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Abstract

MpaG' is an S-adenosyl-L-methionine (SAM)-dependent methyltransferase

involved in the compartmentalized biosynthesis of mycophenolic acid (MPA),

a first-line immunosuppressive drug for organ transplantations and autoim-

mune diseases. MpaG' catalyzes the 5-O-methylation of three precursors

in MPA biosynthesis including demethylmycophenolic acid (DMMPA),

4-farnesyl-3,5-dihydroxy-6-methylphthalide (FDHMP), and an intermediate

containing three fewer carbon atoms compared to FDHMP (FDHMP-3C)

with different catalytic efficiencies. Here, we report the crystal structures of

S-adenosyl-L-homocysteine (SAH)/DMMPA-bound MpaG', SAH/FDHMP-3C-

bound MpaG', and SAH/FDHMP-bound MpaG' to understand the catalytic

mechanism of MpaG' and structural basis for its substrate flexibility. Structural

and biochemical analyses reveal that MpaG' utilizes the catalytic dyad

H306-E362 to deprotonate the C5 hydroxyl group of the substrates for the fol-

lowing methylation. The three substrates with differently modified farnesyl

moieties are well accommodated in a large semi-open substrate binding pocket

with the orientation of their phthalide moiety almost identical. Based on the

structure-directed mutagenesis, a single mutant MpaG'Q267A is engineered with

significantly improved catalytic efficiency for all three substrates. This study

expands the mechanistic understanding and the pocket engineering strategy

for O-methyltransferases involved in fungal natural product biosynthesis.
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Our research also highlights the potential of O-methyltransferases to modify

diverse substrates by protein design and engineering.
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1 | INTRODUCTION

Mycophenolic acid (MPA), the first natural product anti-
biotic to be isolated and crystallized, was discovered from
a strain of Penicillium brevicompactum in 1893 (Bentley,
2000; You et al., 2021; Zhang et al., 2019). As the first-line
immunosuppressant, MPA is widely utilized in organ
transplantations and the treatment of autoimmune dis-
eases due to its excellent antiviral (Planterose, 1969) and
immunosuppressive activities (Mitsui & Suzuki, 1969). In
addition, continuous studies have revealed its antimicro-
bial, anticancer, antithrombotic, and other considerable
activities, making it a prominent candidate for drug
development and medical applications (Kourounakis
et al., 2020; Vaishnav & Demain, 2011).

Previously, we identified the MPA biosynthetic gene
cluster (BGC) (Zhang et al., 2015) and fully elucidated the
biosynthetic pathway in Penicillium brevicompactum
NRRL 864 (Pb864), which features a unique interplay
between secondary metabolism (the BGC-based assembly
of the meroterpenoid core structure) and primary metabo-
lism (the post-tailoring of the farnesyl side chain by peroxi-
somal β-oxidation machinery), along with an intricate
biosynthetic process mediated by highly compartmental-
ized enzymes (Figure S1) (Du & Li, 2021; Zhang et al.,
2019). In this biosynthetic pathway, the cytosolic

S-adenosyl-L-methionine (SAM)-dependent O-methyl
transferase MpaG' is capable of accepting multiple inter-
mediates as substrates during the biosynthetic and
β-oxidation processes. In addition to catalyzing the
5-O-methylation of demethylmycophenolic acid (DMMPA)
to form MPA, MpaG' can also methylate the earlier interme-
diates 4-farnesyl-3,5-dihydroxy-6-methylphthalide (FDHMP)
and FDHMP-3C (an intermediate containing three fewer
carbon atoms compared to FDHMP), thereby diversifying
the MPA biosynthetic pathway (Du & Li, 2021; You
et al., 2021; Zhang et al., 2019) (Figure 1). All these sub-
strates share an identical phthalide moiety (the head)
containing the site to be methylated, but they have the
differently modified farnesyl side chain (the tail).

Methyltransferases are vital enzymes ubiquitously
distributed in plants, animals, and microorganisms
(Liscombe et al., 2012). Most methyltransferases use the
co-substrate SAM as an electron-deficient methyl donor,
which transfers a methyl group to a nucleophilic atom
via an SN2 mechanism (Lin et al., 2023). Some methyl-
transferases can facilitate the methylation of complex
compounds by generating reactive free radicals through
the homolytic cleavage of SAM. These methyltransferases
are classified as radical SAM enzymes and play crucial
roles in the biosynthesis of many natural products (Knox
et al., 2022; Lee et al., 2023). Methyltransferases can

FIGURE 1 The biosynthetic steps mediated by the O-methyltransferase MpaG'. The methyl groups installed by MpaG' are marked in

red. The heads and tails of substrates are shaded in orange and blue, respectively.
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catalyze DNA methylation, playing significant regulatory
roles in gene expression as well as in the growth and devel-
opment of organisms (Subrizi et al., 2021; Yang et al., 2006).
Moreover, methyltransferases mediate the methylation of
various metabolites in diverse physiological processes,
thereby participating in both synthesis and breakdown of
biologically active substances (Zhang & Zheng, 2016). Nor-
mally, methyltransferases are categorized into O- (Zhang
et al., 2015; Zhang et al., 2019), S- (Scharf et al., 2014),
C- (Li et al., 2021), and N-methyltransferases (Scharf et al.,
2014), and other acceptor-directed methyltransferases
(Li et al., 2021; Lin et al., 2023), according to the specific
atom to be methylated in the methyl-accepting substrates.
Among them, O-methyltransferases account for �54% of
total methyltransferases and hold great biological signifi-
cance (Lin et al., 2023).

In our previous study, we conducted in vitro bio-
chemical analysis on MpaG' and revealed the remarkable
substrate flexibility of this O-methyltransferase (Zhang
et al., 2015; Zhang et al., 2019). However, the lack of
structural information for MpaG' makes it challenging to
understand its catalytic mechanism and the molecular
basis underlying its broad substrate specificity. Thus,
herein, we resolved the crystal structures of S-adenosyl-
L-homocysteine (SAH)/DMMPA-bound MpaG', SAH/
FDHMP-3C-bound MpaG' and SAH/FDHMP-bound
MpaG'. We analyzed the structures and provided a mech-
anistic understanding of the catalysis and substrate flexi-
bility, combining the mutagenesis and biochemical
analyses. We also developed an effective strategy for
semi-rational engineering of MpaG' to enhance the MPA
production, and highlighted the potential of protein
design and engineering for O-methyltransferases towards
diverse substrates.

2 | MATERIALS AND METHODS

2.1 | Gene cloning

The DNA sequence encoding MpaG' was amplified by
standard PCR method using Penicillium brevicompactum
NRRL 864 (Pb864) cDNA as a template. The PCR fragment
was inserted into the expression vector pETM11 (EMBL)
using NcoI and XhoI restriction sites. All the recombinant
proteins were expressed to contain an N-terminal His6-tag
and a tobacco etch virus (TEV) protease cleavage site.

2.2 | Site-directed mutagenesis

The expression vector pETM11-MpaG' was used for the
expression of wild-type MpaG'. The mutants were

constructed by site-directed mutagenesis via overlap
extension PCR using the specific mutagenesis primers as
listed in Table S1. All constructed plasmids were verified
by DNA sequencing.

2.3 | Strains

The whole genome of wild-type Pb864 was previously
sequenced and assembled (Zhang et al., 2015). To delete
mpaG', the upstream and downstream sequences of
mpaG' were PCR-amplified from the genomic DNA
of Pb864 by the primer pairs mpaG'd-UF/mpaG'd-UR and
mpaG'd-DF/mpaG'd-DR, respectively. Subsequently, the
amplified sequences were fused with the hygromycin resis-
tance gene cassette (hph) (Cullen et al., 1987), serving as a
selection marker, by using the double-joint PCR method
(Pan et al., 2020; Yu et al., 2004). This process allowed us
to generate the deletion cassette for mpaG', and the mpaG'
gene was replaced by this cassette in Pb864 via homologous
recombination. All the primers are listed in Table S2.

2.4 | Preparation of substrates

The substrate DMMPA was prepared using the mpaG'
knockout strain Pb864-ΔmpaG'. Specifically, this knock-
out strain was cultured on the surface of potato dextrose
agar to obtain conidia. The fresh conidia were inoculated
into 100 ml PDB medium in a 300 ml conical flask,
which was grown at 30�C and 150 rpm for 6 days. After-
ward, the mycelia-containing fermentation broth was
extracted by ethyl acetate twice, followed by purification
using semi-preparative C18 reverse-phase HPLC. The
substrates FDHMP-3C and FDHMP were obtained
from the fermentation extract of the recombinant strain
AoM-2-3-mpaA'-mpaB' (Zhang et al., 2019). The strain
was cultivated in DPY medium enriched with maltose
to induce the co-expression of MpaA' and MpaB' for
3 days, followed by the addition of 3,5-dihydroxy-
6-methylphthalide (DHMP) to a final concentration of
0.56 mM. After an additional 6-d cultivation, the fermen-
tation broth was extracted twice with 2-time volumes of
ethyl acetate. The organic extracts were then concen-
trated and dried using a rotary evaporator before being
re-dissolved in methanol. Finally, all substrates were iso-
lated and purified by semi-preparative HPLC.

2.5 | Protein expression and purification

The sequence-verified constructs were transformed into
Escherichia coli BL21(DE3) for recombinant protein
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overexpression. The bacteria were cultured in Luria-
Bertani (LB) medium at 37�C until the value of OD600

reached �0.6, and then 0.2 mM IPTG was added to
induce protein expression, with further culturing at 16�C
overnight. Cells were harvested and disrupted by sonica-
tion in lysis buffer containing 50 mM Tris–HCl, 500 mM
NaCl, 20 mM β-mercaptoethanol, 10% glycerol, 1%
Tween-80, pH 8.0. The lysates were centrifugated
(14,000g, 40 min) at 4�C and the supernatant was loaded
onto a nickel-chelating Sepharose affinity chromatogra-
phy column (GE Healthcare), and the column was
washed with 10-bed volumes of wash buffer (lysis buffer
plus 20 mM imidazole). The His6-tagged protein was
eluted with elution buffer (50 mM Tris–HCl, 500 mM
NaCl, 20 mM β-mercaptoethanol, 300 mM imidazole,
10% glycerol, pH 8.0) and exchanged to the buffer con-
taining 50 mM Tris–HCl, 500 mM NaCl, pH 8.0 with
PD-10 Desalting Columns for His6-tag removal by TEV pro-
tease. Further purification was performed by size-exclusion
chromatography using a HiLoad 16/60 Superdex 200 col-
umn (GE Healthcare) in the buffer containing 25 mM
HEPES, 150 mM NaCl, pH 7.5. The purified proteins were
concentrated to approximately 8–15 mg/ml as determined
by absorbance at 280 nm and stored in aliquots at �80�C
after flash freezing in liquid nitrogen. The purification
method for the mutants was the same as that for the wild-
type MpaG'. The purity of purified proteins was checked
by polyacrylamide gel electrophoresis (Figure S2).

2.6 | In vitro enzymatic assay of MpaG’

The analytical scale reaction containing 1 μM MpaG'
(wild type or mutant), 5 mM SAM and 0.5 mM substrate
in 100 μl storage buffer (50 mM NaH2PO4, 10% glycerol,
pH 8.0) was incubated at 40�C (the maximum activity of
MpaG' was observed at 40�C) (Zhang et al., 2015) for 1 h,
which was quenched by adding an equal volume of meth-
anol. The mixture was subjected to high-speed centrifu-
gation (12,000g, 15 min) to remove precipitated proteins
before analyzing the reaction by HPLC. Control experi-
ments were conducted to ensure no significant product
inhibition by SAH under the assay conditions (Muth &
Nash, 1975).

2.7 | Crystallization and structure
determination

The crystallization experiments were performed with the
sitting-drop vapor-diffusion method at 18�C. The drops
contained an equal volume of protein sample and reser-
voir solution. Before crystal screening, MpaG' was

incubated with DMMPA and SAH or FDHMP-3C and
SAH or FDHMP and SAH at a molar ratio of 1:10:5 for
1 h at 4�C. After optimization, the best crystals of MpaG'/
DMMPA/SAH complexes were grown in drops contain-
ing 15% PEG3350 (w/v), 0.1 M sodium cacodylate, pH 6.0
and 0.2 M magnesium chloride. Crystals of MpaG'/
FDHMP-3C/SAH complexes were grown with a reservoir
solution containing 10% PEG 8000 (w/v), 0.1 M CHES,
pH 9.5, and 0.2 M sodium chloride. Crystals of MpaG'/
FDHMP/SAH complexes were grown in drops containing
15% PEG3350, 0.1 M sodium cacodylate, pH 6.0, and
0.2 M sodium chloride. The crystallization solution added
with 20% glycerol served as the cryoprotectant for all
the crystals. Suitable crystals were quickly soaked in
the cryo-protectant solution and frozen directly in liquid
nitrogen.

The diffraction data were collected on the BL19U1
and BL02U1 beamlines at the Shanghai Synchrotron
Radiation Facility (SSRF) (Wang et al., 2018; Zhang
et al., 2019). The data were processed by XDS (Kabsch,
2010). Structures of MpaG'/DMMPA/SAH, MpaG'/FDHMP/
SAH, and MpaG'/FDHMP-3C/SAH complexes were all
solved by molecular replacement with MpaG' model struc-
ture (Figure S3) constructed by AlphaFold2 (Jumper et al.,
2021) as the search model using Phaser (McCoy et al., 2007).
All the structures were refined with PHENIX (Adams
et al., 2010) and COOT (Emsley et al., 2010). All the final
models were evaluated using MolProbity (Williams et al.,
2018). The statistics of all the crystallographic data and final
refined structures are summarized in Table S3. All protein
structure graphics were created with PyMOL (http://www.
pymol.org).

2.8 | Steady-state kinetics

The reactions of MpaG' were carried out with a volume
of 145 μl in 1.5 ml centrifugation tubes. The reaction con-
taining MpaG’ (30–500 nM) and substrate (10–500 μM)
in 145 μl storage buffer (50 mM NaH2PO4, 10% (w/v)
glycerol, pH 8.0) was incubated at 40�C for 2 min. Then,
the reactions with different substrate concentrations were
initiated by adding SAM (5 μl) to the final concentration
of 500 μM, and three aliquots (50 μl) were taken at three
time points (0, 0.5, and 1 min for the reactions with sub-
strate concentrations <50 μM; 0, 1.5, and 2 min for the
reactions with substrate concentrations >100 μM) within
the linear range. These aliquots were individually mixed
thoroughly with 50 μl of methanol to terminate the reac-
tions. Proteins were removed by centrifugation at 15,000g
for 10 min. The supernatant was subject to HPLC analy-
sis to monitor substrate consumption within the linear
range, thereby allowing calculation of the initial velocity
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of O-methylation reactions. The analytic HPLC condi-
tions were as follows: reversed-phase HPLC column
(C18, 5 μm, 150 mm, Agilent 1220), solvent B (acetoni-
trile + 0.1% TFA; DMMPA: 40%–60%, FDHMP-3C: 55%–
75%, FDHMP: 80%–100%) in solvent A (deionized H2O
+ 0.1% TFA) over 20 min, flow rate 1.0 ml min�1, UV
wavelength 254 nm. All measurements were conducted
in duplicate, and the velocities determined at various
substrate concentrations were fit to the Michaelis–
Menten equation to calculate the steady-state kinetic
parameters.

3 | RESULTS

3.1 | Preparation of MpaG' substrates

To obtain the substrates of MpaG', we constructed a
mpaG' deletion mutant of Pb864 (Pb-ΔmpaG') via homolo-
gous recombination. As expected, Pb-ΔmpaG' completely
lost its ability to synthesize MPA and accumulated a sig-
nificant amount of DMMPA (Figure S4). However,
FDHMP-3C and FDHMP, which are also substrates of
MpaG', were not produced by Pb-ΔmpaG' due to the
downstream transformations. To prepare these two inter-
mediates, the recombinant strain of Aspergillus oryzae
M-2-3 (AoM-2-3) containing a plasmid for heterologous
co-expression of MpaA' and MpaB' (i.e., AoM-2-3-mpaA'-
mpaB') was used because this strain was proved to pro-
duce FDHMP-3C and FDHMP in our previous study
(Zhang et al., 2019). Sufficient amounts of DMMPA,
FDHMP-3C, and FDHMP were finally obtained with
high purity for the preparation of the MpaG'-substrate
complexes and biochemical assays.

3.2 | The structure of the MpaG'/SAH/
DMMPA complex

To elucidate the structural basis of the methylation activ-
ity and substrate specificity of MpaG' (Figure S5), we first
determined the structure of MpaG' in complex with SAH
(the demethylated product of SAM to mimic the structure
of reactive SAM) and DMMPA at 2.0 Å resolution in
space group P32. The complex structure was solved using
the molecular replacement method, with six molecules in
one asymmetric unit forming three dimers.

The sequence and structure characteristics of MpaG'
classify it as a class I methyltransferase, which typically
exhibits the features of Rossmann fold (Liscombe
et al., 2012; Schubert et al., 2003) (Figure S6). The N-
terminal domain (residues 1–129), mainly composed of
α-helices, is responsible for the dimerization of MpaG'

(Figure 2a). Two monomers intertwine through this part
and make a large dimer interface, with the accessible sur-
face area (ASA) buried in the interface amounting to
4515 Å2 as calculated by PDBePISA (Krissinel &
Henrick, 2007). It is noteworthy that a four-helix bundle
composed of a pair of N-terminal helices (α1 and α2 from
one monomer and α1' and α2' from the other monomer)
contribute largely to the buried surface area in the dimer
(Figure 2b). The C-terminal catalytic domain (residues
130–398) consists of two subdomains: one helical subdo-
main containing five helices including α8, α9, α10, α11
and α16, and a classical α/β Rossmann fold subdomain
with a seven-stranded β-sheet in the core surrounded by
five helices (α12, α13, α14, α15 and α17) (Figure 2a). The
substrate binding cavity is formed between the two sub-
domains. The SAM mimic SAH binding site is located at
the Rossmann fold subdomain, while the binding site of
the methyl receptor is located at the helical subdomain.
Besides, an N-terminal helix α3' from the other monomer
also participates in the formation of the methyl receptor
binding site (Figure 2b). With clear electron densities, SAH
and the methyl receptor DMMPA are well defined within
the catalytic domain (Figures 2c and S7a), which enables us
to analyze the details of the substrate binding mode.

The SAH molecule makes extensive interactions with
the Rossmann fold subdomain, especially the conserved
DXGXGXG motif (Joshi & Chiang, 1998) (237DVGGGRG243

in MpaG') (Figures 2c and S8a). The adenosine ring is
anchored by I287 and D286 via hydrogen bonds. The O3'
and O2' atoms of the ribose moiety form a pair of hydrogen
bonds with the Oδ1 and Oδ2 atoms of D264. The tail of SAH
is tightly fixed by the main chain and side chain atoms of
M200, Y203, G239, H244, and H302 via extensive hydrogen
bonds and potential salt bridges formed between the tail car-
boxyl group and the side chains of H244 and H302
(Figures 2c and S8a).

The substrate DMMPA is located in a substrate bind-
ing site adjacent to SAH (Figure 2d). DMMPA interacts
extensively with the helices α10, α11 and α16 of the heli-
cal subdomain, and the loop between α15 and β6 of the
Rossmann fold subdomain (Figure 2a). In addition,
DMMPA interacts with W54 from α3' of the other mono-
mer via hydrophobic and possible π–π interactions
(Figure 2d), suggesting that the dimerization may con-
tribute to substrate binding and perhaps enzymatic activ-
ity as well. Overall, DMMPA is well accommodated in
the semi-open pocket which is predominantly hydropho-
bic owing to residues W54, F182, L186, F196, M200,
Y203, V304, F308, I353, M354, and M358 (Figures 2d and
S8a). The head part, especially the phthalide moiety is
buried deeply in the pocket. It is anchored by F196 via
π–π stacking and H357 via lone pair-π stacking
(Figures 2d and S8a). Among these interactions, the π–π
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interaction mediated by F196 is believed to have a pivotal
role in the enzymatic activity towards DMMPA. To test
this hypothesis, we disrupted this interaction by generat-
ing a mutant MpaG'F196A, and found that this mutation
completely abolished the methylation activity (Figure 3a).
We reason that the π–π stacking facilitated by F196 is
likely responsible for orienting the substrate head and pre-
serving its proper conformation within the substrate bind-
ing pocket.

In addition, residue Y199 hydrogen bonds to the
C1-O3' atom of DMMPA, and the C5-O2' atom accepts a
pair of hydrogen bonds from S303 and H306 (Figures 2d
and S8a). The C15 carboxyl group forms a salt bridge
with R265, thereby facilitating the tail of DMMPA in the
right orientation (Figures 2d and S8a). We surmised that
the role of R265 in anchoring the substrate's tail via a salt
bridge might be as important as the above-described
function of F196 in stabilizing the substrate's head. How-
ever, compared with the activity of MpaG'WT towards

DMMPA (67.9 ± 2.7% conversion), MpaG'R265A only
exhibited a 0.39-fold decreased activity (41.7 ± 1.7% con-
version) (Figure 3a). These results indicate that the sub-
strate's head is more important than the substrate's tail in
productive substrate binding process.

The class I SAM-dependent O-methyltransferases
have been reported to use acid/base activation for cataly-
sis by a highly conserved Glu/His dyad (Liao et al., 2020;
Newmister et al., 2018; Zubieta et al., 2001). Through
sequence alignment with homologous proteins and con-
comitant structural analysis, the catalytic dyad of MpaG'
was identified as H306-E362 (Figures S6 and S9). The
essential roles of these two catalytic residues were con-
firmed by mutating each residue to alanine. As expected,
towards the three substrates, the purified MpaG'E362A
showed a significant decrease in methylation activity,
and MpaG'H306A completely lost the methyltransferase
activity (Figure 3). In the catalytic process, the general
base H306 is likely activated by E362 to deprotonate the

FIGURE 2 Structural analysis of MpaG'/SAH/DMMPA complex. (a) Cartoon representation of the overall structure of MpaG'. The N-

terminal dimerization domain and C-terminal catalytic domain are colored in yellow and pale green, respectively. The SAH and DMMPA

molecules are both colored orange and shown as stick representations with a gray mesh illustrating the 2mFo–DFc electron density map

contours at the 1.0 σ level. (b) The dimeric state of MpaG'. One protomer is colored as presented in (a), and for the other protomer, the N-

terminal and C-terminal domains are colored in blue and gray, respectively. (c) The enlarged view of the SAH binding pocket. The SAH and

DMMPA molecules are presented as orange sticks. Hydrogen bonds and salt bridges are represented as red dashed lines. The distances

between the sulfonium of SAH and the O1'/O2' of DMMPA are indicated by blue dashed lines. (d) The enlarged view of the DMMPA

binding pocket, with hydrogen bond and salt bridge interactions indicated by red dashed lines.
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C5 hydroxyl group of substrates (Figure S9). Supporting
this, the C5 hydroxyl group is positioned within the
hydrogen bonding distance with H306. The non-reactive
product SAH lacking the sulfonium methyl group of
SAM is oriented to the O2' of the C5 hydroxyl group with
a distance to the sulfonium moiety of 3.5 Å (Figure 2c).
The head part of DMMPA is fixed in the structure by var-
ious interactions (Figures 2d and S8a), resulting in a
6.8 Å distance between the sulfonium moiety and the O1'
of the C3 hydroxyl group (Figure 2c). This position of
SAH is speculated to mimic the actual conformation
of SAM in the methylation reaction, in agreement with
the regioselectivity of MpaG'.

3.3 | The structure of MpaG'/SAH/
FDHMP-3C complex

To explore the mechanism for substrate diversity of
MpaG', we further determined the structure of MpaG'/
SAH in complex with FDHMP-3C at 2.13 Å resolution in
space group H32. According to the electron densities,
SAH and the methyl receptor FDHMP-3C are well pre-
sent in the active site (Figures 4a and S7b). Superimpos-
ing the MpaG'/SAH/FDHMP-3C complex onto the
MpaG'/SAH/DMMPA complex reveals very similar con-
formation with a root-mean-square deviation (RMSD) of
0.17 Å for the aligned Cα atoms (Figure 4b).

The binding mode of SAH is almost identical to
that in MpaG'/SAH/DMMPA complex, mainly through
hydrogen bonds, salt bridges, and hydrophobic interactions

(Figures 4c and S8b). Benefiting from the semi-open sub-
strate pocket, FDHMP-3C with a longer tail than DMMPA
is also well accommodated in the substrate binding site in a
manner similar to DMMPA (Figures 4d, e and S8b). Again,
the binding pocket is largely hydrophobic with the phtha-
lide moiety buried in deep. Three residues Y199, S303, and
H306 interact with the phthalide moiety of FDHMP-3C via
hydrogen bonds, and residues H357 and F196 contribute
lone pair-π stacking and π–π stacking, respectively. The key
role of F196 in coordinating FDHMP-3C was confirmed by
an in vitro enzymatic assay, showing that the mutant
MpaG'F196A completely lost the activity towards FDHMP-
3C (Figure 3b). The identical interactions for DMMPA and
FDHMP-3C support the same regioselectivity of MpaG' on
both substrates. The positions of the residues contributing
to the hydrophobic interactions are almost the same as
those in the DMMPA binding pose (Figures 4c and S8a,b).
Nevertheless, the longer tail of FDHMP-3C inevitably
causes some conformational changes (Figure 4e). Specifi-
cally, the side chain of R265 swings closely to the carboxyl
group of FDHMP-3C to form a salt bridge with the C19-O5'
atom. Besides, a new residue Q267, nonparticipating in the
interaction with DMMPA, is oriented to hydrogen bond to
the C19-O6' atom of the carboxyl group with a distance of
2.7 Å (Figures 4e and S8b).

With these observations, we examined the contribu-
tion of R265 in anchoring the tail of FDHMP-3C. Similar to
that observed in DMMPA, MpaG'R265A exhibited impaired
enzymatic activity towards FDHMP-3C, with only 35.6 ±
2.7% activity retained compared with MpaG'WT (76.6 ± 0.3%
conversion) (Figure 3b).

FIGURE 3 HPLC analysis (254 nm) of the enzymatic reactions catalyzed by the wild type (WT) and mutant MpaG' enzymes using

DMMPA (a), FDHMP-3C (b), and FDHMP (c) as substrates. The analytical scale reactions containing 1 μM MpaG' (wild type or mutant),

5 mM SAM, and 0.5 mM substrate in 100 μl storage buffer were incubated at 40�C for 1 h.
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3.4 | The crystal structure of
MpaG'/SAH/FDHMP complex

FDHMP is a substrate with a longer side chain than
FDHMP-3C and the tail is completely hydrophobic. This
molecule can also be methylated by MpaG'. To elucidate
the substrate recognition mechanism of MpaG' on
FDHMP, we further determined the crystal structure of
the MpaG'/SAH/FDHMP ternary complex at 1.99 Å reso-
lution in space group P32. Six molecules form three
dimers in one asymmetric unit, and the well-modeled
chain A was selected for subsequent analysis. The
MpaG'/SAH/FDHMP complex displays a nearly identical
overall fold to those of the MpaG'/SAH/DMMPA com-
plex and MpaG'/SAH/FDHMP-3C complex, with RMSD
values of 0.13 Å and 0.18 Å, respectively, for the aligned
Cα atoms.

In the complex, the cofactor SAH and substrate
FDHMP are well accommodated within their binding
pocket as determined by strong electron densities
(Figures 5a and S7c). This pocket is predominantly
hydrophobic owing to many bulky hydrophobic residues
(Figures 5a and S8c). In addition, the phthalide moiety of

FDHMP is anchored by residues F196, H306 and H357
through π-stacking and hydrogen bonds. Among them,
F196 plays a pivotal role in fixing the orientation of
FDHMP, as confirmed by the enzymatic activity assay
(Figure 3c). This finding is consistent with the results
obtained for the two alternative substrates as described
above. However, the salt bridge between R265 and
FDHMP is unavailable as that for DMMPA or FDHMP-
3C due to its completely hydrophobic tail (Figures 5a and
S8). Consistent with this, the catalytic activities of Mpa-
G'R265A (42.7 ± 3.8% conversion) and MpaG'WT (43.2
± 4.9% conversion) were comparable in enzyme activity
assays when using FDHMP as substrate (Figure 3c). The
structural alignment of these complex structures suggests
that the orientation of the phthalide moiety in the three
substrates is nearly identical, consistent with the identical
regioselectivity for these substrates. Moreover, the orien-
tations of the side chains of these substrates are remark-
ably similar (Figure 5b). The proper orientation of the
phthalide moiety ensures that the C5 hydroxyl group is
within the reacting distance to the catalytic base H306.
Even with the longest chain, FDHMP is well positioned
in an extended conformation in the substrate binding

FIGURE 4 Structural analysis of MpaG'/SAH/FDHMP-3C complex. (a) The overall structure of the MpaG'/SAH/FDHMP-3C complex.

The N-terminal and C-terminal catalytic domains are colored pink and pale cyan, respectively. The enlarged view of SAH and FDHMP-3C is

shown as purple sticks with a gray mesh illustrating the 2mFo–DFc electron density map contours at the 1.0 σ level. (b) Superimposition of

the MpaG'/SAH/FDHMP-3C complex and the MpaG'/SAH/DMMPA complex (gray). (c) Structural comparison of SAH binding pockets from

MpaG'/SAH/FDHMP-3C (SAH, purple; residues, pink) and MpaG'/SAH/DMMPA (SAH, orange; residues, gray). (d) The enlarged view of

the FDHMP-3C binding pocket, with hydrogen bond and salt bridge interactions indicated by red dashed lines. (e) Alternative

conformations of the two residues R265 and Q267 in MpaG'/SAH/FDHMP-3C (SAH, FDHMP-3C, purple; residues, pale cyan) and MpaG'/

SAH/DMMPA (SAH, DMMPA, orange; residues, gray).
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pocket. Its hydrophobic tail is fully coordinated by multi-
ple residues (P183, L186, V187, L193, R265, and Q267)
through hydrophobic interactions (Figures 5a and S8c).
In the enzyme-substrate complexes, three different sub-
strates are all accommodated in a common hydrophobic
binding pocket formed by similar hydrophobic residues
(Figure S8). It is worth noting that the conformations of
R265 and Q267 undergo significant changes to match the
distinct tail structures (Figure 5b). In the complex struc-
ture of MpaG'/SAH/FDHMP, the polar side chains of
both R265 and Q267 are positioned away from the hydro-
phobic tail of FDHMP (Figure 5b).

3.5 | The steady-state kinetic parameters
of MpaG'

As observed in the three solved complex structures, each
substrate (DMMPA, FDHMP-3C, or FDHMP) can all be
well accommodated within the substrate binding pocket.
To quantitatively assess the catalytic efficiencies of MpaG'
for these three substrates, steady-state kinetic analyses
were performed by measuring the initial substrate con-
sumption rates with high-performance liquid chromatog-
raphy (HPLC). As a result, MpaG' exhibited similar kcat
values towards the three substrates (Table 1 and
Figure S10a). This finding is consistent with the struc-
tural analyses (Figures 2, 4, and 5), as the phthalide-
moieties of the three substrates that are involved in the
methyl-transferring process adopt nearly identical confor-
mations within the deep binding pocket. With regard to
substrate binding affinities, the Km value of FDHMP-3C
to MpaG' was determined to be 2.7 and 3.9 times lower

than those of DMMPA and FDHMP to MpaG', respec-
tively. It is evident that FDHMP-3C and FDHMP with
the kcat/Km values of 2.7 and 0.7 min�1 μM�1 are the
most favorable and unfavorable substrates of MpaG',
respectively, among the three substrates, which are
well-consistent with the substrate conversion results
(Figure 3). Structurally, FDHMP-3C, which possesses a
longer tail than DMMPA, has more extensive interactions
with the binding pocket residues compared to DMMPA.
By contrast, the longer and more hydrophobic tail (due to
the lack of the terminal carboxyl group) of FDHMP is less
favorable than the polar, negatively charged tail of
FDHMP-3C for its proper positioning in the pocket.

3.6 | Comparison with other
methyltransferases

By submitting the MpaG' complex structures to the Dali
server (Holm & Rosenström, 2010), we identified a num-
ber of structure homologs. The closest homolog turned
out to be a SAM-dependent O-methyltransferase-like
pericyclase LepI (PDB code: 6IX7), which catalyzes peri-
cyclic reactions in leporin biosynthesis (Cai et al., 2019;
Liao et al., 2020; Sun et al., 2019), with an RMSD of 2.2 Å
for the aligned Cα atoms. Structural overlay of MpaG'
and LepI revealed a similar overall fold of the catalytic
domain and also analogous binding mode of the cofactor
SAH (Figure 6a). The N-terminal domain and the helical
subdomain show more structural variations than the
Rossman fold subdomain, consistent with the different
sequence identities of these domains in the sequence
alignment (Figure S6). The most significant difference

FIGURE 5 Analysis of the MpaG'/SAH/FDHMP complex structure. (a) The binding pocket of FDHMP. The SAH and DMMPA

molecules are shown in cyan sticks with a gray mesh illustrating the 2mFo–DFc electron density map contours at the 1.0 σ level. Residues

interacting with FDHMP are displayed as wheat sticks. Hydrogen bonds are represented as red dashed lines. (b) Structural alignment of

three substrates DMMPA (orange), FDHMP-3C (purple), and FDHMP (cyan) in the complex structures.
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lies in the N-terminal domain, in which MpaG' harbors a
four-helix bundle, but it is almost in parallel instead of
interlocking like LepI (Figure 6a). The dimeric state
of LepI was reported to be essential for its enzymatic
activity and each homodimer was considered as a mini-
mal integral functional unit (Cai et al., 2019; Sun
et al., 2019). Another homolog of MpaG' retrieved by the
Dali server was a classical O-methyltransferase OxaC that
methylates meleagrin to oxaline (PDB code: 5W7R)

(Newmister et al., 2018), which has an RMSD of 3.1 Å
with MpaG' and exhibits a similar architecture of the
4-helix bundle (Figure 6b). However, the role of this bun-
dle in OxaC remains unknown as deletion of the
N-terminal two helices resulted in insolubility of OxaC
(Newmister et al., 2018). To explore the role of the
N-terminal helix bundle in typical O-methyltransferases,
we performed in vitro enzymatic assays of a MpaG'
mutant with α1 and α2 double deletion. It was found that

TABLE 1 Steady-state kinetic

parameters of the three substrates.
Substrate kcat (min�1) Km (μM) kcat/Km (min�1 μM�1)

MpaG'WT

DMMPA 36.6 ± 1.4 39.4 ± 5.2 0.9

FDHMP-3C 39.8 ± 1.2 14.6 ± 1.9 2.7

FDHMP 37.8 ± 2.5 58.2 ± 12.7 0.7

MpaG'Q267A

DMMPA 36.9 ± 2.8 31.3 ± 8.9 1.2

FDHMP-3C 45.6 ± 1.6 11.5 ± 2.1 4.0

FDHMP 46.9 ± 2.1 29.9 ± 5.1 1.5

FIGURE 6 Structural comparison of MpaG' with other homolog proteins. (a) Structural alignment of MpaG' and the O-

methyltransferase-like pericyclase LepI (PDB code: 6IX7). MpaG' is colored in yellow with helices α1 and α2 shown in orange and blue in

the two monomers. LepI is shown in gray with helices α1 and α2 colored in cyan and light blue in the two monomers. (b) Structural

alignment of MpaG' and classical OMT OxaC (PDB code: 5W7R). MpaG' is displayed in the yellow cartoon with helices α1 and α2
highlighted in orange. OxaC is displayed in cyan with helices α1 and α2 highlighted in marine. (c) Structural comparison of the substrate

binding pockets from MpaG'/SAH/DMMPA (yellow) and LepI/SAH/ketone (gray). (d) Structural alignment of the substrate binding pockets

from MpaG'/SAH/DMMPA (yellow) and OxaC/SAH/oxaline (pale cyan).
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the removal of α1 and α2 (Δα1-α2) led to a nearly com-
plete loss of methylation activity towards FDHMP-3C,
DMMPA, and FDHMP (Figure 3). These results indicate
the critical role of α1 and α2 segments in the dimers for
enzymatic activities of MpaG'.

Furthermore, although the helical subdomains of
these structure homologs have similar organization
of helices, the helical orientations and positions show
variations for the accommodation of different substrates.
LepI has evolved to be a pericyclase instead of a methyl-
transferase, so its substrate binding site on the helical
subdomain is farther away from the SAM binding site
(Figure 6c). The methyl receptor binding site of OxaC is
close to the SAM binding site, similar to that observed in
MpaG', but the shapes of the substrate binding cavities of
MpaG' and OxaC are very different from each other
because of their distinct substrate preference (Figure 6d).

3.7 | Semi-rational engineering of MpaG'

A more active MpaG' mutant could enhance the synthetic
efficiency of MPA, thus holding industrial application
potential. To engineer such a mutant, by carefully analyz-
ing the three different complex structures, we speculated
that the salt bridge between R265 and the carboxyl tail of
DMMPA or FDHMP-3C and other hydrophobic interac-
tions could be sufficient for maintaining the right orien-
tation of substrates. The residue Q267 with a long side
chain at the substrate entrance channel may impede the
entry of substrates. Thus, we semi-rationally mutated
Q267 into an alanine, aiming to make a more accessible
substrate entrance channel.

As expected, MpaG'Q267A exhibited 20% and 73%
increase in substrate conversion ratios for FDHMP-3C
and FDHMP, respectively, when compared to the
wild-type MpaG' (Figure 7). In addition to opening up
the substrate entrance, the smaller side chain of alanine

might also allow better accommodation of the long tails
of FDHMP-3C and FDHMP (Figure 5b). By contrast,
MpaG'Q267A only showed a slightly enhanced methylation
activity towards DMMPA (73.5 ± 1.4% conversion) rela-
tive to MpaG'WT (67.9 ± 2.7% conversion), perhaps
because the 267th amino acid residue has no contact with
the shorter tail of DMMPA (Figure 5b). When Q267 was
mutated to a tryptophan with a bulkier side chain,
MpaG'Q267W lost a majority of its activity against the
three substrates (Figure 7).

Furthermore, we conducted steady-state kinetic ana-
lyses for MpaG'Q267A (Table 1 and Figure S10b). Com-
pared to MpaG'WT, MpaG'Q267A demonstrated higher
catalytic efficiencies (kcat/Km) towards DMMPA, FDHMP-
3C and FDHMP to different extent. The improved catalytic
efficiencies were unanimously due to increased kcat and
reduced Km values. Thus, the kinetic results are well
aligned with the proposed rationale and enzymatic activity
measurements (Figure 7).

4 | DISCUSSION

MpaG' is capable of catalyzing the 5-O-methylation of
multiple intermediates in the mycophenolic acid biosyn-
thetic pathway. This substrate flexibility is unusual for a
biosynthetic methyltransferase, which normally shows
high substrate specificity in order to maximally direct the
metabolic flux to the final product (e.g., TylE/TylF
(Bernard et al., 2015) and MycE/MycF (Li et al., 2009)).
Aiming to elucidate the molecular basis for the catalytic
mechanism and substrate flexibility of MpaG', in this
study, we resolved the crystal structures of MpaG'/SAH/
DMMPA, MpaG'/SAH/FDHMP-3C and MpaG'/SAH/
FDHMP. The structural and biochemical analyses con-
firmed H306-E362 to be the His-Glu catalytic dyad.
Mechanistically, MpaG' utilizes E362 to activate histidine
H306, which then acts as a general base to deprotonate

FIGURE 7 HPLC analysis (254 nm) of the enzymatic reactions catalyzed by the wild type (WT) and mutant MpaG' enzymes using

DMMPA (a), FDHMP-3C (b), and FDHMP (c) as substrates. The analytical scale reactions containing 1 μM MpaG' (wild type or mutant),

5 mM SAM, and 0.5 mM substrate in 100 μl storage buffer were incubated at 40�C for 1 h.
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the substrate nucleophile, namely the C5 hydroxyl group
(Figure S9).

With regard to the substrate flexibility, the phthalide
moiety shared by the three substrates (i.e., DMMPA,
FDHMP-3C, and FDHMP) adopts almost identical con-
formation in the deep binding pocket in the three com-
plex structures. The varying tail structures are located in
the semi-open cavity which provides the flexibility to
accommodate the differently tailored substrates. These
tail structures form different hydrophobic and polar
interactions with R265, Q267, V187, and P183, resulting
in different binding affinities and catalytic efficiency
towards DMMPA, FDHMP-3C, and FDHMP. Collec-
tively, the phthalide moiety is the key component for sub-
strate recognition and catalysis of MpaG', while the
length of the side chains is not crucial as long as they can
enter the semi-open pocket, providing the substrate ver-
satility with the significant expanding potential of MpaG'.
By strategically modifying the chemical structures of
native substrates, MpaG' could be directed to produce
novel products with potential pharmaceutical and bioac-
tive applications. Furthermore, the unusual substrate
flexibility of MpaG' is a key factor in the MPA biosyn-
thetic pathway, demonstrating the important impact that
an individual tailoring enzyme can have on the profile of
metabolites.

Homologous MpaG' and LepI are both enzymes
involved in fungal natural product biosynthesis. The
non-methyltransferase functionality of LepI is a striking
contrast to the normal methylation activity of MpaG',
especially considering that LepI evolved from a simple
methyltransferase (Cai et al., 2019; Zhang et al., 2015).
The structural comparison indicates that MpaG' and LepI
have similar catalytic domains and binding modes of the
cofactor (Figure 6a, c). However, the sequence and struc-
ture similarity is not translated into functional similarity,
which is evident by the fact that LepI catalyzes stereose-
lective dehydration and a number of pericyclic reactions,
including intramolecular Diels-Alder and hetero-Diels-
Alder cyclizations, rather than methylation. Thus, MpaG'
may also hold the potential to be engineered into a multi-
functional enzyme for biotechnological applications.

In summary, we determined the crystal structures of
the methyltransferase MpaG' in the MPA biosynthetic
pathway, including MpaG'/SAH/DMMPA, MpaG'/SAH/
FDHMP-3C, and MpaG'/SAH/FDHMP complexes. The
structures revealed that MpaG' is an O-methyltransferase
with a classical catalytic mechanism and innate substrate
flexibility. The flexibility is originated from the semi-open
substrate binding site which can accommodate different
tail structures. The structural analysis provided the basis
for the semi-rational engineering of MpaG', which was
exemplified by a MpaG'Q267A mutant with enhanced

activity towards FDHMP-3C and FDHMP. The compari-
son of MpaG' and its structural homologs suggests that
O-methyltransferases have great potential to be engi-
neered or designed to methylate diverse substrates.
Therefore, this study provides not only a better under-
standing and new enhancing strategy of MPA biosynthe-
sis but also important insights into the design and
engineering of O-methyltransferases for structural diver-
sification of natural products.
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