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ABSTRACT: Combining biosynthetic enzymes from multiple Hybrid RiPP biosynthetic pathway

pathways is an attractive approach for producing molecules with

desired structural features; however, progress has been ~\ - L\z.

hampered by the incompatibility of enzymes from unrelated = ‘—\% — = ‘ — oo
pathways and intolerance toward alternative substrates. Chimeric Hybrid
Ribosomally synthesized and posttranslationally modified Precurser Product
peptides (RiPPs) are a diverse natural product class that

employs a biosynthetic logic that is highly amenable to engineering new compounds. RiPP biosynthetic proteins modify their
substrates by binding to a motif typically located in the N-terminal leader region of the precursor peptide. Here, we exploit this
feature by designing leader peptides that enable recognition and processing by multiple enzymes from unrelated RiPP pathways.
Using this broadly applicable strategy, a thiazoline-forming cyclodehydratase was combined with enzymes from the sactipeptide
and lanthipeptide families to create new-to-nature hybrid RiPPs. We also provide insight into design features that enable control
over the hybrid biosynthesis to optimize enzyme compatibility and establish a general platform for engineering additional hybrid
RiPPs.

Bl INTRODUCTION biosynthetic proteins bind their respective precursor peptide(s)

With the considerable success of natural products as drugs,' ™ Eﬁro?\%}; spe'cif;lc Iecggnitior} Seq e;;es (RS) t.ypicaflly loliatedti.n
great efforts have been invested in using synthetic biology to .e -terminal leader region. e. majority o .pro aryollc
RiPP pathways rely on a ~90-residue PqgD-like domain,

engineer analogues of natural products with desired chemical ) < 15
and biological properties.*”® One popular approach has been to ;I;OVI\;H as the RiPP ﬁjelcogmtlonl elen}e;l t ((1 ), 'ctlo anagilthe
combine enzymes from different biosynthetic pathways to » but ior{(lethrllo(tla N .examg e (: ea.teilé_egpél ¢ te}tlpeln Celnt
generate new products in a process known as combinatorial ENzymes ack tis domarn or do not use 1t. nce the feader
biosynthesis.”® Most commonly, this procedure was applied to P eptfde is bound, the C-termln?l core region 9f the precursor
polyketide synthase (PKS) and nonribosomal peptide peptld.e undergoes posttrar%slatlonal modification, sometimes
synthetase (NRPS) pathways where different domains or extensively, to form azol(in)e heterocycles, lanthionine or
modules were swapped or deleted. This approach enabled sactionine cross-links, D.I-iam1'n0 alcllds, varlous.ffyp es of macro-
alteration of the loaded amino acid in nonribosomal peptides or Cyclles’ and other modifications.” The modified core reféf‘l"“
the loading and/or extender unit and its subsequent oxidation ultimately ,becc,’mes the r.latural product as .the ?andl e,d
leader region is enzymatically removed during biosynthetic

state in polyketides.”'® Despite these feats, the approach has X ‘ X S
maturation. Beyond the primary, class-defining modifications

been largely limited to producing new variants of a given ) )
pathway rather than building entirely new products or pathways installed by. leader-_dep endent D R%P Ps can a.lso. bf
endowed with multiple secondary modifications by “tailoring

because of the incompatibility of interdomain linker regions, i
enzymes. In most cases, these tailoring enzymes act on the core

module interfaces, and other requirements.”"’ /LSS 4 i
Ribosomally synthesized and posttranslationally modified region independently of the leader }?leptlde to increase the
chemical diversity of the core peptide.

. ) 11

peptides (RiPPs) " represent another group of natural products X : o )

that provide an attractive starting point for engineering new T}.1e phys1cal separation of leader peptide binding and sites of

molecules. The potential for engineering RiPPs derives from modification allow RiPP enzymes to solve the paradoxical
problem of being specific for a substrate yet promiscuously

their leader peptide-guided biosynthetic logic and the reduced ) - _
size of the biosynthetic gene clusters.'” Despite their genetic acting upon it. Indeed, many natural RiPP pathways have

simplicity, RiPPs are structurally and functionally diverse'"'*>"*
and their biosynthesis entails a well-orchestrated modification Received: April 2, 2017
of a ribosomally produced precursor peptide (Figure 1a). RiPP Published: June 6, 2017
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Figure 1. Overview of RiPP biosynthesis. (a) A generic RiPP gene cluster and the key maturation steps. (b) Chimeric leader peptide strategy for
combining modifying enzymes from unrelated pathways. Examples of primary RiPP modification enzymes combined in this work include (c) Ca-
cross-linked sactipeptides, (d) azoline-containing RiPPs, and (e) Cf-cross-linked lanthipeptides. (f) Examples of secondary RiPP modification
enzymes used in this work to install p-Ala residues and decarboxylate C-terminal Cys residues.

highly variable core regions but retain nearly identical
biosynthetic enzymes and leader peptides.’*”>’ RiPPs also
increase structural diversity by acquiring new enzymes from
different pathways to create natural “hybrid” RiPPs,* some-
times leading to entirely new classes as exemplified by the
elaboration of linear azol(in)e-containing peptides into the
cyanobactin and thiopeptide classes (Figure S1).""?' A few
reports have demonstrated artificial combinations of RiPP
enzymes,”>*° but these examples have not led to combinations
of modifications from different RiPP classes because they
primarily swap enzymes between pathways that produce
structurally related molecules.””™*® Ideally, more diverse
combinations of structural modifications can be harnessed
using RiPP enzymes, but no general approach has been
reported for the production of peptides with posttranslational
modifications from different RiPP classes.

In order to address this unmet challenge, we envisioned a
“chimeric leader peptide” strategy that would enable the
rational combination of RiPP modifications. In this method,
RSs from two leader peptides are concatenated to form a new
bifunctional leader peptide within a single precursor peptide
(Figure 1b). With their native RSs present, we hypothesized
that two primary modifying enzymes would bind to their
respective regions on the chimeric leader peptide and
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sequentially install posttranslational modifications, resulting in
a hybrid RiPP product. We demonstrate that, after optimizing
the core sequence and properly designing the coexpression
plasmids, this approach successfully combines a thiazoline-
forming cyclodehydratase (HcaD/F) with primary modifying
enzymes from several different RiPP classes including
sactipeptides (AIbA) and class I and II lanthipeptides (NisB/
C and Proc, respectively; Figure 1c—e). We also demonstrate
how leader-independent tailoring enzymes such as MibD and
Npn]J, (Figure 1f) can be included. Thus, this work lays a broad
foundation for the generation of designer RiPP hybrids.

B RESULTS AND DISCUSSION

Thiazoline—Lanthipeptide (Class 1) Hybrid. To probe
the feasibility of a chimeric leader peptide strategy to mix-and-
match disparate RiPP biosynthetic pathways (Figure 1b), we
first sought to combine an azoline-forming cyclodehydratase
(HcaD/F) with a lanthipeptide synthetase (NisB/C). HcaD/F
is a thiazoline-forming cyclodehydratase (Figure 1d)*"” and
was chosen in part because the RS of the precursor peptide
(HcaA) was previously defined.”” The other enzyme, NisB/C,
originates from the nisin biosynthetic gene cluster and was
chosen because of the large body of knowledge pertaining to
how the peptide substrate (NisA) is recognized and processed
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Figure 2. Production of a thiazoline—lanthipeptide (class I) hybrid. (a) Design of the Hypl.1 sequence from HcaA and NisA precursor peptides.
Portions of the leader peptides that were combined are colored. The recognition sequences (RSs) bound by the RREs of the cognate enzymes are
indicated with a pink box. The orange underlined regions were combined to generate the chimeric core region. (b) Overview of experimental
procedure. (c) Structure of thiazoline—lanthipeptide (class I) hybrid Hyp1l.1a upon AspN digestion. Thiazolines are blue while dehydrations and
(Me)Lan are red. Numbering is based on the core position, not peptide length after digestion. (d) The mass of Hypl.la (MALDI-TOF-MS) is
consistent with one thiazoline, two dehydrations, and two (Me)Lan. These modifications are supported by acid hydrolysis (blue arrow, +18 Da) and

by lack of labeling by iodoacetamide (green arrow, +57 Da).

(Figure $2).** As a class-defining enzyme, NisB/C forms the
characteristic lanthionine (Lan) or methyllanthionine (MeLan)
residues found in lanthipeptides through a two-step process.*®
First, NisB catalyzes dehydration of Ser/Thr residues to form
the corresponding dehydroalanine (Dha) or dehydrobutyrine
(Dhb). Next, NisC catalyzes a 1,4-nucleophilic addition of a
Cys thiol to the CB of the dehydro amino acid to form a
thioether ring (Figure le). Being a class I lanthipeptide
dehydratase, NisB forms Dha/Dhb moieties in a tRNA-
dependent manner while other classes of lanthipeptide

dehydratases employ an ATP-dependent mechanism.>*~*°
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A chimeric precursor peptide was constructed from the HcaA
and NisA precursor peptides to serve as a potential substrate for
both HcaD/F and NisB/C (Figure 2a). The sequence of this
hybrid peptide (Hypl.1) was designed to resemble key
segments of each parent peptide. HcaD/F and NisB/C both
have an RRE domain for leader peptide recognition, and the RS
residues of their substrates are known (Figure 2). To
incorporate both the RS from HcaA and NisA, we replaced
the nonessential C-terminal region of the HcaA leader
peptide’” with the essential region of the NisA leader
peptide.”"*> We next engineered the core region of the
chimeric precursor peptide. Leader-dependent enzymes are
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Figure 3. Production of a thiazoline—sactipeptide hybrid. (a) Design of hybrid peptides. Orange underlining indicates edited sequences. (b)
Overview of the experimental procedure for combination of HcaD/F and AlbA. (c) Structure of thiazoline—sactipeptide hybrid (modified Hyp2.2).
Numbering is based on the core position, not peptide length after digestion. (d) The mass of the modified peptide is consistent with two thiazolines
and two sactionine linkages. The two sets of peaks correspond to protease digestion at different sites (gray font). The structure is supported by acid
hydrolysis, lack of labeling by iodoacetamide, and resistance to proteolytic digestion (see also Figure S6). Arrows and triangles represent +18 and —2
Da, respectively. Red coloring indicates positions resistant to trypsin digestion.

known to require a certain minimum spacer region between the
RS and the core peptide,”**”*" whereas extended core
sequences are generally accepted.” " Therefore, we first
introduced a “GGRCG” motif, which derives from HcaA, at a
position that would be appropriately distanced from the RS of
HcaA to facilitate HcaD/F processing but too close to the NisA
RS to allow for NisB/C processing. This motif was then
followed by a segment of native NisA core sequence so that it
would approximate the natural spacing from the NisA RS on
the chimeric leader peptide (Figure 2a). Only 12 residues of the
NisA core peptide were used to simplify analysis by mass
spectrometry.

As diagrammed in Figure 2, the hybrid was tested by
expressing HcaD/F, NisB/C, and Hiss-Hypl.1 in Escherichia
coli (see Table S1 for plasmids). The modified peptide was
affinity purified, digested with endoproteinase AspN, and
analyzed via matrix-assisted laser desorption ionization time-
of-flight mass spectrometry (MALDI-TOF-MS). A mixture of
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three products was evident. The most extensively processed
peptide was dubbed Hyp1.1a and contained one thiazoline, two
Dhb, one MeLan, and one Lan (Figure 2). To confirm the
structure, we leveraged the fact that thiazolines are readily
hydrolyzed to Cys under mild acid treatment with a
concomitant gain of 18 Da. Treatment with iodoacetamide
under reducing conditions, which would alkylate free Cys,
yielded very little product, suggesting that the thioether rings
were formed in high yield.

While previous nisin biosynthetic manipulation introduced
new tailoring enzymes from related pathways*>** and hybrids
have been synthetically prepared,””** the enzymatic incorpo-
ration of a non-native modification (thiazoline) has not been
reported. Our data show the feasibility of combining disparate
RiPP pathways to generate new-to-nature hybrids by rationally
designing a chimeric leader peptide. These results also
demonstrate that two RiPP enzymes that compete for
modification of the same residue (Cys) can still be rendered
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Figure 4. Production of hybrid thiazoline—lanthionine (class II) hybrids. (a) Design of hybrid peptides. Orange underlining indicates edited
positions of the core peptide. The dashed line indicates the leader peptide of the ProcA2.8 and Proc3.3. (b) Experimental overview for combination
of HeaD/F and ProcM. (c) Deduced structure and MALDI-TOF-MS support of posttranslational modifications for Hyp4.3. Numbering is based on
the core position, not peptide length after digestion. (d) Same as in panel c but for Hyp3.3.

compatible. In this first example, discrete regions in Hypl.1
were used to mimic the native peptides, and a similar approach
could be used to append different modified structures to the N-
terminus of other lanthipeptides.

Thiazoline—Sactipeptide Hybrid. Building on these
initial results, we next sought to combine HcaD/F with an
enzyme from another RiPP class that also modifies Cys. For
this, the radical S-adenosylmethionine (rSAM) enzyme, AlbA,
from subtilosin biosynthesis was chosen (Figure S3). AlbA is
oxygen-sensitive and forms thioether cross-links between Cys
thiols and the Ca of an acceptor residue. These linkages are
called sactionines and gave rise to the RiPP class of

633

sactipeptides (Figure lc, note the difference from Cp-linked
Lan).**° AlbA and HcaD/F both harbor RREs,"* and hence
this would be a second test of whether structurally similar
binding domains on two enzymes that both act on Cys could be
used to site-selectively modify a peptide substrate. Given the
short natural leader peptide of SboA, the native substrate for
AlbA, a simpler hybrid peptide (Hyp2.1) was designed that
merely appended the minimal HcaA leader sequence to the N-
terminus of SboA (Figure 3a). A C-terminal Arg was included
in the core peptide to enhance MS detection. Because the core
peptide of SboA has three Cys residues, we expected to see a
mixture of modified products, which would allow us to assess
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competition between the two enzymes in the absence of any
core peptide engineering.

The potential thiazoline—sactipeptide hybrid system was first
tested by expressing AlbA, HcaD/F, and Hyp2.1 in E. coli
(Table S1). Under high culture aeration (shaking at 250 rpm in
baffled flasks), only cyclodehydration was observed. Upon
reducin% the culture aeration (shaking at 100 rpm in nonbaffled
flasks),” we observed either sactionine-containing (strong
signal) or thiazoline-containing (weak signal) products. No
observable products contained both modifications (Figure S4).
Although both enzymes were active under lower aeration
conditions, AIbA appeared to outcompete HcaD/F given the
low intensity signals for cyclodehydrated products (Figure S4).
Prior work indicates that both HcaD/F and AlbA are highly
processive with their native precursor peptides (i.e., substrate
processing is faster than intermediate release).””>' We reasoned
that intermediates with Hyp2.1 may also not be released during
processing, thus preventing formation of a hybrid product.
Additionally, if AIbA was acting faster because its native core
sequence was used in Hyp2.1, thioether formation could
preclude subsequent azoline formation.

In order to overcome this challenge, we enhanced the rate of
azoline formation by editing the core peptide to include a more
native-like “RCGGC” motif resulting in a second hybrid
peptide with four Cys (Hyp2.2; Figure 3a). Presumably, the
“RCGGC” motif would be more efliciently processed by
HcaD/F while the remaining two Cys native to SboA would
remain available for modification by AIbA. Upon coexpression
of Hyp2.2 with the enzymes (Table S1), a mass was detected
that was consistent with two sactionines and two dehydrations
(Figure 3c). Mild acid treatment supported the presence of two
thiazolines, as indicated by a gain of 36 Da. The presence of
two sactionines was supported by lack of reactivity toward
iodoacetamide. Analysis of high-resolution tandem MS spectra
localized these modifications and corroborated the proposed
structure (Figure SS). Additional evidence for the structure is
provided by the following observations: (i) trypsin cuts very
slowly at Lys2 near the first cross-link, presumably due to steric
congestion (for structure, see Figure 3c); (ii) Argl2-related
tryptic fragments were not detected (because the scissile bond
was transformed to a thiazoline); and (iii) treatment with
endoproteinase GluC did not result in digestion at Glu23
(Figure S6). Other low intensity signals consistent with a
trithiazoline/monosactionine and tetrathiazoline species were
also detected, suggesting that the hybrid pathway does not
necessarily follow a strict processing order (Figure 3c).

Based on the results of Hyp2.1 and 2.2 (Figures 3 and S4), a
change in the sequence context of a modifiable residue can
change which RiPP enzyme will act at that position. Alteration
of surrounding residues has been previously shown to enhance
or diminish the processing rate of cyclodehydratases.””>> The
use of the SboA core sequence initially provided an advantage
to AIbA. However, the processing efficiency of HcaD/F could
be enhanced through insertion of a more native-like RCGGC
motif, ultimately producing the desired hybrid product.

Because AIbA and HcaD/F were transplanted from unrelated
pathways, we could not use evolved biosynthetic controls to
ensure that both enzymes act in the desired order to produce a
hybrid product. Such controls include using protein—protein
interactions that channel the substrate from one enzyme to the
next or tuning biosynthetic enzymes to favor core processing
only in a specific order (eg, LanP and PatG proteases
preferentially remove recognition sequences after earlier
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modifications are completed).'"®® In the absence of such

controls that are difficult to engineer, a key design feature for
controlling hybrid RiPP biosynthetic schemes is using the local
sequence context to alter the rate of enzymes that compete for
the same residues or install modifications that block the activity
of subsequent enzymes.

Thiazoline—Lanthipeptide (Class Il) Hybrid. Thus far,
three different primary RiPP enzymes have been shown to be
tolerant toward substrates with non-native elements, but it has
yet to be determined if a single enzyme pair will be generally
able to process several different peptide sequences. For
convenience, HcaD/F was again chosen for incorporation
into another hybrid biosynthetic pathway to investigate this
question. The class II lanthipeptide synthetase ProcM was
selected as the second enzyme because it is mechanistically
unique compared to the class I NisB/C enzyme and provides
another opportunity to test different enzyme types using the
hybrid approach. ProcM is known to be highly substrate-
tolerant, having 30 different native precursor peptides (ProcAs)
and forming a structurally diverse set of lanthipeptides (Figure
§7).282954756 Thys, we envisioned that it would be well suited
for producing structurally diverse hybrid RiPPs. Furthermore,
use of ProcM would extend the scope of the method because it
does not contain an RRE;'® in fact, the site of leader peptide
binding on ProcM is currently not known.

A chimeric leader peptide for ProcM and HcaD/F was
designed analogously to the previous hybrids. The minimal
HcaA leader peptide was joined with the C-terminal portion of
ProcA2.8 because the majority of the ProcA N-terminus is
dispensable for proces.sing.28 Accordingly, the final 19 residues
of the ProcA2.8 leader peptide were placed after the first 25
residues of the HcaA leader region (Figure 4a). As first trial, the
native core sequence of ProcA2.8 was used to create Hyp3.1,
which contained two Cys. Coexpression of Hyp3.1, HcaD/F,
and ProcM (Table S1) produced a peptide with two Lan; no
thiazolines were detected (Figure S8). Thus, as with the
sactipeptide hybrid Hyp2.1, use of a native ProcA core peptide
in the chimeric peptide resulted in ProcM outcompeting
HcaD/F. Rather than improving HcaD/F catalysis by altering
the local sequence of the core peptide, we decided to
investigate a different control mechanism. We placed the
gene for Hyp3.1 on the same plasmid as that for HcaD/F and
lowered the copy number of the plasmid encoding ProcM to
tune the activity in the desired direction (Table S1). This
arrangement afforded a hybrid product with one thiazoline, as
indicated by mild acid treatment, and one Lan (Figure S8).
Analysis of MS/MS fragmentation indicated that the thiazoline
was located at the N-terminal Cys while the Lan was at the C-
terminus (Figure S9). It appeared, however, that the thiazoline
at core position 3 (residue 13 of the AspN-digested peptide)
inhibited dehydration at Ser9, indicating that thiazolines may
occasionally interfere with downstream hybrid processing. A
low intensity ion consistent with a peptide containing two Lan
was also observed, indicating that the hybrid was not formed in
quantitative yield. Substitution of the acceptor Ser9 to Ala in
Hyp3.2 eliminated this side product (Figures S10 and S11).
These data demonstrate how modest sequence alterations
readily lead to the production of a single hybrid product
without resorting to insertion of longer motifs.

The general tolerability of HcaD/F and ProcM encouraged
us to design a new hybrid based on a peptide with a completely
different core sequence, ProcA3.3 (Figure S7). Like Hyp3.1,
this hybrid (Hyp4.1) appended the HcaA minimal leader
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Figure S. Combination of two primary and one secondary RiPP modifications. (a) Design of hybrid peptide. Orange underlining highlights changed
residues. (b) Experimental overview for combining HcaF/D, ProcM, and NpnJ,. (c) Deduced structure of Hyp4.4b. (d) MALDI-TOF-MS analysis
of Hyp4.4 products. The initially formed hybrid has a Dha, thiazoline (arrow indicates hydrolysis), and MeLan. The formation of p-Ala from Dha is
indicated by the +2 Da shift (triangle) of the Hyp4.4a species upon addition of NpnJ,. The weak ion labeled as —72 Da is likely a peptide that

underwent two cyclodehydrations and two dehydrations.

sequence to the C-terminal portion of the ProcA3.3 leader
peptide (Figure 4a). The native ProcA3.3 core sequence
contains two Cys that normally form a dual MeLan “ring-
within-a-ring” topology in prochlorosin 3.3 (Figure S7).
Coexpression of Hyp4.1, ProcM, and HcaD/F resulted in
two major products: Hyp4.la and Hyp4.1b (Figure S12).
Hyp4.1a contained one Dhb, one thiazoline, and a non-natural
MeLan between Thr18 and Cys21 (Figure S13). Hyp4.1b
displayed modifications similar to native prochlorosin 3.3,
suggesting that ProcM had processed the substrate before
HcaD/F.

With HcaD/F and ProcM both able to act upon two different
core peptides derived from native ProcA sequences, we next
designed additional hybrids to direct enzymatic processing with
greater precision. In the product of Hyp4.1, Cys21 forms a
MeLan with Thrl8, which places the thiazoline at Cysl4
outside the MeLan macrocycle (Figure S13). We then
wondered if we could create a hybrid in which a thiazoline
would be within a (Me)Lan macrocycle. A Thr18Ala mutation
was introduced (Hyp4.2; Figure 4a) to prevent Cys21 from
generating a MeLan with Thrl8 with the intention that it
would then form a larger thioether ring with Thrll. After
coexpression, Hyp4.2 was converted into a mixture of modified
products (two thiazolines, thiazoline and Lan, or two Lan),
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indicating that each Cys could be modified by either enzyme
(Figure S12). Although diversity generating systems can be
advantageous, a mixture of products was not our desired
outcome, and thus, we aimed to again tune the hybrid pathway
to produce a single RiPP product. Accordingly, we designed
Hyp4.3 in which we placed Asp before Cys21 to decrease the
efficiency of HeaD/F processing at this position (i.e., Met20Asp
substitution to Hyp4.2; Figure 4a). Expression of Hyp4.3 with
HcaD/F and ProcM yielded primarily one product (Hyp4.3a)
that contained one Dhb, one thiazoline, and one MeLan based
on mild acid hydrolysis and iodoacetamide labeling (Figure 4c).
MS/MS indicated that Cys21 was converted to MeLan,
supporting our prediction that HcaF/D is less efficient in
processing Cys with a preceding Asp residue (Figure S14;
Figure 4c). The thiazoline was verified to be within the
macrocycle through linearization by thermolysin digestion and
subsequent MS/MS analysis (Figure S15). The stereochemistry
of the MeLan was confirmed to be the native DL configuration
by chiral GC/MS (Figure S16), providing support that this ring
was likely still formed enzymatically.’® The other low intensity
ions observed from coexpression with Hyp4.3 appeared to be a
mixture of isobaric species (Figure S17).

The previous example demonstrates that a thiazoline can be
installed within a large, 11-residue MeLan macrocycle. We next
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investigated whether a thiazoline could be placed within a
smaller (Me)Lan macrocycle. For this purpose, we generated
another variant of the ProcA2.8 core (Hyp3.3; Figure 4a). We
introduced an additional Arg-Cys motif that we envisioned
would become a thiazoline within a 7-residue Lan macrocycle.
Upon coexpression, the modified peptide had three dehy-
drations (—54 Da), two of which were susceptible to mild acid
treatment, indicating the presence of two thiazolines and one
Lan (Figure 4d). Lack of iodoacetamide labeling further
indicated that all Cys were modified, and MS/MS fragmenta-
tion data support the proposed modified Hyp3.3 structure
(Figure S18).

Overall, these experiments with HcaD/F and ProcM suggest
that the chimeric leader peptide strategy will be amenable to
creating libraries of modified peptides. After plasmid design
optimization, ProcM and HcaD/F processed several peptides
with altered core sequences and produced different modified
structures with different arrangements of thiazoline hetero-
cycles and (Me)Lan rings. The ability to further tune hybrid
biosynthesis toward a single desired product through simple
core sequence changes was also demonstrated. HcaD/F-
dependent azoline formation can apparently be inhibited by
employing a C-terminal Cys or by using an “Asp-Cys” motif,
which reduces residue competition. Conversely, a simple “Arg-
Cys” motif was robustly cyclodehydrated in Hyp3.3. This is
notable as the earlier examples relied on larger motifs to
introduce thiazolines. With the use of minimalistic motifs to
tune enzyme activity, and the usage of enzymes with diverse
sequence preferences, we anticipate that a wide diversity of
new-to-nature RiPPs will be accessible through the chimeric
leader peptide engineering approach.

Hybrids with Secondary Tailoring Enzymes. Although
our chimeric leader peptide strategy was designed for
combining leader-dependent “primary” RiPP biosynthesis
enzymes, the method should also allow interfacing with
secondary tailoring enzymes. Many RiPP pathways have
tailoring enzymes that install functional groups critical for
bioactivity.'" We chose to combine the p-Ala-forming Dha
reductase NpnJ, from Nostoc punctiforme PCC 73102 (Figure
1f) with the HcaD/F and ProcM hybrid system.”” NpnJ,
appears to prefer hydrophobic flanking residues, so a D2V/
T3S double substitution was introduced into the Hyp4.2
peptide to create Hyp4.4 (Figure 5a).”” Coexpression of
Hyp4.4, HcaD/F, and ProcM initially produced three
detectable species (Figure S). The most intense ion (labeled
as Hyp4.4a) was a hybrid containing one thiazoline, one
MeLan, and one Dha (from dehydration of the newly
introduced Ser3). Upon treating Hyp4.4a with NpnJ, and
NADPH in vitro, a new +2 Da product resulted (Hyp4.4b;
Figure 5d), indicative of p-Ala formation. We also successfully
combined HcaD/F with MibD, a flavin-dependent enyzme
from Microbispora sp. 107891,°° to produce a C-terminally
decarboxylated, linear azoline-containing peptide (Figure S19).

These results indicate that our approach for creating hybrid
RiPPs can be extended to leader-independent modifications,
provided the proper modifiable sequence is present. Even
though tailoring enzymes tend to bind directly to the core
peptide, inserting short motifs into the core in conjunction with
a chimeric leader peptide led here to three distinct posttransla-
tional modifications from unrelated pathways.
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B CONCLUSION

Rational design of biosynthetic pathways to produce custom
molecules has long been a goal of combinatorial biosynthesis
and natural product synthetic biology. Despite progress in
understanding natural pathways, the chemical space that can be
explored by current engineering techniques is limited compared
to what is theoretically possible.”'’ In this work, we
demonstrate how a chimeric leader peptide has the potential
to unlock the vast chemical space afforded by RiPPs. This
concept was inspired by how natural pathways can combine
different enzymes (Figure S1) and represents a major step
forward in RiPP engineering. Although prior work has
demonstrated enzyme swapping within related pathways, such
as for nisin and the cyanobactins,””*”**7*® this study is to our
knowledge the first demonstration of leveraging the recognition
sequences and programmability of RiPP enzymes to mix-and-
match the primary, class-defining structural features from
unrelated classes. In total, four mechanistically unique enzymes
were shown to be tolerant to manipulation of their leader
peptides and insertion of non-native sequences.

The primary difficulty we encountered was ensuring that the
enzymes acted at the desired locations and in the correct order.
Being from unrelated pathways, there were no natural
biosynthetic checkpoints to guide processing toward a single
hybrid product, meaning the enzymes could compete for the
same residue or act in a fashion that blocked the other enzyme.
However, modest editing of the core sequence was sufficient to
exploit the innate selectivity of an enzyme to yield the desired
product. Future work with other enzymes that exhibit different
substrate preferences may lead to a toolbox of enzymes for use
in specific applications. Optimizing expression levels of each
enzyme through plasmid design also adds another layer of
control. Despite the successful use of these design principles in
this work, there are likely some RiPP modifications that are
inherently incompatible or too difficult to generally combine
given their different structural requirements or limited
promiscuity of their enzymes. Nonetheless, based on the
enzymes combined here, we predict that many other hybrid
RiPP combinations will be feasible.

In summary, chimeric leader peptides appear to be a broadly
applicable and effective platform for creating hybrid RiPPs. In
the cases shown here, the method afforded significant product
yields (~1 mg/L of culture for the core peptide without any
optimization) and employed a standard coexpression plasmid
system. Moreover, RiPP enzymes can be chosen even if the
enzymes act on the same residue. Our approach was successful
regardless of native leader peptide length (8 vs 60+), its binding
affinity (~5 uM for ProcA/ProcM vs ~50 nM for HcaA/
HcaF),””° how it was bound (RRE or non-RRE binding site),
or whether the binding site was previously known. Further, our
approach is amenable to the inclusion of leader-independent
enzymes. Accordingly, the chimeric leader peptide strategy
holds much potential for combinatorial RiPP biosynthesis and
opens the door for the generation of additional hybrid RiPP
compounds.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the

ACS Publications website at DOI: 10.1021/acscentsci.7b00141.
Experimental methods, Tables S1 (new plasmids) and S2
(nucleotide sequences), and Figures S1-S19 (PDF)

DOI: 10.1021/acscentsci.7b00141
ACS Cent. Sci. 2017, 3, 629-638


http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00141/suppl_file/oc7b00141_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00141/suppl_file/oc7b00141_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00141/suppl_file/oc7b00141_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acscentsci.7b00141
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00141/suppl_file/oc7b00141_si_001.pdf
http://dx.doi.org/10.1021/acscentsci.7b00141

ACS Central Science

Research Article

B AUTHOR INFORMATION

Corresponding Authors

*(D.A.M.) Phone: 1-217-333-1345. Fax: 1-217-333-0508. E-
mail: douglasm@illinois.edu.

*(W.A.V.) Phone: 1-217-244-5360. Fax: 1-217-244 8533. E-
mail: vddonk@illinois.edu.

ORCID

Wilfred A. van der Donk: 0000-0002-5467-7071
Douglas A. Mitchell: 0000-0002-9564-0953

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the U.S. National Institutes of
Health (GM097142 to D.A.M. and GM058822 to W.A.V.), the
Chemistry-Biology Interface Training Grant Program (2T32
GMO070421 to BJ.B.), the Robert C. and Carolyn J. Springborn
Endowment (to B.J.B.), and a National Science Foundation
Graduate Research Fellowship (DGE-1144245 to B.J.B.). We
also thank Dr. Ian R. Bothwell for assistance in performing
lanthionine stereochemistry experiments.

B REFERENCES

(1) Newman, D. J.; Cragg, G. M. Natural products as sources of new
drugs from 1981 to 2014. J. Nat. Prod. 2016, 79 (3), 629—661.

(2) Ganesan, A. The impact of natural products upon modern drug
discovery. Curr. Opin. Chem. Biol. 2008, 12 (3), 306—317.

(3) Katz, L,; Baltz, R. H. Natural product discovery: past, present,
and future. J. Ind. Microbiol. Biotechnol. 2016, 43 (2—3), 155—176.

(4) Breitling, R.; Takano, E. Synthetic biology of natural products.
Cold Spring Harbor Perspect. Biol. 2016, 8 (10), 2023994.

(5) King, J. R; Edgar, S.; Qiao, K; Stephanopoulos, G. Accessing
Nature’s diversity through metabolic engineering and synthetic
biology. FI000Research 2016, S, 397.

(6) Smanski, M. J.; Zhou, H.; Claesen, J.; Shen, B.; Fischbach, M. A;
Voigt, C. A. Synthetic biology to access and expand nature’s chemical
diversity. Nat. Rev. Microbiol. 2016, 14 (3), 135—149.

(7) Leadlay, P. F. Combinatorial approaches to polyketide biosyn-
thesis. Curr. Opin. Chem. Biol. 1997, 1 (2), 162—168.

(8) Weissman, K. J,; Leadlay, P. F. Combinatorial biosynthesis of
reduced polyketides. Nat. Rev. Microbiol. 2005, 3 (12), 925—936.

(9) Weissman, K. J. Genetic engineering of modular PKSs: from
combinatorial biosynthesis to synthetic biology. Nat. Prod. Rep. 2016,
33 (2), 203—230.

(10) Winn, M.; Fyans, J. K.; Zhuo, Y.; Micklefield, J. Recent advances
in engineering nonribosomal peptide assembly lines. Nat. Prod. Rep.
2016, 33 (2), 317—347.

(11) Arnison, P. G.; Bibb, M. J.; Bierbaum, G.; Bowers, A. A.; Bugni,
T. S.; Bulaj, G.; Camarero, J. A,; Campopiano, D. J; Challis, G. L;
Clardy, J.; et al. Ribosomally synthesized and post-translationally
modified peptide natural products: overview and recommendations for
a universal nomenclature. Nat. Prod. Rep. 2013, 30 (1), 108—160.

(12) Oman, T.J.; van der Donk, W. A. Follow the leader: The use of
leader peptides to guide natural product biosynthesis. Nat. Chem. Biol.
2010, 6 (1), 9—18.

(13) Walsh, C. T. Blurring the lines between ribosomal and
nonribosomal peptide scaffolds. ACS Chem. Biol. 2014, 9 (8), 1653—
1661.

(14) McIntosh, J. A.; Donia, M. S.; Schmidt, E. W. Ribosomal peptide
natural products: Bridging the ribosomal and nonribosomal worlds.
Nat. Prod. Rep. 2009, 26 (4), 537—559.

(15) Burkhart, B. J.; Hudson, G. A.; Dunbar, K. L.; Mitchell, D. A. A
prevalent peptide-binding domain guides ribosomal natural product
biosynthesis. Nat. Chem. Biol. 2018, 11 (8), 564—570.

637

(16) Dong, S. H.; Tang, W.; Lukk, T.; Yu, Y.; Nair, S. K; van der
Donk, W. A. The enterococcal cytolysin synthetase has an
unanticipated lipid kinase fold. eLife 2015, DOI: 10.7554/eLife.07607.

(17) Li, K; Condurso, H. L; Li, G.; Ding, Y.; Bruner, S. D. Structural
basis for precursor protein-directed ribosomal peptide macrocycliza-
tion. Nat. Chem. Biol. 2016, 12 (11), 973—979.

(18) Koehnke, J.; Bent, A.; Houssen, W. E.; Zollman, D.; Morawitz,
F.; Shirran, S.; Vendome, J; Nneoyiegbe, A. F.; Trembleau, L,;
Botting, C. H.; et al. The mechanism of patellamide macrocyclization
revealed by the characterization of the PatG macrocyclase domain.
Nat. Struct. Mol. Biol. 2012, 19 (8), 767—772.

(19) Islam, M. R; Shioya, K; Nagao, J; Nishie, M,; Jikuya, H,;
Zendo, T.; Nakayama, J.; Sonomoto, K. Evaluation of essential and
variable residues of nukacin ISK-1 by NNK scanning. Mol. Microbiol.
2009, 72 (6), 1438—1447.

(20) Pavlova, O.; Mukhopadhyay, J; Sineva, E.,; Ebright, R. H;
Severinov, K. Systematic structure-activity analysis of microcin J25. J.
Biol. Chem. 2008, 283 (37), 25589—25595.

(21) Just-Baringo, X.; Albericio, F.; Alvarez, M. Thiopeptide
engineering: A multidisciplinary effort towards future drugs. Angew.
Chem., Int. Ed. 2014, 53 (26), 6602—6616.

(22) Maksimov, M. O.; Pan, S. J.; James Link, A. Lasso peptides:
structure, function, biosynthesis, and engineering. Nat. Prod. Rep.
2012, 29 (9), 996—1006.

(23) Field, D.; Cotter, P. D; Ross, R. P.; Hill, C. Bioengineering of
the model lantibiotic nisin. Bioengineered 2015, 6 (4), 187—192.

(24) Yang, X.; van der Donk, W. A. Ribosomally synthesized and
post-translationally modified peptide natural products: new insights
into the role of leader and core peptides during biosynthesis. Chem. -
Eur. J. 2013, 19 (24), 7662—7677.

(25) Ruffner, D. E; Schmidt, E. W.; Heemstra, J. R. Assessing the
combinatorial potential of the RiPP cyanobactin tru pathway. ACS
Synth. Biol. 2015, 4 (4), 482—492.

(26) Donia, M. S.; Hathaway, B. J; Sudek, S.; Haygood, M. G;
Rosovitz, M. J.; Ravel, J.; Schmidt, E. W. Natural combinatorial peptide
libraries in cyanobacterial symbionts of marine ascidians. Nat. Chem.
Biol. 2006, 2 (12), 729—735.

(27) Sardar, D.; Pierce, E; McIntosh, J. A; Schmidt, E. W.
Recognition sequences and substrate evolution in cyanobactin
biosynthesis. ACS Synth. Biol. 20185, 4 (2), 167—176.

(28) Zhang, Q; Yang, X.; Wang, H.; van der Donk, W. A. High
divergence of the precursor peptides in combinatorial lanthipeptide
biosynthesis. ACS Chem. Biol. 2014, 9 (11), 2686—2694.

(29) Li, B; Sher, D.; Kelly, L,; Shi, Y.; Huang, K; Knerr, P. J;
Joewono, I; Rusch, D.; Chisholm, S. W.; van der Donk, W. A.
Catalytic promiscuity in the biosynthesis of cyclic peptide secondary
metabolites in planktonic marine cyanobacteria. Proc. Natl. Acad. Sci.
U. S. A. 2010, 107 (23), 10430—1043S.

(30) Sardar, D.; Schmidt, E. W. Combinatorial biosynthesis of RiPPs:
docking with marine life. Curr. Opin. Chem. Biol. 2016, 31, 15—21.

(31) Burkhart, B. J.; Schwalen, C. J; Mann, G.; Naismith, J. H;
Mitchell, D. A. YcaO-dependent posttranslational amide activation:
Biosynthesis, structure, and function. Chem. Rev. 2017, 117 (8), 5389—
5456.

(32) van Heel, A. J.; Mu, D.; Montalban-Lépez, M.; Hendriks, D.;
Kuipers, O. P. Designing and producing modified, new-to-nature
peptides with antimicrobial activity by use of a combination of various
lantibiotic modification enzymes. ACS Synth. Biol. 2013, 2 (7), 397—
404.

(33) Zhang, Q.; van der Donk, W. A. Catalytic promiscuity of a
bacterial a-N-methyltransferase. FEBS Lett. 2012, 586 (19), 3391—
3397.

(34) Sardar, D.; Lin, Z.; Schmidt, E. W. Modularity of RiPP enzymes
enables designed synthesis of decorated peptides. Chem. Biol. 2015, 22
(7), 907-916.

(35) Sardar, D.; Hao, Y.; Lin, Z.; Morita, M.; Nair, S. K.; Schmidt, E.
W. Enzymatic N- and C-protection in cyanobactin RiPP natural
products. J. Am. Chem. Soc. 2017, 139 (8), 2884—2887.

DOI: 10.1021/acscentsci.7b00141
ACS Cent. Sci. 2017, 3, 629-638


mailto:douglasm@illinois.edu
mailto:vddonk@illinois.edu
http://orcid.org/0000-0002-5467-7071
http://orcid.org/0000-0002-9564-0953
http://dx.doi.org/10.7554/eLife.07607
http://dx.doi.org/10.1021/acscentsci.7b00141

ACS Central Science

Research Article

(36) Hao, Y.; Pierce, E; Roe, D.; Morita, M;; McIntosh, J. A;

Agarwal, V,; Cheatham, T. E, 3rd; Schmidt, E. W,; Nair, S. K
Molecular basis for the broad substrate selectivity of a peptide
prenyltransferase. Proc. Natl. Acad. Sci. U. S. A. 2016, 113 (49),
14037—14042.

(37) Dunbar, K. L,; Tiet, J. L; Cox, C. L.; Burkhart, B. J.; Mitchell,
D. A. Identification of an auxiliary leader peptide-binding protein
required for azoline formation in ribosomal natural products. J. Am.
Chem. Soc. 20185, 137 (24), 7672—7677.

(38) Repka, L. M.; Chekan, J. R; Nair, S. K; van der Donk, W. A.
Mechanistic understanding of lanthipeptide biosynthetic enzymes.
Chem. Rev. 2017, 117 (8), 5457—5520.

(39) Garg, N.; Salazar-Ocampo, L. M.; van der Donk, W. A. In vitro
activity of the nisin dehydratase NisB. Proc. Natl. Acad. Sci. U. S. A.
2013, 110 (18), 7258—7263.

(40) Ortega, M. A; Hao, Y,; Zhang, Q.; Walker, M. C,; van der
Donk, W. A,; Nair, S. K. Structure and mechanism of the tRNA-
dependent lantibiotic dehydratase NisB. Nature 2015, 517 (7535),
509-512.

(41) Khusainov, R; Moll, G. N.; Kuipers, O. P. Identification of
distinct nisin leader peptide regions that determine interactions with
the modification enzymes NisB and NisC. FEBS Open Bio 2013, 3,
237-242.

(42) Plat, A.; Kluskens, L. D,; Kuipers, A.; Rink, R; Moll, G. N.
Requirements of the engineered leader peptide of nisin for inducing
modification, export, and cleavage. Appl. Environ. Microbiol. 2011, 77
(2), 604—611.

(43) Chatterjee, C.; Patton, G. C; Cooper, L.; Paul, M.; van der
Donk, W. A. Engineering dehydro amino acids and thioethers into
peptides using lacticin 481 synthetase. Chem. Biol. 2006, 13 (10),
1109-1117.

(44) Goto, Y.; Ito, Y.; Kato, Y.; Tsunoda, S.; Suga, H. One-pot
synthesis of azoline-containing peptides in a cell-free translation
system integrated with a posttranslational cyclodehydratase. Chem.
Biol. 2014, 21 (6), 766—774.

(45) Rink, R.; Wierenga, J.; Kuipers, A.; Kluskens, L. D.; Driessen, A.
J. M,; Kuipers, O. P.; Moll, G. N. Production of Dehydroamino Acid-
Containing Peptides by Lactococcus lactis. Appl. Environ. Microbiol.
2007, 73 (6), 1792—1796.

(46) Lubelski, J.; Overkamp, W.; Kluskens, L. D.; Moll, G. N
Kuipers, O. P. Influence of shifting positions of Ser, Thr, and Cys
residues in prenisin on the efficiency of modification reactions and on
the antimicrobial activities of the modified prepeptides. Appl. Environ.
Microbiol. 2008, 74 (15), 4680—4685.

(47) McKinnie, S. M. K; Ross, A. C.; Little, M. J.; Vederas, J. C. The
solid phase supported peptide synthesis of analogues of the lantibiotic
lactocin S. MedChemComm 2012, 3 (8), 971-975.

(48) Zhang, F.; Kelly, W. L. Saturation mutagenesis of TstA Ala4
unveils a highly mutable residue of thiostrepton A. ACS Chem. Biol.
2015, 10 (4), 998—1009.

(49) Fluhe, L.; Knappe, T. A.; Gattner, M. J.; Schafer, A.; Burghaus,
O.; Linne, U,; Marahiel, M. A. The radical SAM enzyme AIbA
catalyzes thioether bond formation in subtilosin A. Nat. Chem. Biol.
2012, 8 (4), 350—357.

(50) Himes, P. M.; Allen, S. E.; Hwang, S.; Bowers, A. A. Production
of sactipeptides in Escherichia coli: Probing the substrate promiscuity
of subtilosin A biosynthesis. ACS Chem. Biol. 2016, 11 (6), 1737—
1744.

(51) Fluhe, L; Marahiel, M. A. Radical S-adenosylmethionine
enzyme catalyzed thioether bond formation in sactipeptide biosyn-
thesis. Curr. Opin. Chem. Biol. 2013, 17 (4), 605—612.

(52) Melby, J. O; Dunbar, K. L,; Trinh, N. Q; Mitchell, D. A.
Selectivity, directionality, and promiscuity in peptide processing from a
Bacillus sp. Al Hakam cyclodehydratase. J. Am. Chem. Soc. 2012, 134
(11), 5309—5316.

(53) Tang, W.; Jiménez-Osés, G.; Houk, K. N.; van der Donk, W. A.
Substrate control in stereoselective lanthionine biosynthesis. Nat.
Chem. 2015, 7 (1), 57—64.

638

(54) Yu, Y.; Mukherjee, S.; van der Donk, W. A. Product formation
by the promiscuous lanthipeptide synthetase ProcM is under kinetic
control. J. Am. Chem. Soc. 2015, 137 (15), 5140—5148.

(55) Thibodeaux, C. J.; Ha, T.; van der Donk, W. A. A price to pay
for relaxed substrate specificity: a comparative kinetic analysis of the
class II lanthipeptide synthetases ProcM and HalM2. J. Am. Chem. Soc.
2014, 136 (50), 17513—17529.

(56) Mukherjee, S.; van der Donk, W. A. Mechanistic studies on the
substrate-tolerant lanthipeptide synthetase ProcM. J. Am. Chem. Soc.
2014, 136 (29), 10450—10459.

(57) Yang, X; van der Donk, W. A. Post-translational introduction of
D-alanine into ribosomally synthesized peptides by the dehydroalanine
reductase NpnJ. J. Am. Chem. Soc. 2015, 137 (39), 12426—12429.

(58) Ortega, M. A; Hao, Y.; Walker, M. C.; Donadio, S.; Sosio, M.;
Nair, S. K; van der Donk, W. A. Structure and tRNA specificity of
MibB, a lantibiotic dehydratase from Actinobacteria involved. Cell
Chem. Biol. 2016, 23 (3), 370—380.

DOI: 10.1021/acscentsci.7b00141
ACS Cent. Sci. 2017, 3, 629-638


http://dx.doi.org/10.1021/acscentsci.7b00141

