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ABSTRACT: Aromatic polyketides, with their diverse structures and biological activities, have attracted significant scientific
interest. Aromatization reactions are typically performed by aromatases and cyclases associated with bacterial type II polyketide
synthases (PKSs) or product template and Claisen cyclase domains found in fungal type I nonreducing PKSs. Intriguingly, our
recent study discovered a noncanonical aromatization mechanism involving a cupin domain-containing enzyme, StrC, in fungal alkyl
salicylaldehyde derivative biosynthesis. Nevertheless, the catalytic function of StrC largely remained enigmatic. In this study, an in-
depth in vitro characterization of StrC was performed to gain a better understanding of the reaction mechanism for aromatization. In
addition, the X-ray crystal structure of StrC in the complex with a substrate analogue was obtained to elucidate the unique active site.
Subsequent mutational experiments identified important amino acid residues for aromatase activity. Furthermore, a quantum
mechanics study provided a plausible reaction mechanism for aromatization and highlighted the vital role of StrC in the biosynthetic
process. Thus, our study unveils an unknown paradigm for aromatization in polyketide biosynthesis.
KEYWORDS: natural products, biosynthesis, polyketides, aromatases, cupin domain-containing enzymes

■ INTRODUCTION
Polyketides represent a diverse group of natural products and
have profoundly impacted human health through the develop-
ment of therapeutics,1 including anti-infectives like erythromy-
cin2 and amphotericin B;3 immunosuppressants such as
tacrolimus4 and rapamycin;5 and lipid-lowering agents with
lovastatin6 being a primary example. The central enzymes for
polyketide biosynthesis are polyketide synthases (PKSs), which
are further classified into types I,7 II,8 and III9 and contribute to
the generation of a diverse array of molecular architectures.
Aromatic polyketides, ubiquitously distributed in nature, are

one of the major classes of polyketides and are synthesized by all
three types of PKSs. Aromatization mechanisms to yield
aromatic polyketides vary among the PKS systems. In bacteria,
aromatic polyketides are generally formed by type II PKSs, in
which aromatases/cyclases play a key role in aromatization, as
exemplified by the biosynthesis of tetracenomycin10 (Figure
1A). On the other hand, the majority of fungal aromatic

polyketides are synthesized by the involvement of type I
nonreducing PKSs (NR-PKSs), which adopt an intrinsic
product template (PT) domain,11 occasionally along with a
thioesterase (TE)-like Claisen cyclase (CLC) domain,12 to
control the cyclization mode of a polyketomethylene chain, as
seen in the formation of norsolorinic acid anthrone (Figure 1B).
Furthermore, partially reducing PKSs (PR-PKSs), as repre-
sented by the 6-methylsalicylic acid synthase (6-MSAS), are also
known to afford aromatic polyketides,13 although the aromatiza-
tion mechanisms employed by PR-PKSs remain elusive.
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In the past few years, several highly reducing PKSs (HR-
PKSs) have been identified as a core enzyme for the biosynthesis
of fungal alkyl salicylaldehyde derivatives, such as pyriculol,14

sordarial,15 trichoxide,16 flavoglaucin,17 annullatin D,18 and
stachysalicyloids19 (Figure 1C,D). Currently, the mechanism of
the salicylaldehyde scaffold of these molecules is generally
accepted as follows. First, HR-PKS yields a linear polyketide
aldehyde with a triol unit, after which two short-chain
dehydrogenases/reductases (SDRs) perform two rounds of
alcohol dehydrogenation. The resultant diketo aldehyde then
undergoes an aldol condensation and subsequent dehydration to
afford the salicylaldehyde core. Intriguingly, our recent work
indicated that the ketoreductase (KR) domain of StrA, the HR-
PKS for stachysalicyloid biosynthesis, is involved in the
reductive release of the polyketide chain.19 Furthermore, we
revealed that the cupin domain-containing enzyme StrC serves
as an aromatase, which is critical for the efficient production of
alkyl salicylaldehyde.19 Nevertheless, the details of the
aromatization process, including the actual catalytic role of
StrC, have yet to be clarified. Therefore, deciphering the enigma
of aromatization by StrC should facilitate our understanding and
potential applications of polyketide biosynthesis.
In this study, we carried out an in-depth investigation of the

catalytic function of StrC by a multidisciplinary approach
including in vitro enzymatic assays, X-ray crystallographic
analysis, and computational studies. Our study identified the
nonenzymatic and enzymatic stages of the aromatization process
and elucidated how StrC engages in the formation of the
salicylaldehyde core.

■ RESULTS
Investigation of the StrC-Catalyzed Step in the

Aromatization Process. We previously found that the linear
aldehyde 1 is readily transformed into the alkyl salicylaldehyde
stachysalicyloid C (5) in the presence of both the SDR StrD and
the cupin domain-containing protein StrC.19 Meanwhile, the
production of 5 was significantly hampered in the absence of
StrC. Instead, several probable precursors of 5, which were
believed to be compounds 2−4 (Figure 2A), have been detected
by liquid chromatography−mass spectrometry (LC−MS)
analysis (Figure S1).19 These observations indicated that StrC
was involved in the aromatization process to yield 5. However, it
remained unclear in which reaction step(s) of the aromatization
process StrC plays a catalytic role. Accordingly, we sought to
identify the reaction catalyzed by StrC as well as nonenzymatic
transformations, if any. To this end, we initially reacted 1 with
StrD for 15 min and extracted the reaction products, which were
then incubated with StrC for another 15min after the removal of
StrD. As a result, the production of the aromatized product 5was
clearly observed without detectable levels of any reaction
intermediates. On the contrary, a reaction intermediate, which is
predicted to be cyclohexenone 4, was predominantly observed
in the absence of StrC (Figure 2B, traces i and ii). This
observation suggested that the substrate of StrC is 4 rather than
2 or 3. To further support this hypothesis, 1 was reacted with
StrD for extended periods, and the reaction products were
analyzed at various time intervals (Figure S2). After the 30 min
reaction, LC−MS analysis detected only the major product,
expected to be 4, with apparently no traces of 2 or 3 (Figure S2,

Figure 1. (A−C) Selected aromatization reactions in microbial polyketide biosynthesis. (A) Biosynthesis of tetracenomycin, which involves three
cyclases/aromatases: TcmN, TcmJ, and TcmI. (B) Formation of norsolorinic acid anthrone by the NR-PKS PksA. (C) Biosynthesis of stachysalicyloid
C. (D) Representative fungal alkyl salicylaldehyde derivatives.
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trace i). Furthermore, no conversion of 4 to 2 or 3 was observed
over time (Figure S2, traces i−iv). Nevertheless, 5 was
successfully generated when StrC was added (Figure S2, trace
v). Collectively, these results suggest that StrC accepts 4 as its
substrate to perform the dehydration reaction and that
consumption of 4 drives the conversion of 2 or 3 to 4 by
shifting the equilibrium toward the product.

Structural Characterization of StrC and MD Simu-
lation. Next, we turned our attention to the structural basis of
the StrC-catalyzed aromatization reaction. Pleasingly, we
successfully obtained the X-ray crystal structures of StrC in its
apo form and in complex with a substrate analogue 6, which was
obtained in our previous study19 and does not readily undergo
dehydration even in the presence of StrC. The crystallographic
analysis revealed that StrC forms a dodecamer, essentially
consisting of two hexamers, as supported by size-exclusion
chromatography (SEC) analysis (Figure S3). Each hexamer
further consists of three dimer pairs. The structural integrity of
StrC is maintained in various domains, especially its core cupin
structure, which is characterized by a jelly roll pattern of 11 β-
strands. These strands assemble into two antiparallel β sheets,
with the N-terminal segment of StrC, formed by β1−β2,
interacting with another cupin domain, resulting in the
formation of a dimer. The β3−β10 strands give rise to the

characteristic cupin fold with a presumable substrate-binding
pocket (Figure 3A,B).
As some cupin domain-containing enzymes are known to be

metal-dependent,20 our previous study identified potential
metal-binding residues as His117, His157, and Asp123.19

However, the crystal structures of StrC revealed the absence
of a metal ion in the vicinity of these residues. Instead, a water
molecule was found alongside these residues. In the StrC-6
complex, Asp123, Gln152, and His157 form hydrogen bonds
with the C-5 hydroxy group of 6 directly or via the
aforementioned water molecule (Figure 3D). In addition,
Arg104 interacts with the C-3 carbonyl group. Meanwhile,
His157 and Trp159 are located adjacent to the C-4 position
(Figure 3D), from which deprotonation occurs during the
dehydration process. It should be noted that these residues that
presumably interact with the substrate are conserved among
StrC and its known homologues, except that, in AnuC,18 the
residue corresponding to Gln152 was found as asparagine
(Figure S4).
Next, we performed molecular dynamics (MD) simulations

using the crystal structure of StrC, in which 6 was replaced with
the genuine substrate 4, to investigate the important role of the
amino acid residues identified above (Figures S5−S7). Our MD
simulations suggested that Arg104 formed hydrogen bonding
with the C-1 and C-3 carbonyl oxygens with a relative frequency

Figure 2. (A) Proposed biosynthetic pathway of the alkyl salicylaldehyde 5. (B) LC−MS profiles of the products from the enzymatic reactions of StrD
and StrC.
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of approximately 106 and 124%, respectively. Concurrently,
interactions involving Asp123 and Gln152 with the C-5 hydroxy
group were observed at a frequency of around 95 and 64%,

respectively. Thus, these residues might play critical roles in the

aromatization process.

Figure 3. (A) Overall crystal structure of StrC. One of the dimers in the asymmetric unit is shown. (B) Secondary structure representations of StrC.
The dimerization and cupin core domains are shown in orange and pink, respectively. (C) Crystal structure of StrC complexed with 6. One of the
monomers in the asymmetric unit is shown. (D) Key interactions of 6 with the active-site residues of StrC. The electron density map for 6 (Fo-Fc
polder omit map shown in gray mesh) is contoured at 4σ. (E) Relative productivity of 5 from each StrC variant (also see Table S4; Control: reaction
without StrC or its variants; WT: reaction with the wild-type StrC).
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Mutational Experiments on StrC. To explore a more
mechanistic understanding of the StrC-catalyzed reaction, we
conducted mutational experiments targeting the possible
catalytic residues of StrC. Single-site mutation experiments
were first performed by replacing the six active-site residues,
namely, Arg104, His117, Asp123, His157, Gln152, and Trp159,
with alanine. The activities of the resultant StrC variants were
evaluated based on the production level of 5 in the reaction with
StrD and 1 (Figures 3E, S8, and S9). The R104A and W159A
variants almost completely abolished the formation of
compound 5, whereas the other four mutations did not
significantly impact StrC activity. Moreover, when Arg104 was
mutated to lysine, the resultant variant was still active with
somewhat reduced activity, supporting the critical role of
Arg104 in forming hydrogen bonds with the substrate carbonyls.
In addition, Trp159 was also substituted with either phenyl-
alanine or leucine. Both the W159F and W159L variants
exhibited a similar productivity to 5, implying that the bulkiness,
rather than the aromaticity, of the amino acid residue at this
position is important for the enzyme activity.
Individual mutations at His117, Asp123, His157, and Gln152

did not crucially affect the StrC activity. However, given the
proximity of these residues to the eliminating hydroxy group and
the deprotonation site of the substrate, these residues were
nevertheless expected to play some roles in the aromatization
process. Thus, we introduced multiple-site mutations to these
four residues and evaluated their activities (Figures 3E, S8, and
S9). Among the six double variants, those with the H117A
mutation (i.e., H117A/D123A, H117A/Q152A, and H117A/
H157A) showed a dramatically reduced productivity of 5. In
contrast, the other three, namely, the D123A/Q152A, D123A/
H157A, and Q152A/H157A variants, retained the activity,
although somewhat reduced productivity was observed from
those with the D123A mutation. The productivity of 5 in the
D123A/Q152A variant was less than half that in the D123A/
H157A variant. These results suggest that Gln152 could work
together with Asp123 or that Gln152 could compensate for the
function of Asp123 upon its inactivation. Interestingly, the
D123A/Q152A/H157A triple variant remained active and
produced ∼15% 5 compared with the wild-type enzyme.
Collectively, it appears that His117, Asp123, and Gln152
collaboratively work to achieve the aromatization, with His117
being the major contributor to the process.

Computational Study of the Aromatization Steps. To
gain more insights into the reaction mechanism of the
aromatization process, a systematic computational study
[CPCM DLPNO−CCSD(T)/ma-def2-TZVP(-f)//SMD
M06-2X/6-31G* method as the main QM methods and SMD
M06-2X/6-311+G**//SMD M06-2X/6-31G* method] was
conducted by using a slightly modified substrate (m2) in
aqueous solution and using the genuine substrate 4 inside the
active site of StrC (Figures 4, 5, and S19−S22; see the
Supporting Information for the detailed computational methods
and results).21 Prior to aromatization, an aldol condensation
reaction should occur as an initial step. Unfortunately, unstable
intermediates 2−4 pose hurdles in our experimental inves-
tigation on the feasibility of the aldol reaction, which, however,
can be resolved computationally. Our computational results
show that m2 first undergoes tautomerization to generate
neutral and reactive enol isomers [m2-enol andm2-enol′; ΔE +
ZPEsoln = ∼1.3−4.0 kcal/mol (CPCM DLPNO−CCSD(T)//
SMD M06-2X method); Figures 4A and S10]. Then, an aldol
reaction fromm2-enol′ takes place to form a cyclic intermediate

m3−2w in the presence of two explicit water molecules, in
which the new C−C and O−H bonds are formed via TS1. The
reaction barrier for this process in an aqueous solution is
approximately 24.8 kcal/mol above m2-enol′-2w [CPCM
DLPNO−CCSD(T)//SMD M06-2X method], which allows
this step to occur in a solution without the need for an enzyme.
Similarly, the related anionic enolate or neutral enamine22 form
of m2 requires a lower reaction barrier (Figures S11−S12). A
cyclic intermediate m3−2w′ can proceed with the subsequent
stepwise dehydration to affordm4 in the presence of two explicit
water molecules, which act as a proton relay. The reaction
barriers via the two eight-membered-ring transition states TS4
and TS5 are about 24.7 and 18.4 kcal/mol, respectively.
However, two subsequent water-assisted water elimination

pathways fromm4 (orm4−2w) have to overcome much higher
barriers in an aqueous solution (at least 29.3 kcal/mol above
m4−2w; Figures 4B and S18C). Moreover, another tautome-
rization process fromm4 to give its enol isomer (m4-enol) was
computed to be highly thermodynamically unstable (∼11.5
kcal/mol; Figure S13). Therefore, these computational results
support the uncatalyzed aldol condensation of 2 in an aqueous
solution, but override the uncatalyzed aromatization of 4 in an
aqueous solution, thus pinpointing the critical role of StrC in the
aromatization process of 4.
The mechanism of the aromatization process from 4 in StrC

was further examined by using classical docking, followed by the
active-site model at the CPCM DLPNO−CCSD(T)//SMD
M06-2X level. As shown in Figure 5, 4 can form two different
types of hydrogen bonds (F1 and F2) with its nearby Arg104, in
which Arg104 can form hydrogen bonds with two or one
carbonyl group of 4 in IntA-w-F1 or IntA-w-F2, respectively.

Figure 4. Possible mechanisms of (A) uncatalyzed aldol condensation
and the (B,C) two subsequent aromatization processes in aqueous
solution (without StrC protein) with the computed relative electronic
energy with zero-point energy correction (in kcal/mol) by the CPCM
DLPNO−CCSD(T)/ma-def2-TZVP(-f)//SMD M06-2X/6-31G*
method [where R stands for (CH)4CH3]. Another high-energy water
elimination pathway from m4 is given in Figure S18C.
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The two carbonyl groups of 4 cannot adopt a cis relationship in
the latter case due to its lone-pair/lone-pair repulsion. In
addition, our QM results reveal that, for these two hydrogen-
bonding forms of 4, IntA-w-F1 is more stable than IntA-w-F2
by 3.4 kcal/mol, and the subsequent water elimination processes
for the F1 form generally have lower barriers (Figures 5, S21,
and S22). Moreover, His117 can readily deprotonate from the
C-6 position of 4 to give the anionic intermediate IntB-w-F1
and protonated His117 (Figure 5). The reaction barrier for this
deprotonation in StrC via TSA-w-F1 is not high (approximately
18.6 kcal/mol).
Furthermore, our QM results suggest two possible succeeding

proton-transfer-catalyzed dehydration pathways from IntB-w-
F1. For instance, the cationic His117 can return the proton to
catalyze the C−Obond cleavage (at the C-5 position) in concert
with water elimination with a reaction barrier of 21.0 kcal/mol
via TSB-w−F1-I above IntA-w-F1. Alternatively, neutral

Asp123, whose pKa value was predicted to be 7.3 by the
PROPKA program,23 could also donate a proton to catalyze the
same process via TSB-w−F1-II with a slightly higher reaction
barrier of 26.2 kcal/mol at the CPCM DLPNO−CCSD(T)//
SMDM06-2X level. Meanwhile, TSB-w−F1-I and TSB-w−F1-
II have very similar energy barriers (22.2−22.7 kcal/mol) by the
SMD M06-2X/6-311+G**//SMD M06-2X/6-31G* method.
These computational results imply that His117 and Asp123 can
serve as proton sources to trigger the key aromatization process.
In comparison, our DFT results show that the initial proton

transfer from Arg104 to 5 to form a cationic intermediate is
unlikely. Finally, intermediate m5-ket (or m5-ket-2w′) can
readily undergo water-assisted tautomerization to form a much
more thermodynamically stable phenol-form product m5 in an
aqueous solution with a low barrier of 13.5 kcal/mol abovem5-
ket-2w′ (Figures 4C and S18D). Overall, our computational
study supports the vital role of StrC in the aromatization process

Figure 5. Computed relative electronic energy with zero-point energy correction (in kcal/mol) for the key catalyzed aromatization step from the key
intermediate 4 in StrC by the CPCM DLPNO−CCSD(T)/ma-def2-TZVP(-f)//SMD M06-2X/6-31G* (in red) and SMD M06-2X/6-311+G**//
SMDM06-2X/6-31G* (in blue) methods. The fixed atoms in all structures are marked with an asterisk (*) during the optimization process, as shown
in IntA-w−F1-I as an example.
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from the key intermediate 4 and the feasibility of uncatalyzed
pathways for the other steps in the water solution.

■ DISCUSSION
Cupin superfamily proteins exhibit extensive prevalence and
diverse functions across species from bacteria, fungi, and plants
to humans,24 encompassing roles as oxidoreductases,25

dehydratases,26 decarboxylases,27 isomerases,28 lyases,29 and
nitrogen−nitrogen bond-forming enzymes.30 In this study, we
have characterized cupin domain-containing enzyme StrC,
which is the central enzyme for aromatization in stachysalicyloid
biosynthesis, through structural biology and computational
approaches. Thus, this work should add a new repertoire of
cupin superfamily proteins. Our study has also revealed that the
linear polyketide 2 undergoes a spontaneous aldol condensation
to yield 4, which is then accepted by StrC. In the active site of
StrC, His117 serves as a catalytic base to deprotonate from the
C-6 position of 4, and the deprotonation is facilitated by the two
hydrogen bonds between Arg104 and 4, which increase the
acidity of the C-6 position. Additionally, His117 or Asp123
protonates the C-5 hydroxy group to promote water elimination.
The three catalytic residues of StrC identified herein are all
conserved among known StrC homologues involved in fungal
alkyl salicylaldehyde biosynthesis (Figure S4). Thus, these StrC
homologues should adopt a similar mechanism to achieve
aromatization.
The discovery and characterization of StrC mark a significant

deviation from the conventional pathways involving fungal type
I NR-PKSs and bacterial type II PKSs (Figure 1A,B). NR-PKSs
employ a PT domain or a CLC domain integrated within
themselves for cyclization and aromatization. In contrast, fungal
alkyl salicylaldehyde biosynthesis adopts two SDRs and a cupin
domain-containing enzyme, which are independent of the PKS,
to aromatize the off-loaded linear PKS product. Accordingly,
StrC and its homologues exhibit minimal sequence homology
with PT domains despite their functional similarities.
Furthermore, analysis of 92 cupin superfamily proteins from
the UniProt database illuminates that StrC-like proteins are
phylogenetically somewhat related to TcmJ-like cyclases
associated with bacterial type II PKSs8c (Table S5 and Figure
S26). A primary distinction between these bacterial aromatases
and StrC is their substrate recognition mechanisms; the former
generally interacts with an ACP-bound substrate, whereas StrC
acts on an offloaded and modified substrate. Notably, many of
the cupin superfamily proteins analyzed herein possess 3-His-1-
Glu (H-H-E-H) or 4-His metal-binding motifs. However, the
second histidine residue is not conserved in StrC and its close
homologues, and the aspartate is found in the replacement of the
glutamate residue (Figures S26 and S27). Consistently, the in
vitro enzymatic reactions of StrC and StrD treated with an excess
of EDTA31 did not alter the activity of StrC nor the yield of the
product 5, indicating the metal-independent nature of StrC
(Figure S28).
Moreover, the comparison of the crystal structures of StrC

with TcmJ and RemF, metal-binding type II PKS aromatases for
tetracenomycin32 and resistomycin33 biosynthesis, respectively,
reveals that StrC has a similar overall structure to these two
enzymes. However, as mentioned above, the metal-binding
motif is not completely conserved in StrC, eventually making
StrC a metal-independent enzyme. Further analysis reveals that
StrC structurally resembles a range of enzymes, including the
cysteine dioxygenase type 1 (CDO1),34 the oxalate oxidase 1
(OXO1),35 the hydroxypropylphosphonic acid epoxidase

(HppE),36 the acireductone dioxygenase (ARD),37 the
hydroxynitrile lyase GtHNL,38 the dimethylsulfoniopropionate
lyase DddK,39 the phosphoglucose isomerase PfPGI,40 and the
dehydratase Pac1326 (Figure S29). Notably, these enzymes are
all metal-dependent except for Pac13, whose function is the
most analogous to that of StrC. Collectively, StrC represents a
new class of polyketide aromatases, which are evolutionarily
distinct from known PKS domains, thus expanding the
repertoire of core enzymatic reactions for fungal polyketide
biosynthesis.

■ CONCLUSIONS
This study positions the cupin domain-containing enzyme StrC
as a new class of polyketide aromatase for stachysalicyloid
biosynthesis. Along with our recent characterization of HR-PKS
StrA,19 a universal yet unusual biosynthetic mechanism for
fungal alkyl salicylaldehydes can now be proposed, with (i) KR
domain-catalyzed polyketide chain release and (ii) cupin
enzyme-mediated aromatization being the key features. Our
study thus expands our understanding of fungal polyketide
biosynthesis and opens new avenues for further exploring
overlooked biosynthetic reactions behind polyketide scaffold
synthesis.
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