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ABSTRACT: Lanthipeptides are ribosomally synthesized and ser,R=H y ©

post-translationally modified peptides characterized by lanthionine TiR=CH g N Lg MGEVVENVAGI DT
(Lan) and/or methyllanthionine (MeLan) residues. Four classes of RSO ﬁj
enzymes have been identified to install these structures in a o) -.v,;g"""'ﬂ“’ o) ﬁj
substrate peptide. Recently, a novel class of lanthipeptides was R,H,, )\H;; Savde N i NQIAVGEAPE
discovered that lack genes for known class I-IV lanthionine B

synthases in their biosynthetic gene cluster (BGC). In this study,
the dehydration of Ser/Thr during the biosynthesis of the class V' Class V lanthipeptide dehydratases

lanthipeptide cacaoidin was reconstituted in vitro. The amino- Lank ( ) tany ( D
glycoside phosphotransferase-like enzyme CaoK iteratively phos- .~ Lyase domain (I
phorylates Ser/Thr residues on the precursor peptide CaoA, osor T

followed by phosphate elimination catalyzed by the HopAl

effector-like protein CaoY to achieve eight successive dehydrations.

CaoY shows sequence similarity to the OspF family proteins and the lyase domains of class III/IV lanthionine synthetases, and
mutagenesis studies identified residues that are critical for catalysis. An AlphaFold prediction of the structure of the dehydration
enzyme complex engaged with its substrate suggests the importance of hydrophobic interactions between the CaoA leader peptide
and CaoK in enzyme—substrate recognition. This model is supported by site-directed mutagenesis studies.

B INTRODUCTION LanL but takes place in a domain that lacks the zinc-binding
site for LanKC. Recently, a novel group of (Me)Lan-
containing RiPPs were discovered for which the biosynthetic
gene cluster (BGC) lacked genes encoding well-defined class
I-IV (Me)Lan synthase homologues, suggesting the existence
of an unknown synthase.3_6 This new group of lanthipeptides
was termed class V.

Cacaoidin was the first reported class V lanthipeptide and is
produced by Streptomyces cacaoi CA-170360 (Figure 1).*°
Cacaoidin displays potent antimicrobial activity against Gram-
positive bacteria, including methicillin-resistant Staphylococcus
aureus (MRSA), and carries multiple unusual structural
features, including an N,N-dimethyl lanthionine, p-amino
acids, an O-glycosylated tyrosine, and a C-terminal amino-
vinyl-methyl-cysteine (AviMeCys) (Figure 1A). The cao BGC
contains roughly 27 open reading frames (ORFs) (Figure 1B),
with basic local alignment search tool (BLAST) analysis used
to tentatively assign functions based on the modifications
found in cacaoidin. Like for other lanthipeptides, the precursor
peptide for cacaoidin is made up of an N-terminal leader
peptide and a C-terminal core peptide (Figure 1A). The latter

Ribosomally synthesized and post-translationally modified
peptides (RiPPs) are a rapidly expanding class of natural
products." The largest class of known RiPPs is the
lanthipeptides, which are characterized by the p-thioether
cross-linked bis amino acids lanthionine (Lan) and methyl-
lanthionine (MeLan). Installation of (Me)Lan is achieved
through dehydration of Ser/Thr residues to form dehydroa-
lanine (Dha)/dehydrobutyrine (Dhb), followed by intra-
molecular Michael-type addition of cysteine thiols to the
resulting dehydroamino acids.” Four classes of enzymes have
been characterized that differ in their domain architecture and
mechanisms of (Me)Lan synthesis.” Biosynthesis of class I
lanthipeptides involves dedicated dehydratase (LanB) and
cyclase (LanC) enzymes. LanB enzymes use glutamyl-tRNA to
glutamylate the side chains of Ser/Thr residues, followed by
glutamate elimination to generate Dha/Dhb. LanC enzymes
use a zinc ion to activate the Cys thiol for addition to Dha/
Dhb. In contrast, class II-IV lanthipeptides are formed by the
multifunctional enzymes LanM (class II), LanKC (class III),
and LanL (class IV) that catalyze both dehydration and
cyclization. These three enzyme classes use phosphorylation by —
kinase domains to activate the side chain hydroxy groups of Received: May 26, 2022 shﬁw@l
Ser/Thr for elimination. They differ in how they catalyze the Accepted:  August 18, 2022
elimination, which occurs within the kinase active site for Published: August 31, 2022
LanM and in dedicated phosphoSer/phosphoThr lyase

domains for LanKC and LanL. LanKC and LanL differ in

their cyclase domains, which contain zinc in a LanC fold for
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Figure 1. (A) Sequence of CaoA and structure of cacaoidin. The sequence of the CaoA core and leader peptides is depicted, as well as the residues
that undergo post-translational modification. The cleavage sequence at the end of the leader peptide is shown in underlined font. In cacaoidin, the
N-terminal Lan is depicted in pink, with di-methylation in orange. The C-terminal AviMeCys motif is depicted in brown. Dehydroalanine is shown
in green, dehydroamino acids that are further reduced to p-Ala and p-Abu are shown in red, and glycosylated Tyr is shown in blue. (B) Biosynthetic

gene cluster of cacaoidin.

is converted into mature cacaoidin by post-translational
modifications.”® A subset of proteins encoded in the cao
BGC exhibit similarity with those in the BGCs of other
recently reported class V lanthipeptides, the Ixm BGC involved
in lexapeptide biosynthesis’ and the spr BGC involved in
pristinin A3 biosynthesis.” These include a flavin-dependent
cysteine decarboxylase (CaoD, formerly Cao13) for AviMeCys
formation, an FyH,-dependent dehydrogenase (Cao]c,
formerly Caol2) involved in p-amino acid formation,® a
HopAl-like effector protein (CaoY, formerly Cao7), and two
aminoglycoside phosphotransferase (APH) family proteins
(CaoK and CaoX, formerly Cao9 and Caol4). The HopAl
and APH proteins are believed to be involved in dehydration
and cyclization in class V lanthipeptides,”™” but the in vitro
activity has not yet been reported.

In this study, we demonstrate the dehydration of CaoA by
the combined action of the APH protein CaoK and the HopAl
homologue CaoY. We also provide insight into the residues
required for the activity of the lyase CaoY through predicted
secondary structure analysis as well as mutagenesis. Following
the nomenclature used for lexapeptide,” we propose the use of
LanK for the class V Ser/Thr kinases and LanY for the
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phosphoSer/phosphoThr lyases that together achieve dehy-
dration to continue using common names in lanthipeptide
biosynthesis.” We also provide a model for the substrate
recognition mechanism by the dehydratase complex formed by
CaoK and CaoY using AlphaFold-Multimer structure
prediction-guided site-directed mutagenesis.””"'

B RESULTS AND DISCUSSION

Dehydration of CaoA. Previously, the study of lexapeptide
biosynthesis demonstrated the ability of LxmKYXD to
collectively introduce dehydroamino acids, Lan, and AviMeCys
into the precursor peptide LxmA through heterologous co-
expression in Escherichia coli.* In vivo investigation of the
biosynthesis of the RiPP thioviridamide from Streptomyces sp.
NRRL S-87 also demonstrated that TvaCgg, and TvaDggs,
which are homologues of the APH protein LxmK and the
HopAl homologue LxmY, respectively, are capable of
dehydration of Ser/Thr residues in the precursor peptide
TvaAgg.'> Thioviridamide is a member of the thioamitides
that contain thioamide residues as the unifying post-transla-
tional modification." Furthermore, TvaCg g, was also identified
as sharing similarity to the kinase domain of the class III

https://doi.org/10.1021/acschembio.2c00458
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Figure 2. (A) MALDI-TOF mass spectra of (i) unmodified Hiss—CaoA. [M + H]" exp. m/z = 7025; obsd m/z = 7022. (ii) Hise—CaoA modified
by CaoK in E. coli. [M + H]* exp. = 7025, obsd = 7028; (M + H + HPO;)" exp. = 7105, obsd = 7109; (M + H + 2HPO;)* exp. = 7185, obsd =
7188; (M + H + 3HPO,)" exp. = 7265, obsd = 7271; (M + H + 4HPO,)* exp. = 7345, obsd = 7349. (iii) Hiss—CaoA modified by CaoK and CaoY
in E. coli. (M + H — 8H,0)" exp. = 6881, obsd = 6883; (M + H — 8H,0 + GSH)" exp. = 7186, obsd = 7190. (iv) His;—CaoA modified by His;—
CaoK—CaoY dehydratase complex in vitro with adenosine triphosphate (ATP) and MgCl,. (M + H — 8H,0)" exp. = 6881, obsd = 6878. (B, C)
Liquid chromatography coupled with electrospray ionization-quadrupole-time of flight (LC-ESI-QTOF) mass spectrum of (B) Glu-C digested
His,—CaoA core peptide modified by CaoK—CaoY during co-expression in E. coli ([M + 2H]** exp. = 1038.4588; obsd = 1038.4594), and (C)
MS—MS fragmentation pattern of Glu-C digested Hiss—CaoA core peptide modified by CaoK—CaoY in E. coli. For fragment masses, see Table S3.

lanthipeptide synthetase MicKC,"> and mutation of the
conserved catalytic residues abolished the production of
dehydrated product.'” Similar results were reported from in
vitro reconstitution of the biosynthesis of another thiamitide
termed thioholgamide."* In the current study, adopting the
nomenclature from the Ixm BGC,* we first replaced the
original numerical order-based designation of genes in the cao
BGC to correspond to their lxm homologs (Figure 1B). To
verify the kinase activity of CaoK, we co-expressed CaoK with
the N-terminally Hiss-tagged precursor peptide CaoA (Hiss—
CaoA) in E. coli. The peptide was purified by immobilized
metal affinity chromatography (IMAC). Analysis by matrix-
assisted laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF MS) revealed multiple peaks along
with the ion of the precursor peptide, with mass shifts
corresponding to peptides that had been phosphorylated up to
four times (Figure 2A). We then introduced the putative lyase
CaoY into the co-expression system resulting in predominantly
eight dehydrations of CaoA, consistent with the structure of
mature cacaoidin (Figure 2A).> Mass spectral analysis also
illustrated the presence of glutathione (GSH) addition, likely
due to the large number of dehydroalanines in the modified
core peptide, which complicated the in vivo analysis of CaoK
and CaoY. We therefore focused on reconstituting the activity
of CaoK and CaoY in vitro.

Initially, N-terminally Hiss-tagged CaoK and CaoY were
expressed individually in E. coli, but Hisq—CaoK was found
mostly in the insoluble portion after cell lysis. Its solubility
increased when it was co-expressed with untagged CaoY.
Hiss—CaoK and CaoY co-eluted as an enzyme complex during
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IMAC purification (Figures S1 and S2). Similar results were
very recently reported for the dehydratase composed of
ThoCD involved in thioholgamide biosynthesis.'* Size
exclusion chromatography (SEC) purification indicated the
formation of a heterodimer composed of Hiss—CaoK and
CaoY. The precursor peptide CaoA was then reacted with the
purified CaoK—CaoY complex in the presence of adenosine
triphosphate (ATP) and MgCl,, resulting in 8-fold dehydrated
CaoA as the main product (Figure 2A). The instrument on
which the MALDI-TOF mass spectra were recorded has a
relatively large error at the mass range of these peptides that do
not ionize well. Therefore, the dehydrated CaoA was treated
with endoproteinase Glu-C to release the core peptide (Figure
S3), followed by analysis by high-performance liquid
chromatography (HPLC) coupled with electrospray ioniza-
tion-quadrupole-time-of-flight tandem mass spectrometry (LC-
ESI-QTOF-MS/MS). The +2 charge state of 8-fold dehy-
drated CaoA core peptide was observed (Figure 2B), and the
dehydration sites were established by MS/MS fragmentation
(Figure 2C and Table S2). The data agree with the final
structure of cacaoidin.

Characterization of CaoY. Previous bioinformatics
studies demonstrated sequence similarity between CaoY and
HopAl (PF17914),” a Pseudomonas syringae effector protein
that suppresses the effector-triggered immunity response in
plants by targeting the positive immune regulator enhanced
disease susceptibilityl (EDS1).'>'® An in vivo kinase-effector
interaction screen also identified a number of other kinases as
putative HopAl targets, many of which are shared with other
P. syringae effectors, such as HopAIl,17 implying a similar

https://doi.org/10.1021/acschembio.2c00458
ACS Chem. Biol. 2022, 17, 2519-2527
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Figure 3. (A) Predicted secondary structure-based sequence alignment analysis of the lyase-like domains of OspF, LanKC/L, and LanY. Predicted
a-helix and f-sheet regions are framed in red and blue, respectively. Conserved residues among the three protein families are highlighted in red
font. Arg187 and Lys219 studied by mutagenesis are highlighted in orange. Asterisks denote the residues present in the active site in the crystal
structure of OspF and in LanKC/L proteins. Residue numbering for SpvC and CaoY is shown at the top and bottom, respectively. (B) Proposed
catalytic mechanism for f-elimination of the phosphate of pSer/Thr catalyzed by OspF. The phosphorylated residue is colored in blue, and active
site residues are colored in red. Corresponding sites in CaoY (when conserved) are indicated. (C) MALDI-TOF mass spectrum of (i) Hiss—CaoA
modified by CaoK—CaoY-R187A in the presence of ATP and MgCL,. [M + H]* exp. = 7025, obsd = 7025; (M + H + HPO;)" exp. = 7105, obsd =
7104; (M + H + 2HPO,)* exp. = 7185, obsd = 7185; (M + H + 3HPO,)" exp. = 7265, obsd = 7265; (M + H + 2HPO; — H,0)" exp. = 7087, obsd
= 7087; (M + H + 3HPO; — H,0)" exp. = 7167, obsd = 7167. (ii) Hiss—CaoA modified by CaoK—CaoY-K219A in the presence of ATP and
MgCl,. [M + H]* exp. = 7025, obsd = 7023; (M + H + HPO,;)" exp. = 7105, obsd = 7102; (M + H + 2HPO,)* exp. = 7185, obsd = 7183. (iii)
His¢—CaoA modified by CaoK—CaoY-R229Q in the presence of ATP and MgCl,. (M + H — 8H,0)* exp. = 6881, obsd = 6880; (M + H —
7H,0)" exp. = 6899, obsd = 6898; (M + H + HPO; — 3H,0)" exp. = 7051, obsd = 7048; (M + H + 2HPO; — 3H,0)" exp. = 7131, obsd = 7127.

protein—protein interaction mechanism adopted by these two
effectors. HopAll suppresses pathogen-associated molecular
patterns-induced immunity of the plant host by inactivating the
mitogen-activated protein kinase (MAPK) cell signaling
pathway.'® HopAlIl inactivates MAPKs through elimination
of the phosphate group from phosphothreonine (pThr) on
their kinase activation loop. This activity resembles that of the
OspF family of proteins during infection of mammals (e.g,,
OspF from Shigella and SpvC from Salmonella).'”*® Sequence
alignment of the OspF family proteins with the lyase domain of
the class III and IV lanthionine synthetases LanKC and LanL
illustrated the high conservation of essential catalytic residues,
suggesting that OspF family proteins and LanKC/LanL may
have evolved from a common primitive pSer/pThr
lyase.'”*'~** However, previous sequence alignment of other
HopAl-like proteins in RiPP biosynthesis with OspF family
proteins and LanKC/LanL did not show significant sequence
similarity."” In this study, CaoY and other LanY homologues
were aligned with HopAl, HopAll, OspF family proteins, and
LanKC/LanL based on predicted secondary structure.”* CaoY
and its homologues showed similarity to the lyase catalytic
domain of OspF family proteins and LanKC/LanL based on
the secondary structure in their C-terminal region (Figure 3A).
This predicted structural similarity was also reported recently
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for ThoD involved in thioholgamide biosynthesis.'* Lys136
(Lys219 in CaoY) and Tyr158 (Tyr236 in CaoY) of SpvC that
are involved in deprotonation of the a-proton of pSer/pThr
residues as revealed by structural studies’””” are highly
conserved in all three protein families, whereas Lys104 and
His106 are missing in CaoY and its homologues. His106 acts
as a catalytic acid to facilitate C4OP cleavage in OspF/SpvC
and LanKC/L (Figure 3B). Interestingly, Lys104 that activates
the a-proton by stabilizing the oxygen of the enolate formed
during phosphate elimination in both OspF/SpvC and
LanKC/L is substituted by Argl87 in CaoY (Figure 3A)
even though previous Lys-to-Arg mutation at this position in
SpvC almost completely abolished its lyase activity.”” The
residues that form an arginine-rich pocket in SpvC that interact
with the phosphate group in the substrate do not align with
CaoY in the predicted secondary structure level alignment,
except Argl48 (Arg229 in CaoY) (Figure 3AB), suggesting
that CaoY may adopt a different set of residues to stabilize the
leaving group.

Site-directed mutagenesis was conducted on CaoY to
confirm the similarity between CaoY and OspF/SpvC implied
in the predicted secondary structure. We first replaced Lys219
of CaoY with Ala. The enzyme variant was co-expressed and
copurified with wild-type Hiss—CaoK, and subsequently, CaoA

https://doi.org/10.1021/acschembio.2c00458
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Figure 4. (A) Overall structure of the rank_1 model from AlphaFold-Multimer prediction of the CaoAKY complex. CaoA is colored by pLDDT
values (Table S5). CaoK and CaoY are colored in magenta and cyan, respectively. (B) Potential interaction region between CaoA LP and CaoK
hydrophobic groove in the predicted structure, with hydrophobic surface in yellow and hydrophilic surface in blue. CaoA is colored in green. The
two predicted a-helices, Met—24 and Tyr—17 in the CaoA LP, are depicted. (C, D) Formation of hydrophobic pockets of CaoK that are predicted
to capture CaoA LP residues Met—24 (C) and Tyr—17 (D), with CaoK surface in magenta and LP residues of CaoA in gray.

was supplied to the enzyme complex for in vitro dehydration
(Figure S4). Instead of full dehydration, only phosphorylated
CaoA was observed after 12 h at room temperature (Figure
3C), indicating the loss of lyase activity of CaoY-K219A. This
result agrees well with a previous SpvC study in which the
SpvC-K136A variant showed no activity.”” We then inves-
tigated the importance of Argl87. The dehydratase complex
formed by CaoY-R187A and CaoK was reacted with CaoA in
vitro, and phosphate elimination activity was nearly completely
abolished (Figure 3C), with mostly phosphorylation observed.
To test the role of Arg229 in elimination, CaoA was reacted
with CaoY-R229Q-CaoK, and inefficient dehydration was
observed (Figure 3C). Collectively, these results demonstrate
the catalytic similarity of LanY, the OspF family proteins, and
the LanKC/LanL lyase domain.

The heterodimer dehydratase complex formed by CaoK and
CaoY also hints at their potential functional similarity to
LanKC and LanL (Figures S2 and S4). Instead of a
bifunctional enzyme, the kinase and lyase in class V interact
to generate a bifunctional enzyme complex. The co-occurrence
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of LanK and LanY may be used as a bioinformatic handle for
class V lanthipeptide discovery. When CaoY was used as query
protein for the construction of a genome neighborhood
network (GNN),”**” with 10 neighboring genes upstream and
downstream collected, high co-occurrence of CaoY homo-
logues (PF17914) and APH family proteins (PF01636) was
observed in diverse genome contexts (Figure SS). Similar
findings were also reported in the studies on the spr BGC.’
Bioinformatic Study of Class V Lanthipeptide
Sequence. We then investigated how the heterodimer
dehydratase complex might interact with the substrate.
Precursor peptides of lanthipeptides typically contain an N-
terminal leader peptide (LP) that is critical for the modifying
enzymes to recognize the substrate and a C-terminal core
peptide, where the modifications take place.” Although the
catalytic domains of CaoK and CaoY show sequence similarity
to LanKC/LanL, the substrate binding domain of the class IV
lanthionine synthetase SgbL** is absent in CaoK. CaoA also
lacks the conserved sequence found in class III and class IV
lanthipeptide LPs that is believed to be involved in enzyme—
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Table 1. Modification of Variants of CaoA after Co-Expression with CaoK and CaoY”

Residue Modification Residue Modification
E-28K -8H,0 V-14T -8H,0
V-27T -8H,0 E-13K -8H,0
V-26T -8H,0 E-12K inefficient dehydration
E-25K -8H,0 L-11N inefficient dehydration
M-24Q inefficient dehydration N-10L -8H,0
V-23T -8H,0 Q-9K -8H,0
A-228 -8H,0 1-8K -8H,0
G-218 -8H,0 V-6T -8 H,0
F-20Q inefficient dehydration E-4K -8H,0
T-18A -8H0 A-3S -8 H,0

P-2A -8 H,0

“Mutation of residues that decrease dehydration efficiency are highlighted in orange, that abolish dehydration in red, and that hinder N-terminal

phosphate elimination in blue.

substrate recognition.””> Therefore, the mechanism by which
LanK—LanY recognize their precursor peptide remains poorly
understood.

To target the substrate residues that are potentially involved
in leader peptide recognition by the class V dehydratase
complex, we generated a multiple sequence alignment (MSA)
of putative class V LanA sequences using the CaoY GNN
described above.”**” From the BGCs with co-occurring LanK
and LanY, ORFs shorter than 110 residues® containing Cys
and Ser/Thr in their C-terminal region were collected and
aligned. The MSA displayed two types of peptides that show
remarkable similarity of overall sequence within each group
(type-A and type-B) (Figure S6), with a more heterogeneous
group that was poorly aligned with the other sequences that we
termed type-C.

Interestingly, while type-B potential LanA ORFs are all from
cyanobacteria, type-A LanA ORFs were all found in genomes
of actinobacteria and especially Streptomyces, which encode a
large number of lanthipeptides.”” All three characterized class
V lanthipeptides thus far, including cacaoidin, fall into type-
A7 In type-A peptides, Tyr—17 in the CaoA leader peptide
is fully conserved (Figure S6), implying potential importance
in substrate recognition (RiPP leader peptides have negative
residue numbers counting back from the core peptide, whereas
the core peptide has positive numbers, as shown in Figure 1A).
Ala—3 and Pro—2 are also highly conserved through the entire
group. In contrast, CaoA Met—24, Phe—20, and Glu—1 are
replaced by Leu, Tyr, and Ala in most peptides. The negatively
charged Glu in position —12 also shows high conservation with
Asp substitution in some sequences. C-terminal to this Glu/
Asp residue is usually a hydrophobic residue (Leu, Val, Phe,
Ile).
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AlphaFold Model for Substrate Recognition by the
Dehydratase Complex. To further investigate the enzyme—
substrate interaction, AlphaFold-Multimer was used to
generate a predicted structure of the dehydratase complex
CaoK—CaoY with the substrate CaoA.””''" We recently
showed for the enzyme TgIHI, which performs post-transla-
tional modifications on the peptide TglA, that the predicted
substrate engagement mechanism was close to that reported
crystallographically for a closely related enzyme after the
AlphaFold model was made.”””' The resulting predicted
model of CaoK—CaoY had an average predicted local distance
difference test (pLDDT) ranging from 84 to 85.6,” suggesting
high accuracy of the overall prediction (Figure S7A,B and
Table SS). In the predicted CaoY structure, the previously
discussed lyase active site residues Argl87 and Lys219 are in
close proximity, lending support to the predicted structure
(Figure S8C). Three additional positively charged residues
HisS7, Arg217, and Arg229 are also located around the active
site, indicating their potential involvement in catalyzing
phosphate elimination (Figure S8D). Alignment of the top-
five models demonstrates a consistent prediction of how CaoK,
CaoY, and the LP of CaoA interact (Figure S7C,D). In the
model, the LP makes contact with the kinase CaoK but not the
lyase CaoY. The C-terminus of CaoA (Ile—8 to Cys23) is in
different orientations in the five models, with pLDDT values
lower than 50 of each residue (Figures 4A, S7, and Table SS),
consistent with the movement of the core peptide between the
kinase and lyase domains. In the highest-ranking model (model
rank 1), the CaoA LP forms two a-helices: One from Gly—29
to Thr—18, and the other from Val—-14 to Glu—12 (Figure
4A,B). Both helices have hydrophilic residues exposed to
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solvent and hydrophobic side chains oriented toward CaoK
(Figure 4B).

The hydrophobic face of the first a-helix (Gly—29 to Thr—
18) interacts in the model with a hydrophobic groove shaped
by helices a13—al6 of CaoK, with Met—24 inserted into a
hydrophobic pocket of CaoK made up of Leu264, Ile298,
I1e359, Ala363, Phe370, Ser373, and Leu374 (Figures 4C and
S8A). The aromatic ring of the side chain of CaoA Phe—20 is
predicted to interact with a pocket composed of Val287,
Val290, and Leu291 on CaoK (Figure S9A). The side chain of
Tyr—17 in the LP of CaoA occupies another pocket formed by
Leul97, Leul98, Asp201, Leu204, Ile336, Met339, Leu349,
Ala357, and Gly358 of CaoK (Figure 4D). The hydroxyl group
of Tyr—17 is predicted to engage in a hydrogen bond with
Asp201 of CaoK. Tyr—17 is situated at the end of the helix,
and its interaction with the pocket on CaoK pivots the LP such
that it makes a 90° turn back into the CaoK hydrophobic
groove. An electrostatic interaction between Glu—12, the last
residue of the second helix of CaoA that is highly conserved
(Figure S6), and Arg354 of CaoK may be functionally
important (Figure S9B). After Leu—11, the predictions have
low confidence values, and the model is not able to provide
reliable information on core peptide binding (Figure S9C).

The interactions between CaoK and CaoY in the complex
are mostly mediated by two anti-parallel f-sheets with winged
helix motifs (Pro102 to Leul41) on CaoY that interact with
three a-helices of CaoK (Leul73 to GIn199) (Figure S8B).

Site-Directed Mutagenesis of CaoA and CaoY. The
functional importance of the residues in the LP of CaoA was
probed by site-directed mutagenesis to test the AlphaFold-
Multimer prediction (Table 1). Given the highly insoluble
nature of the precursor peptide that precluded direct binding
studies and kinetic investigations, we chose modification in E.
coli as a proxy for substrate recognition. Hiss—CaoA variants
were co-expressed with wild-type CaoK and CaoY, and the
resultant peptides were analyzed by MALDI-TOF MS after
purification (Table 1 and Figure S10). In the first helix region
of CaoA (Gly—29 to Thr—18), replacement of Met—24 with
Gln, a residue with a polar uncharged side chain of comparable
size as that of Met, resulted in incomplete dehydration with a
range of products observed that had undergone different
extents of dehydration and a single phosphorylation (Figure
$10). These data suggest that phosphorylation and elimination
were affected by the substitution. Replacement of Phe—20 with
Gln also resulted in incomplete dehydration, again, with the
observation of partially dehydrated and singly phosphorylated
peptides. No dehydration was observed when the fully
conserved Tyr—17 was substituted by Ala or Gln, with a
small amount of phosphorylated peptide observed for the Y—
17A variant (Figure S10). Thus, it appears that the
engagement of the aromatic ring of Tyr—17 with the CaoK
pocket in the model plays an essential role in substrate
recognition. In the second helix (Val-14 to Glu—12),
replacement of Glu—12 by a positively charged Lys resulted
in CaoA that was partially dehydrated, and a similar result was
obtained for the variant CaoA-L—1IN (Figure S10), which
supports the functional importance of the electrostatic
interaction between Glu—12 of CaoA and Arg354 of CaoK
and the interaction between substrate and kinase mediated by
the hydrophobic residue that always follows Glu—12.

Replacement of residues that showed low confidence values
in the predicted model or that are not conserved generally had
no influence on enzymatic modification, providing 7-—8
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dehydrations even for nonconservative substitutions (Table 1
and Figure S10; sometimes the dehydrated residues react in
the cell with glutathione as previously observed).” These
observations are consistent with the model, as these residues
mostly face away from the interaction interface between CaoA
and CaoK. Thus, Met—24, Phe—20, Tyr—17, Glu/Asp—12,
and Leu—11 appear to be the critical residues consistent with
the sequence alignment and/or the AlphaFold model. For the
LP variants at these positions, the phenotype was either
inactive (Tyr—17) or production of a range of dehydration
states with one phosphorylation.

One mutation that provided a different phenotype was
substitution of Glu—1 with Lys, which resulted in fully
dehydrated CaoA along with 7-fold dehydrated phosphory-
lated CaoA. This observation suggests that the final phosphate
elimination is impeded by this substitution. We treated the
product with endoproteinase Glu-C to release the core peptide
for LC-MS analysis (Figures S11 and S12). Although MS/MS
analysis did not allow determination of the specific
phosphorylated site, the fragmentation pattern clearly demon-
strated that the site was on the N-terminus of the CaoA core
peptide (Serl to Thr6). We postulate that the phosphorylated
residue in the CaoA-E—1K variant was Serl and that the
replacement of Glu—1 with Lys in CaoA at the junction
between the LP an CP resulted in a repulsive interaction
between Lys—1 and the two positively charged amino acids in
the lyase active site (Argl87 and Lys219). This putative
deleterious interaction only seems to hinder the elimination
activity of a phosphorylated residue at the N-terminus of the
CP as the main product was successfully dehydrated seven
times (Figures S10 and S11). This hypothesis also implies C-
to N-terminal directionality of the dehydration events
catalyzed by CaoK and CaoY.

The AlphaFold model was also leveraged to identify
additional CaoY active site residues. As noted above, HisS7
and Arg229 are close to each other, while Arg217 sits on the
opposite side with its side chain oriented away from the
proposed active site (Figure S8D). Mutagenesis revealed that
whereas CaoY-R217Q retained full activity, mutation of HisS7
to Asn only resulted in partial dehydration (Figure S13). This
compromised function suggests that His57 might work along
with Arg229 in stabilizing the phosphate group during
elimination. Mutagenesis of Asp201 of CaoK (D201K;
D201M; D201W; D201F) to investigate its importance in
engaging the phenolic group of Tyr—17 did not lead to the
isolation of a CaoKY complex with only insoluble CaoY
observed. Similarly, attempts to block the binding site for
Met—24 by engineering a salt bridge (I3S9E/F370K and
I359E/L374K) were unsuccessful and also did not result in the
isolation of a CaoKY complex.

B DISCUSSION

In this study, we provide detailed insight into dehydration of
class V lanthipeptides through reconstitution of the activities of
CaoK and CaoY from the cacaoidin biosynthetic pathway. The
co-expression and in vitro experiments clearly demonstrated
kinase and lyase activity of CaoK and CaoY, respectively. A
heterodimeric dehydratase complex is formed by CaoK and
CaoY, which dehydrated CaoA eight times at the positions
consistent with mature cacaoidin. The cooperative behavior of
the kinase and lyase illustrates the functional similarity between
class V dehydratase and class III-IV lanthionine synthetases
LanKC/LanL. Indeed, an evolutionary connection of LanY to
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the OspF family proteins and the lyase domains of LanKC/
LanL was clearly revealed through mutagenesis studies based
on a predicted secondary structure alignment. Like OspF/
LanL enzymes, LanY likely utilizes a Lys for deprotonation of
the a-proton of the pSer/pThr residues, but distinct from the
other two families, it uses an Arg instead of Lys for activation
of the carbonyl group of the pSer/pThr. The residues that
facilitate phosphate elimination through stabilization of the
leaving group in OspF/LanL are mostly absent in LanY with
only Arg229 conserved. It is likely that at least one additional
residue (HisS7) assists Arg229 in leaving group stabilization.
An AlphaFold-Multimer prediction model of the substrate
recognition mechanism adopted by class V lanthipeptide
dehydratases was supported by mutagenesis experiments. MSA
of putative class V lanthipeptide precursor peptides suggests
that this mechanism of substrate recognition is conserved
among type-A class V lanthipeptides. Cacaoidin and
lexapeptide, two currently characterized class V lanthipeptides,
both display strong antimicrobial activity,”*° indicating the
potential of class V lanthipeptides as a resource of novel
antibiotics. Our study on the dehydratase of cacaoidin
biosynthesis paves the way for further investigation of class
V lanthipeptide biosynthesis as well as the biosynthesis of
thioamitides that use a similar complex for dehydration.'”"*
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