that is present
and essential for activity in the ternary cyanobacterial systems.
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The architectural simplicity and high sequence diversity makes
these two-component pathways attractive candidates for
protein engineering and library-based drug discovery, but an
understanding of factors important for substrate recognition is
required.

In this work, we present insights into the role of the Y protein
in ternary splicease systems and into substrate requirements in
binary pathways. This knowledge was then applied to eliminate
the leader dependence of a binary system, providing a simpli-
fied, single-component splicease platform for protein modifi-
cation with high splicing efficiency.

Results and discussion

PIpY and PcpY are the Y proteins of the initially reported type I
cyanobacterial spliceotide pathways from Pleurocapsa spp. PCC
7319 and PCC 7327, respectively. To understand their roles, we
tested a structural approach. Typical RREs share structural
homology and only little sequence similarity.* As we were not yet
able to solve an experimental structure for a spliceotide protein,
we resorted to computational predictions through Alpha-
fold2."'®* We predicted the ternary structure of PcpAXY and
PIpAXY complexes and compared these to the type II binary
RhaXA complex from Rheinheimera aquimaris B26, which does
not contain a Y protein (Fig. 2a-c) and showed near-quantitative
splicing in Escherichia coli co-production experiments.*® Several
features stood out from the predictions: In the modeled struc-
tures, the XYG splice sites were positioned in the active center in

L = RhaX = RhaA

PcpXY

= PcpXY + PcpA

18 R a 6
t [min] t [min]

4 6
t [min]

Fig. 2 AlphaFold2 structure predictions of (a) PlpX (wheat), PlpY (magenta), and PlpA3 (light blue); (b) SUMO-PcpX (wheat), SUMO-PcpY
(magenta), and PcpA (light blue); and (c) RhaX (wheat) and RhaA (light blue). Precursor and splicease are predicted to interact in all cases and the
XYG site in the prediction is placed in the putative active site. PlpY and PcpY form an a-helical structure at a homologous splicease binding site as
an a-helical structure of the RhaA leader sequence. (d) Extracted ion chromatograms (Trypsin and GluC fragment of PcpA with one excised
tyramine from the N-terminal MYG site; m/z = 994.5303 [M + 3HI*") of splicease reaction product for increasing relative concentrations of PcpY
in in vitro reactions, showing PcpY is required for in vitro activity of PcpX towards PcpA. The red regions in the modeled PcpA structure are the
two splice sites. (e) Analytical high-performance size exclusion chromatography data showing a retention time shift for PcpXY + PcpA but not
PcpX + PcpA. (f) Structural model of PcpA and SUMO-PcpX with the N-terminal MYG site (red) placed in the putative active site near the putative
iron-binding cysteines (yellow).
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close vicinity to the putative SAM binding pockets (Fig. 2¢). This
was surprising to us, as there is no experimental structure for
these systems that the predictions could build on. Remarkably,
for PcpA that contains two splice sites, AlphaFold provided
structures with both sites modeled into the active center
(Fig. S17). The overall fold of the splicease was suggested to be
a partial TIM barrel, typical for rSAM enzymes.>*** Furthermore,
the Y protein seems to bind both the splicease as well as the
leader, in agreement with the function of RREs as mediators of
maturase-leader interactions. We confirmed complex forma-
tion of PcpX, PcpY and PcpA by analytical high-performance
size exclusion chromatography, where we detected a retention
time shift for PcpXY incubated with PcpA, but not for PcpX
alone with PcpA (Fig. 2e), indicating that PcpY mediates the
interaction between PcpX and PcpA. Most importantly though,
the Y protein of the modeled ternary complex binds with an
a-helical region to a splicease site that is occupied in the binary
Rha system by an a-helix of the RhaA leader. Not only were we
able to see structural similarity of Y proteins to the N-terminal
part of the RhaA leader, but similarity can also be detected in
multiple sequence alignments of the Y proteins with regions
homologous to the RhaA precursor and closely related spliceo-
tide leader sequences (Fig. S2-S471)."* Without the Y protein,
PlpA3 and PcpA do not form these helices (Fig. S51). As these
features suggested shared functional roles of the splicease
components, we wished to experimentally interrogate their
relationship.

We first investigated how the stoichiometry between PcpX
and PcpY affects the activity of the splicease. PcpX and PcpY
were purified as SUMO-tagged versions (for solubility reasons)
and tested in in vitro reactions with PcpA, the native substrate.
The iron-sulfur clusters of SUMO-PcpX were reconstituted with
the cysteine desulfurase IscS before the reactions.”** Assays
were carried out at room temperature for 3 h with E. coli FIdA
and Fpr as a redox regeneration system.”>** Product formation
was monitored by liquid chromatography coupled to mass
spectrometry (LC-MS) after digestion of the precursor peptide
with trypsin and GluC. The data showed that the addition of
more than 1 equivalent of SUMO-PcpY in relation to the spli-
cease increases conversion to the ketoamide product (Fig. 2d
and S67). As observed previously,” we detected an additional
peak with a mass that corresponds to the hydrate of the
ketoamide. No further rate increase was observed above a 10-
fold excess of PcpY. It cannot be excluded that the N-terminal
SUMO tag causes an unbalanced stoichiometry by reducing
affinity due to steric reasons. However, trials to study untagged
PcpY failed, as the native protein was insoluble and aggregated
upon purification. Nonetheless, this indicated to us that SUMO-
PcpY does increase conversion to the product in a concentra-
tion-dependent manner well above equimolar concentrations
to SUMO-PcpX.

To explore whether a ternary splice complex can be con-
verted to a binary system, we tested if individual proteins can be
fused to retain activity. Due to the higher enzymatic conversion
in E. coli co-expressions, we performed in vivo experiments with
PIpAXY instead of the pcp system. Natural RRE fusions exist in
several RiPP biosynthetic pathways. For example, fusions were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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reported at the N-terminus of PqqD (in Methylobacterium
extorquens AM1, oxidase fusion) or its C-terminus (Methylocystis
sp. SC2, rSAM fusion).? Considering the predicted structural
similarity of the Y protein to a portion of the RhaA leader, we
tested precursor variants in which the N-terminal part of the
PIpA3 leader was exchanged against PlpY. Fusions were
designed with the help of structure predictions, resulting in two
variants, PIpYA3-33 and PlpYA3-45, which contain the sequence
of PIpY in place of the first 33 or 45 amino acids of the PIpA3
leader sequence, respectively (Fig. 3a-c and S7-S9%). Both vari-
ants were tested by heterologous co-production in E. coli
BL21(DE3) with PIpX and in the absence of PlpY. After purifi-
cation by nickel-affinity chromatography and tryptic digestion,
we detected modification on both fusion peptides, but not on
the native substrate. This showed again that Y is needed, but
that Y can also replace the leader sequence for activity.

Instead of fusing the PIpA3 precursor and PlpY, we next
tested C-terminal fusions of PlpY to PlpX (Fig. 4). Fusions of
RiPP leader sequences to the respective maturases have been
used to accomplish leader-independent thiazoline, oxazoline,
and thiazole formation, as well as lanthionine and microviridin/
graspetide cyclization, termed constitutively active fusions
(ConFusions).>*?* These fusions have also enabled the modifi-
cation of proteins such as mCherry by RiPP heterocyclases.*
Fusions for leader-independent modification have been
proposed as an alternative to chimeric leaders® or leader
peptide exchange®* for RiPP engineering. However, to our
knowledge, RRE engineering strategies have not yet been
employed although natural fusions of RREs and maturases are
known.*>* We therefore hoped that it was possible to design
a similar system by fusing the RRE to the maturase. Structure
predictions suggested that C-terminal fusions of Y proteins to
the X proteins should bind the same interface on the X proteins
without the need for a linker sequence (Fig. 4b, top).

The fusion was termed PlpXYgysion for the plp system. We
also produced SUMO-PcpXYgysion for the pcp system. When
PIpXYsusion Was tested by heterologous co-production in E. coli
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Fig.3 Fusion of PlpY to PlpA3. (a) AlphaFold prediction of the interface
between PlpA3 (light blue) and PlpX (wheat) in the absence of PlpY
(magenta) and mass spectrum showing lack of activity. (b) Structure
prediction of PlpYA3-33 (light blue) and mass spectrum showing
tyramine excision. (c) Structure prediction of PlpYA3-45 (light blue)
and mass spectrum showing tyramine excision.
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Fig. 4 PlpXY fusion experiments. (a) Structure prediction of PlpX
(wheat) and mass spectrum showing only traces of tyramine excision
from the tryptic fragment of PIpA3. (b) Structure prediction of
PlpXYfusion (Wheat/magenta) and mass spectrum showing efficient
tyramine excision from the tryptic fragment of PlpA3. (c) Structure
prediction of PlpX (wheat) and PlpY (magenta) and mass spectrum
showing efficient tyramine excision from the tryptic fragment of PIpA3.

BL21(DE3) with the native PIpA3 substrate, we again saw
modification of the substrate by LC-MS after nickel-affinity
purification and tryptic digestion. The extent was similar to
that of PlpX and PlpY co-production (Fig. 4a-c and S10%). In
addition, we performed in vitro reactions for SUMO-PcpXYsusion
with PcpA as a substrate, which showed comparable substrate
modification as non-fused SUMO-PcpXY (Fig. S11f). Taken
together with the leader-independence of PlpXY, this indicated
that PIpY acts as an activator of PlpX.

Finally, we went back to our initial structure predictions that
suggested similar binding of the Rheinheimera RhaA leader as
compared to PlpY and PcpY. The structural and sequence simi-
larities suggested the possibility that the RhaA leader is func-
tionally analogous to the Y proteins. Asking whether the leader
acts as an activator rather than a recognition element that guides
the core peptide to the maturase, we fused the RhaA leader to the
RhaX C-terminus similarly as for the PIpX-PIpY fusion (Fig. 5b and
S127). This fusion enzyme RhaXAje.qr Was then tested for activity
on the leaderless RhaA core in E. coli. Based on previously re-
ported leader-independent modification of proteins by PlpXY,*
we introduced the RhaA core sequence as a splice tag into
a diverse set of proteins (Fig. 5a): (1) small-ubiquitin-like modifier
(SUMO) protein at either the N- or the C-terminus, (2) maltose
binding protein (MBP) at the C-terminus or an internal loop at
position 154, (3) dihydrofolate reductase (DHFR) at the N-
terminus or an internal loop at position 118, and (4) mCherry at
an internal loop at position 209.

Gratifyingly, in all cases the fused RhaXAj.4.r maturase
modified the inserted cores with substantially higher conver-
sion than RhaX and without requiring a substrate-fused leader
(Fig. 5¢). For comparison, the native RhaX splicease only con-
verted ~50% of the SUMO-RhaA,,. protein (Fig. S13 and S147)
and only traces of mCherry209-RhaA o (Fig. S15 and S167) in
a completely leader-independent manner, whereas the
RhaXAje.qer Splicease efficiently modified both substrates to
yield the ketoamide-containing proteins. Interestingly, the

16648 | Chem. Sci, 2024, 15, 16645-16650
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Fig. 5 Engineering of a Y protein-independent protein splicing
system. (a) Crystal structures of SUMO (yellow, PDB 4BKG), MBP
(green, PDB 1MPD), DHFR (blue, PDB 1RF7), and mCherry (pink, PDB
2H5Q). Splice tag insertion sites are marked with an arrow and number
and correspond to constructs in (c). (b) Alphafold2 prediction of the
RhaXAeader (Wheat/light blue) with the leader sequence of RhaA fused
to the C-terminus of RhaX marked in light blue. (c) Constructs with the
splice tag co-expressed either with PlpXY (data from Lakis et al.)*®
RhaX or RhaXAeager- (d) Comparison of tag sequences between the plp
and the rha systems.

modification rate for the SUMO-RhaA.,. varied over time
(Fig. S17t). RhaXAje,qer efficiently modified SUMO-RhaA o
after 4.5 h, 24 h, and 40 h of co-expression. However, RhaX
showed efficient modification after 4.5 h but inefficient modi-
fication after 24 h, potentially suggesting low turnover or
stability of the enzyme as limiting factors. Additionally, we
achieved modification of the C-terminal-core fused MBP
variant, the internal core MBP variant, the internal core DHFR
variant and the N-terminal core SUMO variant (Fig. 5¢ and S18-
S237). For the N-terminally tagged DHFR variant we were unable
to obtain soluble protein for the unmodified peptide (Fig. S21
and 23+). To investigate residues essential for recognition by the
maturase, we performed truncation studies on the SUMO-
RhaA . protein. Truncated versions missing the internal T7
tag as well as the N-terminal 16 amino acids of the core were
accepted by RhaXAje.qer (Fig. S24 and S257), while a variant
missing the N-terminal 24 amino acids of the core was not
(Fig. S26%). Variants lacking the N-terminal 16 amino acid
residues and C-terminal 4, 8, or 10 amino acids were not
modified by the enzyme (Fig. S27-S29%). These results suggest
a 25 amino acid core as a possible tag sequence. The engineered
leader-independent modification by RhaXAj,ger is thus
a simplified and binary protein splicing system that we ob-
tained through structural analysis of the Y-proteins.

Conclusions

In this study we show that PIpY and PcpY act as activators of
their respective enzymes PlpX and PcpX. Starting out from

© 2024 The Author(s). Published by the Royal Society of Chemistry
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structure predictions, we realized that the Y proteins most likely
bind the enzyme and the leader of substrates. We successfully
introduced PlpY as a leader replacement into PIpA3 and showed
efficient conversion with no additional PlpY required. By
generating the fusion constructs PIpXY¢,sion and PcpXYeysion, We
were able to combine the two proteins into single fully func-
tional enzymes that modified substrates efficiently. Taken
together with the previously reported leader-independence of
PlpX, the data support PlpY to be an activator of PlpX that
confers activity upon binding. These results are in agreement
with insights from a recent study on lasso peptides that RREs
confer activation functions in addition to binding.** It will be
worthwhile exploring whether the strategy of fusing enzymes
and RREs can be used generally to facilitate engineering of RiPP
pathways.

Through a combination of structural predictions and
rational protein engineering, we saw that the leader of the type
II rha spliceotide biosynthetic gene cluster, which lacks
a discrete Y protein, is predicted to bind the same site as the Y
proteins of type I spliceotides through an a-helix. We leveraged
our newly discovered knowledge of this Y-like structural
element in the RhaA leader to develop the X-leader fusion
RhaXAjeaqer- The engineered fusion was able to modify leader-
less protein substrates containing the RhaA .. sequence and
much more efficiently than native RhaX. We were able to modify
SUMO, MBP, DHFR, and mCherry at N-terminal, C-terminal,
and internal loop regions to incorporate ketoamides.
RhaXAjeaqer in some cases provided higher conversion rates
than previously characterized PlpXY for their cognate core-
derived splice tags grafted into the same host proteins;
although, it is important to note that we used a longer core
sequence for RhaA relative to PIpA3. The remarkable ability of
the binary Rha system to function with increased efficiency
when the leader was relocated from the native precursor protein
to the C-terminus of the RhaX splicease suggests that the native
leader predominantly acts as an activator rather than merely
a recognition element, a property that might also apply to other
RRESs.

With the proposed enzyme-leader fusions we aimed to apply
protein splicing in a more efficient way and expanded splicing
sequences. The knowledge gained here opens up a much larger
toolbox of available splicease enzymes to install ketoamides in
protein substrates and for drug development, with only a single
protein required for modification. This approach expands the
available enzymes for incorporation of non-canonical protein
functionalities through RiPP maturases.
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