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ABSTRACT: Sulfomycins are sulfur-rich, ribosomally synthesized,
and post-translationally modified peptides (RiPPs) that are
characterized by a 35-membered macrocyclic ring system with a
pyridine domain central to five azoles and additional dehydroamino
acids. The pathway through which these large thiopeptide antibiotics
are formed in Streptomyces viridochromogene remains elusive. Starting
with the cloning of the biosynthetic gene cluster of sulfomycins, we
here dissect a two-stage process in which an unusual dehydrogenase
heterotrimer functions with two distinct YcaO proteins to install five
azole heterocycles into the core peptide sequence of the precursor
peptide. The first stage involves the activity of a typical cyclo-
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dehydratase complex composed of a didomain E1-YcaO protein and an F-protein partner to heterocyclize distant residues L-Cys2
and L-Thr9 and then the activity of the heterotrimeric dehydrogenase complex that converts the resulting azolines to azoles. In the
second stage, this dehydrogenase complex associates with a discrete YcaO protein to form an atypical, four-component azole
synthase complex, which is capable of sequentially converting residues L-Cys7, L-ThrS, and L-Serl2 to azoles in a distinct manner.

During this process, an El-like partner protein plays a critical role

and functions through the two stages to mediate a variety of

specific protein—protein interactions. This partner protein participates in the formation of the active dehydrogenase heterotrimer
and the engagement of discrete YcaO activity to form the azole synthase heterotetramer. The findings in this study advance the

understanding in the biosynthesis of different azole-containing RiPPs

and set the stage for the discovery, engineering, and creation of

new thiopeptides using genome mining and synthetic biology approaches.

B INTRODUCTION

YcaO, originally defined to be DUF181 as a domain of
unknown functions, occurs in a growing number of proteins
deposited in sequence databases. Despite their functional
mystery remaining to be completely solved, increasing
evidence, which benefits primarily from genetic and bio-
chemical investigations into the biosynthesis of ribosomally
synthesized and post-translationally modified peptides
(RiPPs)," has revealed a common catalytic feature of YcaO
proteins in adenosine triphosphate (ATP) utilization.””* RiPPs
arise from post-translational modifications (PTMs) of a
precursor peptide, which typically contains a leader peptide
(LP) fused to a core peptide (CP) at the N terminus.' During
the conversion of the C-terminal CP sequence to mature RiPP
product(s), the LP sequence is often necessary for the
recognition and binding of many PTM enzymes, including
the YcaO proteins involved in the formation of azol(in)e
motifs (Figure 1A).* These proteins catalyze five-membered
heterocycle formation through the addition of the nucleophilic
side chain of residue L-Cys, L-Ser, or L-Thr to the preceding
carbonyl group and subsequent phosphorylation of the
hemiorthroamide intermediate with ATP for water elimination.
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The resulting azoline units can be oxidized by a flavin
mononucleotide (FMN)-dependent dehydrogenase (Figure
1A), yielding a more stable, proteolysis-resistant azole
heterocycle-containing peptidyl skeleton that is shared by a
variety of RiPPs (e.g,, linear azole-contain_ing peptides (LAPs),
cyanobactins, and thiopeptide antibiotics™™").

Thiopeptide antibiotics are RiPPs characterized by a six-
membered, nitrogen-containing domain central to multiple
azol(in)es and dehydroamino acids in a macrocyclic ring
system (Figure 1B).” With the progressive emergence of
microbial resistance, interest in these sulfur-rich, highly
modified peptide natural products has recently been renewed
because of their potent activities against various drug-resistant
pathogens and distinct modes of actions from known
chemotherapeutics in clinic use. Thiopeptide antibiotics can
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Figure 1. Azole formation and selected azole-containing thiopeptides. (A) Mechanisms of YcaO protein-catalyzed heterocyclization and
subsequent dehydrogenation of the resulting azoline to azole. Heteroatom O or S in azol(in)e is labeled in red. (B) Structures of thiopeptide
antibiotics GE2270A (29-membered), thiocillin I (26-membered), and sulfomycins (35-membered). Each azol(in)e heterocycle is indicated in

blue.

inhibit bacterial protein synthesis by mechanisms varying with
the size of the characteristic macrocyclic framework.””"" The
29-membered thiopeptides (e.g, GE2270A, GE37468, and
thiomuracin A) act on the elongation factor Tu and thus
disrupt its interaction with the bacterial ribosome. In contrast,
the smaller 26-membered thiopeptides (e.g., thiocillins,
thiostrepton, and nosiheptide) are known to target the 50S
large subunit of bacterial ribosomes and bind within a cleft
located between the L11 protein and 23S RNA to perturb
transcriptional factor binding. The latter mechanism appears to
be shared by 35-membered sulfomycins,'* berninamycin,'* and
TP-1161,"* with the thiopeptides possessing by far the largest
macrocyclic ring and a 2-oxazolyl-3-thiazolyl-pyridine central
domain, although the precise binding manner remains unclear.
In addition to direct bacterial inhibition, the thiostrepton-type
bicyclic members have recently been observed to induce
autophagy in infected cells for indirect pathogen elimination
through an intracellular response.'”

Since the finding of the RiPP origin of thiopeptide
antibiotics ~10 years ago, engineering of the precursor peptide
sequences has been extensively applied for the expansion of
their structural diversity, which in fact is a challenge to current
chemical synthesis approaches, leading to a rapid increase in
new thiopeptide derivatives.'“™'® The creation of naturally
unavailable thiopeptides with expected functionality and utility
is now becoming practical using a synthetic biology strategy,
which largely depends on the knowledge concerning the
catalytic logic and specificity of various PTMs.'”*° Focusing on
the poorly understood biosynthesis of the 35-membered
thiopeptide antibiotics, we here began by cloning the
biosynthetic gene cluster of sulfomycins in Streptomyces
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viridochromogene ATCC 29776. In vivo and in vitro biochemical
studies demonstrated that, different from both 26- and 29-
membered thiopeptides, the biosynthesis of sulfomycins
involves two distinct YcaO proteins functioning with the
same heterotrimeric dehydrogenase complex to process the
precursor peptide in two stages and program the formation of
the five S-membered heterocycles (ie., two thiazoles, one
oxazole, and two methyloxazoles) through a variety of specific
protein—protein interactions. In this process, a four-compo-
nent azole synthase complex that is composed of a discrete
YcaO protein and the dehydrogenase heterotrimer appears to
be unique, thus holding the potential for necessary biologic
element development in the specific design and biosynthesis of
35-membered thiopeptide antibiotics.

B RESULTS AND DISCUSSION

Identification of the Biosynthetic Gene Cluster of
Sulfomycins. Using a pair of degenerate primers (Figure S2)
previously designed for amplification of the genes coding for
thiopeptide-related cyclodehydrases by the polymerase chain
reaction (PCR),”' we cloned a distinct ~0.75 kb DNA
fragment (Py,;) from the genome of S. viridochromogene ATCC
29776. Py, encodes an ~250-aa-long internal sequence of an
YcaO protein (later referred to as SulC). The locus of this
DNA fragment was validated to be related to the biosynthesis
of sulfomycins by inactivation via Py,-based homologous
recombination, which completely abolished sulfomycin
production in S. viridochromogene (Figure S3). The .
viridochromogene genomic library was then constructed and
screened using P, as a probe, leading to the identification of
several overlapping cosmids. Cosmid pSL5001 was chosen for
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Figure 2. Gene cluster, biosynthetic pathway, and proteins related to this study. (A) Organization of the genes responsible for the biosynthesis of
sulfomycins. Gene functions are annotated by colored rectangular blocks at the bottom. (B) PTMs for converting the precursor peptide into
sulfomycin I. Azole hereocycles, dehydroamino acids, and the pyridine central domain that are formed during the biosynthetic process are indicated
by colors. (C) Domain organization of the proteins involved in azole formation. Domain functions are annotated by colored rectangular blocks at

the bottom.

sequencing, yielding an ~38.5 kb contiguous DNA sequence
that contains 26 open reading frames (orfs). On the basis of
sequence analysis, 16 of these orfs (ie, 1S for structural
construction and 1 for self-resistance) were suggested to form
the biosynthetic gene cluster of sulfomycins (sul) in S.
viridochromogene (Figures 2A and S4).

Resembling the biosynthesis of the thiopeptide antibiotics
whose pathways were established, S. viridochromogene employs
a set of enzymes for common PTMs to convert SulA, the
precursor peptide (54-aa) of sulfomycins that contains a 17-aa
CP sequence rich in L-Ser, L-Thr and L-Cys residues (ie.,
SC*’TTT GCTT’SSS'2SSSSS), into a characteristic thiopep-
tide framework by conserved catalytic logic (Figure 2B).%**
These PTMs could start with the formation of azoles, which
was proposed to involve sulBCDEFG, the six genes coding for
the proteins sharing sequence similarity to the components of
known cyclodehydratases and dehydrogenases in azole-
containing RiPP biosynthesis. The resulting linear intermediate
(1) can then be processed by the products of the two genes
sulHI that form a typical dehydratase pair through glutamina-
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tion-coupled elimination to afford double bonds,” followed by
an intramolecular [4 + 2] cycloaddition catalyzed by the
putative sulJ-encoded cyclase to close the 35-membered
macrocyclic ring and provide the pyridine central domain.”*
The remaining five genes (ie., sulKLMNO) are assumed to
encode an (S)-adenosylmethionine (SAM)-dependent protein,
a protein without sequence homology to any known proteins, a
NosA-like protein catalyzing dehydration-based hydrolysis at
the C terminus,” a P450 cytochrome hydroxylase, and a SAM-
dependent O-methyltransferase, respectively. These gene
products might be responsible for specific PTMs of the
peptidyl skeleton (i.e., functionalization of the dehydrated -
Thr3 derivative to an unusual y-hydroxylated Cs residue, tail
cleavage for C-terminal amination, and hydroxylation and
subsequent O-methylation to afford the a-methoxy-substituted
L-Gly6 derivative residue (Figure 2B)).

Analysis of sulBCDEFG Involved in Polyazole For-
mation. The identification of six genes sulBCDEFG potentially
related to azole formation in the sul cluster attracted our
interest. Typically, the characterized biogenesis for each 26- or
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Figure 3. Heterologous expression of azol(in)e-forming genes in E. coli. (A) Examination of azole intermediates. The genes expressed in E. coli
include precursor peptide-encoding gene sulA alone (I) and the combinations of sulA with PTM-encoding genes sulBCDEFG (II), sulBC®"*DEFG
(11), sulBCD*AEFG (IV), sulBCD****EFG (V), and sulBCD"®**EFG (VI). The asterisk represents the mutation of each indicated residue by the
introduction of a stop codon to truncate the protein at its C terminus. (B) Examination of azoline intermediates. The genes expressed in E. coli
include sulA alone (I) and the combinations of sulA with sulBCDEFG (1), sulBCDEF*”?AG (I11), sulBCDEF**7AG (1V), sulBCDEFG®®** (V), and

sulBC (VI).

29-membered thiopeptide involves 3 genes to encode a 2-
component cyclodehydratase complex and a dedicated
dehydrogenase.””® The cyclodehydratase complex catalyzing
heterocyclization for azoline formation is composed of (1) an
Ocin-ThiF-like partner protein (ie, F protein), which is a
homologue of the El-like adenylating protein ThiF (involved
in thiamine biosynthesis) with the fusion of a structurally
conserved domain known as the RiPP precursor peptide
recognition element (RRE), and (2) a didomain protein, which
acts on the precursor peptide for catalysis through interaction
with the F-protein partner by a distinct E1-like domain fused at
the N terminus of a YcaO domain (Figure 2C).> The presence
of closely clustered genes sulB and sulC that respectively
encode an F-protein partner and a didomain E1-YcaO protein
supports the hypothesis that the formation of a canonical
thiopeptide cyclodehydratase complex is necessary for the
biosynthesis of sulfomycins. As expected, the inactivation of
sulC by in-frame deletion (to avoid polar effects on flanking
genes) resulted in a sulfomycin nonproducing, mutant S.
viridochromogene strain (Figure SS). The other four genes
sulDEFG have no counterparts in the biosynthesis of 26- or 29-
membered thiopeptide antibiotics. Both sulD and sulE encode
single-domain proteins (ie., a discrete YcaO protein and an
El-like partner protein, respectively (Figure 2C)). Genes sulF
and sulG are closely clustered and code for the proteins
homologous to the N-terminal catalytic domain and the C-
terminal flavin mononucleotide (FMN)-binding domain of a
typical thiopeptide dehydrogenase, respectively (Figure 2C),
supporting the fact that they function together to transform
azolines to azoles. Notably, the product of sulF is a tridomain
protein. Its N-terminal sequence resembles Mch,Zéb’27 the
partner protein characteristic by an RRE domain and an E1-
like domain in LAP biosynthesis, and thus might provide the
recognition ability for enzyme activity engagement and protein
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interaction. Using a similar deletion approach, we inactivated
sulE, sulF, and sulG individually. None of the mutant strains
can produce sulfomycins (Figure SS5), confirming the
involvement of these genes in the biosynthesis of these 35-
membered thiopeptides.

Examination of the Azole-Forming Process by
Heterologous Expression. With great interest in how
residues 1-Cys2, L-ThrS, 1-Cys7, L-Thr9, and L-Serl2 in the
CP sequence of precursor peptide SulA are selectively
processed to the five azoles occurring in the structure of
sulfomycins (Figure 2B), we utilized a heterologous expression
strategy to examine related azol(in)e intermediates in
Escherichia coli. Extensive attempts revealed that only the
coexpression of sulA with sulBCDEFG produced 1, which was
confirmed to be the expected —100 Da (i.e, —5 X [H,0 +
2H]), linear sulfomycin intermediate that has all five azole
units installed by high-performance liquid chromatography
with mass spectrometric detection (HPLC-MS) and high-
resolution (HR)-MS/MS (Figures 3, S6, and S7). 1 cannot be
produced if any one of the above seven genes was omitted
from E. coli. To functionally assign their roles in azole
formation, we took advantage of this optimized 1-producing E.
coli system in which site-specific mutagenesis was conducted to
investigate the proteins with catalytic activities in order to
minimize unexpected effects arising from the variety of
constructions in the product profile.

First, the two YcaO-related proteins were subjected to
mutations of the shared residue L-Glu for Mg** coordination or
SH/OH side-chain activation by deprotonation at each active
site,”>** leading to the production of variants SulC®7°* and
SulDF%*" in E. coli (Figures 3A and S2). Both mutations nearly
completely abolished the production of 1. Specifically, the
E370A mutation of SulC resulted in the accumulation of
unmodified SulA, supporting that this YcaO activity is

https://dx.doi.org/10.1021/jacs.0c02329
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necessary for PTM initiation. The E199A mutation of SulD
caused the production of two linear intermediates, 2 (—20 Da,
—1 x [H,0 + 2H]) and 3 (=40 Da, —2 x [H,0 + 2H]),
consistent with the formation of one azole and two azoles,
respectively. Subsequent HR-MS/MS analysis established their
structures (Figures S8 and S9). Compared to minor
intermediate 2, which bears only a thioazole unit derived
from 1-Cys2, major intermediate 3 has an additional
methyloxazole unit derived from 1-Thr9. On the basis of
these observations, it is likely that the didomain E1-YcaO
protein SulC heterocyclizes residues L-Cys2 and L-Thr9 in the
first stage, leaving the other YcaO protein SulD for
heterocyclizations of remaining residues L-Thr5, L-Cys7, and
L-Ser12 in the second stage.

Next, the two dehydrogenase-related proteins SulF and SulG
were mutated in the 1-producing, E. coli heterologous system
using a similar mutagenesis approach (Figures 3B and S10).
The mutation of catalytic protein SulF was conducted at the
active site by K472A and Y473A to produce variants SulF<472A
and SulF™*7*A, These changes abolished the production of 1 in
E. coli; however, they both led to the accumulation of two
linear intermediates, 4 (—18 Da, —1 X H,0) and 5 (=36 Da,
—2 X H,0) (Figure 3B), which were proposed to be the
products of E1-YcaO protein SulC and serve as the preoxidized
azoline precursors of aforementioned azole products 2 and 3,
respectively (Structural identities and related conversions were
determined in the following in vitro studies). The mutation of
SulG at the FMN-binding site by R62A caused similar results,
consistent with the notion that the dehydrogenation of
azolines to azoles is flavin-dependent and results from the
combination of SulF and SulG activities. In these mutant E. coli
systems, only a trace of a —48 Da product was observed,
indicating that in the presence of discrete YcaO protein SulD,
heterocyclization of the third residue largely relies on the
processing extents of L-Cys2 and L-Thr9, for which the azole
form rather than the azoline form is more favored.

Processing L-Cys2 and L-Thr9 to Azoles Requires
Complexes SulBC and SulEFG. To validate the function of
didomain E1-YcaO protein SulC and its exact target residues
for heterocyclization, F-protein partner SulB was tested by the
expression of its encoding gene in a simplified E. coli
heterologous system (Figure 3B). As expected, the coex-
pression of sulBC with sulA led to the transformation of the
precursor peptide into 4 (—18 Da, —1 X H,0) and 5 (—36 Da,
—2 X H,0), which proved to be identical to the azoline
products observed in the above E. coli heterologous system
where mutant sulF or sulG was coexpressed with the six other
related genes. Thus, SulB and SulC are believed to function
together by forming a typical thiopeptide cyclodehydratase
heterodimer for azoline formation. With unmodified SulA as a
control, HR-MS/MS analysis established that the —18 Da
intermediate 4 has a thioazline unit, which arises from
heterocyclization of the 1-Cys2 residue in the CP sequence
of SulA (Figure S11). Although the other heterocycle remained
obscure because of its instabilityy, —36 Da diazoline
intermediate S likely shares the L-Cys2-derived thioazoline
unit with 4, supporting the fact that L-Cys2 is the first target
residue of SulC. Similar to the treatment of 4 with
iodoacetamide (IAM, a thiol derivatization reagent), which
yielded 4’ (+57 Da), the incubation of § with IAM led to the
same increase in molecular weight and produced 5’ (+57 Da),
thus confirming that both intermediates share unmodified L-
Cys7, the only SH-containing residue after L-Cys2 hetero-
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cyclization (Figure S12). Clearly, the second target residue of
SulC is OH-containing (i.e., L-ThrS, L-Thr9, or L-Ser12).

To determine the exact structures of the unstable azoline
intermediates, we focused on the in vitro conversion of 4 and §
to relatively stable, structurally characterized azole products 2
and 3, which requires reconstitution of the dehydrogenase
activity of SulFG (Figure 4). Numerous attempts to produce
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Figure 4. Processing of residues 1-Cys2 and L-Thr9 in the CP
sequence of precursor peptide SulA. (A) Biochemical analysis of the
heterotrimeric SulEFG dehydrogenase complex by SDS-PAGE (left)
and MALS (right). This complex was produced in E. coli by
coexpressing the genes encoding N-terminal 6 X His-tagged SulF and
untagged SulE and SulG. (B) In vitro conversion of the azolines
resulting from SulBC activity into azoles. SulA (control 1), penta-
azole intermediate 1 (control 2), and the substrate, which is a mixture
containing 5 and 4, were purified from the E. coli heterologous
systems in which sulA was expressed alone (I) and along with
sulBCDEFG (II) and sulBC (III). The conversion was measured by
examining the products (3 and 2) in the presence of the SulEFG
complex (IV).

soluble SulF, SulG, or both in E. coli failed, suggestive of
additional component necessary for active complex formation.
This suggestion drew our attention to SulE, the discrete E1-like
protein that proved to be indispensable in the 1-producing, E.
coli heterologous system. Remarkably, the coproduction of
SulEFG in E. coli led to the purification of a light-yellow, three-
component complex, which was determined to bind oxidized
FMN in a noncovalent manner based on an HPLC-MS
analysis of denaturated protein by heating (Figure S13),
indicating the existence of specific interactions among SulE,
SulF, and SulG (Figure 4A). This complex, characterized to be
an active heterotrimer in solution by multiangle light scattering
(MALS), can effectively transform 5 to —4 Da diazole product
3, ascertaining the structure of § that harbors a methyloxazo-
line unit arising from L-Thr9 heterocyclization in addition to
the 1-Cys2-derived thioazoline unit (Figure 4B). Therefore, the
second target residue of SulC is L-Thr9. The activity of the
SulEFG complex is promiscuous, given the fact that monoazo-
line intermediate 4 in the mixture of 4 and § was
dehydrogenated to —2 Da azole product 2 in parallel.
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SulD Interacts with the SUIEFG Complex to Process L-
Thr5, L-Cys7, and L-Ser12 to Azoles. We then dissected the
process for the heterocyclization of remaining residues L-ThrS5,
L-Cys7, and 1-Ser12, which involves the activity of discrete
YcaO protein SulD and the SulEFG-catalyzed dehydrogen-
ation of the resulting azolines to azoles after the formation of
diazole intermediate 3. To characterize the partner protein(s)
engaging cyclodehydratatse activity, we overexpressed SulD, F-
protein SulB, and El-like protein SulE individually in E. coli
and purified these proteins to homogeneity for in vitro assays
(Figure SA). The incubation of either SulB or SulE with SulD
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Figure S. Processing of residues L-ThrS, 1-Cys7, and L-Serl2 in the
CP sequence of precursor peptide SulA. (A) In vitro conversion of L-
ThrS, 1-Cys7, and L-Ser12 to azoles. SulA (I, control 1) and penta-
azole intermediate 1 (II, control 2) were prepared as described above.
The substrate, which is a mixture containing 3 as the dominant
component (IIT), was purified from the E. coli heterologous systems in
which sulA was expressed along with sulBCD*'***EFG. The
conversions were measured by examining the azole products (6, 7,
and 1) in the presence of SulD (IV), SulEFG (V), and SulDEFG
(VI), respectively. (B) Measurement of the protein—protein
interaction by titrating the SulEFG complex to SulD.

failed to convert 3, indicating that SulD differs from the SulC-
represented, didomain E1-YcaO proteins in peptide substrate
recognition and binding. Indeed, the conversion of 3 effectively
proceeded via the incubation of SulD with a complete set of
the SulEFG complex (Figure SA), leading to the production of
expected penta-azole product 1 (—100 Da, —5 X [H,0 + 2H])
along with triazole intermediate 6 (—60 Da, —3 X [H,O +
2H]) and tetra-azole intermediate 7 (—80 Da, —4 X [H,0 +
2H]) over a 2.0 h period at 30 °C. HR-MS/MS analysis
revealed that compared to 6, in which L-Cys7 is converted to a
thioazole unit, 7 contains an additional methyloxazole unit
arising from L-ThrS heterocyclization and dehydrogenation
(Figures S14 and S15). Both 6 and 7 were observed in the
mutant 1-producing E. coli heterologous systems, where the
cyclodehydratase activity of SulD was lowered by truncations
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at its C-terminal L-Pro-rich region that is conserved and shared
by various YcaO proteins (Figure 3B), supporting the
prediction that azole formation occurs by sequentially
converting L-Cys7, L-Thr5, and L-Serl2. Intriguingly, no
azoline intermediates accumulated in either in vitro or in vivo
conversions (Figure S16), indicative of the dehydrogenation
activity of SulEFG that immediately follows the heterocyclase
activity of SulD.

The interdependence between cyclodehydratase and de-
hydrogenase activities for azole formation during the
conversion of L-ThrS, L-Cys7, and L-Serl2 suggested a close
interaction of SulD with the SulEFG heterotrimer for
functional coordination. To validate this hypothesis, analysis
by isothermal titration calorimetry (ITC) was conducted
(Figure SB). Consistently, titrating the SulEFG heterotrimer to
SulD revealed a Ky value of 1.53 + 0.14 M. In contrast,
interactions were not observed by titrating SulD to either F-
protein SulB or SulE alone (Figure S17). Most likely, SulE
serves as an unusual partner protein playing a dual role in the
conversion of L-Thr5, 1-Cys7, and L-Serl2 to azoles: SulE
works as an El-like protein with SulFG to form an active
heterodimeric dehydrogenase complex by specific interaction
with the distinct El-like domain in the middle of the SulF
tridomain, and through this interaction, it further mediates the
cyclodehydratase activity of SulD that benefits from the N-
terminal RRE domain of SulF to target and process peptide
substrates for heterocyclization.

B CONCLUSIONS

On the basis of in vivo and in vitro investigations into the
biogenesis of sulfomycins, we uncover here an unusual two-
stage paradigm that involves six PTM proteins to selectively
process precursor peptide SulA during the installation of the
five azole heterocycles (i.e., thioazoles 2 and 7, methyloxazoles
S and 9, and oxazole 12) that eventually occur in a 35-
membered thiopeptide framework (Figure 6). In the first stage,
the typical two-component cyclodehydratase complex SulBC,
which resembles the homologues characterized in the biosyn-
thesis of 26- and 29-membered thiopeptide antibiotics by
consisting of a F-protein partner and a didomain E1-YcaO
protein, initiates PTMs of the precursor peptide through
heterocyclization of the two distant residues (i.e., L-Cys2 (first)
and L-Thr9 (next)), yielding diazoline intermediate S via
monoazoline intermediate 4. Both 4 and S can be oxidized to
generate corresponding azole products 2 and 3 by SulEFG, an
atypical three-component dehydrogenase complex. While the
possibility of forming 3 through 2 heterocyclization and
dehydrogenation cannot be excluded, the SulBC cyclo-
dehydratase complex appears to function independently from
the SulEFG dehydrogenase complex during the conversion of
L-Cys2 and L-Thr9 to thioazole 2 and methyloxazole 9. Starting
with diazole intermediate 3, the sequential conversion of
residues 1-Cys7 (first), L-ThrS (next), and r-Ser12 (last) to
azoles proceeds differently in the second stage. Discrete YcaO
protein SulD interacts with the SulEFG complex to form an
unprecedented heterotetramer that catalyzes the formation of
heterocycles thioazole 7, methyloxazole S, and oxazole 12,
producing penta-azole product 1 via triazole intermediate 6
and subsequent tetra-azole intermediate 7. In SulDEFG
catalysis, no azoline intermediates accumulate, consistent
with the close cooperation between the functions of SulD
and the SulEFG complex, both of which have no precedents in
the biosynthesis of 26- and 29-membered thiopeptide
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Figure 6. Paradigm for installing the five azole heterocycles in the biosynthesis of sulfomycins. (A) Schematic models of functional complexes
SulBC, SulEFG, and SulDEFG. The models of related proteins are indicated on the right. (B) Two stages during the conversion of precursor

peptide SulA to penta-azole intermediate 1.

antibiotics. Overall, the two distinct YcaO proteins do not
show chemoselectivity in processing SH- and OH-containing
residues because they both can catalyze the formation of
thioazline and (methyl)oxazline units. In this azole-forming
paradigm, SulE plays a critical role and functions through the
two stages to mediate a variety of specific protein—protein
interactions. This El-like partner protein is a necessary
component of the SulEFG heterotrimer, which can work
alone as a dehydrogenase complex in the first stage and then
engage the heterocyclase activity of SulD in the second stage
by forming a four-component azole synthase complex.
Interestingly, this complex, which is different from the three-
component, azole-forming complexes known in the biosyn-
thesis of LAPs and cyanobacins,”® is shared by the
biosynthetic pathways of other 35-membered thiopeptide
antibiotics (e.g, berninamycin'® and TP-1161'*). Genome
mining using encoding genes sulDEFG as a probe further
revealed this commonality. A group of gene clusters, which
include those for sulfomycins, berninamcin, and TP-1161 but
are clearly distinct from those for 26- and 29-membered
thiopeptide members, were identified and thus were proposed
to be responsible for the biosynthesis of different 35-
membered thiopeptide members. The findings reported here
advance the understanding of the biosynthesis of various azole-
containing RiPPs and would facilitate the design and
development of related biological elements for expected
peptide product creation using a synthetic biology strategy.

B MATERIALS AND METHODS

Genomic Library Construction and Screening. The genomic
library of S. viridochromogene ATCC 29776 was constructed in
pJTU2554 according to the method described previously.” This
library was screened by colony hybridization with 750 bp DNA

8460

fragment P amplified by PCR using the degenerate primers (ThioF,
§’-TAC GAC ACC TCC AAY GGN TGY GCN-3' and ThioR, 5'-
GTT GCG GTG GCC RAA SGT CAT NGG-3'). The cosmid
pSLS001 containing the sul cluster was subjected to sequencing. The
sequences reported here have been deposited into the GenBank
database under accession number MT118723.

Gene Disruption and Inactivation. To find the location of the
sul cluster in S. viridochromogene, the DNA fragment of P was cloned
into PKC1139 to yield pK60. The introduction of pK60 into S.
viridochromogene ATCC 29776 was carried out by E. coli ET12567-
Streptomyces conjugation following the procedure described previous-
ly.>™* The colonies that were apramycin-resistant at 37 °C were
identified as the integrating mutants. These mutants were further
cultivated on the MS agar plate in the presence of apramycin. The
genotypes of resulting strains that were apramycin-resistant were
confirmed by PCR amplification, leading to the identification of the
msPsul recombinant strain.

For gene in-frame deletion in S. viridochromogene, the cosmid
pSLS001 served as the template for PCR amplification. For construct
details, please see the Supporting Information. The introduction of
each related recombinant plasmid into S. viridochromogene ATCC
29776 was carried out by E. coli ET12567-Streptomyces conjugation.
The colonies that were apramycin-resistant at 37 °C were identified as
the integrating mutants, in which a single-crossover homologous
recombination event took place. These mutants were further
cultivated on the MS agar plate for three rounds without the
presence of apramycin. The genotypes of resulting strains that were
apramycin-sensitive were confirmed by PCR amplification and
sequencing, leading to the identification of recombinant strain msE,
msF, msG, or msC.

Production and Analysis of Sulfomycins. The fermentation
and isolation of sulfomycins from S. viridochromogene strains were
performed according to the methods described previously.”'* Product
analysis was carried out on an Agilent ZORBAX SB-C18 column (SB-
C18, 4.6 mm X 250 mm, S um, Agilent Technologies Inc., USA) by
the gradient elution of solvent A (H,O + 0.1% formic acid) and
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solvent B (acetonitrile + 0.1% formic acid) at a flow rate of 1 mL/min
over a 30 min period as follows: T = 0 min, 15% B; T = 3 min, 15% B;
T = 6 min, 40% B; T = 12 min, 40% B; T = 19 min, 55% B; T = 22
min, 85% B; T = 28 min, 85% B; and T = 30 min, 15% B.

Heterologous Expression in E. coli. The related sul genes were
amplified using the corresponding primers (listed in Supporting
Information Table S2). While the PCR product containing sulA was
cloned into the plasmid pRSFduet-1 for the production of a
recombinant precursor peptide tagged by both small ubiquitin-related
modification (SUMO) and 6xHis at the N terminus, the products
containing sulB, sulC, sulD, sulE, sulF, and sulG were cloned
individually into pRSFduet-1, pACYCDuet-1, and CDFDuet-1. E.
coli BL21(DE3) served as a general host for heterologous expression.

To prepare the variants of SulC, SulD, SulE, and SulF by site-
specific mutagenesis, rolling-cycle PCR amplification (using the
primers listed in Table S2) followed by subsequent Dpnl digestion
was performed according to the standard procedure of the
QuickChange Site-Directed Mutagenesis Kit purchased from
Stratagene (GE Healthcare, USA) or Mut ExpressTM II (Vazyme
Biotech Co. Ltd., China). Each mutation was confirmed by
sequencing.

To remove the SUMO tag of the recombinant SulA or its derivative
after purification (with the procedure described below), proteolysis
was conducted at 30 °C for 30 min in 100 L of the reaction mixture
that contained 15 uM SUMO protease (Ulp-1), 100 uM SUMO-
tagged SulA or its derivative, SO mM NaCl, and 100 mM HEPES (pH
7.5). The resulting products were subjected to HPLC-HR-MS and
HR-MS/MS examinations.

Protein Expression and Purification. The related sul genes
were amplified and cloned individually into the pQ8 vector for the
production of the N-terminal maltose-binding protein (MBP)-tagged
recombinant proteins in E. coli BL21(DE3).

The culture of each E. coli transformant was incubated in Luria—
Bertani medium containing 50 pg/mL kanamycin at 37 °C and 250
rpm until the cell density reached 0.6—0.8 at ODG600. Protein
expression was induced by the addition of isopropyl-f-p-thiogalacto-
pyranoside (IPTG) to a final concentration of 0.1—1 mM, followed by
further incubation for 30—36 h at 25 or 16 °C. The cells were
harvested by centrifugation, flash frozen, and then stored at —80 °C.
The cells were resuspended in lysis buffer. After disruption, the
insoluble debris was removed, and the soluble fraction was collected
and subjected to the purification of each target protein using a
HisTrap HP column (GE Healthcare, USA). The desired protein
fractions were concentrated (to 500 uM—1 mM) using Amicon Ultra-
15 centrifugal filter devices (Millipore, USA) and desalted using a PD-
10 desalting column (GE Healthcare, USA) according to the
manufacturer’s protocols. The concentration of protein was
determined by a Bradford assay using bovine serum albumin (BSA)
as the standard.

For the determination of the flavin cofactor associated with the
SulEFG heterotrimeric complex, protein solution was incubated at
100 °C for S min for denaturation and then subjected to HR-ESI-MS
analysis on a 6230B Accurate Mass TOF LC/MS system (Agilent
Technologies Inc., USA) to examine the presence of FMN.

In Vitro Enzymatic Assays. To determine the dehydrogenase
activity of the SulEFG heterotrimer, the substrate, which is a mixture
containing 4 and S, was purified from the E. coli heterologous systems
in which sulA was expressed along with sulBC. The conversions were
conducted at 30 °C for 2 h in 30 uL of the reaction mixture that
contained S0 mM Tris-HCl (pH 8.0), S0 mM KCl, 1 mM TCEP, 50
uM FMN, 100 uM substrate, and 10 uM SulEFG.

For product examination, a reversed-phase Agilent ZORBAX
column (300SB-C18, 2.1 mm X 100 mm, 3.5 um, Agilent
Technologies Inc., USA) was used on a Vanquish Flex Quaternary
UHPLC system coupled to a Thermo Scientific Q Exactive HF
Orbitrap mass spectrometer. The gradients used were solvent A (H,0
+ 0.1% formic acid) and solvent B (acetonitrile + 0.1% formic acid) at
a flow rate of 0.3 mL/min over a 25 min period as follows: T = 0 min,
5% B; T = 3 min, 5% B; T = 5 min, 35% B; T = 15 min, 40% B; T =
17 min, 95% B; T = 24 min, 95% B; and T = 25 min, 5% B. ESI-MS

was performed in positive ion mode. MS analysis was conducted at a
resolution of 70 000. Parallel reaction monitoring or data-dependent
MS/MS analysis was performed at a resolution of 35 000.

To determine the azole synthase activity of the SulDEFG
heterotetramer, the substrate, which is a mixture containing 3 as
the dominant component, was purified from the E. coli heterologous
systems in which sulA was expressed along with sulBCD****EFG. The
conversion of 3 was conducted at 30 °C for 2 h in 30 uL of the
reaction mixture that contained Tris-HCI (pH 8.0), 6 mM ATP, 20
mM MgCl,, 125 mM NaCl, 1 mM TCEP, 50 uM FMN, 50 uM Tev
protease, 100 uM peptide substrate, 5 uM MBP-tagged SulD, and 10
uM SulEFG. The products were analyzed by HPLC-HR-MS and HR-
MS/MS as described above.

Measurement of Protein—Protein Interactions. Size exclusion
chromatography coupled with MALS was performed on a dynamic
light scattering detector (DynaPro NanoStar, Wyatt), a static light
scattering detector (DAWN HELLOS-II, Wyatt), and a differential
refractive index detector (Optilab T-rEX, Wyatt) coupled with an
AKTA pure system (GE Healthcare) at 25 °C. All of the protein
samples (with concentrations >3 mg/mL) were filtered and loaded
onto a Superdex 200 Increase 10/300 GL column pre-equilibrated
overnight with a buffer containing 20 mM Tris-HCI (pH 7.5), 100
mM NaCl, and 1 mM DTT. The data were analyzed with ASTRA
software (version 7.1) and were further used with the Origin 9.0
software and aligned with each other.

ITC analysis was performed with a MicroCal-ITC200 (Malvern) at
25 °C. A 400 uL aliquot of 20 #M SulD was placed in the stirred cell,
and a 100 uL aliquot of 200 M SulEFG was prepared in the syringe.
All of the recombinant proteins were prepared with Ni-affinity
chromatography followed by SEC for purification and then were
exchanged in the S0 mM Tris-HCl (pH 7.5) buffer containing 100
mM NaCl, 0.1 mM TCEP, and 5% glycerol. The titration was
performed as follows: 1 L of protein in the syringe over 0.8 s for the
first injection, followed by 19 injections of 2 uL of protein in the
stirred cell at 120 s intervals. The heat of reaction per injection was
determined by the integration of the peak areas using the MicroCal-
PEAQ-ITC software, which provides the best-fit values for the heat of
binding (AH), the stoichiometry of binding (N), and the dissociation
constant (Ky).
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