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Cytochrome P450 enzymes in ribosomally synthesized and post-
translationally modified peptides (RiPPs) catalyze C-C, C-N, or
C-0O cross-linking reactions in the biosynthesis of biaryl cyclo-
phane natural products. Here, we manually identified 127 homo-
logous P450s linked to putative precursor peptides containing
the YPW motif. Through in vivo functional studies in Escherichia
coli, the newly identified enzyme MpoB from Micromonospora
polyrhachis DSM 45886 was found to catalyze the formation
of a cross-link between Tyr-C3 and Trp-N1 at the YPW motif. This
result provides an additional toolkit for cross-linked peptide
modification.

Introduction

Ribosomally synthesized and post-translationally modified
peptides (RiPPs) are a rapidly growing class of peptide natural
products defined by their post-translational modification."?
Cross-linking of peptides is an important chemical feature that
improves the stability and biological activity of peptides.> An
important example is the natural product, darobactin A, a
heptapeptide composed of two three-residue motif cyclophanes
that targets the essential outer membrane protein BamA of
Gram-negative bacteria, a mechanism distinct from all cur-
rently known targets.*® Recently, cytochrome P450-RiPP
was discovered as a group of enzymes that catalyze biaryl
cyclophanes between two aromatic amino acids on the precur-
sor peptides.” " These biaryl cross-linked peptides installed
by cytochrome P450-RiPP are collectively named as cyptides.®
In contrast, the monoaryl cross-links between one aromatic
amino acid and one aliphatic amino acid found in RiPPs are
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generated by radical SAM, DUF3328, and BURP domain
proteins.’>™?

Three-residue motif cyclophanes containing proline are
relatively rare, with only a few examples (Fig. 1A): (1) cross-
linking at the YPW motif catalyzed by cytochrome P450 cyptide
synthases (P450s), MciB from Micromonospora citrea DSM
43903,” SIpB from Streptomyces sp. LaPpAH-199,® and SalP from
Streptomyces californicus NRRL 2423;° (2) cross-linking at the
YPW motif is also found in a natural product, pseudospora-
mide isolated from Pseudosporangium sp. RD062863;* and
(3) cross-linking at the WPR motif catalyzed by radical SAM
enzyme, WprB from Xenorhabdus littoralis psl.>* Among these
P450 enzymes, MciB catalyzes the formation of a cross-link
between Tyr-C3 and Trp-C5,” whereas SIpB and SalP generate a
cross-link between Tyr-C3 and Trp-N1 (Fig. 1B).*° The total
synthesis of Tyr-C3 and Trp-N1 cross-linked at the YPW
motif cyclophane has recently been achieved by Larock
macrocyclization.>®> From a stereochemical perspective, the
geometry of the proline amide bond in macrocyclic peptides
can be either trans or cis.”®® This geometry was determined
based on the, (1) ®*C NMR chemical shift differences between
the CB and Cy positions,* and (2) NOESY correlations.*® The
glycopeptide antibiotic kistamicin also has a cross-link between
Tyr and Trp that is catalyzed by a P450 enzyme, OxyA.*°
Seeing the Tyr-Trp cross-link in the antibiotic structure, we
are interested in expanding the P450 enzymes that catalyze the
cross-link formation at the YPW motif on the precursor
peptides.

Results and discussion

To this end, we used position-specific iterative basic local
alignment search tool (PSI-BLAST)*' to search for homologous
P450 sequences with MciB’ as the query protein. We manually
identified 127 homologous P450 enzymes linked to putative
precursor peptides containing the YPW motif (Table S1,
ESIT). All P450-precursor peptide gene pairs derived from

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Biaryl cross-linked at the YPW motifs generated by cytochrome
P450 cyptide synthases and natural product, pseudosporamide. (B) Pre-
cursor peptide sequences containing the YPW motif. (C) Phylogenetic tree
of known and newly characterized P450 enzymes. (D) Biosynthetic gene
cluster of mpo. Cross-link formation on the structures is shown as red
bonds. Known and newly characterized P450 enzymes/precursor peptides
are shown as grey colored letters and black colored bold letters, respec-
tively. YPW motifs on the precursor peptide sequences are shown in bold.

actinobacteria, of which 90.6% were from Streptomyces (115), and
9.4% were from other bacterial genera such as Micromonospora (4),
Actinoplanes (6), Nocardioides (1) and Pseudosporangium (1). A total
of four different core peptides were identified such as YPWIP (87),
YPWVP (24), YPWH (11) and YPWX; (5). To differentiate these
putative P450 enzymes, all identified P450 enzymes were used to
generate a phylogenetic tree (Fig. 1C and Fig. S1, ESI{). Based on
the relationship with known P450 enzymes and precursor peptide
sequences, we aimed to elucidate the transformation by one P450
enzyme, designated as MpoB from Micromonospora polyrhachis
DSM 45886, which forms a clade containing only two P450
sequences, located between the core peptide groups YPWIP/YPWVP
(SlpB and SalP) and YPWH (MciB). MpoB shares 38-44% amino
acid identity with MciB (38.1%), SIpB (43.9%), and SalP (44.2%).
To validate the enzyme activity, we initiated functional
studies on the precursor peptide with cognate P450 enzyme
found in the biosynthetic gene cluster of mpo (Fig. 1D). The
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precursor peptide MpoA was mutated at K-7 to A, to avoid the
generation of two mixed fragments of DLAGFYPWH and
KDLAGFYPWH after trypsin digestion. The N-terminal Hise-
SUMO tag MpoA K-7A was expressed in Escherichia coli
NiC021(DE3) alone or coexpressed with P450 enzyme MpoB,
purified by Ni-affinity chromatography and digested with tryp-
sin. Comparative analysis of the digests on LC-MS led to the
identification of peak 1 with —2 Da mass loss relative to the
unmodified peptide fragment, peak 2 (Fig. 2A and Fig. S2,
ESIt). The tandem mass spectrometry (MS/MS) analysis loca-
lized the —2 Da mass loss to the YPW motif in fragments 1,
while fragment 2 was determined as unmodified peptide
(Fig. 2B and Fig. S2, ESIt). Next, we performed large-scale
protein expression at 40 L and obtained a 2.2 mg of fragment
1 and 5.2 mg of fragment 2 for NMR characterization.

The residues within the precursor sequence are numbered
‘+1’ from the start of the core peptide YPWH. 1D and 2D NMR
data (HSQC, HMBC, COSY, TOCSY and NOESY) were obtained
for analysis (Fig. S3-S8 and Table S6, ESIT). 2D NMR analysis of
fragment 1 in D,O indicated that Tyr1l was substituted at Tyr1-
C3, based on an aromatic spin system between Tyrl-H5
(6y 6.81; dc 115.7) and Tyrl-H6 (dy 7.06; dc 133.4), and the
overlapping signal at Tyr1-H2 (dy 6.81; dc 130.6) was consid-
ered to have no spin system. This assignment was supported by
the (1) HMBC correlations of Tyr1-H2 to Tyr1-C4 (dc 151.6) and
Tyr1-Ce6, Tyr1-H6 to Tyr1-C2 and Tyr1-C4, and Tyr1-H5 to Tyr1-
C1 (0¢ 126.6) and Tyr1-C3 (d¢ 128.3), and (2) NOESY correla-
tions of between Tyr1-Hp (dy 2.97) and Tyrl-H2 and Tyr1H6
(Fig. 2C). Pro2 was assigned as unmodified and possessed trans
geometry based on the small >*C NMR chemical shift difference
between CB and Cy positions,*® APro2-CB — Pro2-Cy = 5.1 ppm.
Typical cis Pro has a large '*C NMR chemical shift difference,
APro-CB — Pro-Cy = 9.0 to 10.0 ppm.>**” We then focused our
attention on Trp3 and found that all aromatic signals were
present. This was confirmed by the (1) spin systems between
Trp3-Ho (0y 4.55) and Trp3-HP (dy 3.23, 3.05) and between
Trp3-H4, Trp3-H5, Trp3-H6 and Trp3-H7, and (2) HMBC corre-
lations of Trp3-H4 (0y 7.26; d¢c 119.6) to Trp3-C3 (d¢ 113.3),
Trp3-C6 and Trp3-C7a (d¢ 135.7), Trp3-H5 (0y 7.26; d¢ 128.6) to
Trp3-C3a (d¢ 126.5) and Trp3-C7, Trp3-H6 (dy 7.63; d¢ 123.3) to
Trp3-C4 and Trp3-C7a, Trp3-H7 (dy 7.41; d¢ 111.0) to Trp3-C3a
and Trp3-C5, and Trp3-H2 (dy 7.16; d¢ 123.4) to Trp3-C3, Trp3-
C3a and Trp3-C7a. The NOESY spectrum detected correlations
between Trp3-H2 and Trp3-HP (dy 3.23), Trp3-H4 and Trp3-HP
(0g 3.05), and Trp3-H4 and Trp3-Ha, indicating that Trp3-H2
lies on the opposite face of Trp3-H4 and Trp3-Ho. Based on the
above findings, the newly formed cross-link must be formed
between Tyr1-C3 and Trp3-N1 (Fig. 1A), similar to that cross-
linked at the YPW motif installed by SlpB and Salp.®’

Due to the lack of direct 3-bond HMBC evidence from Trp3-
H2 to Tyr1-C3 in fragment 1, we characterized the unmodified
peptide fragment 2 by NMR (Fig. 2D and Fig. S9-S13, ESIt). The
result showed that Tyr1-H2/Tyr1-H6 (dy 6.94; dc 130.8) and
Tyr1-H3/Tyr1-H5 (0y 6.71; ¢ 115.3) are magnetically equivalent
and have the same chemical shifts. In addition to Tyrl in
fragment 2, aromatic signals of Trp3 are also significantly
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(A) In vivo coexpression of Hisg-SUMO-MpoA K-7A + MpoB followed by Ni-affinity purification and trypsin digestion yielded fragments 1 and 2.

The MS spectra and EIC chromatogram of peaks 1 and 2. (B) MS/MS analysis of fragments 1 and 2. (C) 2D NMR correlations of fragment 1 in D,O.
(D) *H NMR spectra of aromatic signals in fragments 1 and 2. Cross-link formation on the peptide sequences is shown as red connectors. The mutated

residue on the precursor sequence is shown as a blue colored letter.

different from fragment 1, example Trp3-H4,5,6,7 (dy 7.51,
7.06, 7.12, 7.31) in 2 and Trp3-H4,5,6,7 (0y 7.26, 7.26, 7.63,
7.41) in 1, indicating that the difference in NMR chemical shifts
between fragments 1 and 2 was due to the newly formed bond
between Tyr1-C3 and Trp3-N1 in 1 (Table S6, ESIT). Other three-
residue YXW motifs with similar cross-links between Tyr1-C3
and Trp3-N1 can be found in a natural product, neopetromin
isolated from sponge Neopetrosia sp.,>> and in a non-native
product generated by P450g,..>%**

Next, we asked whether a non-native cross-linked product
can be formed by MpoB. To test this, we designed precursor
variants consisting of a single amino acid mutation at Tyr1 or
Trp3 of MpoA K-7A (Fig. 3A and Fig. S14-S17, ESIT). Coexpres-
sion of Hise-SUMO-MpoA K-7A,W3Y/W3H/Y1W/Y1H + MpoB,
followed by Ni-affinity purification, trypsin digestion and
LC-MS analysis showed that only the YPY motif was cross-
linked. MpoB most likely has a similar substrate tolerance as
MciB (Fig. 3B).” Due to the lack of material containing the
cross-linked YPY motif, we were unable to characterize this
cyclophane product by NMR. We hypothesize that the structure
may be identical to one of the cross-linked YXY motifs gener-
ated by other P450 enzymes, (1) SlyP and ApyO catalyzing the
cross-link between Tyr1-C3 and Tyr3-C3,”?* and (2) ShyB and
P4505;; H234L,E238N installing the cross-link between Tyr1-C3
and Tyr3-O4 (Fig. 3C).***” Although we are currently unable to
determine the cross-linking at the YPY motif, an effective
method to characterize the cross-linked structure without
using NMR is to use hydrogen deuterium exchange mass
spectrometry.**?”
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Three additional precursor variants were designed with a
mutation at P2F/F-1A/H4A to determine whether cross-link

© 2025 The Author(s). Published by the Royal Society of Chemistry
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formation would be affected by adjacent amino acids that are
not involved in cross-link formation (Fig. 3A and Fig. S18-S20,
ESIT). Coexpression of Hisg-SUMO-MpoA K-7A,P2F/F-1A/H4A +
MpoB, followed by Ni-affinity purification, trypsin digestion
and LC-MS analysis showed no cross-linking. This suggests that
the Phe-1 and His4 residues located before and after the YPW
motif, respectively, are required for cross-link formation by
MpoB. In addition, replacement of Pro2 with the bulky amino
acid Phe did not result in cross-link formation.

The mechanism of P450 enzymes in biaryl cross-linking
reactions has not been investigated. However, most P450
oxidations are thought to occur via the highly reac-
tive iron(v)oxo porphyrin m-cation radical intermediate that
abstracts a hydrogen atom from the substrate.*® The proposed
biaryl cross-linking mechanism involves a second hydrogen
atom abstraction from another aromatic amino acid by the
reactive iron(wv)hydroxide species, resulting in the cross-linking
of two radical species, which then undergo tautomerization to
generate a biaryl cross-linked product.*" For MpoB, the reactive
iron(wv)hydroxide species abstract the second hydrogen atom at
Tyr1-O4, coupling the two radical species, Tyr1-C3* and Trp3-
N1°, followed by tautomerization to yield a YPW cross-linked
product (Fig. 3D).

Conclusions

In conclusion, we manually identified 127 homologous P450s
linked to putative precursor peptides containing the YPW
motif. This led to the identification of uncharacterized P450
enzyme MpoB, which was found to catalyze the formation of a
cross-link between Tyr1-C3 and Trp3-N1 at the YPW motif. This
work further expands the P450 enzymes in catalyzing YPW
motif cross-linking. To our knowledge, MpoB is the third
P450 enzyme, after the highly related SlpB and SalP, that
catalyzes the formation of a C-N cross-link at the YPW motif
on the precursor peptides. However, the precursor peptide
MpoA has a charged His residue at the C-terminus, whereas
SIpA and SalA have hydrophobic Ile-Pro residues at the
C-terminus, meaning that the active sites in MpoB involved
in positioning the core peptide for cross-linking must be
different from that in SlpB and SalP. Although the promiscuity
of SIpB and SalP has not been determined, the present study
indicates that Trp is not strictly necessary for cross-linking and
that MpoB can also generate a cross-link at the YPY motif.
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