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Abstract: Lanthipeptides are ribosomally-synthesized
natural products from bacteria featuring stable thio-
ether-crosslinks and various bioactivities. Herein, we
report on a new clade of tricyclic class-IV lanthipeptides
with curvocidin from Thermomonospora curvata as its
first representative. We obtained crystal structures of
the corresponding lanthipeptide synthetase CuvL that
showed a circular arrangement of its kinase, lyase and
cyclase domains, forming a central reaction chamber for
the iterative substrate processing involving nine catalytic
steps. The combination of experimental data and
artificial intelligence-based structural models identified
the N-terminal subdomain of the kinase domain as the
primary site of substrate recruitment. The ribosomal
precursor peptide of curvocidin employs an amphipathic
a-helix in its leader region as an anchor to CuvL, while
its substrate core shuttles within the central reaction
chamber. Our study thus reveals general principles of
domain organization and substrate recruitment of class-
IV and class-III lanthipeptide synthetases. D
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Introduction

Lanthipeptides constitute one of the most prominent
compound families of the so-called ribosomally-synthesized
and post-translationally modified peptides (RiPPs). The
name lanthipeptide derives from the characteristic diamino
diacid lanthionine involving the formation of various macro-
cyclic ring structures (Figure 1). To date, lanthipeptides
have shown antibacterial,!! antiviral,”’ morphogenic,”’ and
antinociceptive® properties and thus have the potential as
novel peptide therapeutics.”!

Bacteria commonly encode the biosynthesis of lanthi-
peptides in biosynthetic gene clusters (BGCs). Main bio-
synthetic constituents are a lanthipeptide synthetase (Fig-
ure 1B) and a precursor peptide LanA. The latter consists of
two segments: the N-terminal leader peptide (LP) is
responsible for substrate recognition by its processing
enzymes, while the C-terminal core peptide (CP) is modified
and ultimately cleaved off from the LP to yield the mature
lanthipeptide.

The side-chain cross-links of lanthionine are introduced
by lanthipeptide synthetases in a series of catalytic steps: i)
site-specific activation of a Ser or Thr residue in the
precursor  peptide either by glutamylation”  or
phosphorylation,®! ii) subsequent p-elimination yielding
dehydroalanine (Dha) or dehydrobutyrine (Dhb), respec-
tively, and iii) stereoselective Michael-type addition of an
adjacent Cys thiol to the B-position of Dha or Dhb rendering
the thioether-bridged macrocycle lanthionine (Lan) or
methyllanthionine (MeLan), respectively (Figure 1A)."

The different biosynthetic principles and architecture of
lanthionine synthetases are the basis for categorizing
lanthipeptides into five classes (Figure 1B).' Class-T lanthi-
peptide synthetases utilize a glutamyl-tRNA-dependent
enzyme called LanB!” that activates and dehydrates the side
chain of Ser/Thr through a glutamylation and B-elimination
sequence. Subsequently, the cyclase LanC installs the
thioether ring by activating a cysteine thiol using Zn" as a
cofactor.'l Class-II enzymes (LanM) consist of two cata-
lytic domains, namely a bifunctional dehydratase domain
that dehydrates Ser/Thr through phosphorylation and elimi-
nation in a highly concerted fashion and a LanC-like cyclase
domain for thioether formation."? The tri-domain synthe-
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Figure 1. Lanthipeptide biosynthesis. A) Sequence of the catalytic steps of lanthionine macrocycle formation in classes I1-IV. B) Domain
organization of lanthipeptide synthetases from classes |-V (top) and representative products (bottom). Class-V is not depicted in the Figure.

tases of class III (LanKC) and IV (LanL) assign each
catalytic step to one specialized domain and thus comprise a
kinase (phosphorylation), lyase (elimination), and cyclase
domain (thioether formation).’® Whilst class-IV enzymes,
similar to classes I and II, have been reported to require Zn"
as a cofactor, cyclase domains of class III appear to employ
a Zn"-independent mechanism.™® There have been only
four class-IV lanthipeptides characterized to date: venezue-
lin (Figure 1B),™ streptocollin,™ globisporin® and SfIA.[""!
Class-V lanthipeptide synthetases catalyze the same reaction
steps as classes III and IV, but they are carried out by
individual enzymes, namely by kinase LanK, lyase Lan !
and cyclase LanC.[*®

Within their respective clades, LPs of lanthipeptides are
highly conserved, and accordingly RiPP enzymes harbor
conserved regions for LP recognition. For instance, the
RiPP recognition element (RRE)"™ was identified as LP-
binding platform for several RiPP systems, however, in
lanthipeptide synthetases this motif was only observed in
class 1M For class-II synthetase HalM2, experiments
indicated that the LP would bind to its capping-helices in
the dehydratase domain.? The highly homologous class-IIT
and -IV lanthipeptide synthetases have been proposed to
use their kinase domain to bind the LP.'*" While RiPP
biosynthesis is varied, hydrophobic interactions appear to
play an important role in molecular recognition of LPs.["*"
Analysis of LP sequences suggests short hydrophobic
packing motifs to be critical for LP recruitment.['"2??l For
example, LPs of class-I, -IT and -1III lanthipeptides have been
reported to display a-helical character in solution.?**
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However, in the case of the class-I lanthipeptide nisin, the
LP of NisA adopted B-strand conformation when bound to
the RRE of NisB. To date, there are no structures of class-I1
to -V lanthipeptide synthetases bound to their cognate LPs
available. The lack of structural information on class-11I and
-IV synthetases currently limits a mechanistic understanding
of substrate recruitment, enzymatic processing, and lanthi-
peptide engineering.*¥

This work presents a new clade of class-IV lanthipep-
tides, with the first member discovered from Thermomono-
spora curvata DSM43183 (T. curvata). Moreover, we
obtained the first crystal structure of a full-length class-IV
synthetase at 2.7 A resolution. The circular domain arrange-
ment of CuvL renders a central substrate chamber and
minimizes the distance between the three catalytic centers
for efficient substrate translocation and multi-step process-
ing. We ultimately demonstrate that the peptide substrate is
recruited to the kinase domain at the lyase-kinase interface
by means of an amphipathic a-helix in its LP region.

Results and Discussion
Curvocidin is a tricyclic lanthipeptide

The lanthipeptide curvocidin was identified from 7. curvata,
a thermophilic bacterium of the Actinobacteria phylum.™!
We performed genome mining of 7. curvata using
BAGEL™ and found that the strain harbors an unknown
class-IV lanthipeptide BGC (Figure 2A & Figure S1), which
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Figure 2. Structure of curvocidin A. A) Schematic of the cuv BGC and
alignment of its precursor peptides CuvA and CuvB. LP/CP regions are
indicated. Relevant Thr/Cys residues are highlighted in orange.

B) Structure elucidation of curvocidin A by MS? fragmentation and
assignment of fragments in the linear schematic of the peptide with
annotated b- (black lines) and y-ions (red lines) (above spectrum) and
ring patterns. For clarity, only relevant regions of the deconvoluted
spectrum are shown (full spectrum in Figure S4). Abu refers to
aminobutyric acid. C) Ball representation of curvocidin A with varia-
tions of curvocidin B in line balls (left). The scaffold of cinnamycin (line
ball for duramycin) shows topological similarities (right).

we named the cuv cluster. The five genes of the cluster were
assigned to encode for two precursor peptides (CuvA/
CuvB), a modifying enzyme (CuvL), and two transporter
proteins (CuvT1/T2).

We were able to detect curvocidin A by HPLC-ESI mass
spectrometry (MS) when T. curvata was triggered by the
stressor vanadium(V)-oxide™ (Figure S2). Due to very low
titers, the subsequent characterization of curvocidin was
established by heterologous expression of the cuv cluster in
S. coelicolor A3(2) M145 (see Experimental Procedures).
This approach yielded the three peptide variants
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curvocidin Agy,, curvocidin A, and curvocidin Ag,;, which
correspond to curvocidin A with different N-terminal exten-
sions (Table S1 and Figure S3). Interestingly, we could not
detect curvocidin B in neither strain. ESI-MS/MS experi-
ments showed that parent curvocidin A from 7. curvata
corresponded to curvocidin A, in S. coelicolor (Figures S2
and S3). The variable N-terminus of heterologous products
likely was a result of the less specific processing by
aminopeptidases™ in S. coelicolor.

The MS assignment revealed that the observed molec-
ular masses of 2510.1006 Da (curvocidin Agy,), 2382.0318 Da
(curvocidin A,y,), and 2310.9987 Da (curvocidin Ag,,) for-
mally corresponded to cleaved CuvA with three dehydra-
tions (Table S1). Furthermore, MS/MS fragmentation con-
firmed the presence of three thioether bridges and
established their connectivity (Figure 2B and Figure S4).
Only internal fragments and the fragment of the innermost
ring (y16-b11: 730.3156 Da, y16-b12: 843.3633 Da and y16-
b13: 956.4475 Da) with a cross-link between Cys6 and
Dhb11 were detected (Figure 2B, ring fragmentation). There
was no y-ion matching fragmentation of the C-terminus,
eliminating the possibility of Cys14-Dhb19 cross-links (Fig-
ure 2C). Thus, Cys3 is cross-linked with Dhb19, which was
further corroborated by our in vitro assays (see below).
Hence, curvocidin A is a tricyclic lanthipeptide which adopts
a zipper-like topology similar to that of cinnamycin® or
duramycin®” (Figure 2C). We could not detect any anti-
microbial activity for curvocidin A (Table S2), hence the
biological activity of class-IV lanthipeptides remains un-
known.

Cuvl adopts a circular domain arrangement

The lanthipeptide synthetase CuvL was heterologously
produced in E. coli. Purified CuvL (see Experimental
Procedures and Figure S5) demonstrated high thermostabil-
ity with a melting temperature 7, of 62.6+0.3°C (Fig-
ure S6). The precursor peptide CuvA and its variants, as
well as the leader peptide CuvA;p, were obtained from
heterologous production in E. coli or solid-phase peptide
synthesis (SPPS) followed by preparative HPLC in high
purity (see Experimental Procedures, Tables S3 and S4). We
established an in vitro activity assay to monitor CuvA
modification by wild-type CuvL and selected variants there-
of (end-point determination, see Experimental Procedures).
In ESI-MS measurements, CuvA ionized to a [M+SH]’"
species, in which a single dehydration event for CuvA
renders a mass shift of m/z —3.6 (—H,0) and modification
of a free thiol by iodoacetamide (IAM) yields a shift by m/z
+11.4 (+ AM). The assay showed that purified CuvL was
catalytically active and installed the three native thioether
bridges into CuvA (Figure S7). Moreover, by employing
Thr-to-Ala variants of CuvA we managed to decipher the
potential order of cyclization steps, with the first MeLan
bridge being installed between Dhb34 and Cys44 (I,
“central”), followed by bridges Cys33-Dhb49 (II, “outer”)
and finally Cys36-Dhb41 (III, “inner thioether”) (Figure S8
S10).
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We then set up crystallization trials with CuvL in the
absence and presence of CuvA;p as well as with the non-
hydrolysable adenosine-triphosphate (ATP) analog, adenyl-
yl-imidodiphosphate (AMP-PNP). Two diffraction data sets
were obtained. The first data set of seleno-methionine
(SeMet)-labelled CuvL (PDB entry: 8CAR) was used for
single anomalous dispersion (SAD)-phasing and the struc-
ture was refined at 2.7 A resolution (Ryon/Riree values of
0.301/0.336, Figure S11, Table S5). This data set was devoid
of electron density for CuvA;p, and AMP-PNP, despite their
molar excess during crystallization. Subsequent trials were
made using CuvL with a C-terminal strep-II tag for stability/
purification purposes. The corresponding data set (PDB
entry: 8CAV) was refined to a resolution of 2.9 A (Ryon/ Riee
values of 0.237/0.293, Figure 3, Table S5). Importantly, the
second data set showed electron density for both AMP-PNP
and CuvA;p in both molecules of the asymmetric unit
(Figure S12). However, we did not model side-chains of
CuvA,, since electron density was not sufficiently defined
indicating dynamics.

The CuvL structures revealed an overall circular organ-
ization of its three catalytic domains (Figure 3). The N-
terminal lyase domain employs a unique structural motif of
two opposing B-hairpins that dock into a groove in the C-
terminal cyclase domain, thereby closing the circular domain
arrangement. To the best of our knowledge, this super-
secondary structural motif has not been described before.
Given its characteristic topology (Figure 3), we coined it a B-
bow tie (see below). The lyase-cyclase domain closure

Lyase-kinase interface
gate loop __

Catalytic site - Lyase

Catalytic site - Kinase
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establishes a central chamber of approximately 15-20 A
diameter that provides access to all three catalytic sites with
mutual distances in the range of 30-38 A. We consider this
specific domain arrangement essential for iterative modifica-
tion of substrate peptides. All domains and their features
are described individually in the following subchapters.

The kinase domain recruits the leader peptide

The catalytic pathway of lanthipeptide maturation is
initiated by the phosphorylation reaction. The responsible
kinase domain comprises an N-terminal (N-lobe) and a C-
terminal (C-lobe) subdomain, which harbor an interjacent
nucleotide binding cleft (Figure 4A). The N-lobe consists of
an o-helix that packs from one side onto a five-stranded
antiparallel B-sheet. It is the N-lobe which represents the
major interface to the neighboring lyase domain (Figure 3).
In our initial SeMet-CuvL model, we were not able to model
all amino acids owing to a substantial lack of electron
density, in particular for residues Ser203-11e297 of the kinase
N-lobe (Figure S11). The poor electron density at this
domain interface suggested structural flexibility, potentially
modulated by the presence of CuvA;p. By contrast, the
second data set allowed us to also model the kinase N-lobe
as well as the preceding 40-residue interdomain linker (gate
loop) that connects the N-lobe with the B-bow tie of the
lyase domain.

Lyase-cyclase interface

Catalytic site - Cyclase 5

PPIl-helix

Figure 3. Overall fold of CuvL. Surface model of CuvL (PDB: 8CAV) with the lyase (red), kinase (blue), and cyclase (orange) domains forming a
circular arrangement, which is achieved by docking the 3-bow tie (pink - strands $7,-$9,) from the N-terminal lyase domain into the C-groove of
the C-terminal cyclase domain. The backbone trace of CuvA; is illustrated in purple. CuvA; binds to the N-lobe of the kinase domain, threading
through the gate loop (gray) that connects the f3-bow tie of the lyase domain with the N-lobe of the kinase domain. The N-terminus of CuvA; is
assumed to be located on the outer surface of CuvL to supply the C-terminal CP substrate into the inner reaction chamber. Domain-domain
interfaces are depicted in cartoon mode in the insets. Relevant secondary structure elements are labeled (extensions L, K, and C indicate lyase,
kinase, and cyclase domains, respectively). Dashed circles highlight catalytic centers. AMP-PNP is depicted in stick mode.
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Figure 4. The kinase domain of CuvL. A) N- and C-lobes of the kinase domain (blue) with bound CuvA;, (red). The C-terminus (red circle) of
CuvA, is facing into the catalytic chamber of CuvL. The lyase domain is displayed in dark red. B) AlphaFold2-model of the kinase domain (blue)
bound to CuvA (red). C) Catalytic center with bound AMP-PNP and Mg** (green sphere). D) Scheme of the proposed phosphorylation mechanism.
The Thr substrate is drawn in light blue. E) ESI-MS spectra of in vitro assays for dehydration (black) and IAM labeling (red) of CuvA in the

absence/presence of CuvL and its variants.

Based on the crystal structure and homologous kinase
sequences (Figure S13), residues Asn354 (L8g) and Asp368
(DFG motif in L10g) are responsible for coordination of
Mg** for ATP activation (Figure 4C). The phosphate trans-
fer could be mediated by residue Asp349 (HRD motif
located on L&), acting as a catalytic base to abstract the
hydroxyl proton from the Thr substrate (Figure 4D).B"
Lys245 comes into contact with Glu267 in alg, the a-
phosphate and the ribose subunit of ATP (Figure 4A) and is
thus likely involved in ATP/substrate sensing.[**?! Substitu-
tions in the active site, e.g. in CuvL_D349A and CuvL_
D368A, virtually abolished phosphorylation activity in our
in vitro assay (Figure4E). The variant CuvL_K245A
managed to perform only one dehydration and cyclization.
The assays thus showed that conserved residues Lys245,
Asp349, and Asp368 play an important role for the kinase
activity of CuvL (Figure S13).
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During model building with the second dataset (PDB
entry: 8CAV), we observed additional electron density not
originating from CuvL but stretching across the surface of
the N-lobe from the outward helix alg and threading
through the gate loop towards the inner chamber of CuvL
(Figures 4, 5 and Figure S14). We anticipated this density to
arise from CuvA, but could only model a peptide backbone
into the density leaving specific side-chain contacts in the LP
binding site undetermined. Intriguingly, an artificial intelli-
gence (Al)-based model of the CuvL-CuvA complex using
AlphaFold2 and AlphaFold-multimer™ (Figure 4B, see Fig-
ure S15 and S16 for confidence scores of models) predicted
that CuvA | similarly wraps around the N-lobe of the kinase
domain and threads through the gate loop (Figure 4B and
Figure S14). In this model, the N-terminal residues Glu6 and
Asp9 of CuvA;, interacted with the positively-charged
surface residues of helix aly and strand P4y, e.g. Arg265 and
Arg288 (Figure 4A and 5). It should be noted that most LP

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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sequences of classes III and IV are of acidic character,
whereas the complementary N-lobes bear basic surface
residues (Figure 5, Figure S13 and S14). Furthermore, the
LP backbone wraps around the N-lobe embedding several
aliphatic side chains into hydrophobic pockets of the N-lobe
and C-terminal residues of the gate loop (Figure 5).
Importantly, bound CuvA,; adopted an amphipathic a-helix
(Leul5-Val21) in the AI model with residues LeulS, Leul8
and Val21 lining its interacting face (Figure 5B). For class-
III lanthipeptide MicA, we have previously shown that the
unbound LP partially adopts an amphipathic a-helix in
solution, which guides complex formation between substrate
and synthetase.”™ A highly conserved 0,xx0,xx0; motif (with
0 representing a hydrophobic, mostly branched amino acid)
was proposed to play a key role in LP recognition. We
observed a similar a-helical propensity of CuvA,, by means
of nuclear magnetic resonance (NMR) spectroscopy. The
low signal dispersion in the 'H dimension of 'H-"H TOCSY
and 'H-"N HMQC spectra indicated that a major fraction of
the peptide populated random-coil states (Figure S17).

A)

gate loop

Arg220, Bval210

Leu212

B)

CuvA

N-term)

Figure 5. Leader peptide recruitment by the kinase domain of CuvL.

A) Experimental structure of the kinase N-lobe (blue) with side chains
interacting with CuvA, (red). B) Corresponding AlphaFold2 model of
CuvL and CuvA, (residues in italics). Interacting residues are depicted
in stick mode and colored: hydrophobic (cyan), negatively-charged
(pink) and positively-charged (dark blue).
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However, characteristic NOE patterns as well as secondary
chemical shifts pointed to an o-helical propensity of CuvA;p
in the region Alal2 to Alal9 (Figure S18-S20, Tables S6 and
S7), which virtually covers the interacting a-helix in the
AlphaFold2 model.

To further support the LP binding mode, we generated
Al models for other lanthipeptide systems, e.g. the class-III
MicKC-MicA (microvionin) or the class-IV VenL-VenA
(venezuelin) complexes (Figure S21, see Figures S15 and
S16 for confidence scores of models). All models consis-
tently positioned the LP on the N-lobe f-sheet of their
respective synthetase and oriented the C-terminal CP
towards the central reaction chamber. In agreement with
our previous study,” MicA adopted an amphipathic a-helix
in this model, with Leu3 (8,), Leu6 (8,) and Leu9 (6;) being
packed onto the mostly hydrophobic face of the N-lobe B-
sheet (Figure S21). Due to its shorter sequence, MicA;p
could not pass the gate loop to wrap around the N-lobe. As
such we observe that some LPs, e.g. CuvA and SflA possess
an N-terminal extension acting as a hook-like element that
interacts with helix alg on the outer surface of LanL/
LanKCs (Figure 5 and Figure S21). Interestingly, in the Al
model of the standalone kinase LmxK (class-V),*! the
hydrophobic B-sheet face of the N-lobe was covered with its
own N-terminal a-helix in a similar mode to that of LPs
(Figure S21).

The structure of the excised kinase domain of the class-
IIT synthetase CurKC from 7. curvata bound to adenosine
has been recently reported.”'® The authors proposed the N-
lobe as a major LP binding region of CurKC and indicated
that native lyase-kinase domain contacts are required to
recruit the LP efficiently. However, their molecular dynam-
ics (MD) simulations predicted an LP binding site that we
consider as inaccessible and too close to the ATP binding
site. Importantly, the AlphaFold-multimer model of CurKC-
CurA was consistent with all other AI models and our
experimental data on CuvL-CuvA (Figure S21).

Our findings thus provide the structural basis for LP
recruitment in class-III and -IV lanthipeptide synthetases.
We conclude that class-III and -IV LPs exhibit o-helical
propensities (Figure S22 and S23), which may become
triggered or modulated by interaction with the kinase N-
lobe of LanKC and LanL enzymes, respectively. Our
modeling approaches using AlphaFold2 suggest coevolution
of residues in the a-helical region of LanA and the kinase N-
lobe of LanL/LanKC, thus allowing to define a leader
recognition code for classes III and IV (Figure S23).

Finally, the C-lobe of the kinase domain consists of six o-
helices and two B-strands (Figure S24). Helices o2y, a4y, aS5x
and the interjacent loops are deployed to settle on the C-
terminal cyclase domain. The largest difference to the
structure of the excised CurKC kinase domain™? is the
reorganization of a-helices aSg-a7y including their outward
translation to form the interface with the cyclase domain.
The latter is connected to the C-lobe by a proline-rich linker
(P-linker, Pro475-Pro480) adopting a polyproline helix II
(PPII) conformation (Figure3). The PPII is frequently
found in intrinsically disordered proteins or protein regions,
e.g. in interdomain linker regions at the edge of a-helices.”
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Hence, structural plasticity at the kinase-cyclase interface
might allow for domain movements during substrate
conversion.

The phosphothreonine lyase domain of CuvL

The second reaction step of lanthipeptide biosynthesis is the
B-elimination of phospho-Ser/Thr yielding Dha/Dhb resi-
dues (Figure 1). The responsible lyase domain of CuvL
shows homology to other microbial phospho-Ser/Thr lyases
such as SpvCP® or OspF®” but has evolved a unique
structural feature. The above-mentioned p-bow tie (Pro153-
Prol76) comprises strands B7, to B9, that form a twisted
antiparallel B-sheet (Figure 6A). The central, elongated
strand B8, connects the two opposing type-I B-turns (resi-
dues NDDG and DPQG, respectively). The two wings of
the p-bow tie and the entrance/exit chains virtually form a
triangle with the B-turns spanning an angle of about 110°.
The B-bow tie of the N-terminal lyase domain is docked
onto the C-terminal cyclase domain. Loop L11; and the
flanking strands p7; and B8 (N-terminal wing) are nested in
the C-groove formed by the loops between helices al/02c,
a3c/adc and aSc/a6¢ of the cyclase domain (Figure S25A-B).

A) B)

BoL
Asp159
Asp156 |
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The C-groove mediates hydrophobic interactions on its
bottom, while its rim is mostly decorated with polar and
positively-charged residues attracting the acidic N-terminal
wing of the B-bow tie. Corresponding acidic residues
Aspl59, Aspl160 and Aspl62 are located near the catalytic
center of the cyclase domain, e.g. Asp160 is in 6 A and 8 A
vicinity of His610 and Tyr525. Given the fact that strand 9,
of the B-bow tie leads into the gate loop, we assume an
allosteric network between the B-bow tie of the lyase
domain, the C-groove of the cyclase domain and the N-lobe
of the kinase domain, where the LP of the substrate is
bound. To address the functional role of the B-bow tie, we
deleted its region rich in Asp residues (CuvL_AD156-L163)
thereby disrupting the p-bow tie structure itself. This variant
was produced in very low amounts (~0.3 mgL™"), whereas
WT CuvL and other variants typically yielded 30-40 mg L™
of E. coli culture. In the in vitro assay, CuvL_AD156-L163
yielded lower amounts of cyclized CuvA compared to the
WT enzyme (Figure 6D). These results indicate an impor-
tant role of the B-bow tie for protein stability and catalytic
conversion, which may explain why excised cyclase domains
of class-I1I and -IV lanthipeptide synthetases have not been
successfully obtained as soluble proteins.'! Single Ala
substitutions of the highly abundant Asp residues in the -
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Figure 6. The lyase domain of CuvL. A) Lyase domain (dark red) with secondary structure elements labeled, and catalytic Lys79 shown in stick
mode. The B-bow tie (pink) is followed by the gate loop (gray) extending towards the kinase domain. B) Catalytic center of the CuvL lyase domain
(purple) with bound phosphate ion (transparent spheres) being superimposed with pThr substrate (cyan) from the co-crystal structure of SpvC
(PDB: 2Z8P).P9 C) Proposed mechanism of B-elimination. D) ESI-MS spectra of in vitro assays for lyase variants in the B-bow tie (top row) and the
catalytic center (bottom row). Dehydration and IAM labeling are shown in black and red respectively. Control reactions shown in Figure 4E.
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Figure 7. The cyclase domain of CuvL. A) Cyclase domain (orange) with secondary structure elements labeled. The [3-bow tie of the lyase domain
(pink) and the C-lobe of the kinase domain (blue) are shown for context. B) Catalytic center (purple sticks) with disulfide bridge between residues
Cys729 and Cys775. The potential position of Zn" (dashed sphere) was approximated by superimposing holo-NisC (PDB: 2GOD) onto the CuvL
structure. C) Proposed mechanism of cyclization by class-IV lanthipeptide synthetases. D) ESI-MS spectra of in vitro assays for cyclase variants of
CuvL, with dehydration and IAM labeling shown in black and red, respectively. Control reactions shown in Figure 4.

bow tie (CuvL_D156A, D159A, D160A, and D162A) were
not sufficient to elicit different product profiles compared to
WT CuvL (Figure 6D).

The B-bow tie appears to be a conserved element in
class-I1I and -IV lanthipeptide synthetases, which is corrobo-
rated by AI models of representative enzymes (Fig-
ure S25C). A similar B-hairpin topology is present in the
cyclase domain of class-II synthetase CylM (residues
Ala665-11e689), where it is inserted between o-helices of the
o/a-toroid fold.'” Although differently arranged, the motif
in CylM is a major interface between its dehydratase and
cyclase domains, similar to the B-bow tie between the lyase
and cyclase domains of CuvL (Figure S26). Hence, synthe-
tases of class II, III, and IV may use the B-bow tie for
docking and communication between the cyclase and its
partner domains that deliver the dehydrated intermediates.
Interestingly, AI models of the CuvL-CuvA complex
indicated that the f-bow tie may also function as a sensor of
reaction intermediates, as it was detached in some cases
from the C-groove and instead directly involved in recog-
nition of the substrate’s CP region (Figure S27).

The catalytic center of the lyase domain shares high
sequence identity to that of phosphothreonine lyase SpvC
from Salmonella enterica. Superposition of the substrate
from the SpvC crystal structure® (PDB entry: 2Z8P) to the
lyase domain of CuvL allowed to assign mechanistic

Angew. Chem. Int. Ed. 2023, 62, €202302490 (8 of 11)

functions (Figure 6A-C). The phosphate moiety of the
phospho-Thr (pThr) substrate is most likely coordinated by
positively-charged residues Lys50, Lys102, and Argl47.
Notably, we observed a phosphate ion in our initial SeMet
model in an equivalent position to that of pThr in the SpvC-
substrate co-crystal structure (Figure 6B). The correspond-
ing substitutions K50A, K102A and R147A reduced dehy-
dration activity of CuvL in vitro and abolished or signifi-
cantly impaired downstream cyclization (Figure 6D).
According to previous studies on SpvC,P residue Lys79,
which is invariable amongst classes III and IV, would
function as catalytic base that deprotonates pThr at the a-
position. Indeed, the K79A replacement in CuvL completely
abolished p-elimination in vitro, thereby accumulating
phosphorylated CuvA species (Figure 6D). Furthermore, we
assumed that conserved residue His52, which is held in place
by Aspl35 (3.5 A distance), may function as catalytic acid
by protonating the leaving phosphate (Figure 6C and Fig-
ure S28). The corresponding H106N variant of SpvC was
reported to be incompetent of B-elimination.” However,
we observed full conversion of CuvA by CuvL_H52A
(Figure 6D), possibly because the leaving phosphate group
may abstract the proton from a nearby water molecule.
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The cyclase domain of CuvL

Cyclase domains of lanthipeptide synthetases catalyze the
nucleophilic attack of Cys thiols on Dha/Dhb residues
yielding cyclic thioethers. The cyclase domain of CuvL
adopts a characteristic o/a-toroid fold (Figure 7A) that is
very similar to class-I cyclase NisC!""! and the class-II cyclase
domain of CylM.'! Similarly to these systems, class-IV
synthetases have been classified as Zn"-dependent enzymes.
We could not observe a bound Zn" ion at the expected
coordination site comprising conserved residues Cys729,
Cys775, and Cys776 (Figure S29). We ascribe this result to
the competing formation of a disulfide bridge between
residues Cys729 and Cys775 (Figure 7B) under the oxidizing
conditions during protein crystallization. Inductively-
coupled plasma optical emission spectroscopy (ICP-OES) of
freshly-purified CuvL yielded a holo-protein fraction of only
39.3% (Table S8). The presence of exogenous Zn" and a
reducing agent during protein purification increased the
holo-fraction to 85.7%. However, CuvL appears to be
susceptible to Zn"-unloading under oxidative conditions
during the rather large time window of crystallization.
Importantly, 7. curvata is a thermophile, preferring temper-
atures of about 50°C and it is difficult to assess how
physiological conditions in 7. curvata affect the stability of
the Zn" coordination sphere in CuvL.

A superposition of holo-NisC!""! and apo-CuvL allowed
to locate Zn" vicinal to the Cys triad of CuvL with
hypothetical metal-sulfur distances in the range of 3.1-4.4 A
(Figure 7B). Site-directed mutagenesis revealed that Cys729
and Cys776 were essential for cyclization activity, whilst
CuvL_C775A was still capable of cyclizing CuvA, albeit
with reduced activity (Figure 7D). The proposed catalytic
mechanism of CuvL is based on the structure and mecha-
nism of NisC,™ LanCL1P® and studies on the cyclase
domain of SgbL™! (Figure 7C). Future investigations are
needed to understand the unusual properties of class-IV
cyclase domains and how they achieve to position two
substrate residues (Dha/Dhb and Cys) for regioselective
cross-linking.

Conclusion

Despite a plethora of studies on genome mining and
structure  elucidation of novel RiPPs, including
lanthipeptides,'” the structural biology of class-IIT and -IV
lanthipeptide synthetases has remained widely elusive.®
Inherent conformational heterogeneity needed for the
iterative multi-step processing of peptides may account for
the difficulties in accessing the molecular structures of these
trifunctional enzymes. The herein presented structure of
CuvL thus provides important and general insights into
class-IV enzymes with implications for class-III systems as
well. Although our diffraction data suffers from low
resolution for the bound LP, it allows to unambiguously
pinpoint the binding surface at the kinase N-lobe. Alpha-
Fold-Multimer®! proved to be very useful in predicting
synthetase-peptide complexes and supported the N-lobe as
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the recruitment platform. Virtually all tested LanA systems
utilized an amphipathic a-helix with the previously reported
0,xx0,xx0, motift*¥ to dock onto the N-lobe near the kinase-
lyase interface. Our NMR data of free CuvA;;, confirmed
the a-helical propensity of this motif. Since class-III and -IV
LPs vary in length, N-terminal extensions seem to adopt
elongated o-helices or to wrap around the N-lobe. Hence,
our study provides a universal recognition code for predic-
tion of binding residues in uncharacterized LanL/LanKC-
LanA pairs, as well as rational design of precursor peptides
(Figure S23). It should be noted that LPs sample conforma-
tional ensembles in solution and possibly in the bound state
complicating structural analysis. Such structural plasticity
may facilitate substrate movements between catalytic sites.
Previous studies on class-II enzymes have demonstrated that
dynamic interface regions and allosteric communication play
an important role during lanthipeptide biosynthesis.*”! The
CuvL structure reveals a circular domain arrangement
closed by the B-bow tie that anchors the N-terminal lyase
domain at the entrance of the C-terminal cyclase domain.
While this arrangement minimizes the distances between
catalytic centers and most likely assures an efficient shuttling
of substrate intermediates within the inner reaction cham-
ber, the B-bow tie may even be involved in transient
interactions with these states and thus partially function as a
guide and sensor of substrate conversion. These new insights
into domain-domain interfaces will facilitate future studies
on protein dynamics and allosteric communication using
e.g., H/D-exchange MS or NMR spectroscopy.

In conclusion, we present the first crystal structure of a
full-length class-IV lanthipeptide synthetase along with a
general leader recognition code that appears applicable to
all class-III and class-IV lanthipeptide systems. Our findings
thus provide new opportunities for engineering and research
into lanthipeptides.
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