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Abstract: Thielavin A (1) is a fungal depside composed
of one 3-methylorsellinic acid and two 3,5-dimeth-
ylorsellinic acid units. It displays diverse biological
activities. However, the mechanism underlying the
assembly of the heterotrimeric structure of 1 remains to
be clarified. In this study, we identified the polyketide
synthase (PKS) involved in the biosynthesis of 1. This
PKS, designated as ThiA, possesses an unusual domain
organization with the C-methyltransferase (MT) domain
situated at the C-terminus following the thioesterase
(TE) domain. Our findings indicated that the TE
domain is solely responsible for two rounds of ester
bond formation, along with subsequent chain hydrolysis.
We identified a plausible mechanism for TE-catalyzed
reactions and obtained insights into how a single PKS
can selectively yield a specific heterotrimeric product. In
particular, the tandem acyl carrier protein domains of
ThiA are critical for programmed methylation by the
MT domain. Overall, this study highlighted the occur-
rence of highly optimized domain–domain communica-
tion within ThiA for the selective synthesis of 1, which
can advance our understanding of the programming
rules of fungal PKSs.

Introduction

Depsides, representing ester molecules with two or more
units derived from polyphenolic acids, are prevalent in

nature. Depside natural products exhibit significant struc-
tural diversity and a wide range of biological activities.[1] A
large portion of these natural products consist of monomeric
units derived from orsellinic acid or its analogues. Differ-
ences in the number and modification patterns of these
monomeric units contribute to the diversity of this class of
natural products. In recent years, several polyketide syn-
thases (PKSs) responsible for depside biosynthesis have
been identified in fungi,[2] and the mechanisms underlying
ester (or “depside”) bond formation during depside biosyn-
thesis have been reported.[3] Three types of biosynthetic
mechanisms for fungal depside biosynthesis have been
identified (Figure 1). The diaryl ether-forming PKS,
AN7909, uses the thioesterase (TE) domain for depside
bond formation (Figure 1A),[3a] whereas the starter-unit
acyltransferase (SAT) domain performs esterification in
DrcA,[3b] resulting in the synthesis of the heterodimeric
depside CJ-20,557 (Figure 1B). A similar SAT-catalyzed
depside bond synthesis has been observed in the reaction
with Preu6 to yield lecanoric acid.[3c] The biosynthesis of
nornidulin involves two PKSs, collaborating to afford
unguidepside A (Figure 1C).[4] Overall, the biosynthetic
mechanisms for dimeric depsides (didepsides) have been
comprehensively explored. However, efforts to understand
tridepside biosynthesis remain limited. Although PKSs that
are putatively responsible for the generation of gyrophoric
acid, an orsellinic acid trimer, have been reported,[5] no
tridepside-forming PKS has been experimentally character-
ized, and therefore, the mechanisms for tridepside biosyn-
thesis remain largely enigmatic.
Thielavin A (1), originally isolated from the fungus

Thielavia terricola SANK 10475 as a prostaglandin synthase
inhibitor,[6] is a heterotrimeric depside, consisting of one 3-
methylorsellinic acid (3-MOA) and two 3,5-dimeth-
ylorsellinic acid (DMOA) units. To date, various thielavins
have been isolated (Figure 2A), and they exhibit diverse
biological activities. For example, thielavins serve as inhib-
itors of glucose-6-phosphatase,[7] α-glucosidase,[8] indole-
amine 2,3-dioxygenase,[9] and telomerase[10] and also exhibit
antibacterial,[11] cytotoxic,[12] and antifouling[13] activities.
Despite their medicinal importance, the biosynthetic mecha-
nisms of thielavins remain to be clarified. According to
recent research on fungal didepsides, 1 may also be
synthesized by a single PKS. However, the process by which
this PKS achieves two rounds of depside bond formation
and selectively affords a specific heterotrimeric product
among various possible structures remains unknown. In this
context, a biosynthetic study of 1 may help uncover an
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unprecedented biosynthetic mechanism and provide insights
into the programming logic of fungal PKSs.
Therefore, in this study, we identified the PKS respon-

sible for the formation of thielavin A (1), designated as
ThiA, and revealed that the TE domain of ThiA is
responsible for the two rounds of depside bond formation as
well as the subsequent hydrolytic polyketide chain release.
Furthermore, we present a plausible mechanism for TE-
domain-catalyzed depside bond formation, offering insights
into how ThiA selectively yields the heterotrimeric dep-
side 1.

Results and Discussion

Identification and Characterization of the Biosynthetic Gene
Cluster of Thielavin B

To elucidate the biosynthetic mechanism of thielavin A (1)
and its related tridepsides, we performed genome sequenc-
ing analysis of the fungus Chaetomium carinthiacum ATCC
46463 (CBS 665.82), a known producer of 1 and several
other thielavins.[7] Examination of the fungal genome
identified the PKS gene thiA, whose product shares 42%
amino acid sequence identity with a PKS from Umbilicaria
deusta that putatively yields the tridepside gyrophoric acid.[5]

Although 1 structurally resembles CJ-20,557, a heterodimer
of 3-MOA and DMOA, ThiA shares a considerably lower
(<30%) sequence identity with the CJ-20,557-synthesizing

PKS DrcA. Intriguingly, ThiA possesses an unprecedented
domain organization of SAT-ketosynthase-acyltransferase-
product template-(acyl carrier protein)2-TE-C-meth-
yltransferase (SAT-KS-AT-PT-ACP-ACP-TE-MT), with
the MT domain located at the C-terminus after the TE
domain. The flanking regions of thiA encode the meth-
yltransferase ThiC and transmembrane DUF3533 protein
ThiB, which may serve as a transporter (Figure 2B and
Table S1; DDBJ/EMBL/GenBank accession number:
LC796268). Considering that thielavin B (2), a derivative of
1 with two O-methylations, is a major constituent of C.
carinthiacum,[7] we reasoned that the thi cluster is respon-
sible for the biosynthesis of 2.
To clarify the function of ThiA, we heterologously

expressed the PKS gene thiA in Aspergillus oryzae
NSAR1.[14] Analysis of the metabolites derived from the A.
oryzae transformant revealed a major metabolite (Fig-
ure 2C, traces i and ii) with the molecular formula C29H30O10.
This metabolite was isolated from large-scale cultivation and
identified as thielavin A through NMR analysis and a
comparison with reported data.[8] This observation indicated
that ThiA is solely responsible for the formation of the
heterotrimeric depside. To investigate the importance of the
tandem ACPs, we expressed ThiA variants with mutations
at one of the phosphopantetheine attachment sites in the
ACPs (Ser1672 and Ser1783) to alanine. Interestingly, while
these mutations did not decrease the overall productivity of
the PKS, both variants yielded another major product, 5, in
addition to 1 (Figure 2C, traces iii and iv). Compound 5 was

Figure 1. Biosynthetic mechanisms for depside bond formation. Reactions catalyzed by (A) AN7909, (B) DrcA, and (C) DepH. The depside bond is
formed by the TE domain in AN7909 and by the SAT domain in DrcA and DepH. HR-PKS: highly reducing PKS.
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then isolated and identified as the DMOA trimer thielavin
P.[7] This observation suggests that duplicated ACPs consid-
erably influence product selectivity rather than PKS effi-
ciency. Although the presence of multiple ACPs is not
uncommon in PKSs, they typically control the titer of the
PKS product instead of the product profile, as observed in
the polyunsaturated fatty acid synthase.[15] Similarly, the
inactivation of one or two ACPs among the triplet ACPs in
DrcA, the PKS that synthesizes the heterodimeric depside
CJ-20,557, did not alter the product profile.[3b] It should be
noted that some tandem ACPs found in trans-acyltransfer-
ase modular PKSs are proposed to work “in-series” rather
than “in-parallel,” meaning that each ACP in such multiple
ACPs has a distinct function.[16] Nevertheless, ThiA provides
an unusual example of tandem ACPs, in which duplicated
ACPs in an iterative PKS affect the methylation pattern of
polyketide chains.
Subsequently, we coexpressed thiA and the meth-

yltransferase gene thiC, which expectedly afforded thielavin
B (2) as a major product (Figure 2C, trace v). In addition,
the transformant also yielded thielavins J (3) and K (4),[7]

both containing only one methoxy group. Thus, ThiC is a
multifunctional methyltransferase that can methylate the
hydroxy groups at the C-2 and C-2’ positions.

Investigation of the Mechanism of Depside Bond Formation

Next, we focused on the mechanism of ThiA-catalyzed
depside bond formation. Previous studies have shown that
such esterification reactions can be performed by either the
SAT or TE domain.[3] Therefore, we expressed and purified
the SAT and TE domains of ThiA using an Escherichia coli
expression system for in vitro enzymatic reactions. The
purified PKS domains were individually reacted with a 1 :2
mixture of the N-acetylcysteamine (NAC) thioesters of 3-
MOA (6) and DMOA (7), which were synthesized and
shown to mimic ACP-bound substrates in our previous
study.[3b] Although the reaction with the SAT domain did
not yield any detectable product, the TE domain successfully
yielded the heterotrimer thielavin A (1), along with CJ-
20,557[3b] (8) and the DMOA dimer (9) (Figure 3A, traces i
to iv). Interestingly, other possible trimers, such as homo-
trimers of 3-MOA or DMOA, were not produced, consistent
with the predominant detection of 1 in the A. oryzae
transformant harboring thiA. These observations highlighted
that the TE domain of ThiA is capable of two rounds of

Figure 2. (A) Structures of representative thielavins. (B) Schematic
representation of the thi cluster. (C) HPLC profiles of metabolites from
Aspergillus oryzae transformants. The chromatograms were monitored
at 254 nm.

Figure 3. (A) LC-MS analysis of in vitro enzymatic reactions of the SAT
and TE domains. Table S2 summarizes the detailed reaction conditions.
(B) Structures of substrate analogues and enzymatic products. The
structures of 9 and 11 were deduced based on their MS spectra.
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esterification and subsequent hydrolysis, displaying high
selectivity toward the production of 1, despite the require-
ment of two structurally similar substrates.
To obtain further insights into the TE-catalyzed reac-

tions, we reacted CJ-20,557-SNAC[3b] (10) and DMOA-
SNAC (7) with the TE, affording 1 (Figure 3A, traces v and
vi). Surprisingly, the reaction with 10 as a sole substrate also
yielded 1, although the productivity was lower than that in
the reaction with 7 (Figure 3A, traces vii and viii). This
observation suggests that the depside bond of 10 can be
hydrolyzed by the TE to generate 7 in situ, which would
then react with the TE-loaded CJ-20,557 to afford 1
(Figure S1). Consistently, 3-MOA, resulting from the dep-
side bond hydrolysis, was also detected in the reaction of the
TE with 10 (Figure S1). According to these results, during
the biosynthesis of 1, depside bond formation first occurs
between 3-MOA and DMOA units, and the resultant
didepside-TE then reacts with another DMOA unit.
Next, 3-MOA-SNAC (6) was used as a sole substrate. In

this case, the 3-MOA dimer (11) was detected, without
trimer formation. In contrast, DMOA-SNAC (7) underwent
both dimerization and trimerization reactions to yield 9 and
5, respectively (Figure 3A, traces ix to xii). Notably, the
DMOA trimer 5 was not obviously produced when both 3-
MOA-SNAC and DMOA-SNAC (in a 1 :2 ratio) were used
as substrates. Thus, we performed enzymatic reactions with
higher concentrations of 7. When the ratio was increased to
1 :5, the production of 5 became evident, although 1
remained the major product (Figure 3A, traces xiii and xiv).
Intriguingly, even when the concentration of 7 was 10 times
higher than that of 6, the production of 1 could be clearly
observed (Figure 3A, traces xv and xvi). In summary, the
TE domain exhibited a strong preference toward the 3-
MOA unit as a priming substrate, whereas the DMOA unit
was preferentially used as an extending substrate of the
depside chain.
TE domains are known to possess a catalytic triad

consisting of Ser-His-Asp residues,[17] in which the serine
residue serves as a nucleophile attacking the carbonyl group
of the substrate, and the histidine residue functions as a
general base deprotonating the serine residue or water.
Because these residues are conserved in the TE domain of
ThiA, the serine (Ser1937) and histidine (His2100) residues
were individually mutated to alanine, and the resultant TE
variants were subjected to in vitro enzymatic reactions with
3-MOA-SNAC and DMOA-SNAC. Both variants failed to
yield any products (Figure 3A, traces xvii and xviii), demon-
strating that Ser1937 and His2100 are the catalytic residues
of the TE domain.
Building on these experimental results, we propose the

following mechanism for TE-catalyzed depside bond for-
mation resulting in thielavin A (1) (Figure 4A). First, a 3-
MOA unit formed on the ACP domain is transferred to the
catalytic serine residue (Ser1937) of the TE domain.
Subsequently, an ACP-bound DMOA unit approaches the
active site of TE to undergo depside bond formation. In this
process, His2100 deprotonates from the C-4 hydroxy group
of the DMOA unit, which then attacks the ester bond
formed between the 3-MOA unit and Ser1937. The resulting

didepside, bound to the ACP, is then transferred to the TE,
followed by the second round of depside bond formation
with another DMOA unit. Finally, ester hydrolysis yields 1
as a product.
To investigate the plausibility of the proposed mecha-

nism, we obtained an AlphaFold2[18]-generated structure of
the ACP2 (the second ACP)-TE didomain using
ColabFold[19] (v1.5.3) and performed covalent-docking and
molecular dynamics simulations. In these simulations, the 3-
methylorsellinyl group and 3,5-dimethylorsellinyl-phospho-
pantetheinyl (Ppant) group were attached to Ser1937 and
Ser1783, respectively (Figures 4B and S2 to S5). The results
showed that the C-4 hydroxy group of the DMOA unit is
located close to the carbonyl group of the 3-MOA portion.
Similar simulations, with CJ-20,557 ester-bonded to Ser1937,
(Figures 4C and S6 to S9), indicated a binding mode
consistent with the proposed mechanism. Furthermore,
another docking simulation with thielavin A covalently
bound to the TE revealed that the TE possesses a sufficient
pocket that can be filled by the tridepside unit (Figures 4D
and S10 to S11). Overall, the experimental and computa-
tional results support the proposed mechanism for tridepside
formation. Notably, the TE-catalyzed depside bond forma-
tion by AN7909 has been suggested to involve the C-4
hydroxy group of the TE-bound orsellinyl group attacking
the thioester of the ACP-bound orsellinyl group (Fig-
ure 1A).[3a] However, this mechanism is unlikely for depside
bond formation by ThiA, as the direction of the depside
chain growth is orthogonal to the path for the Ppant arm in
the TE domain. As the detailed mechanism of depside bond
formation by AN7909 remains unclear, an esterification
strategy similar to that of ThiA may be plausible in this
context.

Discovery and Characterization of the PKS for Gyrophoric Acid
Biosynthesis

We conducted a search for ThiA-like PKSs in publicly
available databases and our in-house genome database. We
noted that the fungus Humicola grisea CBS 459.76 encodes
a PKS that is highly homologous to ThiA (63% amino acid
sequence identity) but lacks an MT domain (Figure 5A and
Table S1; DDBJ/EMBL/GenBank accession number:
LC796269). Thus, the PKS was expected to yield the
orsellinic acid trimer gyrophoric acid and was tentatively
named GyrPKS. To characterize the function of GyrPKS,
the PKS gene gyrPKS was heterologously expressed in A.
oryzae, and the resulting transformant yielded a major
product 12 (Figure 5B, traces i and ii), identified as gyro-
phoric acid (Figure 5C). Given the high sequence similarity
between ThiA and GyrPKS, we hypothesized that their
functions could be interchanged through simple domain
deletion/addition/swapping experiments. To investigate this
hypothesis, we first expressed a truncated variant of ThiA
lacking the MT domain in A. oryzae, which successfully
afforded 12 (Figure 5B, trace iii). In contrast, when the MT
domain of ThiA was added to the C-terminus of GyrPKS,
the chimeric enzyme (chimera 1) resulted in a complicated
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metabolic profile with no single major product (Figure 5B,
trace iv, and Figure S12). We also created another chimeric
PKS (chimera 2) with the TE domain of GyrPKS replaced
with the TE-MT didomain of ThiA. However, this PKS also
failed to yield major products (Figure 5B, trace v, and
Figure S11). Due to the low and complex productivity, we
were unable to identify the products from the two chimeric
PKSs.
These experiments indicate that ThiA relies on highly

optimized domain–domain communications for the synthesis
of the heterotrimeric depside 1. To selectively produce 1, C-
methylations by the MT domain must occur at specific
timings to afford both 3-MOA and DMOA units in a certain
ratio. Additionally, the MT domain competes with the KS
domain for the β-ketoacyl substrate.[20] Given that the simple
addition of the MT domain of ThiA to GyrPKS did not yield
a PKS capable of synthesizing 1, it appears that the MT
domain alone does not govern methylation programming in
ThiA. Furthermore, considering the significance of tandem
ACPs for the product profile, it might be reasoned that the
duplicated ACPs prevent overmethylation by the parallel
synthesis of two polyketide chains. This phenomenon limits

access to the MT domain and makes the KS domain more
competitive toward the β-ketoacyl substrate.
Phylogenetic analysis revealed that the TE domains of

ThiA and GyrPKS are distantly related to those of the
depside-forming PKSs that use the SAT domain for depside
bond formation (Figure S13). The two TE domains are more
closely related to those of the other PKSs synthesizing
depsides, including AN7909.[3a] Interestingly, the TE domain
of GyrPKS exhibits a stronger relationship with that of
ThiA than PKS16 from Umbilicaria deusta (tentatively
termed UdPKS16), although this PKS is also expected to
yield gyrophoric acid (12).[5] Thus, GyrPKS and UdPKS16
may have acquired the ability to synthesize 12 through
different evolutionary paths.

Conclusion

We identified two tridepside-forming PKSs, ThiA and
GyrPKS, and attempted to clarify the mechanism underlying
heterotrimeric depside synthesis by ThiA through heterolo-
gous expression, in vitro enzymatic reactions, and domain
deletion/addition/swapping experiments. The TE domain of

Figure 4. (A) Proposed mechanism for TE-domain-catalyzed depside bond formation. (B–D) Modeled structures from covalent-docking and MD
simulations of (B) 3-MOA-TE and DMOA-ACP2, (C) CJ-20,557-TE and DMOA-ACP2, and (D) thielavin A-TE.
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ThiA was found to be responsible for conducting two
consecutive depside bond formation steps and subsequent
chain hydrolysis, revealing the first biosynthetic mechanism
for a tridepside. Furthermore, our results highlighted that
multiple domains in ThiA are well-tuned to enable the
selective synthesis of the heterotrimeric depside, thielavin A
(1). Further characterization of ThiA and GyrPKS, for
example, by additional domain swapping and mutational
experiments, can enhance our understanding of the pro-
gramming rules of fungal PKSs, facilitating their rational
engineering for the development of designer PKSs.
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