Downloaded viaKUNMING INST OF BOTANY on March 10, 2023 at 02:28:07 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

n
<

pubs.acs.org/acscatalysis

Decoding the Cytochrome P450 Catalytic Activity in Divergence of
Benzophenone and Xanthone Biosynthetic Pathways

Ya Wang, Ana Luisa Malaco Morotti, Yiren Xiao, Zhuo Wang, Song Wu, Jianghua Chen,

and Evangelos C. Tatsis™
I: I Read Online

Article Recommendations | Q Supporting Information
xanthochymus tree that convey 2,4,6-trihydroxybenzophenone

= RSS!
?%@i OH
an; OH ©
(2,4,6-triHB) toward the diversification between the biosynthesis

Cite This: ACS Catal. 2022, 12, 13630-13637

ACCESS |

ABSTRACT: Plant benzophenones and xanthones have an
impressive spectrum of biological activities. Here, we characterized
three cytochrome P450 (CYP) enzymes from the Garcinia
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phenone (2,3,4,4',6-pentaHB) through two consecutive hydrox- 2,4,6-triHB

ylations, while the paralog CYP1 catalyzes the synthesis of 1,3,7- Ho oH

trihydroxyxanthone (1,3,7-triHX). To understand the product \) ¢SSk OH
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directed reciprocal mutations on CYP3. The mutant enzyme assays ’ N 2,3,4,6-tetraHB

revealed the key role of the V375 residue. Although the V37SA

mutation favors the 1,3,7-triHX formation, the V37SL enhances further the yield of 2,3’,4,4',6-pentaHB. The engineered triple

pentaHB. Our results represent an advance in the metabolism of benzophenones and xanthones, laying the foundation for discovery

of downstream genes and even the production of new derivatives. The engineering of CYP enzymes that stand in divergence of

biosynthetic pathways for benzophenones and xanthones provides the basis for designing new drugs and facilitates future synthetic

transformation of 2,4,6-triHB to 2,3',4,4’,6-pentahydroxybenzo- [ \% OH2, ;,4’4,,6_pemaHB
diversity, we performed homology modeling and active site-

mutant CYP3-V375L/S479A/K480H demonstrated an improved product specificity and catalytic transformation toward 2,3',4,4’,6-
biology applications.
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B enzophenones and xanthones are two classes of
polyphenolic compounds with a C4—C,—C¢ carbon
skeleton, which are extensively used for industrial' and
medicinal applications,”’ mainly due to their photophysical
properties. In nature, benzophenones and xanthones are
widespread among bacteria,” fungi,4’5 and plants,s’6 with the
dominant majority (~80%) of compounds from the two
classes mainly isolated from plants of Clusiaceae, Hyper-
icaceae, Calophyllaceae, and Gentianaceae families.”® Benzo-
phenones and xanthones are abundant in the edible fruits from
Garcinia genus (Clusiaceae) trees. In South East Asia, the
consumption of fruits from Garcinia xanthochymus’ and
Garcinia mangostana (nicknamed as the queen of fruits),” is
considered beneficial for human health. Benzophenones from
Garcinia plants like garcinol and oblongifolin A”' and
xanthones such as gambogic acid and Ot—mangostin“’12 (Figure
1) have been proposed as probes for development of novel
anticancer drugs as these compounds are effective inhibitors of
various key signaling pathways in cancer cells, such as NF-kB'?
and STAT3,"" and induce apoptosis.'> The structural diversity
of bioactive natural benzophenones and xanthones have
stimulated the chemical synthesis and biosynthetic stud-
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ies.”**'"'¥ In both plants and fungi, benzophenones and

xanthones have precursor—product relationships, and their
biosynthetic pathways (Figure S1) have evolved by con-
vergence.'”*" In plants, benzophenone synthase (BPS),'" a
plant type III polyketide synthase, catalyzes the synthesis of
2,4,6-trihydroxybenzophenone (2,4,6-triHB), while cyto-
chrome P450 enzymes catalyze the transformation of 2,4,6-
triHB to 1,3,7-trihydroxyxanthone (1,3,7-triHX) or 1,3,5-
trihydroxyxanthone (1,3,5-triHX)*® (Figure 1, Figure SI).
The benzophenone and xanthone scaffolds can be further
functionalized by introducing hydroxy groups in aromatic
multiple positions; however, the enzymes involved were
unknown until the present work.

Here, we investigate the cytochrome P450 enzymes, which
catalyze the synthesis of highly oxidized 2,3’,4,4',6-pentahy-
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Figure 1. The benzophenone and xanthone metabolic pathways in Garcinia
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genus. Benzophenone synthase (BPS), a type III polyketide synthase,

uses one benzoyl-CoA and three malonyl-CoA molecules to catalyze the formation of 2,4,6-trihydroxybenzophenone (2,4,6-triHB). Cytochrome
P450 enzymes (CYPs) oxidize different carbons of 2,4,6-triHB ring B toward the formation of key precursors 2,3',4,4',6-
pentahydroxybenzophenone (2,3’,4,4,6-pentaHB) and 1,3,6,7-tetrahydroxyxanthone (1,3,6,7-tetraHX) in benzophenone and xanthone metabolic

pathways, respectively. CYP1 initially catalyzes the hydroxylation on C(3’)

of 2,4,6-triHB to yield 2,3',4,6-tetrahydroxybenzophenone (2,3',4,6-

tetraHB) and at the second step the phenolic coupling oxidation between C(2)OH and C(6) of 2,3'4,6-tetraHB to give the 1,3,7-

trihydroxyxanthone (1,3,7-triHX). CYP3 transforms the 2,4,6-triHB to 2,3/,

4,4',6-pentaHB through 2,3'4,6-tetraHB. CYP10 acts as xanthone-6-

hydroxylase on 1,3,7-triHX. The enzymes characterized in the current study are highlighted in red.

droxybenzophenone (2,3',4,4',6-pentaHB) and 1,3,6,7-tetrahy-
droxyxanthone (1,3,6,7-tetraHX). Both 2,3',4,4',6-pentaHB
and 1,3,6,7-tetraHX are key precursors in biosynthetic
pathways for most of the medicinally important benzophe-
nones and xanthones, such as garcinol and a-mangostin,
respectively (Figure 1). Furthermore, based on homology
modeling, active site mutations and functional evaluation of
mutant enzymes, we identified a single amino acid residue that
controls the diversification of benzophenones and xanthones
biosynthesis.

In this study, we established metabolomic (Figure S2) and
transcriptomic data (Figure S3, Table S1, S2) for several plant
tissues collected from G. xanthochymus trees. We chose four
candidate BPS genes from G. xanthochymus transcriptomic
data based on sequence similarity with characterized
GmBPS."” Candidate BPS enzymes were expressed (Figure
S4) and assayed with benzoyl-CoA and malonyl-CoA as
substrates. The 2,4,6-triHB was the predominant enzymatic
product for BPS1, BPS2, and BPS4, while BPS3 showed no
activity under the tested conditions (Figure S4). Determi-
nation of steady-state kinetics (Table S3) shows that BPSI has
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the highest affinity for benzoyl-CoA with a K, of 14.26 uM,
with a k/K, ratio 0.33 s™-uM™' comparable to GmBPS
(0.34 s7'uM™"). Enzymatic transformations of 2,4,6-triHB
into key precursors 2,3',4,4,6-pentaHB and 1,3,6,7-tetraHX
require several oxidation steps at multiple positions (Figure 1),
and therefore, we focused on cytochrome P450 enzymes.

To search for cytochrome P450s, we organized the
transcriptomic data based on the gene expression profile
across different tissues in clusters (nodes) using a self-
organizing map (SOM; Figure $5).>'~** Then we focused on
(i) candidate genes placed within or adjacent to nodes
containing any of enzymatically active BPS genes in SOM and
(i) candidate genes with expression profile correlated with
accumulation of 2,3',4,4,6-pentaHB, garcinol, 1,3,6,7-tetraHX,
and a-mangostin. Our metabolomic data show that xanthones
are found in high levels in sepals and fruit pedicel, while
benzophenones are accumulated at high levels in fruit tissues
(pulp, pericarp, pedicel) and sepals (Figure S2). The highest
expression for BPS1 and BPS2 genes was observed in similar
tissues like sepal and fruit pedicel (Figure S6). Nine putative
P450 genes from different CYP families (Table S4) were
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Figure 2. Characterization of Garcinia xanthochymus cytochrome P4S0 enzymes activities in 1,3,6,7-tetrahydroxyxanthone (1,3,6,7-tetraHX)
biosynthesis. (a) The pathway from 2,4,6-triHB to 1,3,6,7-tetraHX. (b) HPLC-DAD chromatographic profile at 306 nm of different benzophenone,
xanthone analytical standards, and CYP1 enzyme assays on 2,4,6-triHB. Denatured (boiled) CYP1 was used as the negative control. (c) HPLC-
DAD chromatographic profile at 315 nm of different benzophenone, xanthone analytical standards, and CYP10 enzyme assays on 2,4,6-triHB,

2,3',4,6-triHB, and 1,3,7-triHX.

selected for functional characterization supported by mining
and correlation of transcriptomic and metabolomic data.

We cloned the CYP genes ORF into expression vectors
(pESC-Leu), and we expressed these enzymes in yeast
(WAT11 cells)* (Figure S7). Microsomes harboring P450
enzymes were assayed against synthesized 2,4,6-triHB (100
M) in the presence of NADPH (500 M), and results were
analyzed by HPLC coupled with DAD and LCMS. For the
rapid identification of potential products, we established a
library of benzophenone and xanthone compounds (Table SS,
Schemes S1—S3) that may be products or byproducts of 2,4,6-
triHB oxidations. These standards were used to establish
calibration curves for quantification of enzymatic products by
LC-tQ-MS (Figure S8—S9). No enzymatic products were
detected in assays that either lacked NADPH or contained
microsomes from yeast harboring the empty plasmid. Micro-
somal fractions harboring P450 enzymes that failed to show
any enzyme activity were not studied further.

The CYP1 enzyme assays showed the formation of two new
products; the product eluted at 13.9 min with UV peaks at 259
and 306 nm and with (MS/MS) spectra fragments at m/z
245.05, 151.00, 107.01, and it was identified as 2,3’,4,6-
tetraHB based on comparison with standard (Figure 2, Figure
S10). Likewise, the CYP1 enzyme assay product eluted at 18.8
min with UV peaks at 256, 236, and 310 nm and (MS/MS)
spectra fragments at m/z 243.03, 199.04, and 143.05, and it
was identified as 1,3,7-triHX after comparison with standard
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(Figure 2, Figure S10). Quantification by LC-tQ-MS of the
CYP1 enzyme assays with 2,4,6-triHB showed the release of
40.80% 2,3',4,6-tetraHB, 54.90% 1,3,7-triHX and 4.30%
2,3',4,4',6-pentaHB as products (Table S6). When the CYP1
was assayed with 2,3’,4,6-tetraHB as substrate, resulted to
93.25% 1,3,7-triHX and 6.75% 2,3',4,4',6-pentaHB as products
(Table S7). Thus, we concluded that CYP1 acts as
benzophenone 3’-hydroxylase (B3'H) and 1,3,7-trihydroxyx-
anthone synthase (1,3,7-TXS).

The CYP10 was annotated as cytochrome CYP71A9 with
53% sequence identity to isoflavone 2'-hydroxylase from
Glycine max (Table $4), it did not show enzymatic activity
toward 2,4,6-triHB or 2,3',4,6-tetraHB, but when CYP10 was
assayed with 1,3,7-triHX, a new product eluted at 15.3 min,
with UV peaks at 254, 237, and 315 nm and MS/MS fragments
at m/z 259.02 and 215.03 (Figure 2, Figure S11). The CYP10
product was identified as 1,3,6,7-tetraHX since the chromato-
graphic (Rt) and spectral data (UV, MS, MS?) matched with
the authentic standard (Figure S11). Therefore, the CYP10 is
functionally characterized as xanthone-6-hydroxylase (X6H).
Although X6H activities have been described in the cell
cultures of Hypericum androsaemum and Centaurium eryth-
raea,”® CYP10 as reported here is the first enzyme with X6H
activity. Since the CYP10 (X6H) enzymatic product 1,3,6,7-
tetraHX scaffold is the most abundant among xanthone
derivatives in the plant kingdom, the discovery of a gene with
X6H activity opens new gateways for future gene discovery in
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Figure 3. Characterization of Garcinia xanthochymus cytochrome P450 CYP3 enzyme activities in 2,3’,4,4',6-pentahydroxybenzopheone
(2,3//4,4,6-pentaHB) biosynthesis. (a) The pathway from 2,4,6-triHB to 2,3',4,4’,6-pentaHB proceeds through 2,3',4,6-tetraHB and not through
24,4 ,6-tetraHB. (b) HPLC-DAD chromatographic profile at 315 nm of CYP3 enzyme assays on 2,4,6-triHB, 2,3’,4,6-triHB and 2,4,4',6-tetraHB.
Enzyme assays with denatured (boiled) CYP3 was used as negative control. The identity of eluted metabolites was confirmed by comparison with
authentic standards. (c) Comparison of MS?* spectra of 2,3',4,4',6-pentaHB synthetic standard and coeluted CYP3 enzymatic product with major
peaks at m/z 151.00, 261.04, 109.03, and 107.01. (d) Comparison of UV—vis spectra of CYP3 enzymatic product eluted at 11.2 min (highlighted in
magenta color) and of 2,3',4,4,6-pentaHB synthetic standard, with maxima at 204, 230, and 316 nm.

xanthone metabolism, enabling synthetic biology and meta-
bolic engineering applications for the heterologous production
of economic important xanthones (Figure S12).

Incubation of microsomes expressing CYP3 with 2,4,6-triHB
and NADPH led to the formation of two products as the
enzyme analyzed by HPLC; the first product is eluted at 11.2
min with UV peaks at 230 and 316 nm, and the second one is
eluted at 14.3 min with UV peaks at 259 and 306 nm,
respectively (Figure 3, Figure S13). Based on comparison with
retention time, UV, MS, and MS?> spectra of authentic
standards, the product eluted at 14.3 min was identified as
2,3',4,6-tetraHB, and the product eluted at 11.2 min was
identified as 2,3',4,4’,6-pentaHB (Figure 3, Figure S13). To
check the sequential order of hydroxylation steps catalyzed by
CYP3, and determine if hydroxylation on C(3") of 2,4,6-triHB
occurs first, and the hydroxylation on C(4’) follows or the
reverse order, we used the two tetrahydroxy benzophenone
isomers, 2,3',4,6-tetraHB and 2,4,4',6-tetraHB, as substrates

and incubated with CYP3 microsomes. No enzymatic activity
was observed by CYP3 with 2,3,4’,6-tetraHB as the substrate,
whereas when CYP3 was incubated with 2,3',4,6-tetraHB, the
formation of 2,3',4,4',6-pentaHB as major product was
observed (Figure 3, Figure S13, Table S7). Quantification of
CYP3 enzymatic products with 2,4,6-triHB as the substrate
showed release of 64.67% 2,3',4,6-tetraHB, 2.48% 1,3,7-triHX,
and 32.85% 2,3',4,4',6-pentaHB (Figure 4a, Table $6).
However, the quantification of CYP3 enzyme assays with
2,3’,4,6-tetraHB as the substrate revealed 98.90% of 2,3',4,4',6-
pentaHB and 1.10% of 1,3,7-triHX as products (Figure 4a,
Table S7). These results show that CYP3 catalyzes first the
hydroxylation at C(3’) and the biosynthesis of penta-HB
proceeds through 2,3'4,6-tetraHB. In consequence, CYP3 was
identified as a bifunctional enzyme, catalyzing two tandem
hydroxylations at C(3’) and C(4') of 2,4,6-triHB toward
formation of 2,3',4,4’,6-pentaHB. Since the majority of PPAPs
in Garcinia species are derived from 2,3’,4,4,6-pentaHB, the
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discovery of CYP3 is an essential milestone to harness the
diversity of a large family of bioactive compounds with a broad
plethora of medicinal activities.

Both CYP1 and CYP3 catalyze the first hydroxylation on
C(3’) for synthesis of 2,3'4,6-tetraHB with CYP1 showing
increased affinity toward 2,4,6-triHB (CYP1 K, = 0.51 uM;
Table S10) compared with CYP3 (CYP3 K, = 38.39 uM;
Table S10). CYP1 catalyzes mainly the oxidative phenol
coupling of 2,3'4,6-tetraHB for synthesis of 1,3,7-triHX
(CYP1 K, = 222 uM; Table S10), and CYP3 catalyzes
mainly the second hydroxylation of 2,3',4,6-tetraHB on C(4')
for synthesis of 2,3',4,4’,6-pentaHB (CYP3 K, = 8.14 uM;
Table S10). The functions of CYP1 and CYP3 as biocatalysts
highlight the entry into different chemical space and play
significant role in bifurcation between the metabolic pathways
of benzophenones and xanthones (Figure 1). These two
biocatalysts demonstrate a dramatically different product
profile with mixture between 2,3',4,6-tetraHB, 2,3',4,4',6-
pentaHB and 1,3,7-triHX (Figure 4a, Tables S6—S9), although
they share high (= 80%) sequence similarity (Figure S14),
providing the molecular basis to understand the generation of
stereochemical diversity.

We took advantage of different protein structure prediction
tools such as MODELER,”” I-TASSER,”® Phyre2,” and
AlphaFold2™ to construct model protein structures of CYP1
and CYP3 (Figures S15, S16) and identify the major structural
features (Figures S17, S18). CYP1 and CYP3 accept as
substrates both 2,4,6-triHB and 2,3’,4,6-tetraHB, and thus, we
focused on candidate mutations on the proximal side of active
site, adjacent to the heme cofactor. To identify residues that
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may play a role in the outcome of oxidative reactions, we
performed molecular docking using Autodock Vina®' with the
model structures of CYP3 generated by I-TASSER with the
two substrates 2,4,6-triHB and 2,3',4,6-tetraHB (Figure S19).
We identified eight divergent amino acid residues located close
to heme and point with their side chains toward the bound
substrate (Figure S20). These eight divergent amino acid
residues are parts of substrate-recognition sites (SRSs) SRS1,
SRSS, SRS6 (Figure 4). The SRSs are considered common
features among CYPs, and they are regarded to have a role in
substrate binding and catalytic activity.”””>* We performed
reciprocal site-directed mutagenesis of the eight amino acid
residues on CYP3 (Figure S20), and the enzymatic assay
activity of the mutant enzymes was quantified by LC-tQMS for
functional validation.

The enzyme assays of CYP3 octuple mutant showed an
increase of 1,3,7-triHX formation ratio, to 19.78% with 2,4,6-
triHB as substrate and 34.16% with 2,3'4,6-tetraHB, compared
with wild type’s (WT) 2.48% and 1.1%, respectively (Figure 4,
Figure S21, Tables S6). Recombinant mutant enzymes CYP3-
V99M/G102E/Y103H/S479A/K480H and CYP3-V99M/
G102E/Y103H/S479A/K480H/T486S did not show any
remarkable changes toward 1,3,7-triHX product ratio (Figure
4, Figure S21, Tables S6) while the enzyme assays of single and
double mutants CYP3-P374A, CYP3-V375A, and CYP3-
P374A/V375A with 2,4,6-triHB as substrate, revealed that
the reciprocal mutation on amino acid residue V375A favors
the formation of xanthone 1,3,7-triHX from 2.48% in WT to
16.40% for CYP3-V375A and 9.33% CYP3-P374A/V375A
mutant enzymes. The enzyme assays of single mutant CYP3-
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V375A and the quintuple mutant CYP3-P374A/V375A/
S479A/K480H/T486S showed the transformation of 2,3'4,6-
tetraHB to 1,3,7-triHX at 24.4% and 60.4%, respectively,
compared with 1.1% of WT, and practically switched the
activity to 1,3,7-triHX synthesis. These data confirm the
importance of 375 amino acid residue on controlling either the
transformation of 2,3'4,6-tetraHB to 2,3’,4,4',6-pentaHB or to
1,3,7-triHX (Figure 4, Figure S22, Tables S6, S7).

Valine is a branch chain amino acid with a bulkier
hydrophobic side chain in comparison to alanine. To explore
the role of the aliphatic hydrophobic side chain, we performed
the following mutations V375T, V375L, V375I, and V375P
and assayed them with 2,4,6-triHB and 2,3',4,6-tetraHB. The
more hydrophilic side chain of V375T mutation yielded the
highest 2,3’,4,6-tetraHB percentage (91.79%) (Figure 4, Table
S6) observed among all the mutants, suggesting that the
presence of OH group may affect the interaction between the
enzyme and 2,3’,4,6-tetraHB and prevent the second oxidation.
The introduction of a longer amino acid side chain in V37SL
mutation resulted in a substantial increase of 2,3',4,4,6-
pentaHB product ratio (51.84%) (Figure 4, Table S6). These
results demonstrate that the size of an aliphatic side chain of
amino acid 375 determines the outcome of biocatalysis either
toward second tandem hydroxylation of benzophenone ring B
(Figures 1, 3) or toward phenol coupling and formation of
xanthone ring C (Figures 1, 2). It can be hypothesized that the
aliphatic side chain of branch chain amino acids like valine or
leucine affects the placement of the substrate in P450 active
site by steric hindrance.

To rationalize our experimental findings on the biochemical
activity of CYP3 mutants, we turned our attention to molecular
modeling and docking data. In the docking model for 2,4,6-
triHB into the homology model structure of wild-type CYP3,
the substrate sits with the C(3’) over the active site of heme,
while in the docking model for 2,3',4,6-tetraHB, the
configuration of the substrate in active site appears to be in
different orientation, with the C(4’) of substrate pointing
directly to the center of heme (Figure 4b, Figure S23). The
mutation of V375A increases the available space in active site
over heme and allows the free rotation of the 2,3’,4,6-tetraHB
substrate, which favors the phenol coupling reactions leading
to formation of 1,3,7-triHX as previously supported”® (Figure
S24a,b). In the docking model of the CYP3-V375SL mutant, the
presence of the L375 with the bulkier side chain affects the
placement of the two substrates over the heme of P450 (Figure
S24c-d). It can be hypothesized that the longer side chain of
CYP3-V375L mutant in comparison to wild-type CYP3 V-375
reduces the space on active site and narrowing the possibility
to catalyze the phenolic coupling reaction leading to formation
of xanthone ring C (Figure 1).

Throughout the screening of enzymatic assays of mutant
enzymes CYP3-S479A/K480H and CYP3-S479A/K480H/
T486S, an unanticipated increase toward production of
2,3’ 4,4',6-pentaHB was observed at 64.52% and 71.85%,
respectively (Figure 4a, Table S$6). Although molecular
docking did not reveal any interactions between the substrate
and amino acids S479, K480, and T486, we suggest those
amino acids play a role on substrate channelling and its
orientation in the active site (Figure S19). To benefit from this
serendipitous finding, we designed and expressed the chimeric
proteins CYP3-V375L/S479A/K480H and CYP3-V375L/
S479A/K480H/T486S to improve the transformation of
2,4,6-triHB toward 2,3'4,4',6-pentaHB. The enzyme assays
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of the two chimeric proteins showed the limited release of
1,3,7-triHX as product to 0.45% and 2.28% and the maximized
the production of 2,3,4,4’,6-pentaHB to 81.21% and 79.46%,
respectively (Figure S25, Table S6).

Classical natural product chemistry works have implied the
biogenetic relationships between xanthones and benzophe-
nones,”® however the metabolic crossroads between these two
classes of natural products in planta were not fully understood.
Here we characterized enzymes with new to literature activities
of xanthone-6-hydroxylase (X6H) and benzophenone-3',4’-
hydroxylase (BP3’4’H) which catalyze the synthesis of central
precursors 2,3’,4,4’,6-pentaHB in benzophenone pathway and
1,3,6,7-tetraHX in xanthone pathway. These newly identified
genes can facilitate the future discovery of downstream genes
in biosynthesis of important bioactive natural products such as
garcinol, a-mangostin, and a plethora of natural benzophe-
nones and xanthones, since knowing the metabolic steps and
intermediates can assist to find the next biosynthetic steps
(e.g., prenylransferases) through coexpression analysis of
transcriptomic data.

Mining into native P450 promiscuity provides the
opportunity to explain the pathway divergence between
different scaffolds. In silico tools like molecular modeling,
protein structure prediction, and molecular docking can assist
to navigate toward the selection of amino acids that direct the
enzymatic activities to different product profiles. Biochemical
assays of mutant enzymes revealed the critical role of residue
375 side chain in CYP3 product divergence between xanthone
and benzophenone. Further protein engineering provided
chimeric enzymes with improved catalytic transformation
toward the 2,3',4,4,6-pentaHB. These chimeric proteins can
serve future synthetic biology and metabolic engineering
applications to heterologous production of natural benzophe-
nones and new to nature or rare benzophenones.
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