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Analysis of the cryptic biosynthetic gene cluster
encoding the RiPP curacozole reveals
a phenylalanine-specific peptide hydroxylase
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Curacozole is representative of a cyanobactin-like sub-family of ribosomally synthesized and post-
translationally modified peptides (RiPPs). The molecule is distinguished by its small macrocyclic structure,
a poly-azole sequence that includes a phenyloxazole moiety, and a p-allo-lle residue. The enzymatic
steps required for its formation are not well understood. The predicted biosynthetic gene cluster (BGC)
for curacozole in Streptomyces curacoi is cryptic, but is shown to be potently activated upon
constitutive expression of the bldA-specified Leu-tRNA(UUA) molecule. Heterologous expression and
gene deletion studies have defined the minimum BGC as consisting of seven genes, czIA, D, E, B1, C1, F,
and BC. The biosynthetic pathway is highly substrate tolerant, accepting six variants of the precursor
peptide CzIA to form new curacozole derivatives. This includes replacing the phenyloxazole moiety of
curacozole with indole and p-hydroxyphenyloxazole groups by conversion of the corresponding CzIA
Phel8Trp and Phel8Tyr variants. In vitro experiments with purified enzymes demonstrate that CzID and
CzIBC perform cyclodehydration and dehydrogenation reactions, respectively, to form a single oxazole
from Ser 22 of CzlA. The curacozole BGC is flanked by czll, a non-essential but conserved gene of

unknown function. In vitro studies demonstrate Czll to be a non-heme iron(i) and 2-oxoglutarate-
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Accepted 4th November 2024 dependent dioxygenase, catalyzing the hydroxylation of Phel8 on CzlA to form the CzlA Phel8Tyr

variant, which is then processed to form the p-hydroxyphenyloxazole derivative of curacozole. Overall,
this work highlights the amenability of RiPP biosynthesis for engineering the production of new
compounds and adds to the repertoire of known RiPP enzymes.
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mechercharstatin, 5) (Fig. 1A). These compounds share
a macrocyclic structure derived from eight amino acids, a poly-

Introduction

Curacozole (1) is a cytotoxic cyanobactin-like molecule that was
recently isolated from a mutant strain of Streptomyces curacoi.*
Cyanobactins are a large and structurally diverse class of ribo-
somally synthesized and post-translationally modified peptides
(RiPPs)* where 1 represents a biosynthetically distinct sub-
family that includes aurantizolicin (2),* YM-216391 (3),” uruk-

thapelstatin =~ (4),° and mechercharmycin® (renamed
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azole sequence that includes a unique phenyloxazole, and
a conserved p-allo-Ile residue.” 4 and 5 are further distin-
guished by dehydroalanine and dehydrobutyrine residues,
respectively. The sequentially linked oxazoles and thiazoles in
these compounds are reminiscent of the cyanobactin and telo-
merase inhibitor, telomestatin (6)."> The BGC encoding 1 (czl)*
is highly conserved with those encoding 2 (aur)® and 3 (ym),*
reflecting their highly similar structures (Fig. 1B). Interestingly,
czlin S. curacoi does not appear to be expressed under standard
cultivation conditions,® which inspired Kaweewan and co-
workers to select rifampicin-resistant mutants of this strain in
order to induce production of 1.* Compounds 1 through 5
exhibit strong anticancer activity, analogous to 6, but do not
appear to target telomerase as a mode of action.®

The basic principles of cyanobactin biosynthesis are best
understood for the patellamide (pat) and trunkamide (tru)
pathways.>***¢ Using nomenclature for the pat pathway,
biosynthesis begins with a precursor peptide (PatE) of approx-
imately 35 to 50 residues in length. Amino acid recognition
sequences that flank a core sequence within PatE are recognized

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Curacozole and related cyanobactin-like molecules. (A) Structures of curacozole and sub-family relatives. (B) Comparison of the pre-

dicted biosynthetic gene clusters encoding curacozole (czl),

aurantizolicin (aur), and YM-216391 (ym), mechercharstatin (mcm), and telomestatin

(tls). Conserved genes share a common color. Predicted functions are shown in the legend. (C) Amino acid sequences of the precursor peptides
CzIA, AurA, Yma, and McmA. The core peptide sequences are highlighted in yellow.

by PatD, an ATP-dependent cyclodehydratase of the YcaO
superfamily,” which catalyzes the formation of oxazoline and
thiazoline rings from Ser/Thr and Cys side chains, respectively,
within the core sequence. The precursor peptide is then cleaved
on each side of the modified core sequence by a pair of serine-
dependent proteases. One protease, PatA, cleaves on the N-
terminal side of the core sequence, followed by the second
protease PatG on the C-terminal side. However, unlike PatA,
PatG functions as a macrocyclase by capturing the peptidyl-acyl-
serine intermediate with the N-terminus of the peptide, result-
ing in N- to C-macrocyclization rather than hydrolysis. The
macrocycle can then undergo dehydrogenation by a flavin
mononucleotide (FMN)-dependent oxidase to produce oxazole
and thiazole rings. In the case of patellamide biosynthesis, the
FMN oxidase is present as a fusion with the macrocyclase PatG;
however, there are examples of stand-alone oxidases, such as
ThcOx, that will convert azolines to azoles.>***®

The conserved BGCs encoding 1, 2, and 3 deviate signifi-
cantly from canonical cyanobactins such as trunkamides and
patellamides, despite featuring similar macrocyclic structures
and multiple heterocycles.'” While the czl, aur, and ym clusters
all contain a gene encoding the cyclodehydratase YcaO (czID for
1), they do not contain conserved genes encoding proteases or
macrocyclases which typify the cyanobactin class of RiPPs."”
Likewise, the sequences czIlE, B1, BC, C1, I, and F have no
homologs in the tru/pat BGCs. Finally, while spontaneous epi-
merization of amino acid side chains is thought to occur in

© 2024 The Author(s). Published by the Royal Society of Chemistry

RiPPs when the corresponding a-carbon is adjacent to a thiazole
or oxazole, presumably through resonance stabilization of an a-
carbanion,*** such a mechanism is not possible to account for
the formation of the p-allo-1le residue in 1, where the a-carbon is
not directly adjacent to such moieties. Intriguingly, the recently
reported BGC for mechercharstatin 5 (mcm)** appears to be
a hybrid of the telomestatin 6 (¢s)** and czl/ym/aur BGCs
(Fig. 1B). Most notably, the genes memG and mcmH encode
proteases homologous to tIsS and ¢sT that are proposed to
mediate cleavage of the flanking peptide sequences and N- to C-
terminal peptide macrocyclization. In contrast, mcmE, mcmF,
and mcml encode homologs of cz/B1, czIC1, and czIE, respec-
tively, which are conserved in the czl/ym/aur BGCs (Table S37).
Finally, the czIF gene (which is distinct from mcmF) is unique to
the czl/ym/aur clusters. Overall, while these studies provide
some insight into the biosynthesis of 1, a minimal BGC for 1
biosynthesis has not been defined, nor have functions been
demonstrated for the conserved genes of the czl/ym/aur BGCs.

Inspired by the unique features of the BGC encoding 1, we
investigated several key aspects of the biosynthesis of this
molecule, including activation of the production of 1, definition
of the minimal biosynthetic gene cluster, processing of
precursor peptide variants, and reconstitution of reactions with
purified enzymes. Overall, these studies expand the impressive
repertoire of RiPP biosynthetic reactions and form a basis for
further investigations of enzyme function in the biosynthesis of
1 and pathway engineering.

Chem. Sci., 2024, 15, 19858-19869 | 19859
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Results

Production of curacozole by S. curacoi is dependent on the
blda-specified Leu-tRNA"Y*

We have previously demonstrated that constitutive expression
of bldA in Streptomyces, even those with functional bldA
sequences, can activate cryptic BGCs and alter secondary
metabolite profiles.*® This includes S. curacoi DSM40107. A
compound 1 with a molecular ion m/z = 741 ((M + H]") had been
observed previously in liquid cultures of S. curacoi/pTESa-bldA,
a strain expressing a copy of bldA from the ermE* promoter in
the integrative plasmid pTESa.*® Here we confirm that 1 corre-
sponds to curacozole. It is also observed that bldA influences
production of 1 by S. curacoi when grown on solid media.
Culture extracts from S. curacoi/pTESa-bldA grown on mannitol
soya agar were resolved by UPLC-DAD-MS, showing production
of compound 1 (Fig. 2B). In contrast, 1 is not observed in
cultures of the control strain S. curacoi/pTESa (Fig. 2A). Inter-
estingly, production of 1 by S. curacoi/pTESa-bldA in liquid
culture is highly sensitive to conditions that promote dispersed
cell mass. Specifically, production of 1 is observed in shake
flasks containing metal springs, which promote dispersed
growth (Fig. 2D), but not in flasks lacking springs (Fig. 2C).
Compound 1 was purified from a 6 L liquid culture of S. curacoi/
pTESa-bldA through a sequence of solid-phase extraction,
reverse phase (Cyg), and silica gel chromatography, yielding
251 mg of curacozole (42 mg L~ " culture purified yield). Data
obtained from high-resolution MS" and multidimensional
NMR spectroscopy is consistent with previously reported char-
acterization for curacozole (Tables S1 and S2, Fig. S2 to S4+).""*
The effect of bldA on production of 1 is notable because the
native sequence of bldA on the S. curacoi chromosome (acces-
sion NZ_KQ947984.1) is predicted to encode a correctly folded
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Leu-tRNAY" molecule (Fig. S1Bt). Also attesting to the func-
tionality of the native bidA gene is the ability of the wild-type
strain to produce abundant spores when grown on solid
media (Fig. S1At). Additionally, the effect of bldA on expression
of the czl BGC appears to be indirect, as no genes within the cz/
BGC contain TTA codons. The flanking czIK sequence contains
a single TTA codon, specifying Leu47 of the encoded enzyme.
However, as shown below, czIK is not necessary for biosynthesis
of 1.

Definition and mutagenesis of a minimal curacozole BGC

A sequence of approximately 11 kbp spanning the putative BGC
for 1 (genes czII through czIK) was PCR amplified from S. curacoi
genomic DNA and cloned into the integrative plasmid pTESa,
yielding pTESa-czl (Tables S4 and S5t). Plasmid pTESa-czl was
introduced into S. coelicolor CH999 via intergeneric conjuga-
tion. Cultivation of S. coelicolor/pTESa-czl in liquid media fol-
lowed by LC-MS analysis of a culture extract revealed a peak with
the same retention time and m/z value (741, [M + HJ') as 1
produced by S. curacoi/pTESa-bldA (Fig. 3, I and II). No such
peak is observed in the control strain containing the empty
plasmid, S. coelicolor/pTESa (Fig. 3, III). To further refine the
boundaries of the czl BGC, the flanking genes czlI, czlJ, and czIK
were deleted from pTESa-czl. The gene cz/I, which is conserved
in the ym and aur BGCs, is predicted to encode an enzyme of the
cupin superfamily and resides immediately upstream of the
pre-peptide gene cz/A. LC-MS analysis of extracts from S. coeli-
color/pTESa-czIAI revealed continued production of 1 (Fig. 3,
V), indicating that czII is not essential for biosynthesis. CzIK
and czlJ, encoding a serine hydrolase and a protein of unknown
function, respectively, appear at the opposite end of the cz/
cluster relative to czII and are not conserved in the ym and aur
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Fig.2 Curacozole productionin S. curacoi is sensitive to bldA expression and cultivation conditions. (A) UPLC chromatogram (A = 300 nm) of an
extract from S. curacoi/pTESa grown on MS-agar. (B) Corresponding extract from and S. curacoi/pTESa-bldA. The curacozole peak is labelled as
1. (C) Extract from S. curacoi/pTESa-bldA grown in liquid culture without metal springs in the shake flask for dispersed growth (D). Extract from S.

curacoi/pTESa-bldA grown in liquid culture with metal springs.
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(A) Mutational analysis of the curacozole BGC in S. curacoi-bldA and the heterologous host S. coelicolor/pTESa-czl. Normalized

extracted-ion chromatograms for m/z = 740-742 corresponding to curacozole are shown. (B) Extracted ion chromatograms for heterologously
produced CzI|A variants yielding curacozole derivatives. Observed m/z values are indicated for the numbered peak in each chromatogram. S.
lividans AYA9 was used to produce 7 and 9, while S. coelicolor CH999 was used to produce 8, 10, 2, and 11.

BGCs. Production of 1 is also observed in the culture extract of
S. coelicolor/pTESa-czIAJK (Fig. 3, V), indicating that czlJ and czIK
are not necessary for biosynthesis. In contrast, deletion of czID,
czIC1, czIF, and czIBC in S. coelicolor/pTESa-czl led to loss of
production of 1 (Fig. 3, VI to IX), as did disruption of c¢zIE and
czIB1 in S. curacoi-bldA (Fig. 3, X and XI). These experiments
demonstrate that the minimum BGC for biosynthesis of 1
consists of the seven genes: czIA, D, E, B1, C1, F, and BC.

The substrate flexibility of the biosynthetic pathway leading
to 1 was examined by expressing variants of the precursor
peptide CzlA. Mutant czIA sequences encoding substitutions

© 2024 The Author(s). Published by the Royal Society of Chemistry

within the core peptide sequence FIIGSTCC,g ,s were intro-
duced into pTESa-czl, which in turn was transformed into S.
coelicolor CH999 and S. lividans AYA9. Six CzIA variants with
core peptide sequences WIIGSTCC, YIIGSTCC, FILGSTCC,
FIVGSTCC, FIIGSSCC and FIIGSSSC (substituted residues
underlined) were successfully processed by the pathway to form
the expected curacozole derivatives 7, 8, 9, 10, 2, and 11, as
detected by LC-MS analysis of culture extracts (Fig. 3B). It is
notable that while CzIA F18W and F18Y variants are successfully
processed by the pathway, yielding indole and 4-hydrox-
yphenyloxazole derivatives 7 and 8, the CzIA F18V variant did

Chem. Sci., 2024, 15, 19858-19869 | 19861
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not yield a product (data not shown). Therefore, the presence of
an aromatic amino acid at position 18 in the CzIA sequence
appears to be essential for full pathway processing.

Co-dependent cyclodehydratase and dehydrogenase activities
of CzID and CzIBC

The czID sequence encodes a hypothetical YcaO family cyclo-
dehydratase,” while czIBC encodes a hypothetical E1-like/
dehydrogenase fusion enzyme (Table S31). It has been hypoth-
esized that CzID will form the oxazoline/thiazoline rings of
curacozole, followed by oxidation by CzIBC to form the final
oxazole/thiazole moieties.”** To assign specific functions to
these enzymes, we first modelled the structures of CzID and
CzIBC using AlphaFold2.** The top ranked models were
submitted to the DALI Server® to search the Protein Data Bank
(PDB) for structural homologs. From the search with CzID, the
top hit was LynD (PDB ID: 4VIV, RMSD = 3.4 A, Z = 31.8), a YcaO
family cyclodehydratase from the aestuaramide pathway
(Fig. 4A, Fig. S9A and BY).2**” Interestingly, the peptide-binding
domain observed in the structure of LynD is not present in
CzID, which consists solely of the catalytic YcaO domain. A
comparison of the ATP-binding site of LynD with the CzID
model reveals several conserved residues involved in ATP and
Mg>* binding (Fig. 4A, Fig. S9C and $10%). The binding of the
precursor peptide CzlA to CzID was also modelled using
AlphaFold2 (Fig. S9D and Eft).>* This model revealed that the

View Article Online
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STCC,,-s6 sequence of CzlA, which are converted to oxazoles
and thiazoles in 1, is positioned adjacent to the predicted ATP-
binding site of CzID. This predicted binding mode of CzIA is
consistent with the predicted ATP-dependent cyclodehydratase
activity of CzID. To test this prediction, CzID and CzIA were
expressed and purified from E. coli (Table S6, Fig. S5 and S67),
then incubated together in the presence of ATP. However, no
reaction with CzIA was observed over 24 hours at 25 °C by UPLC-
MS analysis (Fig. S137). This indicates that the CzID/CzlA model
is not representative of a reactive complex.

We next examined the model of the putative dehydrogenase,
CzIBC. A DALI* search of the PDB identified the top structural
homolog as TheOx (PDB ID: 5LQ4; RMSD = 3.8 A, Z = 24.8)."°
ThcOx is a stand-alone cyanobactin oxidase comprised of an N-
terminal, E1-like domain that is predicted to bind the leader
sequence of the peptide substrate, and a C-terminal FMN-
dependent catalytic domain.’®® CzIBC shares both the
peptide-binding and FMN-binding domains of ThcOx, along
with several conserved FMN-binding residues (Fig. S9F-H, K
and S127). A complex of the precursor peptide CzIA bound to
CzIBC was modelled using AlphaFold2,* revealing a beta-strand
formed by CzIA residues 9-29 bound to the N-terminal E1-like
domain of CzIBC (Fig. 4B, S9I and Jt). In this model the N-
terminal sequence of CzlA (IEEVDIEVGFIL,_,,) is predicted to
form a B-strand that continues the 2-stranded antiparallel B-
sheet of CzIBC's El-like domain (residues 176-192). This is

Fig. 4 CzID and CzIBC structure predictions from AlphaFold2 (A and B) and AlphaFold3 (C and D). (A) CzID (purple) aligned with LynD (PDB ID:
4V1V; RMSD = 3.4 A, Z = 31.8). The precursor peptide bound to LynD is shown in yellow. Active site residues of LynD and the bound ATP analog
ANP are shown as sticks. Metal ions Mg®* and Zn* are shown as spheres. (B) CzIA (cyan) complexed with CzIBC (yellow). (C) Model of the (CzID/
BC), complex bound to two CzlA peptides. CzID monomers shown in purple and magenta; CzIBC in yellow and orange; CzlA in cyan and teal.
CzlA residues S22, T23, C24, and C25 are shown as sticks. (D) The beta-sheet interaction between CzIlA and CzIBC in the (CzID/BC/A), complex.

19862 | Chem. Sci, 2024, 15, 19858-19869

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc02262a

Open Access Article. Published on 05 November 2024. Downloaded on 7/14/2025 9:44:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

followed by a variable loop containing the middle of the core
peptide (GS,i, »,) and then a second, short pB-strand
(TCCSLEM,;3_,0). Overall, the predicted binding mode of CzIA to
the N-terminal E1-domain of CzIBC collectively creates a 4-
stranded antiparallel B-sheet (Fig. 4B) which resembles the
peptide binding domain architecture of cyclodehydratases such
as PatD or LynD." The predicted binding mode places the core
peptide sequence of CzlA approximately 30 A from the FMN co-
factor binding site of CzIBC. Therefore, a conformational
change in CzIBC or an alternative binding mode for CzlA would
be necessary for oxidation to occur, which may be induced by
complex formation with CzID.

Because CzID alone failed to convert the pre-peptide CzIA
(Fig. S13t), the combined activities of CzID and CzIBC towards
CzIA were examined in vitro. CzIBC was expressed and purified
from E. coli (Fig. S7t). A reaction mixture consisting of 5 pM
CzID, 5 pM CzIBC, 50 uM CzIA, 50 uM FMN, 1 mM ATP, 5 mM
MgCl, (pH 7.5) was incubated at 25 °C for 24 hours. The peptide
product was then proteolyzed using endoproteinase GluC to
release the CzlA;¢ 5 sequence encompassing the core peptide
then analyzed by UPLC-MS. The calculated mass of CzlA;¢ 55 is
1327.6152 Da, and the corresponding M + 1 ion at 1328.6 m/z
was observed at 6.3 min (Fig. 5A, upper panel). After the reac-
tion, an additional peak at 1308.6 m/z was observed at 6.6 min
(Fig. 5A, lower panel). This mass change corresponds to a single
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cyclodehydration (—18 Da) and desaturation (—2 Da) of a Ser,
Thr, or Cys side chain to form an oxazole or thiazole moiety.
Reaction of CzID and CzIBC with the CzIA variants C24S, C258S,
and C24S/C25S also produced a 20 Da mass loss, indicating that
heterocyclization was not occurring at either Cys residue
(Tables S7 and S8, Fig. S14f). Next, MS/MS based peptide
sequencing was used to identify the heterocyclized residue.
Reaction products derived from CzlA and CzIA C24S/C25S were
treated with GluC to release the CzlA;4_,5 sequence. The MS/MS
fragmentation spectrum of the CzlA;6 3 sequence indicates
that Ser22 in both variants was converted to an oxazole (Fig. 5B
and S157).

The co-dependence of CzID and CzIBC for heterocyclization
of CzlA implies formation of a reactive protein complex. A
protein complex consisting of CzID/BC/A could not be observed
by size exclusion chromatography as the individual proteins
alone or together eluted with the void volume (data not shown).
An AlphaFold3*® model of the CzID/BC/A complex shows
a similar binding mode between CzID and CzIA, but the B-sheet
interaction between CzlA and BC is absent (Fig. S11A and BfY).
However, as ThcOx" is biologically relevant as a homodimer, we
surmised that including two copies of CzIBC and CzID may
represent a reactive complex. The AlphaFold3 *® prediction of
the corresponding (CzID/BC/A), complex reveals a hetero-
tetramer of CzID and CzIBC, where two CzID/BC heterodimers

OH  CzID CziBC
-.L)J\ S\g ATP ; —>\r’ ;
ADP, Pi FMNH2
A 100 H B Yi2 <20 y11 =20 yy0 -20 yg -20 yg -20
80
9 CzlA Vv G F | | G S T C C S E
= 6.3 min
= 60
g 1328.6 m/z b,  bs bg -20 by-20 by -20 by,-20 bys-20
é 100 892.22
k] “ Yo -20
& % by, -20
20 80 Y10-20 1048.26 by, -20
1005.29 1161.37
70
0 2
100 E
> 60
2
—~ 80 8
9 €
= CzIA-Ox ® b 20
% a0l . 2 -
g% 6.6 min § Yi -20 1290.49
£ 1308.6 m/z 1152.44
2 w0 CzIA ys -20 by -20
k] 6.3 min 77920 8~ b, -20
5] 858.35 10 ~ Y12-20
L 1328.6 m/z J 961.43 \ 1209.45
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Fig. 5 Cyclodehydratase CzID and dehydrogenase CzIBC combine to form an oxazole on Ser22 of CzIA. (A) UPLC-MS analysis of the cyclo-
dehydration and dehydrogenation of CzlA by CzID and CzIBC, respectively, followed by proteolysis by GluC to produce the CzlA;5_,5 Sequence.

Upper panel shows SIR of CzlAjg_»g at 1328.6 m/z. Lower panel shows

5-channel SIR at 1328.6 m/z and the expected m/z for 4 sequential

heterocyclization/oxidation reactions (1308.6, 1288.6, 1268.6, and 1248.6 m/z). (B) MS/MS sequencing. The oxazole-containing CzlA was
trimmed with GluC to release the CzlAj¢_»g sSequence, which was then sequenced by MS/MS fragmentation of the molecular ion (m/z = 1308.6,

[M + HI*). lons that deviate by m/z = —20 from the calculated values for
highlighted as a red sphere.
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interface through CzIBC (Fig. 4C, S11C and D). In this model,
the N-terminal E1-like domain of CzIBC maintains the B-sheet
interaction with the N-terminal leader sequence of CzlA, while
the core peptide sequence of CzIA projects into the active site of
CzID (Fig. 4D). Overall, CzIBC is predicted to assist catalysis of
CzID by forming a protein complex as well as by binding the
precursor peptide via the E1 domain.

CzIl is a Fe/20G dependent dioxygenase that creates a CzIA
Phe18Tyr variant

Czll is predicted to specify a metalloenzyme belonging to the
JmjC subfamily of cupin enzymes (Table S37). To investigate the
function of CzlI, the structure was first predicted using Alpha-
Fold2 (Fig. S16A and BY).>* The top structural homolog identi-
fied by DALI* is Bacillus subtilis YXbC, a putative Fe(u) and 2-
oxoglutarate (20G)-dependent dioxygenase (PDB ID: 1VRB,
RMSD = 3.34,Z = 23.7). In the active site of Czll, His 145, Asp
147, and His 224 align with the 2 His/1 Asp motif of the YxbC
which are used to bind the catalytic Fe(u) ion (Fig. 6A and S177).
Binding of peptide CzIA to Czll was modelled using Alpha-
Fold2.?* In this model, CzIlA is observed to bind across the active
site with Phe18 positioned next to the predicted site of the
catalytic Fe(u) ion (Fig. 6B, C and S16C, D).

Based on this structural analysis, we predicted that CzlI
would perform a Fe(u) and 20G-dependent oxidation reaction
on Phe18 of CzIlA. To test this hypothesis, Czll was expressed
with an N-terminal Hise tag in E. coli and purified to homoge-
neity by immobilized metal affinity chromatography (Table S6
and Fig. S8t). A reaction mixture consisting of 5 uM CzlI, 50 uM
CzlA, 1 mM 20G, 100 uM ammonium iron(u) sulfate, and 200
uM ascorbic acid (pH 7.5) was incubated at 25 °C for 18 hours.
The peptide product was digested with GluC to release CzlA;4-
28, followed by UPLC-MS analysis. Compared to unmodified
CzIA (Fig. 7A, upper panel), reaction with Czll yields a new peak
with 1344.6 m/z (Fig. 7A, lower panel). This corresponding
increase in mass by 16 Da is consistent with incorporation of
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a single oxygen atom. An equivalent mass change is observed
directly on the intact peptide (Fig. S18A1). No change in the
mass of CzlA was observed when 20G was omitted from the
reaction (Fig. S18B, Table S9t). Likewise, no mass change was
observed when CzII was reacted with the variant CzIA F18G
(Fig. S19%), implying Phe18 was the modified residue. Pre-
treating CzlA with GluC followed by reaction with CzII showed
minimal conversion of the resulting CzlA;6 ,5 peptide to the
hydroxylated product (Fig. S18Ct), indicating that the
sequences flanking the core peptide of CzIA are also necessary
for activity. MS/MS based peptide sequencing of the modified
CzlA 6,5 peptide confirmed that Phel8 was the site of oxygen
incorporation (Fig. 7B).

We next determined the position of oxygenation on Phe18 of
CzIA. Hydroxylated CzlA was subjected to total acid hydrolysis
followed by reaction of the liberated amino acids with dansyl
chloride. The resulting dansylated amino acids were resolved by
UPLC-MS along with dansylated amino acid standards. CzlI-
modified CzIA produces dansylated Phe (Fig. 7C, I and III) in
addition to a new peak that co-elutes with dansylated Tyr
(Fig. 7C, I and IV), which was confirmed by spiking the sample
with dansylated Tyr and observing an increase in the size of the
peak (Fig. S20A and Bt). This result is consistent with two Phe
residues, Phe2 and Phel8, in the CzlA sequence, with Phe 18
being converted to Tyr. Reaction of CzIA with CzII in the absence
of the co-substrate 20G does not produce the dansylated Tyr
peak (Fig. S20Ct), which is consistent with the 20G-dependence
of CzlI, and the absence of a Tyr residue in the CzIA sequence.
Peaks corresponding to dansylated r-meta-Tyr, p/-ortho-Tyr,
and p/i-phenylserine are not observed as products of Czll-
modified CzlA (Fig. S21t). Because the pathway for 1 can
process the CzIA F18Y variant to form the hydroxylated deriva-
tive 8 (Fig. 3B, II), we hypothesized that S. curacoi-bldA would
also produce this derivative through the activity of Czll. This
proved to be the case, whereby the extracted ion chromatogram
of the S. curacoi-bldA culture extract revealed a peak with the

T,

\Fe

H224

V,e \/Hv
b ~ D14 /K ~ \,

-

.3 &

Fig.6 Fe/20G dioxygenase Czll structure predictions from AlphaFold2. (A) Czll (green) aligned with a predicted asparaginyl hydroxylase (PDB ID:
1VRB; RMSD = 3.3 A, Z = 23.7) shown in tan. Metal ion Fe?* is shown as an orange sphere and water molecules are shown as smaller red spheres.
Labelled iron-coordinating residues are shown as sticks. (B) CzlA (cyan) complexed with Czll (green). (C) The putative active site residues of Czll

(green) complexed with CzIA (cyan). Metal ion Fe*
CzIA is shown as pink sticks.
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Fig.7 Czll oxidatively converts Cz|A to CzIA F18Y. (A) UPLC-MS analysis of the hydroxylation of Cz|A by Czll. Upper panel shows SIR of CzlAjs_2s
at 1328.6 m/z, with core peptide sequence shown in parentheses. Lower panel shows SIR of CzlA following reaction with Czll with a smaller peak
at 1328.6 m/z and a larger peak at 1344.6 m/z. The m/z value increases from substrate to product by a value that corresponds to addition of
oxygen (+16 Da). See Table S97 for calculated and observed masses. (B) MS/MS sequencing of hydroxylated CzlA. The peptide was trimmed with
GluC to release the CzlA;5_»g sSequence (shown above), which was then sequenced by MS/MS fragmentation of the molecular ion at 1344.6 m/z
(IM + HI*). lons that deviate by m/z = +16 from the calculated values for the native CzIA sequence are indicated. The hydroxylated Phel8 residue
is highlighted with a green sphere. (C) UPLC-MS analysis of dansylated amino acids arising from acid hydrolysis of hydroxylated CzIlA. The
chromatograms show single ion recordings (SIR) for dansylated phenylalanine (DNS-Phe, m/z 399.13) and dansylated tyrosine (DNS-Tyr, m/z
415.12). Chromatograms () and (ll) correspond to amino acids derived from hydroxylated CzlA, while (lll) and (V) correspond to standards of
dansylated Phe and Tyr. Additional SIR chromatograms were recorded for dansylated p/L- and L-phenylserine, L-meta-Tyr, and p/L-ortho-Tyr
(see Fig. S187). (D) Extracted ion chromatogram (m/z 756-758) of an S. curacoi-bldA extract. The observed m/z value of the peak corresponding
to the hydroxylated derivative 8 formed by the activity of Czll is indicated.

expected m/z value for hydroxylated 8 (Fig. 7D). Overall, these
results indicate that CzlI oxidatively converts CzIA to form
a CzIA F18Y variant, which is ultimately processed by the
curacozole pathway to form a hydroxylated curacozole deriva-
tive 8.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Discussion

The czl cluster encoding 1 is an interesting example of a cryptic
BGC. The bldA specified Leu-tRNA”* molecule is necessary for
translating UUA codons, which are rare in Streptomyces
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genomes and tend to be found in regulatory and biosynthetic
genes.” Mutations in bldA have long been shown to disrupt
sporulation and secondary metabolite biosynthesis in Strepto-
myces.>® This has led to the hypothesis that bldA and TTA
codons form a mechanism for regulating the biosynthesis of
bioactive molecules in Streptomyces.** Constitutive expression of
bldA in S. curacoi and other Streptomyces has been shown to
activate or enhance production of secondary metabolites,
including annimycin and nucleocidin in S. calvus,>?** peuce-
mycin in S. peucetius,* jadomycin in S. venezuelae,** milbemycin
A, in Streptomyces sp. BB47,%> nosokomycin A in S. ghanaensis
B38.3,’® daunorubicin in S. peucetius ATCC 27952, and asca-
mycin in Streptomyces sp. 80H647.%® In the case of S. curacoi,
bldA expression has a potent effect on the production of 1, with
levels of 1 rising from below detection limits in the wild-type
strain to 42 mg L™ culture in the S. curacoi/pTESa-bldA strain.
In contrast, 2 mg L™' culture of 1 was obtained from the
rifampicin resistant mutant S. curacoi R25 reported by Kawee-
wan and co-workers." Because yields of cyanobactins and
cyanobactin-like compounds are typically poor in native
producers, methods such as heterologous expression, opti-
mizing metabolic pathways, and genome engineering have been
used to improve titres or produce derivatives, including telo-
mestatin 6 (5 mg L™ "),? patellins (27 mg L™ '),** aurantizolicin 2
(5-10 mg L™"),* and YM-216391 3 (4-36 mg L™ ")."*** The high
titre of 1 induced by bldA expression in S. curacoi is notable in
this context and serves as a good starting point for pathway
engineering.

The minimum BGC encoding 1 has been established
through gene deletion and heterologous expression studies as
the seven genes czIA, D, E, B1, C1, F, and BC. The flanking genes
czll, czl], and czIK, while not essential, may play a regulatory or
auxiliary role in the biosynthesis of 1 in S. curacoi, which is
bypassed through heterologous expression of the seven essen-
tial genes from the strong constitutive promoter, ermE*. Inter-
estingly, studies by Guo and co-workers have shown that the ym
BGC encoding 3 is transcribed as an eight-gene cistron (ymI to
ymBC) under the control of a single promoter, likely that of ymI
(equivalent to c¢zII).** In vitro studies have now assigned func-
tions to CzID (YcaO cyclodehydratase), CzIBC (FMN-dependent
oxidase), and CzlI (peptide-specific Fe/20G oxygenase). This
leaves CzIE, B1, C1, and F with experimentally undefined roles.
In the pathway for 5, deletion of mcmE, the homolog of cz/B1,
abolishes production of 5 and instead yields an interesting
macrocycle that is larger by two amino acids and retains the
phenylserine.*® CzIB1 is likewise shown to be essential for
biosynthesis of 1. This suggests a role for CzIB1 and McmE as
cyclodehydratases to form the phenyloxazole. CzI/E encodes
a predicted P450 monoxygenase, and is thought to add
a hydroxyl group to the B-carbon of Phe to form a phenylserine
residue."* As shown here, czIE is essential in the biosynthesis of
1, as is the homolog mcmlI in the pathway for 5.>* However, the
activity of CzIE or its homologs has not yet been reconstituted in
vitro, therefore the details of this reaction remain unknown.
CzIC1 and czIF encode proteins of unknown function yet are
shown in this work to be essential for production of 1. While
both ¢zIC1 and czIF sequences are conserved in the ym and aur

19866 | Chem. Sci, 2024, 15, 19858-19869

View Article Online

Edge Article

BGCs, only czIC1 has a homolog, mcmF, in the BGC for 5.*
Finally, the minimal BGC for 1 is notable for lacking the class-
defining cyanobactin biosynthetic genes encoding enzymes that
would catalyze proteolysis and macrocyclization to form 1. Such
functions might be encoded by czI/E, B1, or F. It is also possible
that proteolysis and/or macrocyclization may be carried out by
proteases that are endogenous to Streptomyces. A similar
phenomenon is observed in the biosynthesis of 6: when ¢/sS and
tisT, encoding predicted peptidases (Fig. 1), are deleted, heter-
ologous production of 6 is reduced but not abolished.??

Heterocyclization of serine, threonine, and cysteine side
chains to form oxazoles and thiazoles is a distinctive feature of
cyanobactins that is shared by the cyanobactin-like family rep-
resented by 1. The YcaO family cyclodehydratase CzID, in
combination with the FMN-dependent oxidase CzIBC, is shown
to convert Ser22 of the precursor peptide CzlA into an oxazole.
This is the first residue of the CzlA STCC,, ,5 sequence that
yields a sequence of oxazole-methyloxazole-thiazole-thiazole
in 1. In contrast, TruD has been shown to form heterocycles
starting with the most C-terminal residue (in this case Cys) of
the core sequence of the peptide substrate.** CzID and CzIBC
also convert Ser22 to an oxazole when the Cys residues of the
STCC,,»5 sequence are substituted for Ser. However, in all
cases, additional heterocycles are not formed by CzID and
CzIBC. This may stem from the requirement of other modifi-
cations to occur on CzlA before other heterocycles can be
formed. Notably, heterocyclization operates by a specific order
in the biosynthesis of 5, where the first three heterocycles are
not formed by McmB/C/D1 on the precursor peptide until the
dehydroalanine residue is created.”

CzID was unable to form an oxazoline on CzIA in the absence
of CzIBC, suggesting that CzIBC is providing a required func-
tion. The predicted structure for CzID lacks an E1-like peptide-
binding domain that is observed in other YcaO enzymes such as
LynD or PatD." In these enzymes, the E1 domain engages the
peptide substrate while the YcaO domain catalyzes ATP-
dependent backbone amide activation and heterocycliza-
tion.>** The AlphaFold2 model for CzID predicts binding of the
core peptide sequence of CzlA within the ATP-binding site.
However, the AlphaFold2 model for CzlA bound to CzIBC shows
the leader peptide of the former continuing the -sheet topology
of the El-like “C” domain of the latter. This resembles the
binding mode of a precursor peptide substrate to the aestuar-
amide cyclodehydratase LynD, where the leader peptide binds
to and extends the 3-stranded B-sheet of the E1-like domain to
create a 4-stranded anti-parallel B-sheet.>* However, an Alpha-
Fold3 model of (CzID/BC/A), complex combines these interac-
tions, with CzIBC binding the leader sequence of CzIA, while the
core peptide sequence of the latter is bound to the active site of
CzID. Therefore, it is possible that CzID requires CzIBC for
recruitment of the CzlA peptide for processing. Interestingly, in
the pathway for 5, the oxidase “B” and E1-like “C” components
occur as separate proteins.*

CzlI is shown to be a Fe/20G dependent dioxygenase, and the
first example of a phenylalanine-specific peptide hydroxylase.*
Out of two possible Phe residues in the CzlA substrate, only
Phel8 is converted to Tyr. The corresponding CzlA F18Y

© 2024 The Author(s). Published by the Royal Society of Chemistry
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product is processed by the pathway to form a new curacozole
derivative 8 with a p-hydroxyphenyloxazole group. Furthermore,
the production of 8 through the activity of CzlI was confirmed in
S. curacoi-bldA culture extracts. The activity CzII as a peptide
hydroxylase is also dependent on the sequences that flank the
core peptide of CzlA, as shown by minimal conversion of
a truncated CzlA;¢,5 sequence. Fe/20G-dependent dioxyge-
nases are commonly found as tailoring enzymes in biosynthetic
pathways and in the post-translational modification of
proteins.**® CzII belongs to the Jumonji-C (JmjC) subfamily of
Fe/20G oxygenases, which includes enzymes that hydroxylate
amino acid residues of proteins (e.g.: Lys, His, Asn, Asp), as well
as demethylate N-methylated Lys and Arg residues of various
protein targets, such as histones, as a mechanism of epigenetic
regulation.*>*® CzlI also joins a small but emerging group of Fe/
20G enzymes acting on peptides during RiPP biosynthesis,
including CinX (B-hydroxylation of Asp in cinnamycin),** ThoJ
and Tsa] (B-hydroxylation of dimethyl-His in thioholgamide and
thiostreptamide S4),°> and CanE (B-hydroxylation of Asp in
canucin A).*® Interestingly, a predicted P450 monoxygenase,
TaaCYP, is proposed to generate an ortho-tyrosine residue in
thioalbamide.** Analogous to these examples, CzII serves as
a tailoring enzyme to enhance the structural diversity of prod-
ucts that are generated by the pathway.

Conclusions

Curacozole is representative of an outlying group of
cyanobactin-like molecules that deviate biosynthetically from
canonical cyanobactins such as patellamides and trunkamides.
A minimal biosynthetic gene cluster has been determined for
the biosynthesis of curacozole consisting of seven genes, czIA,
D, E, B1, C1, F, and BC. The expression of this BGC is cryptic in
the host strain Streptomyces curacoi, and shows a dramatic
dependence on the bldA gene, encoding a rare Leu-tRNAYYA
molecule. The high titre of curacozole produced in S. curacoi
upon constitutive bldA expression, in addition to the tolerance
of the pathway to substitutions in the core peptide sequence of
precursor peptide CzlA, make this a promising system for
producing curacozole derivatives with new bioactivities.
Knowledge of the minimal curacozole BGC also sets the stage
for functional analysis of the encoded enzymes and defining
a biosynthetic pathway. To this end, two early steps in the
biosynthesis of 1 and derivatives have been established. The
cyclodehydratase CzID, in combination with the FMN-
dependent oxidase CzIBC, create a single oxazole on the
precursor peptide CzIA from Ser22, while the Fe/20G-
dependent dioxygenase CzII initiates the biosynthesis of
a derivative of 1 by hydroxylating Phe18 of CzIA to form a CzIA
F18Y variant. The timing and enzymes required to perform the
subsequent transformations on CzIlA, such as epimerization of
Ile19, B-hydroxylation of Phe18, formation of two additional
oxazoles and two thiazoles, and macrocyclization, remain to be
determined. For this reason, the curacozole biosynthetic
pathway has more to contribute to the rich repertoire of RiPP
biosynthetic enzymes.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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