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ABSTRACT: Gregatin A (1) is a fungal polyketide featuring an alkylated furanone core, but the biosynthetic mechanism to furnish the intri-
guing molecular skeleton has yet to be elucidated. Herein, we have identified the biosynthetic gene cluster of gregatin A (1) in Penicillium sp.
sh18, and investigated the mechanism that produces the intriguing structure of 1 by in vivo and in vitro reconstitution of its biosynthesis. Our
study established the biosynthetic route leading to 1, and illuminated that 1 is generated by the fusion of two different polyketide chains, which
are, amazingly, synthesized by a single PKS GrgA with the aid of a frans-acting enoylreductase GrgB. Chain fusion, as well as chain hydrolysis,
is catalyzed by an a/f hydrolase GrgF, hybridizing the Ci1 and C4 carbon chains by Claisen condensation. Finally, structural analysis and muta-
tional experiments using GrgF provided insight into how the enzyme facilitates the unusual chain-fusing reaction. In unraveling a new biosyn-
thetic strategy involving a bifunctional PKS and a polyketide fusing enzyme, our study expands our knowledge concerning fungal polyketide

biosynthesis.

INTRODUCTION

Polyketides are one of the major groups of natural products with
a great diversity of structure and of biological functions. The back-
bone structures of polyketides are assembled by polyketide syn-
thases (PKSs) through repeated elongation of Cy-carbon units in a
manner similar to that of the fatty acid synthase.! However, PKSs
generate an enormous number of molecules due to several factors,
including the utilization of non-standard starter/extender units, and
variation in the number of chain elongation cycles, and the extent of
chain reduction at each elongation step. Furthermore, recent studies
have discovered unusual enzymology within the polyketide chain bi-
ogenesis,” which further contributes to the structural diversification
of this class of natural products. Fusion of two polyketide chains to
provide a hybrid molecule is one such example (Figures 1A and 1B).
Several different mechanisms for the chain fusion are known; for ex-
ample, MxnB, involved in the biosynthesis of myxopyronins, com-
bines two carbon chains synthesized by two individual PKSs using
Claisen condensation.’ Nevertheless, given the significant diversity
in polyketide natural products, it is highly likely there are many more
as yet unidentified reactions to afford polyketide skeletons, and bio-
synthetic studies on structurally unique polyketides could further ex-
pand our understanding of the logic behind the polyketide biosyn-
thesis.

Gregatin A (1; Figure 1C) is a fungal metabolite originally iso-
lated from the fungus Cephalosposium gregatumin 1975 and found

to be produced by several different fungal species.* Structural deter-
mination of gregatin A was finally achieved in 2012 after two rounds
of revisions.® Gregatin A features an alkylated furanone core, and the
molecular architecture suggests a polyketide origin of 1. Previous
studies suggested that the polyketide 2 undergoes oxidative cleavage
of the aromatic ring to yield the core skeleton of 1 (Figure 1C);°
however, no experimental evidence to support this hypothesis has
been provided. Furthermore, it might also be possible that the car-
bon chain of 1 is generated by the fusion of two distinct polyketide
chains as seen in the myxopyronin biosynthesis (Figure 1D), alt-
hough only one type-III PKS is known to catalyze such a chain fusion
reaction in fungal natural product pathways (Figure 1B).” Collec-
tively, it was expected that the biosynthetic study on gregatin A
might result in identification of a novel enzymatic strategy employed
by fungal PKSs, and would thereby facilitate future efforts to ration-
ally engineer the PKS machinery.

In this study, we identified the biosynthetic gene cluster of gre-
gatin A (1) in Penicillium sp. sh18, and successfully reconstituted its
biosynthesis in a heterologous fungus, Aspergillus oryzae. Isotope-
incorporation experiments then indicated that 1 is biosynthesized by
fusion of two carbon chains synthesized by a single PKS, GrgA. In
vitro enzymatic reactions further confirmed that a predicted hydro-
lase GrgF is responsible for the fusion of the Ci: and Cs carbon
chains to produce the backbone skeleton of 1. Finally, mutational
experiments and examination of the X-ray crystal structure of GrgF
provided a plausible mechanism for the chain-fusion reaction.
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Figure 1. (A) (B) Representative polyketide chain-fusion reactions: Re-
actions catalyzed by (A) MxnB and (B) CsyB. (C) Structure of gregatin
A (1), and the previously suggested mechanism to generate the
furanone core of 1. (D) An alternative possible mechanism to produce
the backbone skeleton of 1.

RESULTS

Discovery of the Gregatin A Biosynthetic Gene Cluster
and Heterologous Reconstitution of the Biosynthesis. To
identify the biosynthetic gene cluster for gregatin A (1), we initially
obtained the genome sequence of a fungus Penicillium sp. sh18,
from which 1 was isolated.”” On the basis of the structure, the gene
cluster for 1 should at least encode a highly reducing (HR)-PKS with
ketoreductase (KR), dehydratase (DH), enoylreductase (ER), and
methyltransferase (MT) domains, an O-methyltransferase, and an
oxidative enzyme for the furanone ring formation. Examination of
the genome sequence identified one candidate gene cluster that
meets the criteria, which was designated as the grg cluster (Figure
2A; DDBJ/EMBL/GenBank accession number: LC522971). The
grg cluster encodes the HR-PKS GrgA, the trans-acting ER (trans-
ER) GrgB, the O-methyltransferase GrgD, the a/p hydrolase GrgF,
and the cytochrome P450 monooxygenase GrgG. Thus, the biosyn-
thetic pathway of 1 was roughly predicted as follows; GrgA and
GrgB collaboratively synthesize the backbone carbon chain, GrgF
serves as a thioesterase (TE) and releases the polyketide chain,

GrgG forms the furanone ring, and GrgD methylates the carboxylate.

To confirm the involvement of the grg cluster in the gregatin A
biosynthesis, we then expressed the five enzyme-coding genes in As-
pergillus oryzae® which is a robust host for heterologous expression
of fungal biosynthetic genes.” Subsequent HPLC analysis revealed
that the transformant produced several new metabolites (Figure 2B,
trace vii), which were not detected in the host strain (Figure 2B,
trace i). Unfortunately, isolation and structural characterization of
most peaks were hampered due to their instability. Nevertheless, we
have successfully isolated one of the new products 1, which was de-
termined to be gregatin A by NMR analysis. Thus, it was confirmed

that the grg cluster is indeed responsible for the biosynthesis of 1.
We also sought to purify another new peak 3 and found that 3 is a
mixture of approximately equal amounts of two gregatin A analogues,
namely gregatins C (3a) and D (3b),’ in which one of the olefins in
1is hydrated. Given the diastereomeric nature of 3, it was suggested
that 3a and 3b are nonenzymatic products. In accordance, 1 is spon-
taneously converted to 3a and 3b in water (Figure S1), indicating
these compounds are off-pathway products.
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Figure 2. (A) Schematic representations of the grg cluster. HR-PKS:
highly reducing polyketide synthase; trans-ER: trans-acting enoylreduc-
tase; TF: transcription factor; O-MT: O-methyltransferase; MFS: major
facilitator superfamily transporter; ABH: a/p hydrolase; P450: cyto-
chrome P450 monooxygenase. (B) HPLC profiles of culture superna-
tant extracts from A. oryzaeNSARI transformants. The chromatograms
were monitored at 230 nm. (C) Structures of the metabolites isolated or
detected in this study.

Investigation of the Biosynthetic Pathway Leading to
Gregatin A. With the successful reconstitution of the gregatin A bi-
osynthesis in A. oryzae, we next investigated the biosynthetic origin
of 1 using [1-*C]- and [2-"*C]-sodium acetate (Figures 3 and S2).
When the A. oryzae transformant was cultivated in the presence of
[1-3C]-sodium acetate, 1 was labeled at C-2, C-4, C-6, C-8, C-10,
C-12, and C-1S positions. Meanwhile, [2-*C]-sodium acetate la-
beled 1 at C-3, C-§, C-7, C-9, C-11, C-14, and C-16 positions. Col-
lectively, only C-13 and C-17 were not labeled either by [1-*C]- and
[2-C]-sodium acetate, and therefore, C-13 and C-17 methyl
groups are introduced by the activity of the MT domain of the PKS
and by an O-methyltransferase, respectively. Notably, the labeling
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experiments indicated that C-12 is a part of the polyketide chain, im-
plying that two polyketide chains are fused to afford 1 and that a sin-
gle PKS GrgA is responsible for the production of both chains.

o O
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Figure 3. Isotope-labeling experiment of 1 using [1-*C] and [2-"*C]so-
dium acetate.

To further obtain insight into the biosynthetic route leading to 1,
several different A. oryzae transformants were created. Initially, we
evaluated the transformant with the PKS GrgA, the trans-ER GrgB,
and the hydrolase GrgF, since GrgB and GrgF were predicted to
work together with the PKS. The strain with the three genes pro-
duced one major product 4 (Figure 2B, trace v). Unfortunately,
structural characterization of 4 was unsuccessful, as we failed to com-
pletely purify the compound due to the unstable nature of the com-
pound. Therefore, we methylated 4 using TMS-diazomethane,
which yielded relatively stable compound 4’. NMR analysis of 4’ re-
vealed that 4’ possesses the same carbon chain backbone as that of 1
(Figure 2C), but lacks the characteristic furanone ring; instead, 4’
features a six-membered lactone ring, which might be formed spon-
taneously after chain release. Thus, we concluded that 4 is the de-
methylated form of 4°. Although we could not determine the abso-
lute configuration of 4’, based on the specific rotation of the com-
pound ([a]*p-50.0), 4’ could be optically pure, or at least one of the
enantiomers should be dominant, indicating the presence of a chiral
center in the precyclized intermediate. We also confirmed that 4 can
be synthesized only in the presence of all the three enzymes (Figure
2B, traces ii to iv), establishing the minimal components required for
chain-fused polyketide synthesis. Interestingly, co-expression of the
PKS and trans-ER genes gave a specific metabolite S (Figure 2B,
trace iv). Since it was difficult to completely purify 5, the compound
was methylated for further purification and structural analysis. The
methylated product §’ was found to be a linear polyketide with 11
carbon atoms (Figure 2C), and the carbon skeleton of § can be
found in 1 as well as 4. Taken together, the hydrolase GrgF appears
to be the chain-fusion enzyme.

We next investigated the late-stage biosynthesis of gregatin A (1).
Considering that the desmethyl analogue of 1 can be found in na-
ture,” we reasoned that the methyltransferase GrgD is responsible
for the very last step of the biosynthesis. Thus, we analyzed the me-
tabolites from the four gene-expressing strain harboring the P450
gene grgG as well as the aforementioned three genes. The trans-
formant yielded three new products 6, 7, and 8; compound 6 was
characterized to be the demethylated analogue of 1 and was named
desmethylgregatin A, whereas 7 was identified as a known natural
product, cyclogregatin.'® During the purification of the other prod-
uct 8, we found that the compound is spontaneously converted to 6
and 7 (Figure S3). To characterize the structure, 8 was methylated,
which provided a mixture of gregatins C (3a) and D (3b) (Figures
S48 and S49). Based on this observation as well as the molecular for-
mula of 8 established by HR-MS analyses, 8 was determined to be
the demethylated analogue of 3a and 3b. Collectively, the P450
GrgG s responsible for the oxidative heterocyclization to furnish the
gregatin scaffold with the furanone ring.

In vitro Reconstitution of the Chain-Fusing Reaction. To
obtain in-depth insight into the chain-fusion reaction, we sought to
reconstitute the biosynthesis of the fused product 4 in vitro. To this
end, the PKS GrgA was obtained as a C-terminal His-tagged protein
using A. oryzae expression system according to a previously reported
method,"" whereas the fransER GrgB and hydrolase GrgF were pu-
rified from an Escherichia coli expression system as a N-terminal
His-tagged protein (Figure S$4). The three enzymes were then incu-
bated with malonyl-CoA, NADPH, and S-adenosylmethionine
(SAM), and the enzymatic products were analyzed by LC-MS. The
reaction successfully yielded a product, which is identical to the
chain fused product 4 obtained from the A. oryzae transformant
(Figure 4A, traces i and v), confirming that the PKS GrgA is solely
responsible for the synthesis of whole carbon chain of 4. In accord-
ance with the in vivo experiment, 4 was only produced under the ex-
istence of the three enzymes (Figure 44, traces i to iv). Meanwhile,
compound § was not detected in the reaction with GrgA and GrgB,
suggesting the involvement of an endogenous enzyme(s) of A. ory-
zaein the production of §.
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Figure 4. In vitro reconstitution of the chain-fusion reaction. LC-MS
chromatograms of products from (A) reactions performed with malo-
nyl-CoA, NADPH, and SAM; (B) reactions of GrgF with the substrate
analogues 9 and 10; and (C) reactions of GrgF mutants. The chromato-
grams were extracted at m/z 263.13. Compound 4 partially purified
from the A. oryzae transformant was used as a standard. (D) HPLC
chromatograms of the products from the reactions of GrgF and its mu-
tants with 10. The chromatograms were monitored at 280 nm. WT: wild
type enzyme. (E) Structures of substrate analogues used in this study (9
and 10) and the predicted structures of 11a and 11b.

Subsequently, we further investigated the function of the hydro-
lase GrgF, which serves as the chain-fusing enzyme. Given the pro-
duction of the Cui-polyketide $ in the A. oryzae transformant with
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the PKS and #rans-ER genes, we expected that the gregatin A biosyn-
thesis involves the fusion of Ci1 and Cs carbon chains. To investigate
this hypothesis, potential substrate analogues shown in Figure 4E
were purchased or synthesized; these molecules have either CoA- or
MN-acetylcysteamine (NAC) substructures, which are known to serve
as surrogates of ACP-bound reaction intermediates and can be ac-
cepted by a variety of PKS-associated domains/enzymes."” The re-
action of the hydrolase GrgF with the two substrate analogues, cro-
tonyl-CoA (9) and C1-SNAC (10), however, did not provide the
expected product 4 at detectable levels (Figure 4B, trace ii). Intri-
guingly, 4 was efficiently produced by the addition of the PKS GrgA
to the reaction mixture (Figure 4B, trace iii). It is unclear how exactly
the PKS assists the reaction, but the substrate analogues might di-
rectly acylate the ACP domain" and/or be first accepted by the AT
domain to be transferred to the ACP perhaps because of the prom-
iscuity of the AT,"* which are then utilized by GrgF for the subse-
quent chain fusion. To investigate the effect of the substrate loading
onto the ACP, we purified the ACP domain of GrgA from E. coliex-
pression system. We next sought to load 9 onto the ACP using the
promiscuous phosphopantetheinyl transferase Sfp derived from Ba-
cillus subtilis."* Consequently, the reaction with the hydrolase GrgF,
the ACP, Sfp, 9, and 10 successfully generated 4 at levels comparable
to that obtained with the whole PKS, judging from the peak areas in
the LC-MS analysis (Figure 4B, trace iv). Since our attempt to syn-
thesize the Ci1-CoA was unfortunately unsuccessful, we could not
examine the effect of loading the C1 chain to the ACP. Nevertheless,
the current experimental results indicate that the crotonyl moiety
must be attached to the ACP to allow for chain-fusion and that GrgF
is indeed engaged in the reaction.

Mutational Experiments of GrgF. To better understand the
function of the chain-fusion enzyme GrgF, we performed mutational
experiments of GrgF. It is well known that the majority of a/p hy-
drolase fold enzymes adopt a Ser-His-Asp (Glu) catalytic triad;'®
however, sequence alignment of GrgF with homologous enzymes
revealed that GrgF harbors a cysteine residue (Cys115) instead of a
serine at the catalytic site, which is relatively rare within this family
of enzymes (Figure SS). To examine the importance of Cys11S in
the chain fusion reaction, we mutated the cysteine to serine or ala-
nine, and performed in vitro reactions using the PKS GrgA, trans-ER
GrgB, and malonyl-CoA as a substrate. Both mutants failed to pro-
duce the chain-fused product 4 (Figure 4C, traces ii and iii). We also
performed reactions using the substrate analogues 9 and 10 as well
as the PKS GrgA, but production of 4 was again not observed (Fig-
ure 4C, traces iv and v), indicating that Cys11S5 is critical for the fu-
sion reaction.

Next, we examined the properties of GrgF and its mutants using
the substrate analogues 9 and 10. Crotonyl-CoA (9) was not used
by any of the enzymes (Figure S6), which is consistent with the ob-
servation that loading of the crotonyl moiety onto the ACP is essen-
tial for the chain-fusion reaction. On the other hand, the C,;-SNAC
10 was very efficiently consumed by the C115S mutant to give new
products 11aand 11b (Figure 4D, trace i), whose molecular formu-
lae were determined to be CiiHisO3 and CioHi6O, respectively, by
HR-MS analysis (Figure S7). The molecular formulae respectively
correspond to the hydrolyzed form of 10 and its decarboxylated
form, and therefore, the C115S mutant functions as a thioesterase,
while losing the ability to perform chain fusion. Importantly, the hy-
drolysis occurs much slower in the wild type enzyme-catalyzed reac-
tion (Figure 4D, traces iv to vi), and no hydrolyzed product was de-
tected from the C115A mutant (Figure 4D, trace iii). Based on these

observations, we reasoned that GrgF initially accepts the Cii chain
and that Cys1135 is important to retain the carbon chain until the Cy4
chain approaches the active site of GrgF.

(A)
Lid reQO/ W
& L2’ -

#

— Core domain

Figure S. (A) Overall structure of GrgF. The core domain and lid region
are shown in pinkand orange, respectively. One of the monomers in the
asymmetric unit is shown. (B) Probable substrate binding site of GrgF.
The lid region (orange) seals the hydrophobic chamber (pink). The
binding site was predicted using CASTp."” (C) Docked model of the C1:
chain (cyan). C-1 is covalently bound to Cys118.
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Structural Characterization of GrgF and Docking Simula-
tion. To further clarify the mechanism by which GrgF performs the
chain fusion reaction, we solved the X-ray crystal structure of GrgF
at 1.9 A resolution (PDB ID: 6LZH; Figure SA and Table S6). The
crystal structure revealed the presence of a dimer in the asymmetric
unit. GrgF possesses an a/f hydrolase fold with an inserted region
between 6 and aD, which is a commonly found but variable region
in TE domains of PKSs/NRPSs known as the “lid region”."* Unlike
typical TE domains with a lid region consisting of two helices,'” the
corresponding region of GrgF harbors three helices aLi, aL, and aLs
as well as two sheets BL1 and PL,, and it seals the active site from sol-
vents, leading to the closed state of GrgF. Although some other stud-

18520 the struc-

ies successfully obtained open state structures of TEs,
ture of open form GrgF was not obtained in our study, suggesting
that the approach of the substrate is required for the conformational
change. Structural comparison of GrgF with other enzymes using
the Dali program®" indicated that GrgF shares structural similarities
with hydrolase family enzymes PA2218 (PDB ID: 2HDW) and Y¢jY
(PDB ID: 5XB6), whose functions have yet to be clarified, with rms

deviation of 2.2 and 2.1 &, respectively (Figure S8).

As predicted from the protein sequence, GrgF forms a Cys-His-
Asp catalytic triad with contributions from Cys11S, His269, and
Asp240. The carboxylate residue at the catalytic triad of TEs fused
with a PKS or NRPS is normally found at a noncanonical position,
C-terminus of f6,'® whereas Asp240 of GrgF is located in the typical
position, the loop between p7-aE. We also found that the backbone
amide groups of Phe41 and Phe116 form a probable oxyanion hole,
which is commonly seen in a/p hydrolase fold enzymes, and is im-
portant for the stabilization of the tetrahedral intermediate.'® Subse-
quently, we investigated the potential substrate binding site, and
found a highly hydrophobic chamber in the vicinity of the active site
residues (Figure SB), which is isolated from solvents because of the
lid region.

To investigate whether the hydrophobic chamber could accom-
modate the predicted substrate, we sought to dock the Cu chain,
which should be accepted by GrgF first, to the probable substrate
binding site of the enzyme. The docking simulation, in which the Cu:
chain is covalently bound to Cys115, revealed that the long carbon
chain could indeed be accepted at this site (Figure SC). In the iden-
tified binding mode, the Ci1 chain is located in a pocket consisting of
Pro39, Gly40, Phe41, Met43, Prod4, Ala47, Ile48, Leud9, Leul 14,
Leul40, Leul88, Met192, Leul96,1le201, and Leu270. Additionally,
the carbonyl oxygen of the thioester linkage between the substrate
and GrgF was found in the oxyanion hole formed by Phe41 and
Phel16. The C-2 of the substrate, to which the second Cs chain fuses,
resides proximate to the catalytic His269, which might deprotonate
C-2 for the chain-fusion reaction. In order to further confirm
whether the docking simulation is reasonable, a molecular dynamics
(MD) simulation based on the obtained docking model was per-
formed (Figures S9 to S11). The MD simulation showed that across
99% and 92% of the simulation time, hydrogen bonds are main-
tained between the substrate thioester carbonyl oxygen and Phe41
and Phel16, respectively (Figure S10).

DISCUSSION

In this study, we have discovered the biosynthetic gene cluster of
gregatin A (1) and successfully reconstituted the biosynthesis in a
heterologous fungus A. oryzae. We have also performed a series of in
vitro enzymatic reactions to unveil the mechanism to afford the
backbone skeleton of 1. Based on all the experimental data, we now

propose the biosynthetic pathway leading to 1 as follows (Figure 6).
The PKS GrgA synthesizes Ci1 and Cs polyketide chains in the pres-
ence and absence of the frans-ER GrgB, respectively, which are then
hybridized by the chain-fusing enzyme GrgF. GrgF would first un-
dergo a conformational change to the open form, and the active site
Cys115 is then acylated by the Ci1 chain. The carbonyl oxygen of the
thioester would be placed at the oxyanion hole formed by Phe41 and
Phel16, which facilitates the transthioesterification reaction. After
the elimination of the phosphopantetheinyl chain, the second
polyketide chain of four carbon long is delivered adjacent to the en-
zyme-bound Cui chain. The catalytic histidine, His269, deproto-
nates a proton from C-2 of the long chain, and the resultant carban-
ion attacks the C-1 carbonyl of the crotonyl group to perform
Claisen condensation, by which the phosphopantetheinyl chain is
released. Eventually, hydrolysis of the thioester linkage probably by
a His269-activated water molecule completes the reaction to afford
the reaction product 12. Compound 12 would spontaneously be
transformed to 4 by the attack of the conjugated olefin at C-3’ by the
carboxy group followed by keto-enol tautomerization (Figure 6A).
Next, the P450 GrgG accepts 12 as a substrate and performs the ox-
idative cyclization to furnish the gregatin scaffold. In this transfor-
mation, GrgG would initially abstract a hydrogen atom from C-8 to
generate the substrate radical 13, from which one electron is trans-
ferred to the iron-heme center to yield the carbocationic species 14
(Figure 6B, path a). Heterocyclization along with double bond
isomerizations provide the product 6 with the furanone ring. Alter-
natively, GrgG might provide the hydroxylated product 15, which is
followed by dehydration to give the cyclized product 6 (Figure 6B,
path b). Finally, the O-methyltransferase GrgD methylates the car-
boxyl group to provide gregatin A (1). The gregatin A analogue, cy-
clogregatin (7), would originate from 4 in a similar manner to that
for 1, whereas gregatins C (3a) and D (3b) are nonenzymatic prod-
ucts derived from 1 (Figure S12).

The most intriguing point of the gregatin A biosynthetic pathway
would be the chain-fusion reaction catalyzed by GrgF. Actually, such
reactions can be found in other polyketide biosynthetic path-
ways,””” but, so far, all characterized enzymes for polyketide chain
fusion by Claisen condensation are thiolase-like enzymes. Thus,
GrgF provides the first example in which an a/p hydrolase fold en-
zyme performs a polyketide chain-fusion reaction. Importantly,
GrgF adopts cysteine residue (Cys115), as the catalytic residue and
as the site for the polyketide chain attachment, instead of most com-
monly found serine residue. Mutational experiment illuminated the
importance of Cys11S to prevent the first polyketide chain from be-
ing hydrolyzed before the fusion with the second chain. It is still un-
clear on what role the cysteine residue plays in retaining the Cu
chain, but it is generally thought that a cysteine residue generates
more stable acyl-enzyme complex in this family of enzymes. For ex-
ample, the serine to cysteine mutation in the catalytic triad of cyto-
solic type I acyl-CoA thioesterase (CTE-I) resulted in a significantly
reduced activity, in which the enzyme was efficiently acylated by the
substrate.” Furthermore, the naturally-occurring Cys-His-Asp triad
can be found in some TE domains associated with polyketide/non-
ribosomal peptide biosynthesis, which possess an activity distinct
from simple hydrolysis.** As observed in our case, the cysteine to ser-
ine mutation of these TE domains resulted in the loss of the original
activity, but the mutants still produced the chain-hydrolyzed prod-
uct, and therefore, it would be reasonable that GrgF possesses the
cysteine residue for its catalysis.
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Figure 6. (A) Proposed biosynthetic pathway of the chain-fused product 4 and catalytic mechanism of GrgF. (B) Proposed late-stage biosynthesis of

gregatin A (1).

Another important feature of the gregatin A pathway is that the
biosynthesis involves the fusion of two distinct polyketide chains
synthesized by a single PKS. At the moment, only a few examples of
PKSs synthesize two different carbon chains to eventually generate
a fused product,”” and to the best of our knowledge, this is the first
characterization of a fungal type I PKS that naturally synthesizes two
distinct chain products for further hybridization. Interestingly, bio-
informatic searches revealed that the gene cluster for biosynthesis of
gregatin A (1) is highly similar to that of other fungal natural prod-
ucts, fujikurins,” which are apparently biosynthesized by the fusion
of two polyketide chains. The gene cluster, found in the genome of
Fusarium fujikuroi, encodes proteins that are highly homologous to
the PKS GrgA, the trans-ER GrgB, and the chain-fusing enzyme
GrgF, each exhibiting ~70% protein sequence identity with the cor-
responding enzyme (Figure S13). It should be noted that the GrgF
homologue in the fujikurin pathway, FFUJ 12241, also harbors a

cysteine residue in site corresponding to Cys115. Although the bio-
synthetic pathway of fujikurins has yet to be elucidated, given the
high similarity of its biosynthetic enzymes with the Grg enzymes and
their structures, fujikurins should also be biosynthesized in a manner
similar to that described for 1 (Figure S13). Thus, the PKS (PKS19),
together with the frans-ER, would produce two different polyketide
chains with seven and five carbon atoms, which are then fused to-
gether to give fujikurin D. Although the biosyntheses of gregatins
and fujikurins differ in the chain lengths and degree of C*methyla-
tion, we note that the enoylreductions by the transERs are only re-
quired in the first-round elongation of the longer chains. Therefore,
the occurrence of the enoylreduction in the first-round elongation
step might be the key determinant of the chain length in the biosyn-
thesis of these molecules. Moreover, the database search identified
many proteins homologous to GrgF and FFUJ_12241 containing
the Cys-His-Asp triad (Figure S14), and the genes encoding these
proteins are often clustered with a PKS gene. Indeed, some other
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fungal natural products appear to be biosynthesized in a similar man-
ner, including alternaric acid”’ and ophiofuranone A** (Figure S15).
Thus, it is suggested that chain-fused polyketides are widespread in
fungi and that genome mining targeting these homologues provides
valuable leads to the discovery of natural products with a novel scaf-

fold.

CONCLUSION

In this study, we have provided, for the first time, the complete
biosynthetic pathway of the fungal polyketide gregatin A (1), more
than 40 years after its first isolation. Notably, the single PKS GrgA
produces two distinct carbon chains, which are further hybridized by
the a/p hydrolase fold enzyme GrgF. Future structural biological
characterizations of GrgF as well as the ACP domain will further
clarify the mechanism behind the unusual chain-fusion reaction, and
would also contribute to the synthesis of unnatural fused polyketides.
The discovery and characterization of the unusual chain-fusion en-
zyme GrgF indicates that there must still be a number of overlooked
but intriguing chemical reactions in polyketide pathways, despite the
decades of intensive studies on their biosynthetic machineries. Col-
lectively, our study has unraveled a novel biosynthetic strategy em-
ployed by fungi, which should facilitate biosynthetic studies on anal-
ogous natural products, and mining of unexploited metabolites with
unique molecular architectures.
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