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ABSTRACT: Thiolactomycin (1), which features a unique y-thiolactone ring, is a promising antibiotic candidate that specifically
targets bacterial type II fatty acid synthase. Despite extensive studies on its pharmacological activities, modes of action, and chemical
synthesis, the enzymatic processes responsible for forming the activity-determining y-thiolactone ring have remained largely
unknown. Here, we resolve this problem by revealing that the condensation and heterocyclization (Cy) domain of the nonribosomal
peptide synthetase (NRPS) TInC (TInCc,), along with the cytochrome P450 enzyme TInA, cooperatively enable the y-thiolactone
assembly. TInCc, mediates an unusual sulfurtransfer reaction to sulfurate the polyketide intermediate, generating a thiocarboxylate
intermediate. Subsequently, TInA acts as a y-thiolactone synthase, converting the linear thiocarboxylate intermediate into 1 via a
distal radical-based cyclization mechanism. These findings not only expand the functional and catalytic repertoires of NRPS Cy
domains and P450 enzymes but also highlight a special enzymatic strategy for y-thiolactone biosynthesis in nature.

1. INTRODUCTION

Natural sulfur-containing molecules (SMs) have garnered
significant attention in the field of biosynthesis, owing to
their essential physiological and ecological functions, as well as
their remarkable biological and pharmaceutical activities.' ™
Since the sulfur-bearing moieties are usually essential for the
activities of SMs, the sulfur incorporation and tailoring
processes during SM biosynthesis are of particular interest.
Although biosynthetic mechanisms for assembling these sulfur-
containing moieties have been continuously elucidated,”™” the
identification of the sulfur origin and characterization of the
sulfur-metabolizing enzymes and relevant catalytic mechanisms
remain challenging.°™® This is primarily due to the complex
reactivity of sulfur and limited understandings of the enzymatic
and chemical diversity involved in sulfur metabolic processes.'’

Thiolactomycin (1) and its analogues (2—4), which feature
a unique y-thiolactone ring (Figure 1a), were originally isolated
from Lentzea sp. ATCC 31319 in 1982.""'* Compound 1 acts
as a specific inhibitor of the bacterial type II fatty acid synthase
FabB/FabF by mimicking the structure and conformation of
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the native malonyl-ACP substrate within the active site (Figure
S1)."” This inhibition results in effective inhibitory activity
against both Gram-positive and Gram-negative bacteria, while
being nontoxic to mammalian cells."*'* Consequently, 1 has
long been considered a novel antibiotic candidate, as no
clinical antibiotics can target bacterial FabB/FabF to the best
of our knowledge. Although the pharmacological activities,
modes of action, and chemical synthesis of 1 have been
extensively studied over the past four decades,'®™'% its
biosynthesis remains partially understood, despite considerable
research efforts.'”™>°

The biosynthetic investigations for 1 were initiated by
Reynolds and co-workers, and L-cysteine was identified as the
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Figure 1. Chemical structures and biosynthetic gene clusters (BGCs) of thiolactomycin (1) and its analogues. (a) Chemical structures of 1 and its
analogues. (b) Comparison of the BGCs of 1 from different microorganisms. The coverage/identity percentages (%/% in green) of the proteins
encoded by the tIn cluster with the corresponding homologues are shown above the gene names. Abbreviations: KS% malonyl-CoA decarboxylase;
ACP, acyl carrier protein; KS, ketosynthase; AT, acyltransferase; DH, dehydratase; KR, ketoreductase; Cy, condensation and heterocyclization
domain; A, adenylation domain; PCP, peptidyl carrier protein; TE, thioesterase.

origin of sulfur in this compound and its derivatives.'” Then
Moore and Leadlay/Sun groups identified the biosynthetic
gene clusters (BGCs) and several key genes for the
biosynthesis of 1.°°7>**° Specifically, these studies have
experimentally confirmed that the polyketide synthases
(PKSs) encoded by the corresponding BGCs (Figure 1b) are
responsible for building the carbon skeleton of 1 via
consecutive decarboxylative condensations of a malonyl-CoA
starter and three units of methylmalonyl-CoA extender (or
random incorporation of one or two ethylmalonyl-CoA
extender for producing 2—4) with different levels of reduction,
resulting in an acyl carrier protein (ACP)-tethered tetrapolyke-
tide intermediate § (Figure 2a).”'~>* Moreover, a cytochrome
P450 enzyme was found to play an indispensable role in the
construction of the y-thiolactone ring. This conclusion was
based on the observation that omission of the P450 encoding
gene in the heterologous expression strain abolished the
production of 1 and instead led to the formation of a &-
thiolactone ring-bearing product 6 (5-thiolactomycin, Figures
2a and S2).”° As a result, two distinct hypotheses have been
proposed regarding the thiolactonization process. One study
suggested that a genetic locus encoding a cysteine desulfurase
(StuS) and a thiouridylase-like sulfurtransferase (StuJ), located
outside the BGC, facilitates the transfer of the sulfur atom from
L-Cys to Stu] and then to the polyketide chain, thereby
forming the thiolactone ring in 1 via a P450-derived epoxy
intermediate (Figure S2a).”" The other study proposed that
the BGC-encoded nonribosomal peptide synthetase (NRPS)
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directly incorporates the sulfur atom from r-Cys into the linear
tetraketide via an unknown enzymatic process, with the P450
enzyme subsequently converting the thiocarboxyl intermediate
into 1 via an epoxy intermediate (Figure S2b).”® Despite these
two distinct hypotheses, the essential mystery of how the
cysteine-derived sulfur atom is enzymatically incorporated into
the thiolactone ring and the catalytic mechanism of the
thiolactone-forming P450 still remain unknown.

During our ongoing efforts to investigate diverse SM
biosynthetic pathways,”*° we reisolated compounds 1—4
from Streptomyces sp. S6043a, a strain derived from an
Antarctic deep-sea sponge. Using this strain, herein, we
comprehensively characterized the biosynthetic process of
the y-thiolactone ring in 1, through complementary approaches
including bioinformatics analysis, in vivo gene inactivation, and
in vitro enzymatic activity reconstitution. Notably, we
demonstrated for the first time that the Cy domain of the
NRPS TInC mediates an unusual carboxyl-sulfuration reaction,
forming of a key thiocarboxylate intermediate. Furthermore,
we identified the P450 enzyme TInA as a p-thiolactone
synthase that converts the linear thiocarboxylate intermediate
to 1 through a distal radical-based cyclization mechanism. The
key mechanisms for the sulfuration and thiolactonization steps
were elucidated by a combination of biochemical, synthetic,
and computational approaches.
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Figure 2. Elucidation of the thiolactomycin biosynthetic pathway. (a) The elucidated biosynthetic pathway of 1. The dashed boxed bypass shows
the artificial route to generate 7-CoA as a substrate mimic from synthetic 7. The TE domain in TInD is marked in gray since it is not required for 1
biosynthesis. Abbreviation: trans-AT, trans-type acyltransferase. (b) HPLC (left) and HPLC-MS (right) analyses of production of 1—4 and 6 by
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Figure S16).

2. RESULTS AND DISCUSSION

2.1. Isolation and BGC lIdentification of 1 from
Streptomyces sp. S6043a. Streptomyces sp. S6043a was
previously isolated from an Antarctic deep-sea sponge
sample.”” During our ongoing searches for natural SMs, we
reisolated and purified 1—4 from the Gauze’s Synthetic
Medium No.1 (supplemented with 3.4% sea salts) fermenta-
tion cultures (10 L) of this strain (Figures 2b and S3). The
structures of these compounds were elucidated by nuclear
magnetic resonance (NMR) and high-resolution electrospray
ionization-mass spectrometry (HRESI-MS) analyses (Figures
S4—S89), which are well consistent with previously reported
data®® In addition to compounds 1—4, HPLC-HRESI-MS
analysis of the fermentation extract of Streptomyces sp. S6043a
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also detected the production of compound 6, which bears a -
thiolactone ring, albeit in very low yield (Figures 2b, S3, and
S4).

The 6.9 Mbp whole genome of Streptomyces sp. S6043a was
sequenced, assembled, and subsequently analyzed using
antiSMASH 6.0°° to predict potential BGCs (Table S1). To
identify the BGC of 1—4, we used the known skeleton-building
enzyme TImH" as a probe to scan the genome. Bioinformatics
analysis of the candidate BGC (tln; GenBank accession
number: OR392570) revealed the presence of all necessary
genes for 1 biosynthesis, including the P450 gene tlnA, PKS
gene tlnB, PKS-NRPS hybrid gene tInC, and NRPS gene tinD
(Figure 1b). The four proteins encoded by these genes exhibit
high sequence similarity to their corresponding homologues

https://doi.org/10.1021/jacs.4c14296
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identified in other strains that also produce compound 1
(Figure 1b).”>*!

Of note, careful sequence analysis of TInC revealed
intriguing information about the predicted Cy domain. Cy
domains belong to the NRPS condensation domain (C
domain) family. Unlike a typical C domain that catalyzes the
formation of a single peptide bond, a Cy domain usually serves
dual functions. These include condensation of an amino acid
(typically cysteine or serine) and heterocyclization, forming a
thiazoline or oxazoline moiety (Figure S$10).>’ Protein
sequence alignment revealed that the Cy domain in TInC
(TInCc,) and its homologous proteins share a conserved
condensation motif (DXXXXD) with other typical Cy
domains. However, the essential T-D catalytic dyad, which is
crucial for heterocyclization in typical Cy domains, is replaced
by an N-D motif in TInC and its close homologues (Figure
S11).°7** This difference suggests that the Cy domain in
TInC may play an unconventional role in the biosynthesis of 1.

2.2. New Insights Provided by Gene Inactivation
Experiments. According to the previous studies, deletion of
the PKS encoding gene timA’, PKS-NRPS hybrid gene stuB,
and P450 gene stuD1 in Lentzea sp. ATCC 31319 or
Streptomyces thiolactonus NRRL 15439 (Figure 1b) resulted
in the complete abolition of 1 production, and no
accumulation of potential intermediates was observed.”’
However, in a heterologous expression strain of the tim BGC
in Streptomyces coelicolor M1152, the omission of the P450
gene tImF led to the identification of compound 6 bearing a 5-
thiolactone ring, which was deduced to be a byproduct derived
from a thiocarboxyl intermediate (Figure $2b).** These results
provide limited but inspiring information regarding the details
of thiolactonization and the role of compound 6 in the
biosynthesis of 1. To gain further insights into the potential
functions of these genes, we conducted more precise and
selective gene inactivation, as well as mutagenesis analysis for
these genes in Streptomyces sp. S6043a.

Although the deletion of the entire PKS-NRPS hybrid gene
stuB (the counterpart of tinC) in S. thiolactonus NRRL 15439
strain confirmed its indispensable role in 1 biosynthesis,21 the
specific function of the uncommon Cy domain has yet to be
investigated. Thus, we 4performed CRISPR-Cas9-based site-
directed mutagenesis’*** in vivo to individually target the two
subdomains of TInCc,. In the condensation subdomain, we
introduced a single mutation by replacing the catalytically
essential D, residue with alanine in the D3 XXXXD,,, motif
(Figure Sll)} generating the mutant strain S6043a-
TlnCCy_D140A.3° In the heterocyclization subdomain, the
putative catalytic residue Djy, of the Njg,-Djo, dyad was
mutated to alanine, resulting in the mutant strain S6043a-
TlnCCy_D394A.31 Product analysis revealed that the production
of 1—4 was completely abolished in both mutant strains
(Figure 2b). These results not only indicate the catalytic
necessity of these two aspartic acid residues, but also suggest
that both subdomains in TInC;, are essential for the
biosynthesis of 1.

Mutating the Cjsg residue in P450 TInA, which is
responsible for coordinating with the heme-iron catalytic
ligand in the active site and is thus absolutely conserved in all
P450 enzymes (Figure $12),* to alanine also canceled the
production of 1—4 (Figure 2b). However, HPLC-HRESI-MS
analysis of the fermentation extract of this mutant strain
(S6043a-TInA(3554) detected the accumulation of compound
6 (Figure 2b), consistent with the previous report by Tang et

al. on heterologous expression experiments.”> Notably, 6 was
absent in the fermentation extracts of both S6043a-
TInCcypisoa and $6043a-TInCc, p3gss mutants (Figure 2b).
These findings strongly suggest that TInCc,, rather than TInA,
is involved in the sulfur incorporation process. It is likely that
TInA should be responsible for converting a sulfur-bearing
intermediate (6 or an unknown intermediate) into 1.

The in-frame deletion of the entire NRPS gene tinD
(S6043a-ATInD, Figure S13) led to complete abolishment of
the production of 1—4 and 6 (Figure 2b), indicating the
essential role of this gene in the biosynthesis of 1. Surprisingly,
targeted disruption of the thioesterase (TE) domain of TInD
by replacing the catalytically essential Sqo residue with alanine
(Figure S14) did not influence the production of 1—4 and 6 in
the resulting $6043a-TInD g g¢o4 strain (Figure 2b). Sequence
analysis further revealed that three homologous proteins to
TInD—StuC from S. thiolactonus NRRL 15439, TtmI from
Streptomyces afghaniensis: NRRL 5621, and TueC from
Streptomyces olivaceus Tii 3010—also lack a TE domain
(Figures 1b and S15). Interestingly, despite the absence of a
TE domain, these strains are still capable of producing 1.°”*'
Taken together, these findings indicate that the TE domain
embedded within the NRPS is not required for the
biosynthesis of 1. However, this raises an important question
on how the PKS-NRPS hybrid product is released from the
carrier protein.

2.3. Reconstitution of Thiolactonization In Vitro. To
understand the enzymatic basis and catalytic details of the
thiolactonization process, we attempted to reconstitute the
entire biosynthetic pathway of 1 in vitro. Despite our best
efforts, we were unable to express the full-length multidomain
proteins TInC and TInD in their soluble forms. To overcome
this challenge, we turned to separately express the functional
domains of TInC and TInD, focusing on those involved in y-
thiolactone construction. As a result, we successfully expressed
the N-terminal SUMO-tagged TInCycp.c, didomain, N-
terminal Hiss-tagged TInD,pcp didomain, and N-terminal
Hiss-tagged TInDpp monodomain as stand-alone soluble
proteins in Escherichia coli BL21(DE3) (Figure S17). Notably,
the expression of TInC, and TInD, without the associated
carrier proteins resulted in insoluble proteins. In addition, to
obtain the activated holo-form of the carrier proteins with a
phosphopantetheine arm, TInCycp.cy and TInD pcp were also
expressed in the engineered E. coli BAPI strain,”’ which
harbors the sfp gene from Bacillus subtilis® to enable the
conversion of ACP/PCP from the inactive apo-form into the
active holo-form. HPLC-HRESI-MS analysis confirmed that
the purified TInCpcp.c, and TInDppcp were both in the
expected holo-forms (Figure S18). Moreover, the purified N-
terminal Hisg-tagged P450 TInA was verified to be active, as
evidenced by the characteristic 450 nm peak in the CO-bound
reduced difference spectrum (Figures S17 and $19).%°

Due to the inability to reconstitute the full function of TInC
in vitro, its predicted product 7 was chemically synthesized
(Figure 2a and Scheme S1).** To load 7 onto the PKS
assembling line, we enzymatically prepared its CoA-linked
form (7-CoA) as a mimic of the ACP-bound intermediate 5,
by coincubating 7 and CoASH in the presence of a
promiscuous acyl-CoA ligase PbACL891 from Penicillium
brevicompactum NRRL864"° (Figure 2a). The structure of
purified 7-CoA was confirmed by NMR analysis (Figures S20—
$25). To investigate the function of TInD, pcp, the holo-form
protein was reacted with L-Cys (the predicted substrate based
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Figure 3. Functional and mechanistic analysis of P450 TInA. (a) Reaction scheme of the TInA-mediated reaction. (b) HPLC-MS analysis of the
TInA assays. (i) The authentic standards of 1 and 6; (ii) The reaction of TInA with 7-CoA, Fdx1499, FAR0978, and NADPH in the presence of 20
mM (NH,),S; (iii) the negative control of (ii) using boiling-inactivated TInA. (c) HPLC and HPLC-MS analysis of the catalytic activity of different
TInA mutants toward compound 7 (left) and the in situ generated 9 (right). The reaction system of 7 contained 7, Fdx1499, FAR0978, and
NADPH with TInA wild type or its single mutants. The reaction system of 9 contained TInCcp(apo)-cyp TIND p-pcp(iono)yy Fdx1499, FAR0978, 7-CoA,
and 1-Cys with TInA wild type or its single mutants in the presence of all necessary cofactors. Boiling-inactivated wild-type TInA (TInAy) was
used in the negative control reactions. (d) Molecular docking of 9 with TInA. The red dashed line shows the distance between the C8 site of 9 and
the oxygen atom of the CpdI in angstroms. The blue dashed lines indicate hydrogen bond interactions. The distance between the thiocarboxylic
group and the C4 site of 9 is shown by the purple dashed line.

on analysis of the specificity code of A domain, sec Table S2), mixture revealed the expected product, cysteinyl-S-TInD, pcp

ATP, and MgCl,. HPLC-HRESI-MS analysis of the reaction (8), along with two additional side products compared to the

22372 https://doi.org/10.1021/jacs.4c14296
J. Am. Chem. Soc. 2025, 147, 22368—22386


https://pubs.acs.org/doi/suppl/10.1021/jacs.4c14296/suppl_file/ja4c14296_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.4c14296?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c14296?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c14296?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c14296?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c14296?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

negative control reaction lacking ATP (Figure S26). Based on
their molecular masses, we inferred that the two unexpected
products were TInD, pcp linked to two and three units of L-
Cys, respectively (Figure $26). This phenomenon was likely
due to artificial loading events mediated by the A domain
under nondownstream conditions, where the second and third
L-Cys molecules could attach to the exposed thiol group of 8
(Figure S27). Supporting this, only a single product peak was
observed when S-methylcysteine, a cysteine derivative with its
thiol group protected, was used in the reaction with
TInD s pephol) (Figure S28).

Next, we sought to reconstitute the thiolactonization
reaction using 7-CoA as the starting material in a one-pot
reaction. Specifically, 7-CoA was coincubated with
TInCycp(apo)-cypr TIND apep(inoto)y TInDpg and TlnA, along with
the surrogate P450 redox partners Fdx1499 and FdR0978
derived from the cyanobacterium Synechococcus elongatus PCC
7942,*" as well as the cofactors L-Cys, MgCl,, ATP, NADPH
and DTT for 4 h at 30 °C (Figure 2c). As expected, substantial
production of 1 was observed, as confirmed by comparing the
HPLC retention time and HRESI-MS spectrum with the
isolated natural standard of 1 (Figures 2c and S4). Omitting
TInCycp(apo)-cyr TIND g pcp(iolo) OF TInA, respectively, abolished
the production of 1, whereas the absence of TInDy had no
effect on its formation (Figure 2c). This observation aligns
with the in vivo TE inactivation result (Figure 2b), affirming
that TInDrg does not participate in the biosynthesis of 1.
Therefore, the release of the PKS-NRPS product from the
assembling line could occur spontaneously or through a
nonconventional chain-termination mechanism that does not
involve TE-mediated hydrolysis or cyclization. Taken together,
these results demonstrate that TInCacp.c,y TInDy.pcp, and
TInA are necessary and sufficient to convert 7-CoA into the
final product 1. Notably, the o-thiolactone product 6 was
detected only in the in vitro reaction without P450 TInA
(Figure 2c), further supporting the role of TInA as a y-
thiolactone synthase.

2.4. y-Thiolactone Formation Catalyzed by TInA via a
Distal Radical-Based Cyclization Mechanism. Since both
in vivo inactivation and in vitro absence of TInA blocked the
formation of 1 and resulted in the production of the &-
thiolactone product 6, we initially hypothesized that TInA
might convert 6 into 1 through an intramolecular rearrange-
ment. However, when synthetic 6 (see Supporting Informa-
tion) was reacted with TInA in the presence of Fdx1499,
FdR0978, and NADPH, no product was observed (Figure
S29). This result ruled out 6 as a substrate for TInA and
confirmed it as a byproduct formed during the sulfur
incorporation process, consistent with the proposal by the
Moore group.”” Another previously proposed possibility is that
TInA catalyzes an online reaction toward the TInC tethered 7
(i.e, 5, Figure $2b).2' To test this hypothesis, 7-CoA was
coincubated with TInCycp(apo)-cy and the purified Sfp** to
facilitate the transfer of the 7-linked phosphopantetheine arm
onto Ser;og of TINCacp (gpo)-cy to form TInCycp -7 (Figures 2a
and S30). After confirming the formation of TInC,cp.c,-7 by
HRESI-MS (Figure S30), we added TInA along with its redox
partners and NADPH to the enzymatically produced
TInCycp.cy-7 in situ. However, no reaction was detected
(Figure S31).

The Moore group previously hypothesized that 6 could be
spontaneously generated through the nucleophilic attack on
CS by the terminal thiocarboxyl group (i.e., R-COS™) of the

putative intermediate 9 (Figure S2b).”> To verify this
hypothesis, we attempted to synthesize 9 by reacting 7-CoA
with (NH,),S (ammonium sulfide) in order to cleave the
thioester bond (Figure 3a).*” Interestingly, HPLC-HRESI-MS
analysis of the reaction mixture revealed the direct formation
of 6, but not 9, even under various reaction conditions using
different concentrations of (NH,),S (Figures 3b and S32).
These results confirmed that 6 was likely derived from 9 via
rapid spontaneous C—S bond formation, which might be too
unstable to be detected by HPLC-HRESI-MS under the
reaction conditions. Therefore, we turned to incubate the P450
TInA system with the in situ generated 9 in the 7-CoA and
(NH,),S reaction. As expected, 1 was produced when TInA,
redox partners, and NADPH were included in the reaction
mixture of 7-CoA and (NH,),S (Figures 3b and S4). This
indicated that 9 is the real substrate of TInA, confirming the
role of the P450 enzyme as a y-thiolactone synthase.

P450s are a superfamily of heme-thiolate enzymes that
typically catalyze monooxygenation reactions in natural
product biosynthesis.**~* Despite the ever-increasing exam-
ples of uncommon P450-catalyzed reactions (e.g, C—C, C—N,
and C—S bond formations),”™* to the best of our knowledge,
TInA represents the first example of a P450 enzyme catalyzing
a y-thiolactone formation reaction. In both previous hypoth-
eses, TInA was proposed to catalyze the epoxidation of the
C4=CS5 double bond in 5 or 9 to trigger the thiolactonization
via bond rearrangement.”””> To explore the catalytic
mechanism of TlnA, we used the synthesized compound 7,
which is relatively stable in solution, as an analogue of
substrate 9 to incubate with TInA, its redox partners, and
NADPH. As expected, TInA catalyzed the transformation of 7
to a monooxygenated product 10 as detected by HPLC-
HRESI-MS (Figures S4 and S$33). However, due to the
instability of 10 in the aqueous buffer, we were unable to
obtain a sufficient amount of pure sample for direct structure
determination, as it spontaneously decomposed to form 11
(Figures S4 and S33). Thus, we prepared the decomposition
product 11 and determined its chemical structure by NMR
analysis (Figures $34—S39). It was revealed that 11 should be
the decarboxylation product of 10. A similar decarboxylation
reaction was also observed for 7, spontaneously converting to
12 in the reaction buffer (Figure S$33). Strikingly, the
monooxygenation site of TInA was determined to be the C8
methyl group (for terminal hydroxylation), rather than the
previously proposed C4=CS5 double bond (for epoxidation).
Given that 7 differs from 9 only by replacing the sulfur atom
with an oxygen atom, we reasoned that the C8 methyl group in
9 should also be the oxidation site of TInA during the native y-
thioesterification reaction. This is further supported by the
primary kinetic isotope effect (KIE) experiment,” which
showed that TInA exhibited a significantly higher catalytic
efficiency for the nondeuterated substrate 9 compared to the
C8 deuterated substrate D5-9 (see Supporting Information for
details of chemical synthesis), with an approximately S-fold
difference (ky/kp = 5.59) (Figures S40—S43). This KIE
indicated that the rate-limiting C—H bond breaking indeed
occurs at the C8 site.

According to the recognized P450 catalytic cycle,” we
proposed two alternative mechanisms for TInA. In the radical
mechanism, following the binding of substrate 9 within the
catalytic pocket of TInA, the reactive species of heme-iron
center (Compound I, CpdI) abstracts a hydrogen atom from
the C8 methyl group, resulting in the formation of a substrate

https://doi.org/10.1021/jacs.4c14296
J. Am. Chem. Soc. 2025, 147, 22368—22386


https://pubs.acs.org/doi/suppl/10.1021/jacs.4c14296/suppl_file/ja4c14296_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c14296/suppl_file/ja4c14296_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c14296/suppl_file/ja4c14296_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c14296/suppl_file/ja4c14296_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c14296/suppl_file/ja4c14296_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c14296/suppl_file/ja4c14296_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c14296/suppl_file/ja4c14296_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c14296/suppl_file/ja4c14296_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c14296/suppl_file/ja4c14296_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c14296/suppl_file/ja4c14296_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c14296/suppl_file/ja4c14296_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c14296/suppl_file/ja4c14296_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c14296/suppl_file/ja4c14296_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c14296/suppl_file/ja4c14296_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c14296/suppl_file/ja4c14296_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c14296/suppl_file/ja4c14296_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c14296/suppl_file/ja4c14296_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c14296/suppl_file/ja4c14296_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c14296/suppl_file/ja4c14296_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c14296/suppl_file/ja4c14296_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c14296/suppl_file/ja4c14296_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c14296/suppl_file/ja4c14296_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c14296?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ournal of the American Chemical Socie pubs.acs.org rticle
J | of the A Ch | Society b /JACS Articl
a A E” =19.2 kcal/mol o. &2
S
0._S 8
20.3 . ﬁ “WO
B NG Oxygen rebound I .
RSN ) ¢ path — R
o . ¢ 3.3 _s
0.0 ,// \\\ | /// 2TS3 \\\ ZPCa
R ° . Cpdll —FelV A VI .
oS $ ) PPN s
8 AN - e L jaANF
o X e 7 - thiolactonization -3,
o /4 N 159 -7 path o 13
9 0 2iC1 i o
n . N 244 [
Cpdl _F?lv AE” =15.2 kcal/mol ~2PC F(Ie'"
- 285 S
2pca 2pc
Hydrogen transfer Electron transfer and C-S bond formation
p(Fe) =1.35 p(Fe)=1.93 p(Fe) = 1.02
p(01)=0.77 p(01)=0.16 p(01) =0.04
p(S)=-0.53 p(C4)=-0.44

p(C5) = 0.25
p(C6) = -0.51
p(C7) = 0.20
p(C8) = -0.40

Figure 4. The calculated mechanism for the P450 TlnA-catalyzed oxidation of 9. (a) QM(UB3LYP-D3BJ/B2)/MM-calculated energy profile
(kcal/mol) for the P450 TlnA-catalyzed oxidation of 9 to generate 1. (b) QM(UB3LYP-D3BJ/B1)/MM-optimized structures of key species,
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radical. Then, the nucleophilic thiocarboxylic group attacks the
C4 position and initiates sequential double bond rearrange-
ment and further electron transfer from the radical species to
the ferryl-hydroxo Compound II (CpdlIl), leading to the
formation of the y-thiolactone ring (Figure 3a). The generated
Fe'"—OH species coordinates with a proton from the solution
to produce a H,O molecule and regenerates its initiating state
to start a new catalytic cycle. In the alternative carbocation
mechanism, after the formation of the substrate radical, CpdII
of TInA abstracts an electron from C8, producing a
carbocation intermediate. Subsequently, the thiocarboxylic
group attacks the C4 position and triggers double bond
rearrangement to form the y-thiolactone moiety (Figure S44).
To distinguish these two mechanisms, we used 180-labeled
80, or H,"®0 in the TInA-7 reaction to track the origin of the
oxygen atom of the terminal hydroxyl group in 10. HPLC-
HRESI-MS analysis clearly indicated that the C8 oxygen atom
of 10 should originate from '*0, instead of H,'*O (Figure
S45). This observation strongly suggests that the TInA-
mediated hydroxylation of 7 likely undergoes the canonical
“oxygen rebound” process via the radical intermediate, but not
through a carbocation intermediate, because otherwise the
H,'®0-derived '"*O would be incorporated into 10 in the
labeling experiments. Collectively, we reason that TInA might

adopt a similar radical mechanism when catalyzing its natural
y-thiolactone formation reaction.

Then, we attempted to use structural biology to gain more
catalytic insights into TInA. Due to unsuccessful attempts to
crystallize TInA, its 3D structure was predicted by Alpha-
Fold3" (Figure $46). Subsequently, 9 was docked into the
active site of TInA using AutoDock Vina.’ The docked
structure was then refined and optimized through molecular
dynamics (MD) simulations (Figures 3d, 4, S47, and $48).
The optimized complex showed that the distance between C8
of 9 and the ferryloxo group of Cpdl is 3.6 A (Figure 3d),
while the distance from the closest hydrogen atom of C8—H;
to the oxygen atom of Cpdl is 2.6 A (Figure 4b). Such
proximities are very suitable for the hydrogen atom transfer
(HAT) from the substrate C8—H to CpdI (Figure 3d).”" This
finding further supports that C8—H, rather than the C4=CS$
double bond,”"** should be selectively oxidized by TInA.

Furthermore, we verified the radical mechanism of TInA
using quantum mechanical/molecular mechanical (QM/MM)
calculations (Figure 4). According to the calculation results,
the HAT from the C8—H of 9 to CpdI overcomes a barrier of
20.3 kcal/mol, giving rise to the intermediate “IC1, which is
15.9 kcal/mol lower in energy than the starting state 2RC.
Population analysis revealed that the radical is delocalized
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mechanism; Cs, starting the NRPS assembly line; X domain, recruiting proteins to the assembly line.

across the conjugated chains in *IC1, with significant calculated the C4=CS epoxidation process starting from *RC
populations at C8 (—0.40), C6 (—0.51), and C4 (—0.44). (Figure S49). MD simulation and QM/MM calculations show
Additionally, to rule out the epoxide-based mechanism, we that the distances between the oxygen atom of Fe(IV)=0 and

22375 https://doi.org/10.1021/jacs.4c14296

J. Am. Chem. Soc. 2025, 147, 22368—22386


https://pubs.acs.org/doi/suppl/10.1021/jacs.4c14296/suppl_file/ja4c14296_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.4c14296?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c14296?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c14296?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c14296?fig=fig5&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c14296?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

the C4 and CS atoms of 9 are 8.2 and 7.1 A, respectively, both
of which are significantly longer than the distance between the
C8 atom and Fe(IV)=0 (3.6 A) (Figures 4b and S49).
Furthermore, the QM/MM calculations revealed that the
epoxidation of the C4=CS double bond involves an energy
barrier of 45.0 kcal/mol (*RC — *TS4 in Figure S50), which is
significantly higher than that of the C8 HAT reaction (20.3
kcal/mol in Figure 4a). Therefore, these results collectively
support the notion that Fe(IV)=O0 initiates a HAT reaction at
the C8 position rather than promoting the epoxidation of the
C4=CS double bond.

In ’IC1 for the HAT pathway, the sulfur atom (S1) was
observed to maintain a short distance of 3.2 A from the C4
position in 9, suggesting that the intramolecular nucleophilic
attack of sulfur on C4 in the catalytic pocket is feasible. QM/
MM calculations showed that this nucleophilic attack step
involves a barrier of 15.2 kcal/mol (]IC1 — *TS2), resulting in
the formation of the y-thiolactone moiety in *PC, which is 8.2
kcal/mol lower in energy than 2IC1. Notably, this intra-
molecular nucleophilic attack is accompanied by electron
transfer from the substrate to the Fe'"—OH species (CpdIl),
forming of Fe''—OH in *PC (Figure 4a). The Fe"—OH then
restores to the initiating state Fe" by producing a H,O
molecule. The keto-type product 13 in ?PC undergoes a keto—
enol transformation, forming of the final product 1 (Figure
S51).

Starting from 2IC1, we also calculated the energy barrier for
the alternative “oxygen rebound” route leading to the C8-
hydroxylated product (*PCa). However, this pathway needs to
overcome a high barrier of 19.2 kcal/mol (*IC1 — *TS3 in
Figure 4a). This finding well aligns with our experimental
result that the P450 TlnA-catalyzed oxidation of 9 exclusively
yielded 1, and explains why the C8-hydroxylated product was
not detected. To further understand the catalytic mechanism
of TInA, we investigated the TInA-catalyzed hydroxylation
process of 7 using MD simulations and QM/MM calculations
(Figures $52—S54). Our simulations indicated that 7 adopts a
similar binding conformation with 9 (Figure SS3). As a result,
the C8 methyl group in 7 is positioned to the oxygen of Cpd I
with a distance of 2.3 A, leading to an energy barrier of 15.4
kcal/mol for the HAT from C8—H of 7 to Cpd I Starting from
the radical intermediate 2IC1’, we found that the barrier for
intramolecular C4—O bond formation (26.3 kcal/mol) is
much higher than that of the OH-rebound pathway (11.5 kcal/
mol), thus favoring the production of the C8-hydroxylated
product (Figure S54). This result is also consistent with our
experimental results (Figure S33).

To validate the docking results and further explore the
substrate-binding properties of TInA, alanine-scanning experi-
ments were conducted on the amino acid residues that form
hydrogen bonds with the substrate, as identified by the TInA-9
model. These residues include N g, Ny, and Y,,, (Figures 3d
and S17). Compound 7 and the in situ generated 9, produced
by coincubation of 7-CoA, 1-Cys, TInCpcp(apo)-cy and
TInDy pcpgror) in the presence of necessary cofactors, were
used as substrates to test the catalytic activity of these TInA
mutants (TInAy;g4a TInAyig7a, and TlnAy,,,,), respectively.
Product analysis showed that all three mutants completely or
significantly lost their catalytic activity against both 7 and 9
(Figure 3c), confirming the key roles of these residues in
substrate binding and activity.

We proposed that the amide groups in Ny, and Ny, and
the phenolic hydroxy group in Y,,, might form three hydrogen

bonds with the sulfur atom and C3 carbonyl group in 9,
thereby stabilizing the catalytic conformation of the substrate
(Figure 3d). MD simulation showed that the distances
between the N1 of Ny, and S atom of 9 (dl) fluctuates
around 3.0—3.5 A, while the distance between the H3 of N,,,
and the O2 atom (d3) of substrate fluctuates around 1.7—2.0
A, suggesting that both Ny, and Y,,, could maintain stable
hydrogen bonds with 9 (Figure SSSb and d). Although the N2
atom of Ny, and the S atom of 9 (d2) fluctuate between 3.0
and 5.0 A (mostly within 3.0 to 4.0 A), suggesting that N,
might also form a hydrogen bond with 9 (Figure SSSc). Thus,
these results support the hypothesis that Noy, Nyo7, and Yy,
are responsible for maintaining the catalytic conformation of
the substrate by forming hydrogen bonds with intermediate 9.
Of note, circular dichroism (CD) measurements indicated that
these mutations did not cause significant conformational
changes (Figure S56).

Additionally, MD simulation results also showed that the
T,s; residue binds with a water molecule, which further
interacts with the ferryloxo group in CpdI (Figures 3d and
S53). Several previous studies have proposed that the
conserved T,s; residue plays an important role in oxygen
activation, proton delivery, electron transfer, and positioning of
the heme-ligand water (Figure $12).>*7% To investigate the
role of T,;; in TInA for the unusual p-thiolactoniazation
functionality, we made three mutants including TInAr,s,,
TlnAr,5;5, and TInAq,gy. Activity analysis showed that
TInAqy5,4 and TInAr,sy, both of which lack the hydroxyl
group in the side chain of residue 251, were dead mutants
toward 9 and 7. In contrast, TInAr,5,s, maintaining a hydroxyl
group at residue 251, retained the catalytic activity (Figure 3c).
These results confirmed the important role of the hydroxyl
group in T,5, for maintaining the catalytic function of TInA.
Taken together, P450 TInA mediates an unprecedented y-
thiolactoniazation toward 9 via a distal radical-based
cyclization mechanism with the aid of Njgy, Nyo;, Yiu,, and
T,s; residues.

2.5. Thiocarboxyl Intermediate Formation Mediated
by the Cy Domain of TInC. Based on the results that
coincubation of 7-CoA, TInCycp(apo)-cyr TIND a-pcp(holo) and L-
Cys led to the formation of 6 via the unstable intermediate 9
(Figure 2a), we deduced that 9 is the direct product off-loaded
from the PKS-NRPS assembly line. During the reaction
comediated by TInCacprpo)-cy and TInDypepgon)y the A
domain of TInD is responsible for loading L-Cys onto the
assembly line, with the ACP domain of TInC and the PCP
domain of TInD serving as carrier proteins for substrate/
intermediate delivery (Figure Sa). Therefore, the Cy domain of
TInC (TInCc,) is likely responsible for mediating the sulfur
transfer from the TInDpcp-bound 1-Cys to the TInC,¢p-bound
7 (Figure 5a). To understand the catalytic process of TInCc,,
we performed alanine-scanning mutagenesis on the putative
catalytic residues, including D4, Nss,, and Djg, within the
condensation motif D3, XXXXD 4, and the heterocyclization
motif Nj5,-Dyo, (Figures S11 and S17).

Each single mutant (TlnCACp_Cy_DMON TInCacp.cy-p3g4ns OF
TInCACP_Cy_N352A) was individually incubated with
TInDy pcpgroyy 7-CoA, and L-Cys in the presence of all
necessary cofactors. Specifically, the TInCycp.cypiaoa and
TInCycp.cypiosn mutants both lost the ability to produce 6
(Figure Sb), which is consistent with the in wvivo gene
inactivation results (Figure 2b). In contrast, the
TInCpcp.cy-n3524 Mutant retained the catalytic activity (Figure
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Sb). These observations confirmed that both the condensation
and heterocyclization catalytic motifs are necessary for TInC to
mediate the sulfurtransfer reaction, while the Njg, residue,
which is typically a threonine in Cy domains and crucial for the
dehydration reaction forming the thiazoline moiety (Figure
$10),” does not participate in this reaction. Then, we further
constructed the TInC,cp.cy.n3sor mutant to restore the T-D
catalytic dyad of typical Cy domains and investigate whether
this mutant could produce a thiazoline product. However, the
N-to-T mutation neither affected the production of 6 nor
resulted in the formation of any thiazoline product (Figures Sb
and S57).

The mutation results suggest that the sulfurtransfer process
likely includes two steps: the condensation of L-Cys and 7 and
a heterocyclization-guided C—S bond cleavage reaction, with
D, and Djy, serving as the catalytic residues. In principle, the
TInCpcp.cy-p3osa mutant should retain the condensation
activity but lose the ability to mediate the heterocyclization
step, providing an opportunity to capture the online
intermediate linked to TInDj.pcp. Thus, we used HPLC-
HRESI-MS to analyze the molecular weight changes of
TInD s pcp(roy) during the TInCpcp.cy.p3osa-mediated trans-
formation. As a result, the TInD 4 pcp-bound L-Cys (8) and the
proposed condensation intermediate 14 were successfully
detected (Figures Sa,c, and SS7). To further confirm the
structure of 14, we used cysteamine as a chemical agent to trap
it from TInD 4 pcp (Figure 5d).°° When 10 mM of cysteamine
was added to the reaction catalyzed by the TInCycp.cy-p3gsn
mutant, a new product with an m/z value of 357.1313 ([M +
H]") was detected, which was identified as the cysteamine-
trapped product 15 (Figures Sd and S4). These results
confirmed 14 as the intermediate during the sulfurtransfer
process (Figure S).

After the formation of 14, the sulfurtransfer process requires
the cleavage of the C—S bond within the cysteine moiety
(Figure Sa). Currently, pyridoxal §’-phosphate (PLP) depend-
ent cysteine desulfurases (CDS) and CDS-like enzymes are
known as the main representatives for catalyzing C—S bond
cleavage reactions.””*® The mechanism of CDS/CDS-like
enzymes involves sequential @-proton abstraction followed by
p-elimination steps (Figure S58).°7°° Intriguingly, during the
assembly of the f-lactam skeleton of the nocardicin family of
antibiotics, a special class of NRPS C domain was reported to
employ a similar a-proton abstraction and f-elimination
mechanism to mediate a C—O bond cleavage reaction toward
the PCP-bound serine derivative substrate (Figure $59).°°7!
Taken together, we proposed a putative mechanism for TInCc,
to mediate the C—S bond cleavage reaction (Figure Sa).
Initially, the two cosubstrates, including the ACP-linked 7 and
PCP-tethered 1-Cys, bind to TInC¢, to form a ternary
complex. In the active site, the condensation subdomain first
catalyzes the formation of 14. Subsequently, the heterocycliza-
tion subdomain mediates an intramolecular cyclization to
produce an unstable heterocyclic intermediate 16, which then
undergoes a spontaneous or Djg,-mediated C—N bond
breakage reaction to form the linear intermediate 17. Then,
Djo, or an unknown residue act as a general base, abstracting
the a-proton in 17.°7°" This triggers the following -
elimination reaction, cleaving the C—S bond to produce 9
and the TInD,pcp tethered 2-aminoacrylic acid (18). 2-
Aminoacrylic acid may be released from PCP spontaneously or
via a residue-assisted hydrolysis reaction.

In a typical PLP-dependent CDS/CDS-like enzyme-
mediated C—S bond cleavage reaction, the produced 2-
aminoacrylic acid would spontaneously decompose into
pyruvate and ammonia in solution (Figure $58).%% To examine
whether pyruvate was formed in the TInC,-catalyzed reaction,
4-ﬂu0ro§phenylhydrazine (4-FPH) and o-phenylenediamine
(OPD)> were used as trapping agents for pyruvate.”” HPLC-
HRMS analyses of the 4-FPH and ODP-treated reactions
revealed a trace amount of pyruvate derivatives. However,
comparable amounts of the pyruvate derivatives were also
detected in the negative control reactions using boiled
TInCycp.cy- This result suggested that the observed pyruvate
was unlikely to be derived from the Cy catalytic process
(Figure S60).

In principle, 2-aminoacrylic acid must be offloaded from
TInDj pcp, either enzymatically or spontaneously, or the
catalytic cycle would be blocked. Supporting this, HR-ESIMS
analysis of the molecular weight of TInD, pcp did not show any
accumulation of 18, with or without the inclusion of the TE
domain of TInD (Figure S61). Thus, we speculated that 18
might have gone through an unknown decomposition pathway
to restore the unloaded TInD, pcp for the next round of
catalysis. To investigate this hypothesis, we first attempted to
detect potential volatile products using Gas Chromatography-
(GC), but no products were observed (Figure S62a). Then, we
utilized dansyl chloride (DC, to capture the potential NH,-
containing products) and hydrazinopyridine (HP, to capture
the potential carboxyl-containing products) to treat the
TInCycp.cy and TInDypep comediated one-pot reaction in
order to trap any amino acid or carboxylic derivative resulting
from 18.°* However, HPLC analysis showed that no new peak
was observed in the DC/HP-treated samples compared to
their corresponding control reactions using boiled TInCycp.c,
(Figure S62b and c).

Moreover, we attempted to use the BC-tracer experiments
to track the skeleton transformation of cysteine, using L-
[1,2,3-13C,,N] cysteine as the substrate. Initial attempts with
TInCycp.cy and TInD, pcp were unsuccessful due to their low
catalytic activity. Therefore, we employed the homologous
protein TImB’, a large PKS-NRPS hybrid protein derived from
Lentzea sp. ATCC 31319 and showed much higher catalytic
activity than TInCycp.cy and TInDp pcp (Figures 1b, S17, and
S63), for the *C tracer experiments.”” The reaction mixture
containing 1-[1,2,3-*C;,"N] cysteine, 7-CoA, TImB’, and
essential cofactors in NaH,PO, or Tris-HCl reaction buffer
was monitored by time-course (1, 30, and 240 min) "*C NMR
spectroscopy. Notably, we observed the progressive conversion
of cysteine-derived signals into two sets of new signals (Figure
S64). Comparative spectral analysis revealed that while these
new signals exhibited chemical shifts different from those of
the substrate 1-[1,2,3-13C3,"N] cysteine, their characteristic
coupling patterns were remarkably conserved. This strongly
suggests that the observed signals were likely derived from -
[1,2,3-°C,,"N] cysteine. The preserved coupling patterns
suggest an intact C; skeleton relative to 1-[1,2,3-1*C,,°N]-
cysteine, with the nitrogen atom still attached to C2 (as
evidenced by the similar "N—'*C2 coupling constant of 3.6
Hz). The observed chemical shift variations indicate further
decoration of the C; skeleton during the in vitro reaction.
Based on our proposed catalytic mechanism of the Cy domain,
we proposed two possible derivatization pathways (Figure
S65). Even though the current data are insufficient to
determine the exact structure of the derivative of the C,
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product, we are currently attempting to address this issue by
employing a product release blockade strategy combined with
structural biology approaches.**

Next, we gauged the proposed mechanism using the cluster-
continuum model calculations,>™" in which the methyl
thioester compound 16’ was used as a simplified structural
analog of 16 to reduce computational complexity (Figure S66).
Starting from 16’, water-assisted proton transfer from the
hydroxyl group to the nitrogen atom generates a zwitterion
intermediate. QM calculations showed that this step involves a
barrier of 12.0 kcal/mol (RC’ — TS1’). Then, a facile C—N
bond cleavage leads to the ring-opened intermediate INT2/,
which involves a slight barrier of 1.9 kcal/mol (INT1' —
TS2'). Subsequently, a general base (D, or another residue)
abstracts the a-proton (INT2' — INT3’), initiating electron
rearrangement and f-elimination, leading to the cleavage of the
C—S bond and formation of 9 and 18’ (Figure S66). The
overall process involves an energy barrier of 19.0 kcal/mol
(INT2" — TS4'), giving rise to the final product 9 that is 8.5
kcal/mol lower in energy than 16’, suggesting that this
transformation is feasible both kinetically and thermodynami-
cally.

To further explore the structural basis of the proposed
mechanism for TInC,, we used AlphaFold3 to predict the 3D
structures of TInCc, and TInDpcp (Figures S67 and S68). To
reveal the structural similarities and differences between
TInCc, and typical Cy domains, the predicted structure of
TInCc, was aligned with several well-characterized conven-
tional Cy crystal structures, including BmdBc, EpoBc,,
HMWP2,, and lf'1m0A3)Cy.31’35’68’69 The results showed that
TInCc, exhibits a high degree of structural similarity with the
classic Cy domains (with the root-mean-square deviation
values ranging from 1.6 to 2.4 A), both in overall structure and
key catalytic residues (Figures S69 and S70). A detailed
comparative analysis revealed that, near the catalytic center—
particularly in close to the catalytic site D3g,—a loop and fS-
sheet formed moiety in TInCc, is more extended than other
Cy structures (Figure S69). This difference is also evident in
the sequence alignment result (Figure S11). Based on these
observations, we speculate that this unique structural feature
may account for the difference in catalytic function and
mechanism between TInCc, and typical Cy domains. More-
over, TInDpcp tethered 14, generated by AutoDock Vina, was
docked to the active site of the TInCc, model. We then refined
and optimized the docking results by MD simulations (Figure
S71). The refined complex model showed the typical catalytic
conformation of Cy-PCP domains as that of BmdBc,,-
BmdBpcp,.”” Particularly, it revealed a close distance of 3.1 A
between the D394 residue and the thiol group in 14 (Figure
S72). This result supports the involvement of Dsq, in the
transformation of intermediate 14, consistent with our
mutagenesis results (Figure Sb). However, unravelling the
detailed catalytic mechanism requires a reliable complex crystal
structure between TInCucp.c, and TInD,.pcp, which is
currently ongoing in our laboratories.

3. CONCLUSIONS

In this study, we elucidated the enzymatic basis and catalytic
mechanisms underlying the p-thiolactonization step in
thiolactomycin biosynthesis. We demonstrated that the
atypical Cy domain of TInC mediates an unusual bond
rearrangement to sulfurate the polyketide intermediate,
producing the key thiocarboxylate intermediate 9. Cladogram

analysis reveals that TInCc, and its homologues form a distinct
clade separating from the typical Cy subfamily, suggesting their
independent evolutionary pathway (Figure Se). Recently,
several uncommon Cy subfamily members have been found
to catalyze various unusual reactions, including C—C bond
formation and unconventional cyclizations.”’~"> Thus, the
identification of TInCc, as a thiocarboxy synthase further
broadens the functional diversity of this subclass of enzymes
and highlights their evolutionary divergence in natural product
biosynthesis. Accordingly, this type of C domain could serve as
a probe to mine more SMs that may deploy a TInCc,-like
biosynthetic mechanism. It is worth noting that the
thiocarboxylate group is rarely observed in natural products
and is typically biosynthesized through a complicated sulfur
incorporation process mediated by sulfur carrier proteins.”’
Therefore, our findings in this study present a new strategy for
building the thiocarboxyl group in nature. However, despite
employing multiple approaches to capture the predicted C,
byproduct released from intermediate 18, its precise chemical
structure remains unresolved. We are currently addressing this
challenge by determining the complex structure of TImB’
bound with the C; product.

Furthermore, we determined the catalytic function of the
P450 enzyme TInA, which converts the thiocarboxylate
intermediate 9 into the final product 1 by mediating a y-
thiolactone ring formation process. Considering the instability
of 9, we initially hypothesized that TInA might interact with
the NRPS assembly line, most likely via the Cy domain, to
prevent 9 from converting into the side product 6 through
substrate channeling effect. However, the measurements of
potential TInA-TInCycp.c, interaction by isothermal titration
calorimetry (ITC) experiments, protein complex predictions
by AlphaFold3, size-exclusion chromatography (SEC), and
native-PAGE analyses all suggested that TInA is unlikely to
form a complex with the NRPS assembly line (Figures S73—
S75). This may explain the formation of 6 from the
spontaneous decomposition of 9 by the wild-type Streptomyces
sp. S6043a.

In summary, we deciphered the long-standing y-thiolactone
biosynthetic mystery in thiolactomycin biosynthesis. Our
results advance understanding of the functional diversity of
both NRPS Cy domains and P450 enzymes, and underscore
the strategic diversity for SM biosynthesis in nature. We
envision that these findings will facilitate the future discovery,
design, engineering, and application of these unusual
enzymatic machineries.

4. METHODS

4.1. Materials. All antibiotics used in this study were obtained
from Solarbio (Beijing, China). All amino acids and related derivatives
were purchased from Heowns Biochem LLC (Tianjin, China).
Organic solvents were acquired from Merck KGaA (Darmstadt,
Germany). NADPH, ATP, DTT, and IPTG were bought from
Aladdin (Shanghai, China). Cysteamine was purchased from McLean
(Shanghai, China). 4-Fluorophenylhydrazine, dansyl chloride, and o-
phenylenediamine were obtained from Solarbio (Beijing, China).
Yeast extract and peptone were purchased from Angel Yeast Co., Ltd.
(Yichang, China). The Ni-NTA Sefinose Resin (Settled Resin) for
protein purification was acquired from Sangon Biotech (Shanghai,
China). Thrombin for His-tag excision was acquired from Solarbio
(Beijing, China). The '8O-labeled water was purchased from
Tenglong Weibo (Qingdao, China). The isotopic 'O, was obtained
from Delin (Shanghai, China). The FlexiRun premixed gel solution
for SDS-PAGE analysis was obtained from MDBio (Qingdao, China).
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Other chemicals and reagents were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Primers and other
genes were synthesized by BGI (Shenzhen, China).

4.2. Software and Tools. The BGCs of Streptomyces sp. S6043a
were predicted using antiSMASH bacterial version.”® NMR data was
processed using MestReNova 9.0. All protein sequence alignments
were performed on the T-Coffee Web site.”* The NRPS Cy domains
were aligned by MEGAI1 program” using Clustal W (version
11.0.13) with default parameters. The neighbor-joining phylogenetic
tree was built with MEGA11 for 1200 bootstrap repetitions with
default parameters.”> The ESI-MS data were processed using Bruker
Compass DataAnalysis version 4.2. Please refer to the Supporting
Information for the software, tools, and detailed parameters used in
the chemical calculations.

4.3. Analytical Methods. All HPLC analyses were conducted on
a Thermo UltiMate 3000 instrument with a Triart C18 column (4.6
mm X 250 mm X 5 uM, YMC Co., Ltd,, _]apan). HPLC-HRESI-MS
data of small molecules were recorded on a Bruker Maxis Q-TOF
equipment with the same C18 column. HPLC-HRESI-MS analysis of
proteins was performed on a Bruker Maxis Q-TOF equipment with a
Triart bio C4 column (4.6 mm X 150 mm X 5 uM, YMC Co., Ltd,,
Japan). UV—Vis absorbance spectra were taken using a SpectraMax
M2 plate reader (Shanghai, China). NMR spectra were acquired on a
Bruker Avance III 600 MHz spectrometer (Switzerland). DNA
sequencing services were provided by Sangon Biotech (Shanghai,
China). GC analyses were conducted utilizing an HP-S column (30 m
X 032 mm X 025 um) on an Agilent Technologies 7890B
instrument. The temperature program consisted of an initial hold at
80 °C for 1 min, followed by a ramp to 220 °C at a rate of 5 °C/min,
a subsequent hold at 220 °C for 1 min, a further ramp to 290 °C at 3
°C/min, and a final hold at 290 °C for 15 min.

4.4. Growth Conditions for Production of 1 and lIts
Analogues by Streptomyces Strains. Streptomyces sp. S6043a
wild-type and mutant strains were inoculated on MS agar plates (20
g/L soybean flour, 20 g/L mannitol, and 20 g/L agar) and cultured at
30 °C for 72 h. A colony of each strain was then inoculated into 2 X
YT medium (16 g/L pancreatic peptone, 10 g/L yeast extract, and §
g/L NaCl) and incubated for 36 h at 30 °C, 220 rpm. Then, the seed
culture was inoculated into S0 mL of Gauze’s synthetic medium No.1
(20 g/L soluble starch, 1 g/L KNO,, 0.5 g/L K,HPO,, 0.5% g/L
MgSO,-7H,0, 0.5 g/L NaCl, 0.01 g/L FeSO,-7H,0, 34 g/L sea salt,
pH = 7.4) and further shaken at 30 °C, 220 rpm for 7 d to produce 1
and its analogues. The HPLC program for 1—4 analysis was as follow:
0—1 min, 10% (ACN in H,O with 0.1% TFA); 2—25 min, 10—80%;
26—30 min, 100%; 30—35 min, 10%; 1 mL/min, 230 nm.

4.5. Isolation of 1 and Its Analogues. After cultivating
Streptomyces sp. S6043a (10 L) for 7 days, sterilized XAD-16 resin
(20 g/L) was added to absorb hydrophobic products. The culture-
resin mixture was then shaken at 220 rpm for 2 h. The resin was
filtered through cheesecloth, washed with deionized water, and eluted
with acetone. The organic solvent was evaporated under reduced
pressure, and the resulting aqueous layer was extracted with an equal
volume of ethyl acetate (EtOAc) twice. The combined EtOAc
fractions were dried in vacuo to yield a crude extract (10.6 g), which
was then subjected to a silica gel column to separate 1 and its
analogues from other components. The petroleum ether/EtOAc =
10:1 fraction was dried and subjected to HPLC for purification of 1
and its analogues using a YMC-Pack Pro C18 column (10 mm X 250
mm X S M, YMC, Japan). The HPLC program was as follows: 0—1
min, 30% (ACN in H,0); 2—20 min, 30—80%; 20—25 min, 100%;
and 25—30 min, 30%; 2.5 mL/min, 230 nm. The collected fractions
were dried under vacuum to yield compounds 1—4 (1, 4.4 mg; 2, 4.0
mg; 3, 4.2 mg; 4, 8.6 mg), the structures of which were determined by
HRESI-MS and NMR analyses (see Supporting Information for
details).

4.6. DNA Isolation of Streptomyces sp. $6043a. The genomic
DNA (gDNA) of Strc;ptomyces sp. S6043a was extracted according to
standard procedures.”® The collected 2-d Streptomyces sp. S6043a
mycelia were resuspended in S mL of SET buffer (75 mM NaCl, 25
mM EDTA, 20 mM Tris, pH = 7.5). Then, lysozyme was added to

the suspension with a final concentration of 1 mg/mL and incubated
at 37 °C for 1 h. Then, 500 uL solution of 10% sodium dodecyl
sulfate and 125 uL of 20 mg/mL proteinase K were added and
coincubated at 55 °C with occasional inversions for 2 h. After that, 2
mL of 5§ M NaCl solution and 8 mL of phenol/chloroform/isoamyl
alcohol (25:24:1) mixture were added to the clear solution and
incubated at room temperature for 0.5 h with frequent inversions. The
resulting suspension was centrifuged at 4500g for 15 min, and the
aqueous phase was transferred to a new tube using a blunt-ended
pipet tip. An equal volume of isopropanol was then added to
precipitate the total DNA, and the tube was inverted gently for S min
before centrifugation at 4500g for 5 min. The sedimentary DNA was
transferred to a new microfuge tube and washed with 75% ethanol
twice and dried under vacuum, until finally being dissolved in 1 mL of
ddH,0O containing 10 pg RNase.

4.7. Plasmids Construction for CRISPR/Cas9 Gene Editing.
All primers used in this study are listed in Table SS. The CRISPR/
Cas9 gene editing plasmid pKCcas9dO?® was used as a template to
generate the knockout and nucleotide site-specific mutagenesis
plasmids. To construct nucleotide site-specific mutagenesis plasmids
for TInA, TInCp, 404 TInCpze4s and TInDg4, sgRNAs were designed
at the mutation sites and amplified from pKCcas9dO as template
using the primer pairs of TInA-sgRNA-F/TInA-sgRNA-R, TInCp4s-
sgRNA-F/TInCp404-sgRNA-R, TInCpz944-sgRNA-F/TInCp394a-
sgRNA-R, and TInDg4o-sgRNA-F/TInDg4e-sgRNA-R, respectively.
The homologous arm-pairs of the mutation sites for TInA,
TInCycp-cy-pis0a TINCacp.cypiosa and TInDrggeo were amplified
from the genomic DNA of Streptomyces sp. S6043a with the
corresponding primer pairs of TInA-up-F/TInA-up-R and TInA-dn-
F/TInA-dn-R, TInCycp.cy-pisoa-tP-F/TInCacp.cy-pi40a-up-R and
TlnCACl’—Cy—DHOA'dn'F/ TlnCACPny—DHOA'dn'Rl TlnCACP—Cy7D394A'uP'
F/TlnCACP-Cy-D394A'up'R and TlnCACP-Cy-D394A'dn'FP/
TInCycp.cy-piosa-dn-RP, and TInDrg.ge-up-F/TInDrpge9-up-R and
TInD g _geo-dn-F/TInDrpg g60-dn-R, respectively. To construct in-frame
gene deletion plasmids for TInD, the sgRNA was amplified from
pKCcas9dO as template with the primer pair of TInDsgRNA-F/
TInDsgRNA-R. The homologous arm-pair of tlnD were amplified
from gDNA of Streptomyces sp. S6043a as template with the
corresponding primer pairs TInD-up-F/TInD-up-R and TInD-dn-F/
TInD-dn-R. The sgRNAs and corresponding homologous arm-pairs
were ligated into the Spel/HindllI-digested pKCcas9dO using the
ClonExpress Ultra One Step Cloning Kit and transformed into E. coli
DHSa for plasmid amplification. The recombinant plasmids were
verified by DNA sequencing and the correct plasmids were chemically
transformed into E. coli ET12567/pUZ8002. Finally, the plasmids
were transformed into Streptomyces sp. S6043a by conjugation-
transformation’” and the resultant recombinant strains were verified
by DNA sequencing.

4.8. Plasmids Construction for Protein Expression. The DNA
sequence encoding TInCycp.c, was amplified from the gDNA of
Streptomyces sp. S6043a using the primer pair of SUMOacp.c,F/
SUMO cp.cy-R. The gene sequences of TInA, TInD pcp, TInDrg,
Sfp, and TImB’ were individually optimized and synthesized
according to the codon preference of E. coli. The purified DNA
fragments were ligated into the Ndel/HindlIl-digested pET28a(+) or
BamHI/HindIlI-digested pET28a-SUMO(+) using the ClonExpress
Ultra One Step Cloning Kit, and transformed into E. coli DHSa for
plasmid amplification. The recombinant plasmids were verified by
DNA sequencing and the correct plasmids were chemically trans-
formed into E. coli BL21 (DE3) for protein overexpression. Moreover,
TInCpcp.cys TID s pep, and TImB’ were also expressed in E. coli BAP1
for converting ACP/PCP from the inactive apo-form into the active
holo-form. The recombinant proteins of TInD, pcp, TInDg, Sfp, and
TImB' were produced in a version tagged with 6XHis at their N-
termini, while TInA and TInCjcp.c, were produced in a form tagged
with SUMO and 6xHis at their N-termini. The expression strains of
SelFdx1499, SelFdR0978, and PbACL891 were constructed in our
previous studies.*”*"

4.9. Site-Specific Mutation of TInA and TInCpcp.cy. The
mutation sites of TInA were introduced by site-directed PCR from
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pET28a-SUMO-TInA as template using the primer pairs of
TInAyi04aF/TInAn104a-R,  TlnAyg74-F/TInAy07a R, TlnAy,g4-F/
TInAy,44R, TInAqyg14-F/TInAqyg 4R, TInArys)s-F/TInAqys R,
and TInAr,g-F/TInAp,sv-R (Table SS). The mutation sites of
TInCpcp.c, were introduced by site-directed PCR from pET28a-
SUMO,cp.cy as template using the primer pairs of TInC-ACP-
Cypisoa-F/TINC-ACP-Cyp 40a-R, TInC-ACP-Cyp;044-F/TInC-ACP-
Cypiosa-R, TInC-ACP-Cyy3s24-F/TInC-ACP-Cyy3504-R, and TInC-
ACP-Cyy;5,1-F/TInC-ACP-Cyy35,m-R  (Table S5). The amplified
products were digested with Dpnl and purified using the Omega
Gel Extraction Kit by following the manufacturers’ instructions and
then transformed into E. coli DHSa for plasmid amplification. The
recombinant plasmids were verified by DNA sequencing, and the
correct plasmids were chemically transformed into E. coli BL21 (DE3)
for protein expression.

4.10. Protein Expression and Purification. A single colony of
each protein expression strain was inoculated into 5 mL LB broth
containing kanamycin (50 mg/L) and grown at 37 °C, 220 rpm for 12
h. The resulting seed culture was inoculated into 0.5 L LB medium
(supplemented with 4% glycerol) containing kanamycin (50 mg/L) in
a2 L conical flask, which was shaken and incubated at 37 °C, 220 rpm
for 4 ~ 6 h until the ODg, reached 0.6—0.8. Then, 0.2 mM IPTG was
added to induce protein expression. For P450 TInA, 0.25 mM S-
aminolevulinic acid (5-Ala) was further added as the heme precursor.
The cells were further grown for an additional 16—20 h at 16 °C, 160
rpm, and then harvested by centrifugation at 6000g for 10 min at 4
°C. The collected cells were suspended in S0 mL lysis buffer (50 mM
NaH,PO,, 300 mM NaCl, 10 mM imidazole, 10% glycerol, pH = 8.0)
and crushed by a high-pressure homogenizer (ATS, Shanghai, China)
or an ultrasonic homogenizer JY92-IIDN (Scientz, Ningbo, China) at
4 °C. Bacterial cell debris was removed by centrifugation at 10,000g
for 60 min at 4 °C. Ni-NTA agarose (2 mL) was added to the
supernatant and incubated at 4 °C for 1 h. The resin bound Hiss-
tagged proteins were loaded onto a gravity flow column, washed with
0.5 L of wash buffer (50 mM NaH,PO,, 300 mM NaCl, 20 mM
imidazole, 10% glycerol, pH = 8.0), and then eluted with § mL of
elution buffer (50 mM NaH,PO,, 300 mM NaCl, 250 mM imidazole,
10% glycerol, pH = 8.0) to desorb the target proteins. Each protein
solution was concentrated using a suitable size-exclusion ultrafiltration
tube (10 kDa for TInDyy, Sfp, and SelFdx1499; 50 kDa for TlnA and
its matants, TInCycp(ap)-cy and its matants, TInDa pcpnolo)
PbACL891, SelFdR0978, and TImB’; Amicon, Shanghai, China),
and the buffer was exchanged with desalting buffer (S0 mM
NaH,PO,, 150 mM NaCl, 10% glycerol, pH = 7.4) using PD-10
desalting column (Beijing, China, GE Healthcare) to remove
imidazole. Subsequently, the Hiss-tags and SUMO-tags in the
recombinant proteins were removed usin§ thrombin and Ulpl
following the manufacturers’ instructions.”” Finally, the purified
proteins were flash frozen in liquid nitrogen and stored at —80 °C
for later use.

4.11. Protein Concentration Determination. The functional
concentration of P450 TInA was determined using the extinction
coefficient (€450—490) of 91,000 M~ *-cm™, which was calculated
from the CO-bound reduced difference spectrum, as previously
described.” The concentrations of other proteins were determined by
recording absorbance (A280) using a Nanodrop instrument (Thermo,
USA).

4.12. Chemical Synthesis of Compound 7 and Ds;-7. See
Supporting Information for the synthetic scheme and NMR
characterization details of 7 and D;-7.

4.13. Enzymatic Synthesis of 7-CoA and D;-7-CoA. To
prepare 7-CoA, a preparative-scale enzymatic reaction (30 mL) in 10
mM NaH,PO, buffer (pH = 7.4) containing 2 mM ATP, 2 mM
CoASH, 10 mM MgCl,, 2 mM DTT, 2 mM 7, and 50 uM PbACL891
was carried out at 30 °C for 30 min. The reaction was terminated by
adding 30 mL of methanol, and the mixture was dried under vacuum.
The resulting extract was then subject to HPLC using a YMC-Pack
Pro C18 column (10 mm X 250 mm X S uM, YMC, Japan). The
HPLC program for 7-CoA purification was as follow: 0—1 min, 10%
(ACN in H,0 with 0.03% formic acid); 2—12 min, 10—66%; 12—17

min, 100% and 17—23 min, 10%; 2.5 mL/min, 280 nm. Finally, 8.3
mg of 7-CoA was obtained after freeze-drying of the collected HPLC
fractions. The structure of 7-CoA was determined by HRESI-MS and
NMR analyses (see Supporting Information for details).

To prepare D3-7-CoA, a preparative-scale enzymatic reaction (15
mL) in 10 mM NaH,PO, buffer (pH = 7.4) containing 2 mM ATP, 2
mM CoASH, 10 mM MgCl,, 2 mM DTT, 2 mM D,-7, and 50 uM
PbACL891 was carried out at 30 °C for 40 min. The reaction was
terminated by adding 30 mL of methanol, and the mixture was dried
under vacuum. The resulting extract was then subject to HPLC using
a YMC-Pack ODS-A column (10 mm X 250 mm X 5 uM, YMC,
Japan). The HPLC program for D;-7-CoA purification was as follow:
0—1 min, 15% (ACN in H,O with 0.03% formic acid as solvent B) in
water (as solvent A); 2—22 min, 10—30% B; 22—27 min, 100% B and
27-32 min, 15% B; 2.5 mL/min, 280 nm. Finally, 5.4 mg of D;-7-
CoA was obtained after freeze-drying of the collected HPLC fractions.
The structure of D;-7-CoA was determined by HRESI-MS and NMR
analyses (see Supporting Information for details).

4.14. Chemical Synthesis of 6. To prepare compound 6, S mg
7-CoA (500 uM) was added to 10 mL of (NH,),S solution (1 M),
and the mixture was stirred at room temperature for 30 min. The
reaction mixture was extracted with ethyl acetate three times to gain
the crude extract of 6. The resulting extract was then subject to HPLC
using a YMC-Pack Pro C18 column (10 mm X 250 mm X S uM,
YMC, Japan). The HPLC program for 6 purification was as follows:
0—1 min, 40% (ACN in H,0); 2—16 min, 40—56%; 17—22 min,
100%, and 22—27 min, 40%; 2.5 mL/min, 230 nm. Finally, 0.7 mg of
6 was obtained after freeze-drying of the collected HPLC fractions.
The structure of 6 was identified by HRESI-MS and NMR analyses
and compared with the reported spectra (Figures 4, $76, and $77).>

4.15. HPLC-HRESI-MS Analysis of ACP/PCP-Bound Inter-
mediates. Unless otherwise specified, all enzymatic assays for protein
mass spectrometric analysis were performed at 30 °C in a 50 uL
reaction system consisting of 10 mM NaH,PO, (pH = 7.4).

To examine whether L-Cys or S-methyl-L-cysteine could be loaded
onto TInDy pepero)y S0 #M purified TInDa pepgron) Was incubated
with 2 mM L-Cys or 2 mM S-methyl-L-cysteine, 2 mM ATP, 10 mM
MgCl,, and 2 mM DTT for 2 h.

To detect the online catalytic intermediates of TInCcp.c, mutants,
50 uM TInD pcp(hoi,) Was incubated with 2 mM 1-Cys, S00 uM 7-
CoA, and 10 M TInCpcp(apo)-cy Wild type or its mutants
(TInCACP(apo)-Cy-DHOA) TlnCACP(apn)-Cy-NSSZA) TlnCACP(apo)-Cy-NSSZTJ or
TlnCACP(apo)—Cy—D394A) in the presence of 2 mM DTT, 2 mM ATP, and
10 mM MgCl, for 15 min.

To examine whether 7 could be loaded onto TInCacprupe)-cyr SO
UM TInCacp(ap)-cy Was reacted with S uM Sfp, 500 uM 7-CoA in the
presence of 10 mM MgCl, and 2 mM DTT for 1S5 min.

To examine whether TInA could catalyze an online reaction, 2 yuM
TInA, 5 uM selFdx1499, 10 uM selFdR0978 were reacted with 50 yuM
TInCycpapo)-cyr S M Stp, 500 uM 7-CoA in the presence of 10 mM
MgCl,, 2 mM DTT, and 2 mM NADPH, and the reaction mixture
was incubated for 30 min.

Afterward, the reactant mixtures were centrifuged (12,000g) at 4
°C for 10 min, and the supernatants were used for HPLC-ESI-MS
analysis. The HPLC program was as follow: 0—1 min, 5% (ACN in
H,O with 0.1% formic acid); 2—15 min, 5—90%; 15—18 min, 90%
and 19-25 min, 5%; 1 mL/min, 280 nm, 70 °C.

4.16. In Vitro Enzymatic Assays. Unless otherwise specified, all
enzymatic assays in this part were performed at 30 °C in a 100 uL
reaction system consisting of 10 mM NaH,PO, (pH = 7.4), and the
boiling-inactivated enzymes were used for negative control reactions.

The one-pot reaction for 1 biosynthesis contained 10 uM
TInCycp(apo)-cyp 10 #M TInDp pcp(onoyy 2 #M TlnDrg (optional), 2
UM TInA, 5 uM selFdx1499, 10 uM selFdR0978, 2 mM ATP, 10 mM
MgCl,, 500 uM 7-CoA, 2 mM DTT, 2 mM L-Cys, and 2 mM
NADPH. The reaction was carried out for 4 h.

To examine whether 6 could be converted by TInA, S00 uM 6 was
incubated with 2 yM TInA, 5 uM selFdx1499, 10 uM selFdR0978, and
2 mM NADPH for 2 h.

https://doi.org/10.1021/jacs.4c14296
J. Am. Chem. Soc. 2025, 147, 22368—22386


https://pubs.acs.org/doi/suppl/10.1021/jacs.4c14296/suppl_file/ja4c14296_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c14296/suppl_file/ja4c14296_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c14296/suppl_file/ja4c14296_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c14296/suppl_file/ja4c14296_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c14296/suppl_file/ja4c14296_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c14296/suppl_file/ja4c14296_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c14296?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

To examine whether the in situ produced 9 could be converted by
TInA, 2 uM TInA, S uM selFdx1499, 10 uM selFdR0978 were
coincubated with S00 uM 7-CoA in the presence of 20 mM (NH,),S
and 2 mM NADPH for 2 h.

To analyze the activity of TInA and its mutants with compound 7
as substrate, 2 uM TInA or its mutants, S uM selFdx1499, 10 uM
selFdR0978, and 2 mM NADPH were coincubated with 200 yM 7 for
2 h. The enzyme reaction of TInA and its mutants with in situ
produced compound 9 contained 10 uM TInCycp(apo)-cpp 10 M
TInD A pcp(holo)y 2 #M TInA or its mutants, 5 M selFdx1499, 10 uM
selFdR0978, 2 mM ATP, 10 mM MgCl,, 500 uM 7-CoA, 2 mM L-
Cys, and 2 mM NADPH for 2 h.

To reconstitute the sulfur-incorporation reaction comediated by
TInCycp.cy and TInDyppcp, 10 M TInCycp(apo)-cyr 10 uM
TInD s pcp(hon)y S00 #uM 7-CoA, and 2 mM 1-Cys were incubated
with 2 mM ATP, 10 mM MgCl,, and 2 mM DTT for 2 h. To analyze
the activity of TInCycp.c, mutants, the wild-type TInCycp(ap)-cy Was
individually replaced by its mutants (TlnCACP(upo)_Cy_DHOA,
TlnCACP(apa)—Cy—mszA; TlnCACP(apo)—Cy—NSSZTl or TlnCACP(apu)—Cy—D394A
in the above reaction system. In the cysteamine derivatization
reaction, 10 mM cysteamine was further added to the reaction.

Afterward, each reaction described above was terminated by adding
200 uL methanol, and the mixture was then high-speed centrifuged
(12,000g, 10 min, 16 °C) to remove the metamorphic proteins.
Finally, the supernatants were analyzed with HPLC or HPLC-HRMS.
The HPLC program was follow: 0—1 min, 10% (ACN in H,O with
10 mM ammonium acetate for detection of 7-CoA); 2—25 min, 10—
80%; 26—30 min, 100% and 30—35 min, 10%; 1 mL/min, 280 nm.

4.17. Preparation of the Decarboxylation Product 11. To
prepare 11, a preparative-scale enzymatic reaction (15 mL) in 10 mM
NaH,PO, buffer (pH = 7.4) containing 2 uM TInA, S uM
selFdx1499, 10 uM selFdR0978, 2 mM NADPH, and 2 mM
compound 7 was carried out at 30 °C for 4 h. The reaction was
terminated by adding 15 mL of methanol, and the mixture was dried
under vacuum. The resulting extract was then subject to HPLC using
a YMC-Pack Pro C18 column (10 mm X 250 mm X $ uM, YMC,
Japan). The HPLC program for 11 purification was as follows: 0—1
min, 34% (ACN in H,0); 2—20 min, 34—80%; 20—25 min, 100%
and 25—30 min, 34%; 2.5 mL/min, 280 nm. Finally, 1.4 mg of
purified 11 was obtained after freeze-drying of the collected HPLC
fractions. The structure of 11 was determined by HRESI-MS and
NMR analyses (see Supporting Information for details).

4.18. Quantitative Mass Spectrometry Analysis of the
Formation of 1 and D,-1 in TInA-(NH,),S-Mediated Reaction.
Quantitative mass spectrometry analysis was performed on an Ultra-
High Performance liquid chromatography system (SCIEX, ExionLC,
UHPLC) coupled with a triple quadrupole mass spectrometer
(SCIEX Triple Quad 5500+ QTrap Ready). Chromatographic
separation of 1 and D,-1 was achieved on a Kinetex C18 100 A
column (100 mm X 2.1 mm, 2.6 um). The two eluents were 0.1%
formic acid in water (A) and 0.1% formic acid in acetonitrile (B). The
mobile phase was delivered at a flow rate of 0.3 mL/min using a
gradient of A and B as follows: 0—5 min, 5—98% B; 5—7 min, 98% B;
7—10 min, 5% B. The mass spectrometer was operated in positive
electrospray ionization (ESI) using the multiple reaction (MRM)
mode with a dwell time of 20 ms per transition. The source/gas-
dependent parameters were optimized and set as follows: curtain gas
35 psi; collision gas 9 psi; spray voltage 4500 V; temperature 550 °C;
ion source gas 1 (GS1) 60 psi; ion source gas 2 (GS2) 60 psi. The
mass transitions and compound-dependent parameters were opti-
mized using the authentic standards and are listed in Table S3.

4.19. Isotope Labeling Experiments of the TInA-Mediated
Hydroxylation Reaction. To understand the catalytic mechanism of
TInA, "*O-labeled water (>98% labeled, Tenglong Weibo, Qingdao)
and 80, (>98% labeled, Delin, Shanghai) were used to replace
normal water and O, in the reaction system, respectively.

For '®0, labeling experiments, the reaction was performed at 30 °C
in 200 uL reaction buffer (H,0) in an Ampoule bottle (2 mL)
containing 2 #M TInA, 5 uM selFdx1499, 10 uM selFdR0978, and
500 M 7. Then the bottle was purged with nitrogen and sealed with

a bottle cap. '*0, was introduced into the bottle from the compressed
gas bag using a syringe needle. Finally, 2 mM NADPH was added to
the reaction mixture using a microsyringe to start the reaction. After
incubation at 30 °C for 2 h, 200 uL of methanol was added using a
microsyringe to terminate the reactions.

For H,"®0O labeling experiments, the reaction was performed at 30
°C in 200 pL reaction buffer (H,'®0) in an Ampoule bottle (2 mL)
containing 2 yM TInA, 5 uM selFdx1499, 10 uM selFdR0978, and
500 uM 7. After incubation for 2 h, 200 uL of methanol was added to
quench the reaction. HRESI-LCMS analysis was carried out to detect
the products using the above-mentioned method.

4.20. Protein Structure Prediction and Molecular Docking.
The 3D structures of TlnA, TInC¢, and TInDpcp, TInCycp.cy-TInA
and TInD-TInA monomers were predicted using AlphaFold3
program,*’ and the structures were optimized using an Amber force
field with default parameters.’® With the predicted monomer
structures, the structural model (Per-residue Local Distance Differ-
ence Test (pLDDT) = 90.536) was selected based on the pLDDT
score for further analysis. The compound 14 was manually connected
to S138 of TInDpcp monomer by AutoDock Vina to build the model
of TInDpcp tethered 14. Subsequently, substrate 9 was docked into
TlnA, and TInDpcp tethered 14 was docked into TInCc,. The
AutoDock Vina®® molecular docking algorithm was used to establish
the binding mode between small molecules and proteins. The
generated binding modes were evaluated using the AI scoring
algorithm of OnionNet-SFCT.*! During this process, a pocket size of
20 A was set with the Fe atom of heme as the center, and the
exhaustness parameter was kept at 64, while other parameters were
maintained at default values. For the OnionNet-SFCT scoring
algorithm, weightings of 0.2 (for Vina score) and 0.8 (for correction
terms) were assigned.

4.21. QM/MM Calculations for Enzymatic Reactions. All
QM/MM calculations were performed using ChemShell,*>®
combining Turbomole®* for the QM region and DL_POLY*** for
the MM region. The polarizing effect of the protein environment on
the QM region was treated with the electrostatic embeddin.
scheme.”” During the QM/MM calculations, the hybrid B3LYP®
functional was used for the QM region, while the same Amber force
field was used for the MM region. The double-{ basis set def2-
SVP*’(B1) was used for geometry optimizations, while the def2-
TZVP(B2) basis set was employed for the single-point energy
calculations. The dispersion corrections computed with Grimme’s
D3°>°! method were considered in all QM/MM calculations. For
whole reactions, the QM region consisted of the substrate and HEM
(see Supporting Information for details).

4.22. The Derivatization Assay. All one-pot reactions for
derivatization assay were performed in a 100 uL reaction system
consisting of 10 mM NaH,PO, (pH = 7.4) containing 10 uM
TInCacp(apo)-cyp 10 #M TInD g pcp(ion)y 200 uM 7-CoA, 2 mM 1-Cys,
500 M ATP, 10 mM MgCl,, and 2 mM DTT at 30 °C for 4 h.

For 4-FPH derivatization, 100 uL 4-FPH solution (0.1 mg/mL in
50% ethanol) was added to the one-pot reaction described above.
After vortex-oscillation for 30 s, the reaction mixture was further
incubated at SO °C for 3 h. After high-speed centrifugation (12,000g,
10 min, 16 °C), the supernatant was analyzed by HPLC-HRESI-MS.
The HPLC program was as follows: 0—1 min, 10% (ACN in H,0O
with 0.1% formic acid); 2—25 min, 10—80%; 25—30 min, 100% and
30—3S min, 10%; 1 mL/min, 280 nm.

For OPD derivatization, 100 uL of 12 mM OPD in 3 N HCI was
added to the one-pot reaction described above. After vortex-
oscillation for 30 s, the reaction mixture was further incubated at
100 °C for 30 min. After high-speed centrifugation (12,000g, 10 min,
16 °C), the supernatant was analyzed by HPLC. The HPLC program
was as follow: 0—1 min, 10% (ACN in H,0); 2—25 min, 10—80%;
26—30 min, 100% and 30—35 min, 10%; 1 mL/min, 280 nm.

For DC derivatization, 100 yL DC solution (5 mg/mL in ACN)
and 200 pL carbonate/sodium bicarbonate buffer (pH = 11.5) were
added to the one-pot reaction described above. After vortex-
oscillation for 30 s, the reaction mixture was incubated at 60 °C
under lightless conditions for 20 min. The dansyl chloride-alanine
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derivative was extracted by adding 400 uL of ethyl acetate. After high-
speed centrifugation (12,000g, 10 min, 16 °C), the supernatant was
dried and dissolved in 100 uL methanol for HPLC-HRESI-MS
analysis. The HPLC program for detecting alanine derivative was as
follow: 0—1 min, 60% (ACN in H,O with 0.1% formic acid); 2—30
min, 60—100%; 30—3S min, 100% and 35—40 min, 60%; 1 mL/min,
280 nm.

For HP derivatization, 10 L riphenylphosphine (10 mM in ACN),
10 uL 2,2'-dipyridyl disulfide (10 mM in ACN), and 10 uL HP (10
mg/mL) were added to the one-pot reaction described above. After
vortex-oscillation for 30 s, the reaction mixture was incubated at 60
°C for 10 min. After high-speed centrifugation (12,000g, 10 min, 16
°C), the supernatant was analyzed by HPLC-HRESI-MS analysis. The
HPLC program for detecting alanine derivative was as follow: 0—1
min, 2% (ACN in H,0 with 0.1% formic acid); 2—30 min, 2—60%;
30—35 min, 100% and 35—40 min, 2%; 1 mL/min, 280 nm.

4.23. Protein Conformation Analysis Using Circular Dichro-
ism Spectrum (CD). Protein samples were diluted to a concentration
of 10 uM, and the CD spectra were collected using a wavelength
range of 190—260 nm with an interval of 0.5 nm, at 25 °C in a 200 uL
cuvette. The desalting buffer was used to dissolve proteins and served
as a background to be subtracted from each sample spectrum.

4.24. 3C NMR-Tracer Experiments for the Identification of
the C; Product. For the *C NMR time-course experiments, the 1.5
mL reaction system contained 500 uM r-[1,2,3-3C3,"SN] cysteine,
800 uM 7-CoA, 20 uM TImB’, ATP, MgCl,, and DTT in either 50
mM NaH,PO, or 50 mM Tris-HCI buffer. The enzymatic reactions
were divided into three 0.5 mL aliquots and quenched with an equal
volume of methanol at three time points of 1, 30, and 240 min. To
increase the C; product concentration while keeping the salt
concentration below 200 mM (essential for NMR detection
sensitivity), all samples were concentrated 4-fold through lyophiliza-
tion and redissolution in D,O prior to *C NMR analysis.

4.25. Isothermal Titration Calorimetry (ITC). The ITC data
were recorded on a MicroCal PEAQ-ITC (Malvern Panalytical)
equipment at 25 °C. Protein samples (TInA and TInCACP(aPa)ny) were
exchanged to an ITC buffer (containing SO mM NaH,PO,, 150 mM
NaCl, and 5% Glycerol, pH = 7.4) and centrifuged at 12,000g for 10
min, before being subjected to the measurements. For titration, after
an initial delay of 60 s, 0.4 uL of TInA (220 uM) was first injected
into the cell (containing 20 uM TInCACP_Cy), and then another 18
times of 2.0 uL injections were followed with a spacing time of 150 s
to allow for equilibration. The cell was stirred at 750 rpm, and the
reference power was 10 ucal/s. TInA was injected into the ITC buffer
as a blank titration.

4.26. Protein—Protein Interaction Analysis by Size-Exclu-
sion Chromatography (SEC). The high-purity TInA was incubated
with SUMO-TInCjcp.c, at 30 °C for 0.5 h for full interactions. After
that, the single protein TInA and SUMO-tagged TInC ,cp.c,, as well as
their mixture, were analyzed by SEC using a SuperdexTM 75 Increase
10/300 GL in the buffer containing 50 mM NaH,PO,, 150 mM
NaCl, and 10% Glycerol with a flow rate of 0.4 mL/min.

4.27. Protein—Protein Interaction Analysis by Native-PAGE.
TlnA, SUMO-tagged TInCcp.,, and their 1:1 mixture were analyzed
by Native-PAGE Plastic gel (Tris-Gly 4—20%, WSHTbio).

4.28. NMR Data of 1-4, 6, 7-CoA, D;-7-CoA, and 11. 1: 'H
NMR (600 MHz, CD,0D) & 6.37 (dd, J = 17.4, 10.7 Hz, 1H), 5.63
(s, 1H), 5.27 (d, J = 17.4 Hz, 1H), 5.05 (d, J = 10.7 Hz, 1H), 1.81 (s,
3H), 1.71 (s, 3H), 1.70 (s, 3H). *C NMR (151 MHz, CD;0D) &
197.55, 182.88, 142.22, 140.50, 131.43, 113.74, 110.25, 56.39, 49.57,
49.43, 49.28, 49.14, 49.00, 48.86, 48.72, 48.57, 30.20, 11.96, 7.65.

2: '"H NMR (600 MHz, CD;0D) 6 6.38 (dd, J = 17.3, 10.7 Hz,
1H), 5.62 (s, 1H), 5.25 (d, ] = 17.4 Hz, 1H), 5.04 (d, ] = 10.7 Hz,
1H), 2.14-2.01 (m, 2H), 1.71 (s, 3H), 1.69 (s, 3H), 0.90 (t, ] = 7.1
Hz, 3H).

3: 'H NMR (600 MHz, CD,0D) & 6.40 (dd, J = 17.4, 10.7 Hz,
1H), 5.63 (s, 1H), 5.30 (d, J = 17.4 Hz, 1H), 5.08 (d, ] = 10.7 Hz,
1H), 2.24 (dd, ] = 12.5, 7.2 Hz, 2H), 1.83 (s, 3H), 1.75 (s, 3H), 1.04
(t, J = 7.5 Hz, 3H).
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4: '"H NMR (600 MHz, CD;0D) & 6.41 (dd, J = 17.4, 10.7 Hz,
1H), 5.63 (s, 1H), 5.29 (d, J = 17.4 Hz, 1H), 5.08 (d, J = 10.7 Hz,
1H), 2.28—2.21 (m, 2H), 2.10 (tq, J = 14.0, 7.0 Hz, 2H), 1.03 (t, ] =
7.5 Hz, 3H), 0.94 (t, ] = 7.2 Hz, 3H).

6: '"H NMR (600 MHz, CDCl,) § 5.45 (d, J = 6.6 Hz, 1H), 4.53
(d, J = 4.0 Hz, 1H), 3.91 (d, ] = 6.6 Hz, 1H), 3.03 (dd, J = 7.1, 4.1 Hz,
1H), 1.68 (s, 2H), 1.68—1.66 (m, SH), 1.32 (d, ] = 6.5 Hz, 3H), 1.13
(d, ] = 7.1 Hz, 3H). *C NMR (151 MHz, CDCl;) § 205.50, 196.68,
129.93, 124.88, 60.48, 51.06, 45.96, 15.25, 13.62, 11.81, 8.49.

7-CoA: "H NMR (600 MHz, D,0) & 8.53 (s, 1H), 8.30 (d, ] = 1.8
Hz, 1H), 7.08 (d, J = 3.1 Hz, 1H), 6.07 (s, 1H), 5.83 (p, ] = 6.6 Hz,
1H), 4.75 (dd, ] = 9.5, 5.5 Hz, 1H), 4.68—4.64 (m, 1H), 447 (s, 1H),
4.14 (s, 2H), 3.89 (s, 1H), 3.74 (dd, ] = 9.4, 4.0 Hz, 1H), 3.51-3.46
(m, 1H), 3.29 (d, J = 2.7 Hz, 2H), 3.23—3.16 (m, 2H), 2.89 (d, ] =
5.9 Hz, 2H), 2.26 (t, ] = 6.6 Hz, 2H), 1.76 (s, 3H), 1.74 (s, 3H), 1.63
(d, J = 6.8 Hz, 3H), 1.19 (d, ] = 6.8 Hz, 3H), 0.80 (s, 3H), 0.68 (s,
3H). 3C NMR (151 MHz, D,0) § 201.2, 200.8, 174.3, 173.8, 149.5,
148.6, 148.5, 144.7, 142.7, 136.4, 133.5, 133.4, 118.5, 87.4, 83.9, 74.5,
73.8, 72.1, 65.6, 55.1, 38.5, 35.6, 35.3, 28.3, 21.4, 18.2, 15.1, 14.7,
14.0, 12.8.

D;-7-CoA: '"H NMR (600 MHz, D,0) & 8.44 (s, 1H), 8.14 (d, ] =
3.4 Hz, 1H), 7.06 (d, ] = 7.5 Hz, 1H), 6.06 (d, ] = 5.1 Hz, 1H), 5.81
(d,J=9.9 Hz, 1H), 4.50 (s, 1H), 4.17 (s, 2H), 3.93 (s, 1H), 3.75 (d, ]
= 6.3 Hz, 1H), 3.48 (d, ] = 6.4 Hz, 1H), 3.33 (dd, J = 12.2, 6.2 Hz,
2H), 3.22 (dd, J = 12.6, 7.1 Hz, 2H), 3.02—2.86 (m, 2H), 2.30 (t, ] =
6.5 Hz, 2H), 1.79 (s, 3H), 1.75 (d, ] = 5.2 Hz, 3H), 1.24 (dd, ] = 6.7,
3.8 Hz, 3H), 0.81 (d, ] = 9.4 Hz, 3H), 0.67 (d, ] = 3.6 Hz, 3H). *C
NMR (151 MHz, D,0O) § 201.1, 200.7, 174.6, 173.8, 155.4, 152.7,
149.2, 148.1, 139.7, 136.5, 133.7, 132.2, 119.9, 86.46, 83.6, 74.0, 73.8,
71.8, 65.4, 54.6, 38.4, 35.3, 35.3, 28.2, 20.8, 18.2, 15.0, 14.5, 14.4,
12.5.

11: 'H NMR (600 MHz, DMSO-d,) 6 7.02 (s, 1H), 5.75 (t, ] = 6.2
Hz, 1H), 4.10 (t, ] = 5.6 Hz, 2H), 2.72 (q, ] = 7.2 Hz, 2H), 1.86 (d, ]
= 1.1 Hz, 3H), 1.81 (d, J = 0.8 Hz, 3H), 0.96 (t, ] = 7.2 Hz, 3H). 1°C
NMR (151 MHz, DMSO-d;) & 202.63, 142.05, 137.04, 134.17,
132.17, 58.03, 30.17, 16.67, 13.08, 8.99.
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