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Fungi have the potential to produce a large repertoire of bioactive
molecules, many of which can affect the growth and development
of plants. Genomic survey of sequenced biofertilizer fungi showed
many secondary metabolite gene clusters are anchored by itera-
tive polyketide synthases (IPKSs), which are multidomain enzymes
noted for generating diverse small molecules. Focusing on the
biofertilizer Trichoderma harzianum t-22, we identified and char-
acterized a cryptic IPKS-containing cluster that synthesizes tricho-
lignan A, a redox-active ortho-hydroquinone. Tricholignan A is
shown to reduce Fe(lll) and may play a role in promoting plant
growth under iron-deficient conditions. The construction of tricho-
lignan by a pair of collaborating IPKSs was investigated using
heterologous reconstitution and biochemical studies. A regioselec-
tive methylation step is shown to be a key step in formation of the
ortho-hydroquinone. The responsible methyltransferase (MT) is
fused with an N-terminal pseudo-acyl carrier protein (yACP), in
which the apo state of the ACP is essential for methylation of
the growing polyketide chain. The yACP is proposed to bind to
the IPKS and enable the trans MT to access the growing polyke-
tide. Our studies show that a genome-driven approach to discov-
ering bioactive natural products from biofertilizer fungi can lead
to unique compounds and biosynthetic knowledge.

iterative polyketide synthase | biosynthesis | natural products | biofertilizer

uman beings have exploited beneficial plant-fungi rela-

tionships in agroecosystems since antiquity (1). Field stud-
ies, together with model plant studies, have shown that the presence
of beneficial fungi can promote plant growth in challenging envi-
ronments (2, 3). Fungi secrete lytic enzymes, hydrophobins, and
metabolites that help plants scavenge nutrients and fight off path-
ogens (1). Fungal natural products are particularly important in
plant—fungi interactions because of their rich biological properties
(4, 5). Currently, the most practiced method to exploit beneficial
natural products is to apply the producing microorganisms directly
on plants or as soil amendments. A major limitation of this ap-
proach is that biosynthesis of natural products by fungi can be sig-
nificantly affected by environmental variations, ranging from soil
salinity to plant types. As a result, not all beneficial natural products
can be produced under field conditions, while unintended pro-
duction of mycotoxins may cause harm to the plants (6). A more
direct approach is to identify potential metabolites that can be
synthesized by fungi under axenic laboratory conditions and eluci-
date their mode of action, followed by application of the natural
product or derivatives to the plant. Through genome sequencing
and bioinformatic analysis, it is accepted that most fungi only pro-
duce a small fraction (<10%) of natural products under laboratory
conditions compared with the number of biosynthetic gene clusters
encoded (7). Recent advances in fungal genome mining tools have
led to the specific and global activation of biosynthetic gene clusters
as a step toward realizing the biosynthetic potential (8, 9). These
approaches therefore hold significant promise in identifying new
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fungal natural products that are beneficial to plant growth, and may
lead to applications in agriculture.

Trichoderma harzianum t-22 is a biofertilizer fungus that is
widely applied to plants from gardening to agriculture (1). T.
harzianum t-22 can be found as a dissociative rhizosphere resi-
dent or plant endophyte that penetrates the outer layers of the
epidermis without causing any invasive harm (10). 7. harzianum
t-22 synthesizes and secretes small molecules that are beneficial
to plants, including polyketides that are pathogen antagonists
and plant growth regulators (11). Genome sequencing of T.
harzianum t-22 showed the strain encodes 25 clusters that are
anchored by iterative polyketide synthases (IPKSs), far exceed-
ing the number of known polyketides produced by this fungus.
Therefore, we reasoned a genome-based approach to mine the
IPKS-containing gene clusters in 7. harzianum t-22 may reveal
new natural products that play roles in plant—fungi interactions.

IPKSs are multidomain enzymes that function iteratively to
synthesize the core structures of polyketides using primarily
malonyl-CoA as the building block (12). While the domain ar-
rangement of IPKSs resembles closely that of fatty acid synthases
(FASs), more complex biochemical programming rules lead to
diverse structures and complicate structural prediction (13). For
example, the tailoring domains, including ketoreductase, dehy-
dratase, enoylreductase, and methyltransferase (MT), function
with finely tuned permutations in each iteration to diversify the
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carbon backbone (12, 13). The polyketide structure that results is
typically precisely crafted to enable a multitude of post-polyketide
synthase (PKS) reactions to take place and furnish the final bio-
active products. Additional structural complexity can be generated
through collaborative efforts between multiple IPKSs, as illustrated
in the biosynthesis of sorbicillin and chaetoviridin A (14, 15). In these
pathways, a highly reducing IPKS (HRPKS) and a nonreducing
IPKS (NRPKS) collaborate in tandem to synthesize a compound
with both reduced and aromatic features. Starting from a cryptic
tandem IPKS in 7. harzianum t-22, we report here the discovery of a
redox-active ortho-hydroquinone molecule tricholignan A 1. Tri-
cholignan A is able to reduce Fe(III) to Fe(II), and can alleviate iron
deficiency phenotypes in the model plant Arabidopsis thaliana. We
showed the polyketide core structure of tricholignan A is constructed
via unique programming rules involving a frans-acting MT. Our
studies therefore support the potential of genome mining in bio-
fertilizer fungi to afford new agriculturally relevant natural products.

Results

Activating Silent tin Cluster in T. harzianum t-22 Leads to Tricholignan
A. We performed anti-SMASH and bioinformatic analysis of the
sequenced T. harzianum genome to identify all IPKS-containing
biosynthetic gene clusters (16). Of the 25 gene clusters identified,
the #ln gene cluster encoding an HRPKS (TInA) and an NRPKS
(TInB) attracted our attention (Fig. 14) because: (i) there are
genes encoding thioesterase (TE), flavin-dependent mono-
oxygenase (FMO), and O-MT, which could further expand
chemical diversity, and (ii) the gene #InC encodes an unusual
didomain protein with an N-terminal acyl carrier protein (ACP)
and a C-terminal MT. Analysis of its amino acid sequence
revealed that while the conserved S-adenosylmethionine (SAM)
binding and catalytic motifs of the MT domain are present, the
phosphopantetheine (pPant) modification site in the ACP domain
is DTI, which deviates from the hallmark DSL sequence (17-19)
(Fig. 1B). Substitution of the serine with threonine raises the
possibility that this ACP domain may not be posttranslationally
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Fig. 1. Genome mining of the redox-active tricholignan from T. harzianum
t-22. (A) Organization of the tin gene cluster. TF, transcription factor. (B)
Domain organization and active site motifs of TInC. (C) Extracted LC traces of
metabolite extracts from a control strain (i) and TLB2, the tin/ overexpression
strain (ii). The asterisk represents pachybasin.
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modified with pPant and may be inactive. Hence, the fusion protein
encoded was designated as pseudo-ACP-MT (yACP-MT). RT-PCR
analysis showed that the cluster was transcriptionally silent under
laboratory conditions (SI Appendix, Fig. S2.1), consistent with the
strain producing primarily pachybasin, which is unrelated to the tn
cluster (Fig. 1C, i). To activate this gene cluster, we use a transcription
activation approach (8, 9). The gene tlnl, which encodes a putative
GALA-like Zn,Cysg transcription factor, was cloned under the control
of the constitutive gpdA promoter (8). Upon integration of this cas-
sette into 7. harzianum to yield the strain TLB2, transcription of
genes in the #ln cluster was activated (SI Appendix, Fig. S2.1).

Several distinctive metabolites emerged from the extract of TLB2
grown in potato dextrose broth for 4 d at 28 °C, with 1 and 2 being
the major compounds (~2 mg/L) (Fig. 1C). Compounds with sim-
ilar UV absorbance profiles [Ayax (Wavelength of maximum ab-
sorption) = 222 nm, Ap. = 279 nm] were isolated, and the
structures were determined by NMR analysis (SI Appendix, Tables
S4-S8). Tricholignan A 1 is a trisubstituted o-hydroquinone (4-
methoxy-5-methyl-6-sorbyl o-hydroquinone), while tricholignan B 2
is the oxidized o-quinone. Compounds 1 and 2 therefore form a
redox pair, with 1 undergoing air oxidation to 2. Both 1 and 2 are
compounds not previously reported in the literature.

The minor metabolites identified from TLB2 that are related to 2
are putative precursors (3 and 9) and dimers of 1 and 2 (4, 4', and
5). Compound 3 is a tetrasubstituted benzoic acid and is proposed
to be the product of the HRPKS/NRPKS collaboration (Fig. 1).
Compound 3 can undergo oxidative decarboxylation and oxidation
to quinone 9 (isolated as a mixture of o- and p-quinone) (20) (Fig.
1). Compounds 4, 4', and 5 are all heterodimers of 1 and 2, and are
fused by a 1,4-benzodioxin moiety derived from the cycloaddition
between the sorbyl chain in 1 and the o-quinone in 2 (SI Appendix,
Fig. S2.2). Such connectivity was observed among plant metabolites,
and has been proposed to occur nonenzymatically (21).

Reduction of Fe(lll) by Tricholignan A Improves Iron Acquisition by A.
thaliana. Ortho-hydroquinones are known to be redox-active (22).
Separate analysis of metabolites in media and cells of T. harzianum
t-22 showed that 1 and 2 are exported and accumulated extracel-
lularly, suggesting a possible redox role in the environment. Recent
studies by Sattely and coworkers (23) showed that hydroxy-
quinones, such as fraxetin and sideretin secreted by roots of A.
thaliana, can help the plant assimilate Fe(II) by solubilization and
reduction of Fe(IlI) in soil. The redox potential of the tricholignan
pair was measured by cyclic voltammetry. With a standard redox
potential (E°) of 568 mV at pH 6.4 and an E° of 545 mV at pH 7.0
(Fig. 24 and SI Appendix, Fig. S2.3), 1 could serve as a facile
electron donor to reduce Fe(II) to Fe(Il) (Fig. 24). Indeed, an
iron reduction assay coupled with ferrozine showed that 1 was able
to reduce Fe(IIl) (ST Appendix, Fig. S2.4). Iron reduction by tri-
cholignan A is slower compared with plant-derived coumarin
fraxetin (23), and both reductants are susceptible to air oxidation
during iron reduction in vitro.

Having established that 1 can reduce Fe(III) to Fe(II) in vitro,
we hypothesized that the observed redox activity might be bi-
ologically relevant in facilitating iron acquisition by plants. To
test this potential activity of 1, we selected the f6'h1-1 mutant
(SALK_132418C) of A. thaliana, which cannot synthesize sco-
poletin (the precursor of fraxetin and sideretin), and is therefore
defective in reductive iron acquisition (23). A. thaliana strictly uses a
reduction-based strategy to acquire Fe(II), which separates itself
from the other plants that utilize phytosiderophores to chelate
Fe(III) (24). Under Fe-deficient conditions, the f6’4/ mutant ex-
hibits mild chlorosis at pH 5.6 on agar. In the presence of 150 pM
tricholignan A, chlorosis was rescued (Fig. 2B). Given that chloro-
phyll content is strongly correlated to the intracellular Fe(IT) con-
centration in plants (25), we determined chlorophyll concentrations
of f6'hl mutant seedlings under the testing growth conditions. The
mean chlorophyll content of A. thaliana seedlings when grown in
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Fig. 2. Tricholignan A can facilitate reductive iron assimilation in A. thali-
ana of model plants. (A) Standard free energy changes (4G°) and E° for ferric
reduction by tricholignan A 1. The previously reported value of +0.77 V
(vs. standard hydrogen electrode) was used for ferric-to-ferrous reduction.
(B) Phenotypic characterization and complementation assays for A. thaliana
f6'h1 mutant under Fe-deficient conditions.

the presence of tricholignan A was 1.2 pg * mg™' of fresh weight
(FW; the unit is defined as chlorophyll concentration in micrograms
per milligram of FW leaf disks), which is comparable to that of the
positive control of adding EDTA. As expected, the chlorophyll
content of the seedlings grown on solvent -only control was signifi-
cantly lower, at around 0.5 pg * mg™' of FW. A previous study
showed that 7. harzianum t-22 grown in liquid culture can gen-
erate diffusible metabolites that reduce Fe(III) to Fe(II) to pro-
mote plant growth, but the molecular basis was unknown (26).
Our studies suggest genome-mined 1 may be one such metabolite
that can reduce Fe(III), while the biosynthesis of 1 may be acti-
vated under specific conditions.

Given the potential role of 1 in iron assimilation, we postulated
that the #ln cluster should be found in other beneficial fungal species
besides T. harzianum t-22. An anti-SMASH search of publicly
available sequenced genomes revealed that this cluster is conserved
across Trichoderma spp., including Trichoderma virens, Trichoderma
atrobrunneum, Trichoderma guizhouense, and several other
T. harzianum variants (2, 27, 28) (SI Appendix, Fig. S2.5). These
clusters encode proteins that are almost identical to the ones in the
tln cluster, with amino acid identities of over 80%. These fungi have
been reported to promote plant growth, and the fact that the tn
cluster is conserved in them but absent in other fungal genera further
supports its potential role in improving plant fitness.

Reconstitution of Tricholignan A Biosynthesis. The o-hydroxyquinone
moiety of 1 is essential for the observed redox activity. Searching
through known fungal natural products showed that this is rare
among fungal metabolites (29). To understand the biosynthetic
logic in producing o-hydroxyquinone via a polyketide pathway, we
reconstituted the individual steps in the biosynthesis of 1 and 2.
We expressed combinations of #ln genes in Saccharomyces cer-
evisiae BJ5464-NpgA (30) (Fig. 3B). Whereas expression of the
IPKSs (TInA and TInB) alone or together did not yield any de-
tectable products, coexpression of TInD (TE) led to formation of
the truncated pentaketide pyrone 7 as a major product and
hexaketide B-resorcylic acid 8 as a minor product. TInD is therefore
proposed to be the TE that releases the products from TInB via
hydrolysis (Fig. 34). Coexpression of TInC (yACP-MT) with
TInA, TInB, and TInD in yeast resulted in biosynthesis of 3 (Fig.

Chen et al.

3B), thereby confirming the MT domain is active and is responsible
for C5-methylation in 1-3.

Starting from the yeast strain that produced 3, further coex-
pression of TInE (FMO) and TInF (O-MT) produced 2 (~0.2 mg/
L). The catalytic roles of TInE and TInF were verified using purified
enzyme assays (SI Appendix, Fig. S2.6). In the presence of both
enzymes, NADPH and SAM, 3 is converted to 2 (SI Appendix, Fig.
S2.6, v). The sequence of reactions was established by adding en-
zymes individually in the assay. Incubating 3 and NADPH with
TInE yielded 9 (and 9") (SI Appendix, Fig. S2.6, iii). We were not
able to detect the reduced intermediate 10, likely due to rapid
spontaneous air oxidation. The oxidative decarboxylation of TInE is
similar to that of salicylate hydroxylase in Pseudomonas putida,
which catalyzes conversion of salicylic acid to catechol (31). Directly
incubating 9 and SAM with TInF led to 2 (SI Appendix, Fig. S2.6,
iv). However, adding TInF to 3 did not lead to any O-methylated
products (SI Appendix, Fig. S2.6, ii), confirming the sequence of
reactions as shown in Fig. 34. The enzymatic conversion of 3 to 2
reveals the logic of o-quinone biosynthesis: Following oxidative
decarboxylation by TInE, both o- and p-quinones (9 and 9’) can be
formed from trihydroxybenzene 10. Methylation of the C4-phenol
in 9 results in exclusive formation of the o-quinone 2, mimicking the
strategy used in the chemical syntheses of o-quinone (32).

WACP Is Required for Polyketide Methylation and Biosynthesis of 3.
To study in detail the biosynthesis of 3, we expressed and puri-
fied TlnA, TInB, and TInD from yeast, as well as TInC from
Escherichia coli BL21(DE3) (SI Appendix, Fig. S2.15). One-pot
enzymatic reaction of these four enzymes, in the presence of
malonyl-CoA, NADPH, and SAM, resulted in the formation of
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Fig. 3. Functional assignment of enzymes in the t/n cluster. (A) Proposed

biosynthetic pathway of the tin cluster. AT, acyltransferase; DH, dehydratase;
ER, enoylreductase; KR, ketoreductase; PT, product template; SAH, S-
adenosylhomocysteine. (B) Extracted LIMS traces of reconstitution of TInA through
TInF activity in S. cerevisiae BJ5464-NpgA. EIC, extracted ion chromatogram.
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the hexaketide 3 (Fig. 4B, i), proving these four enzymes are
sufficient for biosynthesis of 3. In the absence of wACP-MT
TInC, the dominant product synthesized by TInA, TInB, and
TInD is 7, a spontaneously released pentaketide shunt product
(Fig. 4B, ii). Only trace amounts of the 5-desmethyl 8 are
formed. When purified TInC was incubated with 8, no methyl-
ation to 3 can be observed. These results suggest that methyl-
ation by the MT domain of TInC must take place during TInB-
catalyzed chain elongation, and does not take place post-PKS. A
proposed scheme of synthesis of 3 by the four enzymes is shown
in Fig. 44. The HRPKS TInA synthesizes the triketide hexa-2,4-
dienoate, which can be detected via base hydrolysis of TInA in-
cubated with malonyl-CoA and NADPH (SI Appendix, Fig.
S2.7). TInB accepts the sorbyl unit from TInA as a starter unit via
the starter unit/ACP transacylase (SAT) domain and extends to
the tetraketide intermediate, which can be methylated by TInC.
Following two more rounds of chain extension by TInB to give
the hexaketide, the product template domain of TInB catalyzes
regioselective cyclization to yield the TlnB-tethered 2,4-dihy-
droxybenzoyl product (33, 34). Finally, TInD catalyzes hydrolytic
release to yield 3 (Fig. 44). In the absence of TInC-catalyzed
methylation at the tetraketide stage, TInB programming rules
are derailed and the vast majority of products are released via
enolization of the e-ketone and cyclization to give pyrone 7. Only
a small fraction of unmethylated polyketide can proceed fully to
the hexaketide and be released as 8. Therefore, the TInC-
catalyzed a-methylation step serves as a checkpoint in TInB

A ACP TInA chain ACP TInB WACP MT  (ACP
.E transfer H Tinc 3
o Lx o o o o
chain extension SAM SAH
triketide tetraketide tetraketide
1x 2x
No methylation |chain extension lchain extension
0O~ ACP ‘“ip
| 2
D = Yy o e
OH major e o B 0o 0o o o
7 pentaketide hexaketide
1x PT 1
minor |chain extension lT|ﬂD
04_OH Goh 0y__OH
HO. [ ! 3 HO. X
-— S |
— WWW
TinD o o o]
OH OH
hexaketide
8 3
B 7 8 3
i l +TInC
' -TinC
i — -
m /\‘ +ATINC
-
iv [\ +yACP +ATInC
v ‘ +T34A TInC
vi . +apo-T34S TinC
vii B +holo-T34S TInC

6‘.0 SI.S T‘.D m!n

Fig.4. WACP in TInCis essential for formation of 3. (A) Proposed mechanism
of TInC-assisted biosynthesis of 3. SAH, S-adenosylhomocysteine; PT, product
template. (B) Extracted LC/MS traces of extracts from in vitro reconstitution
assays with TInA, TInB, TInD, and different mutants of TInC. ATInC is the
truncated version in which yACP is removed. The terms apo and holo in-
dicate the absence and presence of pPant on the ACP domain, respectively.
Equimolar enzyme concentrations (20-30 uM) were used in in vitro assays.
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programmed steps to ensure 3, not 8, is produced. a-Methylation
as a checkpoint in HRPKS programming has been noted pre-
viously (35, 36), and is observed here for an NRPKS via interacting
with an in trans MT.

To determine the role of the wACP domain in the TInC-
catalyzed reaction, we excised and assayed the standalone MT
domain (ATInC) with TlnA, TInB, and TInD. While a small
amount of 3 is made, the major product (>80%) is now 7, in-
dicating the efficiency of methylation is severely impaired without
wACP (Fig. 4B, iii). This is confirmed through in frans comple-
mentation with the standalone WwACP domain, which led to a
small increase in 3, but 7 is still a dominant product (Fig. 4B, iv).
Hence, the presence of a fused yACP significantly enhances the
efficiency of the methylation step, possibly via transient protein—
protein interactions with TInB. Increasing the ratio of wACP to
ATInC increased the relative amount of 3 to 7, although the total
polyketide yield decreased (SI Appendix, Fig. S2.8).

We then used MALDI-TOF analysis to determine whether the
threonine residue present in the DTI motif of wACP can be
posttranslationally modified by the fungal phosphopantetheinyl
transferase NpgA (37). When the standalone wACP was treated
with CoA and NpgA, the threonine remained unmodified (S7
Appendix, Fig. S2.9). In contrast, the excised ACP domain from
TInB (ACP,;) was completely phosphopantetheinylated under
the same conditions. The circular dichroism (CD) spectrum of
WACP revealed the characteristic double-negative peaks at
208 nm and 222 nm that are also seen in the CD profile of ACP_;,
(8I Appendix, Fig. S2.10), which are indicative of an intact
a-helical bundle structure. Collectively, these data are consistent
with a previous study in which introducing a single S36T muta-
tion in E. coli FAS ACP led to the abolishment of post-
translational modification (17). Therefore, the yACP domain in
TInC facilitates the in frans methylation reaction and may be
purposely kept in the apo form. This was further demonstrated
by using the T34A TInC mutant in the PKS assay, which pro-
duced mostly 3 (>95%) (Fig. 4B, v).

To evaluate the effects of phosphopantetheinylation of the
WACP domain, we first generated a T34S-yACP mutant in which
the serine residue is reintroduced. The apo T34S-ywACP can now
be completely converted into the Aolo form by NpgA in vitro (ST
Appendix, Fig. S2.9), thereby supporting that the threonine residue
in yACP is present to keep the ACP domain in the apo form. We
then introduced the T34S mutation into the full-length TInC and
repeated the PKS assays. The apo form of T34S TInC was slightly
compromised in activity, but still produced 3 as the major product
(>70%) (Fig. 4B, vi). Surprisingly, the MT activities of holo T34S-
TInC are nearly completely abolished, as pyrone 7 constituted over
95% of all products, with trace amounts of 8 and 3 (Fig. 4B, vii).
This result confirms that the apo form of the wACP domain is
required for proper functioning of the MT domain. Since holo
T34S-TInC did not inhibit PKS turnover (as evident in the for-
mation of 7), we reason that the pPant arm in mutant wACP may
insert into the juxtaposed MT domain active site and effectively
inhibit TInB ACP from shuttling the tetraketide substrate (3-oxo-
4,6-octadienoyl) to the MT. The use of an unphosphopantethei-
nylated ACP ensures that it will not compete with acyl-ACP,;
from TInB for access to TInC MT. Therefore, the wACP is a
decoy: It is present in the apparent inactive apo form and cannot
serve as an acyl shuttle of polyketide chains, yet it is critical in
facilitating TInB and TInC interactions to ensure that the regio-
selective methylation takes place.

WACP Inhibits Decarboxylative Condensation by Ketide Synthase
Domain to Facilitate Methylation. During nonreducing polyketide
chain elongation by NRPKS, premature spontaneous cyclization
of the reactive poly—p-ketone chain is suppressed in the active
site of the NRPKS. After decarboxylative condensation between
the growing polyketide chain attached to the ketide synthase
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(KS) domain and an incoming malonyl-ACP, the polyketide
chain may be transferred back to the KS domain and remain in
the active site tunnel, or leave the active site in the form of acyl-
ACP, followed by reentry and transthioesterification (38, 39). In
order for MT domains to methylate o-positions, the polyketide
chain must be accessible by the MT domains. In most NRPKSs
that methylate polyketides, an in-line MT domain immediately
fused to the ACP domain allows the MT to be in close proximity
to the megasynthase core and to be accessible by acyl-ACP (36,
40). Here, TInC is a dissociated MT enzyme that must gain access
to the tetraketidyl-ACP to perform methylation. We hypothesize
that wACP may bind to TInB via protein—protein interactions to
recruit TInC to the TInB reaction core. In addition, yACP may
bind to the entrance of the KS active site and slow down the re-
entry of the tetraketidyl-ACP,;, before methylation (Fig. 5D). In
this case, an increased ratio of wACP to TInB should inhibit
NRPKS activity, which was observed in the in frans complemen-
tation assay of ATInC (SI Appendix, Fig. S2.8).

To test these hypotheses, we dissected TInB into its minimal
PKS component of ACP. and SAT-KS-MAT®, in which the
malonyl acyl transferase (MAT) domain is deactivated. Working
with minimum PKS allowed us to achieve higher expression of the
dissected proteins for assays (36), and provides a direct exami-
nation of the effects of wACP on the extension step from tetra-
ketide to pentaketide, after which pyrone 7 is the expected
product. We performed a single-round chain extension assay in
which the tetraketide 10 was used as a starter unit to prime the KS
domain (Fig. 54). Malonyl-ACP,;; was generated by preloading
malonyl-CoA on apo-ACP,, with NpgA. Using preloaded
malonyl-ACP,;; together with SAT-KS-MAT’ can exclude any
possible WyACP-MAT interactions in the assay. In the presence of
an increasing amount of WwACP relative to SAT-KS-MAT and
malonyl-ACP,;, the yield of 7 significantly decreases (Fig. 5B),

[
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Fig. 5. wACP inhibits KS to allow for methylation by TInC in trans. (A) Minimum
TInB PKS primed with 10 leads to the formation of 7. (B) When using malonyl-
ACP;,, increasing the molar ratio of ywACP to SAT-KS-MAT? decreases formation
of 7. (C) Inhibition of minimal TInB PKS by wACP-MT is significant. (D) Proposed
model of the role of WwACP in facilitating methylation of 3-oxo-4,6-octadienoy!
ACP; by TInC. PT, product template.
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confirming that wACP can inhibit a chain extension event catalyzed
by KS. We next compared the inhibitory activities of yACP-MT on
minimal PKS with apo-ACP,;; and a noncognate apo-ACP from the
NRPKS CazM (15). Likewise, we isolated the chain extension event
from tetraketide to pentaketide by using minimal PKS SAT-KS-
MAT and ACP,, and used tetraketide 10 to prime the KS do-
main. Here, the MAT was kept active so that multiple turnovers
could take place to accumulate pyrone 7. In contrast to the strong
inhibition observed with wACP-MT, titrating apo-ACP,; or non-
cognate ACP to TInB minimal PKS led to only a moderate decrease
in the yield of 7 (Fig. 5C and SI Appendix, Fig. S2.11).

Based on the recent structure of CTB1, which is an NRPKS
synthesizing nor-toralactone (39), we propose a model of TInC
WwACP-MT interacting with TInB NRPKS (Fig. 5D). Similar to
known ACPs, multiple negatively charged residues are distributed
throughout the first half of the wACP sequence. These charges
were shown to mediate protein—protein interactions between ACP
and the PKS core (38) (SI Appendix, Fig. S2.12). In our model,
WACP binds to the KS domain via similar electrostatic interactions
and promotes departure of tetraketidyl-ACP,;, from the KS active
site and methylation by TInC; following methylation, methylated
tetraketidyl-ACP,;, enters the KS domain for the next extension
step. Previous findings showed that each catalytic step in IPKS
machineries is a result of kinetic competition between functional
domains (35, 40). Here, the dissociated nature of the TInC MT has
a lower effective concentration compared with its in-line counter-
parts (41). To compensate for the kinetic loss, a decoy wACP is
recruited to slow down KS-catalyzed chain elongation, while pro-
viding protein—protein interactions to facilitate TInC MT functions.

Discussion

T. harzianum t-22, widely used as a biofertilizer and biocontrol
fungus, utilizes small molecules to enable chemical communication
with neighboring plants (11). Many of the T. harzianum t-22 bio-
synthetic clusters are silent under laboratory conditions, and are not
associated with known natural products. We activated the tran-
scription of a silent IPKS cluster of interest that led to the pro-
duction of a pair of unique redox active molecules 1 and 2. Selection
of the target cluster was driven by an intriguing collection of bio-
synthetic enzymes, including the tandem IPKSs and the wACP-MT
fusion protein. Production of the sorbyl-hydroquinone 1 was not
anticipated a priori, and underscores the potential of using genome
mining to find new natural products. Importantly, we showed 1 can
readily reduce Fe(III) to Fe(II) under physiological conditions, and
can help A. thaliana reductively assimilate Fe(IIT). Small diffusible
molecules produced by T. harzianum t-22 were previously shown to
reduce Fe(IIl) to Fe(Il) (26), and 1 may therefore be one such
molecule. Although the exact role of 1 in fungal host physiology is
unknown, our work shows that identifying these compounds and
elucidating their mechanisms can accelerate the development of
new natural products in agriculture.

Our work here also unveiled unique programming features of
fungal NRPKS. TInC is an example in thiol template biosynthesis
(PKS and NRPS) that an inactive ACP plays an important role. The
nonphosphopantetheinylated nature of wACP renders it incapable
of shuttling polyketide intermediates and eliminates competition
with ACP, for the TInC active site. However, the intact ACP
tertiary structure and conserved surface charge residues allow the
apo-ACP to inhibit decarboxylative condensation, possibly through
interacting with the KS domain. Such binding may hinder the re-
entry of the tetraketide-ACP to the KS domain and allow it to be
methylated by the MT domain.

The fused wACP domain provides kinetic benefits to the
methylation step. Methylation by ATInC without the fused
WACP is less efficient, as shown by the product ratio of pyrone 7
and 3 (Fig. 4B, iii), which implies that the MT alone is not kineti-
cally competent enough to compensate for its dissociation from
NRPKS. In fact, it appears that TInC methylation activity may be
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intrinsically slower compared with other in-line MTs. A recent
study on citrinin PksCT shows that equimolar complementation of
its in-line MT in trans almost completely restores the polyketide
methylation pattern (40). The fusion of wACP can establish pro-
tein—protein interactions between TInC and NRPKS TInB. As a
result, the MT can be recruited to the NRPKS and minimize the
exposure of the reactive poly—f-ketone chain to solvent.

The NRPKS machinery in the #ln cluster essentially has two
ACPs, with one catalytically inactive but functionally essential.
This is in contrast to NRPKSs, which use two catalytically active
and functionally equivalent ACPs, as in the case of CTB1 and
naphthopyrone synthase wA (39, 42). Such tandemly arranged
holo-ACPs are synergetic in shuttling acyl intermediates into
different functional domains to improve biosynthetic efficiency
(43). Therefore, tandem holo-ACPs and wACP may represent
different time points during NRPKS evolution: Gene duplication
yielded tandem ACPs in NRPKS, while later gene fission and
mutation afforded ywACP the opportunity to play more of a
structural and regulatory role (44, 45) (SI Appendix, Fig. S2.13).
A genome survey of other sequenced fungi reveals that addi-
tional WACP fusion to polyketide-modifying enzymes can be
found in cryptic PKS gene clusters (SI Appendix, Fig. S2.14).
These wACP fusion enzymes may employ hitherto unknown
programming rules in the biosynthesis of new natural products.
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Conclusions

We discovered redox-active o-hydroquinone tricholignan A 1
from biofertilizer fungus 7. harzianum t-22 via a genome mining
approach. Tricholignan A can reduce Fe(III) to Fe(II), and may
be among the molecules that are synthesized by 7. harzianum t-22
in soil and help plants acquire Fe(II). Tricholignan A is synthe-
sized by a tandem PKS pair, with the additional assistance of an
unusual WwACP-MT fusion protein. The yACP, which must be
kept in apo form, is proposed to interact with the PKS to enhance
access of the MT domain to the polyketide substrate. This study
reveals unique natural products from fungi that benefit plant fit-
ness, as well as unusual biosynthetic logic by IPKSs.

Materials and Methods

Analyses of fungal and yeast metabolic profiles and enzymatic reactions were
monitored by liquid chromatography (LC)/MS with a Phenomenex Kinetex LC
column. All enzymatic reactions were conducted at room temperature.
Additional procedures are detailed in SI Appendix.
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