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ABSTRACT: The cypemycin decarboxylase CypD is investigated by using a synthetic oligopeptide, which contains the to-be-
cyclized dehydroalanine (Dha) residue. It was shown that CypD efficiently catalyzes the decarboxylation of this Dha-containing
peptide, but the expected AviCys ring is not formed in the product, suggesting that CypD alone is not enough to form the
AviCys ring. It was also shown that the Dha-containing peptide is a better substrate than two similar peptides with a Ser or a
Cys residue, supporting that, in cypemycin biosynthesis, Dha formation is prior to decarboxylation of the C-terminal Cys.

Ribosomally synthesized and post-translationally modified
peptides (RiPPs) are a growing class of natural products

that exist in all three domains of life and possess diverse
biological activities.1−3 RiPPs are derived from a ribosomally
synthesized precursor peptide, which, in most cases, consists of
an N-terminal region (leader peptide) that is essential for the
recognition by post-translationally modifying enzymes, and a
C-terminal region (core peptide) that is finally transformed to
the mature product. A unique RiPP structural motif is S-[(Z)-
2-aminovinyl]-D-cysteine (AviCys), which has been found in
several classes of RiPPs, including lanthipeptides (e.g.,
epidermin and mutacin),4−6 lipolanthines (e.g., microvio-
nine),7 polythioamides (e.g., thioviridamide),8−12 and linar-
idins (e.g., cypemycin)13,14 (see Figure 1A). Biosynthesis of
the AviCys moiety involves a flavoprotein (generically termed
LanD when it is involved in lanthipeptide biosynthesis), which
catalyzes an oxidative decarboxylation of the C-terminal
cysteine to form a thioenol. A following Michael-type addition
of the resulting thioenol to a dehydroalanine (Dha) or
dehydrobutyrine (Dhb) residue generates the AviCys ring (see
Figure 1B).15

AviCys is structurally similar to lanthionine, a characteristic
motif that defines lanthipeptides (lanthionine-containing
peptides) (see Figure 1A).6 In lanthipeptide biosynthesis, a
standalone LanC cyclase or a cyclase-containing protein
(LanM, LanKC or LanL) is strictly essential, which catalyzes
the Michael-type addition of Cys thiols to Dha/Dhb to form
lanthionine rings.16−18 However, neither linaridins nor
polythiomides appears to involve a LanC-like enzyme in
their biosynthesis. Because thioenols are much more
nucleophilic than thiols,19,20 it appears that AviCys formation
does not require a specific cyclase. It was proposed that the
AviCys motif may be produced enzymatically by feeding the
Dha-containing peptide substrate to the corresponding

decarboxylase.15 Such a strategy appears to be highly
appealing, because chemical synthesis of AviCys ring is
challenging and was only achieved in poor yields,21 and
AviCys-containing peptides are normally produced with very
low yields.15

Cypemycin is a prototypical member of the linaridin family,
which is defined as linear dehydrated (arid) peptides.22

Although only three members of linaridin family have been
characterized,22−24 a recent genome mining study showed that
this RiPP family is widespread in nature and the members are
structurally diverse.25 In contrast to the intertwined
complicated ring structure found in several lanthipeptides,
including epidermin, mersacidin, and NAI-107,6 cypemycin is
linear and has only one ring system, providing an ideal system
to investigate AviCys formation (see Figure 1A).
The in vitro activity of CypD was reconstituted by Claesen

and Bibb, showing that CypD catalyzes an oxidative
decarboxylation of the C-terminal Cys of the precursor peptide
CypA.22 By using a series of synthetic oligopeptides as
substrates, we recently showed that the minimal sequence for
CypD recognition is the C-terminal three residues of the
precursor peptide CypA, while most of the N-terminal
sequence of CypA is not essential for CypD activity.26 CypD
tolerates various structural variations, allowing for generation
of novel cypemycin variants with modified AviCys rings.26

Such a relaxed substrate specificity of CypD is similar to EpiD
involved in epidermine biosynthesis,27 but is distinct from
other LanD enzymes, such as the mersacin decarboxylase
MrsD and the NAI-107 decarboxylase MibD, which did not
show appreciable substrate tolerance.28,29
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Thus far, the exact natural substrate of CypD is unknown,
which likely contains the full core peptide of CypA. However,
synthesis of such a long peptide with modified residues is
challenging. Because only the C-terminal three residues of
CypA are essential for CypD recognition, biochemical analyses
in this study were performed by using synthetic oligopeptides.
Since the C-terminal sequence of CypA is highly hydrophobic,
we synthesized peptide 1 (KKSTISLVC) and peptide 2
(KKSTICLVC), which are similar to the CypA C-terminus
(see Figure 1B) but contain two Lys residues in the N-termini,
to increase aqueous solubility and hence the reaction
efficiency. Liquid chromatography coupled with high-reso-
lution mass spectrometry (LC-HR-MS) analysis of each
reaction mixture clearly showed that both peptides were
decarboxylated by CypD (see Figure S2 in the Supporting
Information), suggesting that the two N-terminal Lys residues
do not interfere with CypD activity.
To investigate the putative cyclase activity of CypD, we set

out to synthesize the Dha-containing peptide 3 (KKSTIXLVC,
where X represents Dha), which contains a Dha residue at the
fourth C-terminal position (in contrast to a Ser or a Cys in
peptide 1 or 2) and, hence, could allow AviCys ring formation
after decarboxylation. We initially used two synthetic
procedures, involving Cys oxidative elimination30 and
phosphoserine elimination,31 respectively. However, neither
of these procedures afforded a sufficient amount of product.
We next followed a protocol detailed by Levengood and van
der Donk involving oxidative elimination of the phenyl-
selenocysteine (SecPh) residue (see Scheme 1).32 The desired
SecPh-containing peptides were elongated on resin using

typical Fmoc-based SPPS procedures.32 After cleavage from
the resin, followed by purification by preparative HPLC, the
obtained nonapeptides 8 and 9 were treated with H2O2,
affording the Dha-containing peptides 10 and 11 in decent
yields (53% for 10, and 74% for 11), which were converted to
peptide 3 in situ in enzymatic reactions (see Scheme 1, as well
as Figures S3−S6 in the Supporting Information for the LC-
MS and 1H NMR data of 10 and 11).
We then performed the reaction by incubation of CypD with

peptide 3, and the result shows that peptide 3 was
decarboxylated upon CypD treatment (Figure 2). To

investigate whether the AviCys ring was formed in the
decarboxylated product, we treated the CypD reaction mixture
with N-ethylmaleimide (NEM), a reagent that is commonly
used to modify thiols. LC-HR-MS analysis of the resulting
mixture clearly revealed NEM derivatization of the decarboxy-
lated product of 3 (Figure 2), and the derivatized product was
confirmed by HR-MS/MS analysis (Figure S7). We also did
NEM reactions with a nonreactive peptide KKSTISLVS and
cypemycin, but neither of these two compounds was

Figure 1. AviCys-containing natural products. (A) Representative
examples of different RiPPs that contain AviCys moieties. The Ser/
Thr- and Cys-derived residues are shown in red and blue, respectively,
and other post-translationally modified residues are shown in green.
[Legend: Dha, dehydroalanine; Dhb, dehydrobutyrine; Avi, avionin;
tAla, thioalanine; tMet, thiomethionine; dmH, dimethylhistine; and a-
Ile, allo-isoleucine.] (B) AviCys biosynthesis in cypemycin involves a
flavoprotein CypD. Dha is generated from Cys19 via dethiolation.
After decarboxylation of the C-terminal Cys (Cys22), a subsequent
Michael-type addition of the thioenol to Dha produces the AviCys
ring. The blue line represents the N-terminal part of CypA.

Scheme 1. Synthesis of the Peptide Substrate 3a

aTwo synthetic routes with different Cys derivatives were performed,
and both led to peptide 3 in decent yields.

Figure 2. HR-MS analysis of the CypD reaction with peptide 3,
showing the MS spectra of the control reaction, CypD reaction, and
CypD reaction further treated with NEM. After decarboxylation, no
cyclized (neither enzymatically or nonenzymatically) product could
be observed in the analysis.
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derivatized, excluding the possibility that NEM derivatization
can occur on other sites besides thiols. These observations
provide strong evidence that CypD alone is unable to form the
AviCys ring.
Knowing that the CypD-catalyzed decarboxylation is not

coupled with AviCys ring formation, we next asked whether
Dha is formed prior to the CypD-catalyzed decarboxylation of
Cys22. To this end, we performed a time course analysis of
CypD reaction with peptides 1−3. This analysis indicated that
peptide 3 appears to be a more preferred substrate than
peptide 1 and peptide 2 (Figure 3), suggesting that production
of Dha from the CypA Cys19 is likely prior to the CypD-
catalyzed decarboxylation of Cys22 (see Figure 1B).

In summary, we synthesized a Dha-containing oligopeptide
3 and tested the activity of cypemycin decarboxylase CypD,
showing that CypD only catalyzes Cys decarboxylation and is
not responsible for AviCys ring formation. We also showed
that the Dha-containing peptide 3 is a better substrate than the
similar peptide 1 and 2, supporting the belief that the
production of Dha by dethiolation of Cys19 likely occurs prior
to decarboxylation of the C-terminal Cys. These results answer
a long-standing question regarding AviCys biosynthesis and lay
the foundation for future biosynthetic investigation of AviCys-
containing natural products.
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