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ABSTRACT: Enantioselective methylation is a challenging task in organic chemistry, yet
often desirable in drug discovery and optimization. S-Adenosyl methionine (SAM)-
dependent methyltransferases (MTases) offer a selective alternative to chemical synthesis
and an abundance of potential scaffolds. The crystal structure of C3-indole MTase PsmD
from Streptomyces griseofuscus, involved in the biosynthesis of the acetylcholinesterase
inhibitor physostigmine, was determined via X-ray crystallography. The amino acid residues
essential for catalysis were identified by site-directed mutagenesis, and a mechanism of
action was proposed. Furthermore, a PsmD ortholog was identified and characterized. The
variant catalyzed enantioselective C-methylation over a broad substrate scope while
displaying increased stability. Using this enzyme, preparative-scale enzymatic methylation
was performed in cell-free extracts in combination with an SAM recycling system,
eliminating the need for cofactor supplementation.

KEYWORDS: methyltransferase, physostigmine, protein structures, SAM recycling, reaction mechanism, acetylcholinesterase inhibitors,
C-methylation

■ INTRODUCTION
C−C bond formation is a key aspect of organic chemistry and
a ubiquitous process in biology. In living organisms, the
addition of a single carbon in the form of the methyl group is
among the most abundant reactions in secondary metabo-
lism.1,2 Addition of a methyl group to small molecules is now
considered a conventional approach for modulating their
biological activity.3 Methylation can drastically affect the target
compound’s biological and biophysical properties, such as
stability, solubility, and bioactivity. Such effects underline the
general interest for efficient methylation strategies in organic
synthesis and particularly in drug development.2,4 Stereo- and
regioselective methylation is generally challenging for chemical
synthesis and, if at all possible, usually involves toxic reagents
and complex catalysts.5 Therefore, the shift to biocatalytic
selective methylation is a promising direction toward effective
synthetic strategies for methylated compounds.6,7

S-Adenosyl-L-methionine (SAM)-dependent methyltrans-
ferases (MTases) are widely distributed over all natural
systems. They target a wide spectrum of biological molecules
and are involved in biosynthesis, genetic regulation, and
molecular signaling. They generally transfer a methyl group
from the SAM cofactor to nucleophiles from a large variety of
target molecules via an SN2-type mechanism.

1,7 So far, five
structural classes of SAM-dependent MTases have been

described, covering a major subset of folds identified in
SAM-binding enzymes in general.8,9

Although SAM is the most common methyl donor in nature,
the use of SAM-dependent MTases in biocatalysis remains
limited due to the reduced availability and the high cost of the
cofactor.7,10,11 SAM production in vivo has been optimized
using metabolic engineering, and so far large-scale processes
involving MTases have been performed in vivo.12 On the other
hand, SAM production in situ and SAM recycling systems
provide valuable tools for in vitro biocatalysis involving
MTases. The natural metabolic cycle for SAM regeneration
involves six different enzymes and has been successfully
reconstituted in vitro.13 However, the large-scale application of
such a complex system remains a challenge. Supply systems for
SAM have been developed as well, the most prominent using
methionine adenosyl transferases (MATs) for SAM production
starting from methionine and ATP.14 More recently, a
recycling system was proposed based on halide methyltrans-
ferases (HMTs), using methyl iodide (MeI) for the
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regeneration of SAM from S-adenosyl homocysteine (SAH) in
a single step.15 This system has been further developed for
producing various alkylated cofactors through directed
evolution and identification of new HMT variants.16,17 Access
to efficient cofactor recycling systems leads to new
opportunities in the use and development of small-molecule
MTases for preparative-scale synthesis.
Bioactive alkaloids, in particular pyrroloindoles, are a group

of natural compounds that have attracted considerable interest
in recent years due to their prevalence as medicinal agents
(Figure 1).18−23 More generally, the indole scaffold is an

abundant motif in natural products with biological activity,
justifying the current interest in its structural diversification.24

Physostigmine is a natural product of Physostigma venenosum
known for its effect as an acetylcholine esterase (AChE)
inhibitor. Its therapeutic applications involve the treatment of
Alzheimer’s disease and glaucoma and the reversal of
anticholinergic poisoning.25,26

Physostigmine has been industrially produced by Strepto-
myces griseofuscus.27 Its biosynthetic gene cluster has been
identified, and the enzyme responsible for the enantioselective
indole C3-methylation (PsmD_Sg) was characterized.28,29 In
this work, the structure of PsmD_Sg was elucidated via X-ray
crystallography and a mechanism of action is proposed, based
on the mutagenesis of candidate catalytic residues. Addition-
ally, a homologous gene cluster was identified in Streptomyces
albulus, and a new PsmD variant (PsmD_Sa) was expressed
and characterized. Several advantages of PsmD_Sa compared
to PsmD_Sg were observed concerning biophysical and
biochemical properties. Enzymatic methylation was performed
on a preparative scale using a HMT-based cofactor recycling
system, demonstrating its applicability for large-scale synthesis.

PsmD_Sa exhibits a high potential for application in
biocatalysis for the synthesis of diverse pyrroloindole
derivatives.

■ RESULTS AND DISCUSSION
PsmD_Sa is located in a gene cluster homologous to the one
responsible for physostigmine production in S. griseofuscus
(NRRL 5324).28 PsmD orthologs exhibit 90% amino acid
sequence identity (Figure S1). Interestingly, however, no
physostigmine production has been reported so far in S.
albulus. Due to the high sequence similarity, [3-(2-
acetamidoethyl)-1H-indol-5-yl] N-methylcarbamate (1) has
been assumed to be the natural substrate for PsmD_Sa
(Scheme 1), as it is for its homolog. A synthetic gene coding
for PsmD_Sa was cloned in a pET21a(+) vector including a C-
terminal His6-tag and expressed in E.coli BL21 Gold (DE3).

Biochemical Characterization of PsmD_Sa. PsmD_Sa
was purified and further characterized with respect to its
biocatalytic properties (Figure 2). A temperature screening was

performed in a range of 20 to 55 °C. Psmd_Sa performs better
than its homolog PsmD_Sg at higher temperatures, with an
optimum at 45 °C (Figure 2c). A higher optimal temperature
suggests greater thermostability, which was confirmed by a
difference in the thermal inactivation temperature between the
two enzymes: PsmD_Sa displays a thermal melting transition
at 58.6 °C, as opposed to 55.3 °C for PsmD_Sg (Figure 2b).

Figure 1. Representative bioactive alkaloids containing the
pyrroloindole motif.

Scheme 1. Reaction Catalyzed by SAM-Dependent PsmD

Figure 2. Biochemical characterization of PsmD_Sa (red) and
PsmD_Sg (blue). (a) Activity over time at 35 °C. (b) Thermal
inactivation (fitting parameters in SI). (c) Conversion as a function of
temperature. (d) Chiral HPLC chromatogram showing substrate 1
(blue), racemic standard P1 (gray), and the P1 enantiomer obtained
from the PsmD_Sa reaction (red).
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Significant difference in stability over time was observed as
well; PsmD_Sg starts losing activity after 4 h at 35 °C and is
essentially inactive after 24 h, while PsmD_Sa activity remains
unchanged under the same conditions (Figure 2a). Both
enzymes show optimal activity in the pH range of 6−8 (Figure
S14).29 The enantioselectivity of the reaction catalyzed by
PsmD_Sa was determined using normal-phase chiral high-
performance liquid chromatography (HPLC). Biotransforma-
tions were performed using a cell lysate containing the
overexpressed PsmD_Sa, and product formation was analyzed.
The enzyme’s stereoselective activity toward the presumed
natural substrate is apparent when compared to the racemic
standard (Figure 2d). Comparing the kinetic parameters at
35 °C for the two enzymes, there are notable differences.
Psmd_Sg displays a higher turnover number and catalytic
efficiency (Table 1). However, PsmD_Sa provides better
overall performance under the same conditions due to its
increased stability, which outweighs the kinetic disadvantage,
eventually leading to higher overall yields.
Psmd Reaction Using a SAM Recycling System.

Methylations were performed in the presence of an SAM
recycling system involving an HMT from Chloracidobacterium
thermophilum. The two proteins were expressed in the E. coli
SAH-nucleosidase-deficient strain Δmtn (DE3).15 The recy-
cling system performed well in the preliminary experiments
using the two enzymes directly in lysate; therefore, the
optimization of the process was performed using a four-factor
central composite design of experiment. The variable
parameters were the volumes of the two cell-free extracts
(PsmD and HMT), as well as MeI and SAH concentrations.
The screening was performed using 1 mM of substrate 1, with
optimal parameters listed in Figure 3. The results show a small
influence of the amount of HMT lysate present in the mixture,
the quantity of PsmD lysate being the limiting factor for the
conversion (Figure S15). Interestingly, we observed that the
supplementation of SAH does not influence the productivity of
the system. It thus appears that the residual SAH present in the

cell-free extract is enough for the cascade to perform at full
rate. Due to the high cost of the SAH cofactor, circumventing
the need for supplying it provides a very attractive perspective
for the potential large-scale application of the system. We also
observed that MeI shows an inhibitory effect at high
concentrations, as well as causing N-methylation of the
product when present in high excess. The highest conversion
in the coupled system was obtained at 35 °C (Figure S17).
Having determined the optimal conditions for the coupled
reactions, the system was scaled up to 100 mg of substrate 1.
After 16 h of incubation at 35 °C, the substrate was fully
converted. The procedure provided an enantiomeric excess
(ee) > 99%, and we obtained 54% yield for the isolated C-
methylated product. Low amounts of N-methylated product
were detected (approx. 5% of the product). All the controls
containing P1 and methylating agents (SAM or MeI) led to N-
methylation. As such, although nonselective methylation by
PsmD cannot be ruled out completely, we attributed the
presence of the side product most likely to the background
methylation of the product P1.
A range of substrates were tested for conversion using the

commercialMTase Glo assay (Promega), which allows for SAH
detection and quantification via a luminescence reaction.30 The
resulting trend in specific activities was consistent with the
results reported for PsmD_Sg.29 The SAH production rate was
evaluated after 15 min of reaction. It was observed that bulky
residues hindered enzymatic activity on both the carbamate
and amide functionalities (Figure 4).
Furthermore, substrates derivatized in other positions on the

phenyl ring led to significant activity reduction. Substrates
lacking side chains (12−18), especially on the carbamate side
(including melatonin 12), also provided low activity with both
enzymes.
Structural Aspects. Dynamic light scattering measure-

ments were performed to probe the quaternary structure of the
two PsmD variants. While PsmD_Sa displayed a largely
monodisperse distribution consistent with a dimeric species,
data for PsmD_Sg indicated fractional aggregation of the
protein under the same conditions. Gel filtration analysis
(Figure S25) and mass photometry (Figure S27) confirmed
that both proteins exhibit a dimeric form under usual
experimental conditions. In order to obtain insight into the
three-dimensional structure and the potential catalytic
mechanism of PsmD, we set out to crystallize both variants
of the enzyme in the absence or presence of the cofactor SAM.
Crystals were obtained for all four combinations

(PsmD_Sa/PsmD_Sg; apo/SAH). In contrast to PsmD_Sg
samples, however, those of the S. albulus ortholog could not be
optimized to yield high-resolution diffraction datasets within
the scope of this study. Since PsmD_Sg was observed to
crystallize in two different space groups in the presence of the
cofactor, a total of three structures were determined (refer to
Table S4 for data collection and refinement statistics); unless
indicated otherwise, structural features will be discussed using

Table 1. Kinetic Parameters of PsmD_Sa and PsmD_Sg

substrate Vmax (μmol × min−1 × genz−1)a KM (μM)a kcat (min−1)b kcat/KM (μM−1 × min−1)b

PsmD_Sa 1 6.1 ± 0.4 14.5 ± 3.1 0.19 ± 0.01 (13 ± 3.7) × 10−3

SAM 5.5 ± 0.2 16.8 ± 2.2 0.18 ± 0.01 (10 ± 1.8) × 10−3

PsmD_Sg 1 18.3 ± 0.4 11.3 ± 1.1 0.54 ± 0,01 (93 ± 14.9) × 10−3

SAM 11.2 ± 0.4 6.6 ± 0.6 0.36 ± 0.01 (54 ± 7.0) × 10−3

aErrors from least-square fitting including replicates. bErrors result from error propagation.

Figure 3. Representation of the coupled methylation system and the
optimal composition of the reaction mixture.
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crystal form 1 of the PsmD−SAH complex. PsmD features a
variant Rossmann fold characteristic of class-I SAM-dependent
MTases, that is, a central mostly parallel β-sheet flanked by α-
helices on either side (Figure 5a). A remarkable feature of the
PsmD structure is an additional four-stranded antiparallel β-
sheet (strands β1′ through β4′) inserted between strand β5
and helix αE of the Rossmann fold, which we term the β-cap
domain. This portion of the molecule not only plays a

fundamental role in catalysis (discussed below) but also acts as
a dimerization domain. Crystals of the apo protein as well as
form-2 crystals of the complex contain two copies per
asymmetric unit, which interact in essentially the same way,
while in form-1 crystals, an analogous dimer is generated by
crystallographic symmetry (Figure 5b). The β-sheets cross at a
right angle, burying a roughly square area of the solvent-
accessible surface [approx. 790 and 660 Å2 per chain for the
apo protein and the cofactor complex, respectively, as
determined by PISA (Proteins, Interfaces, Structures, and
Assemblies)].31 At the center of the interface, the F201 side
chains of both molecules engage in a staggered π-stack with
one another and an orthogonal interaction with Y211 (Figure
5c). This aromatic cluster is complemented by additional
hydrophobic interactions and a pronounced network of
hydrogen bonds and salt bridges at the periphery. While
PISA classifies this assembly as metastable, the organization of
the interface and its consistent appearance under very different
crystallization conditions indicate that the dimer is significant
in solution, in accordance with other experimental evidence.
Together with an N-terminal extension containing helix αA′,

the β-cap domain confines a solvent-filled cavity containing the
catalytic center (Figure 6a). The bottom of the cavity harbors
the binding site for the cofactor. As observed in other families
of Rossmann-fold proteins, the first βαβ element plays an
essential role in coordinating the nucleotide cofactor with a
GTG motif at positions 66−68 in the β1-αB loop, allowing for
a sharp bend into helix αB beneath the SAM molecule, and an
aspartic acid residue (D85) at the end of strand β2, forming
hydrogen bonds with the ribose hydroxyl groups (Figure 6b).
We note that the cofactor is consistently present as S-adenosyl-
L-homocysteine (SAH), indicating that it has been turned over
by the enzyme. Similar to the ribose, the homocysteine moiety
of SAH is involved in extensive polar interactions with the
enzyme, including a salt bridge of its carboxyl group with R39
and several hydrogen bonds mediated, for example, by
hydroxyl groups of Y23 and T123 as well as by the main-
chain carbonyl of C64. Lastly, the adenine ring is inserted in a
largely apolar pocket, where it is sandwiched between the side
chain of C64 and the aliphatic portion of R86 and receives
additional van der Waals contacts by M2, L109, and Y129. At
the same time, three of its nitrogen atoms are engaged in
hydrogen bonds with the PsmD main chain. Note that the
cofactor is covered by a cluster of tyrosine residues (Y16, Y23,
and Y129, contacting the ribose, homocysteine, and adenine
moieties, respectively), which is further stabilized by the M90
side chain. The central layer of the catalytic cavity (Figure 6c)
contains some disordered solvent, and the lateral walls are
essentially polar and include a glutamic acid−histidine pair
(E216/H218 on strand β4′ of the β-cap domain), which may
be part of a proton-relay system (discussed below). Finally, the
catalytic pocket features an intriguing density of aromatic side
chains projecting from the β-cap domain toward the cavity
(Figure 6d). It is important to note that the N-terminal
segment preceding helix αA′ (highlighted in dark green in
Figures 5 and 6) is disordered in the apo protein but well
ordered in crystal form 1 of the SAH complex, effectively
acting as a lid obturating the entrance to the catalytic cavity.
Henceforth, we will be therefore referring to the conforma-
tional states represented by the apo and form 1 complex
structures as the open and closed states, respectively. In the
closed state, the lid region is affixed to both domains of the
protein via a dense network of polar and nonpolar interactions

Figure 4. Substrate scope and relative activities of PsmD_Sg and
PsmD_Sa.
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(Figure 6c). It seems reasonable to assume that, upon binding
to the enzyme, the cofactor molecule initially nucleates the
tyrosine cluster in its immediate vicinity, involving recruitment
of Y16 in the proximal lid along with a roughly 120° flip of the
Y23 side chain and moderate adjustment of Y129.
Once triggered, the assembly of the entire network may

proceed in a highly cooperative manner. The β-cap domain,
specifically the strand β4′, contributes several residues to this
machinery, with E216 and H218 linking the tyrosine cluster to
residues 16−19 of the lid. The result is a precisely defined
orientation of side chains on the inner walls of the closed
catalytic cavity. It is intriguing to note that crystal form 2 of the
PsmD_Sg−SAH complex presents a disordered lid region
(similar to the apo enzyme) and a distinctly different SAH

conformation compared to crystal form 1. These observations
indicate that the two PsmD_Sg-SAH crystal forms sample
distinct states of the catalytic cycle (discussed in more detail
below).
Mechanistic Analysis. Due to challenging cloning and

expression of PsmD_Sg, its ortholog PsmD_Sa was used for in-
depth evaluation of potential catalytic site residues (note the
offset of −1 in sequence positions). Molecular docking of
substrate 1 onto a PsmD_Sa homology model in a closed
conformation, followed by molecular dynamics (MD)
simulations, revealed two potential poses that are consistent
with the stereochemistry of the methyl transfer reaction
catalyzed by PsmD (Scheme 2).29

Figure 5. X-ray structure of PsmD_Sg in complex with SAH (crystal form 1). (a) Ribbon representation showing the two-domain architecture,
comprising a Rossmann-type α/β fold (red/gold) and an all-β domain termed the β-cap (blue). Helices and strands are labeled by upper case
letters and numbers, respectively, using a prime symbol for elements outside the core Rossmann fold. The active center, as indicated by the cofactor
(ball-and-stick model), is located at the interface between the two domains and is laterally bounded by an N-terminal extension containing helix A′
as well as the lid region (dark green). A tilde symbol marks a highly dynamic region which may operate as a gate for the reaction product. (b)
Dimeric arrangement mediated by the β-cap domain, as found in all PsmD_Sg crystal forms. The symmetry mate is drawn in coil mode, with the β-
cap strands highlighted in orange. (c) Close-up view of the dimerization interface. For visual clarity, residues are labeled in the primary copy only.
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The orientation of the docked substrate in pose 1 strongly
supports the interpretation of Y128, E215, and H217, placed in
close proximity to each other and at the methylation site, as a
catalytic triad responsible for the electronic activation of the
substrate via an acid−base mechanism. Specifically, we suggest
that Y128 is deprotonated through a Glu-His-Tyr proton
shuttle system. Variations of this system were reported in other
MTases, with a histidine residue often present as a general
base, in some cases accompanied by activating acidic
residues.1,32−34 Similarly, catalytic dyads containing adjacent
histidine and tyrosine residues have been reported in several
MTases that display an acid−base mechanism of activation
prior to methylation.35−37 In PsmD, the negatively charged
Y128 is suggested to activate the substrate by engaging the
proton attached to the indole nitrogen, increasing the electron
density on the indole ring and triggering the nucleophilic
attack of C3 on the methyl group of SAM (Scheme 2a).
Substrate activation could be achieved via hydrogen bonding
or deprotonation by the Y128 phenolate anion. By analogy
with chemical methylation of substrate 1, which requires prior
activation with a strong base, the enzymatic reaction could
likely involve deprotonation, where Y128 assumes the role of
the base.38

An alanine scan was performed on PsmD_Sa to determine
amino acid residues essential for substrate binding and
catalysis. The variants were used in whole cells to determine
substrate conversion to the product after 16 h. The mutant

Y128A lost all activity, while E215A and H217A retained less
than 15% activity compared to the wild type, providing strong
arguments for the importance of these residues in the catalytic
process (Table 2).
In contrast to pose 1, pose 2 is mainly stabilized by a

hydrogen bond between the substrate indole nitrogen and the
carboxylate of E35 (Scheme 2b). Due to the presumed role of
the Glu-His-Tyr proton shuttle, we propose pose 1 as the
functional position of the substrate and will refer to this
arrangement in the further discussion. However, pose 2 cannot
be excluded and is evaluated in detail in the Supporting
Information.
While some of the selected residues led to a loss of activity

upon substitution with alanine, E157A catalyzed almost full
conversion, and T18A, M89A, and R85A converted approx-
imately half of the substrate. The mutant E35A led to 5%
conversion. In pose 1, the importance of residue E35 could be
attributed to substrate binding, as it forms a hydrogen bond
with the carbamate nitrogen. Such an interaction could also
reasonably explain the observed importance of the carbamate
moiety in the structures of the accepted substrates. Y128A lost
all activity, confirming the relevance of this tyrosine, while
Y128F led to 11% conversion of the substrate. The latter
observation suggests a steric effect of Y128, besides its putative
role in substrate activation. As encountered in other MTases
with an acid−base mechanism of action, H217 or a water

Figure 6. Active-site cavity of PsmD_Sg (SAH complex, crystal form 1). (a) Overview revealing a layered architecture, featuring (from bottom to
top) the docked cofactor (dark gray), a tyrosine cluster (light brown) connected to a presumed proton-relay system (gold), and a second aromatic
cluster (blue). Lower case letters refer to the close-up views in subsequent panels. (b) Environment of the cofactor. In the β1-αB loop forming the
base of the pocket, glycine residues of the GTG motif (positions 66 and 68) are highlighted in orange. (c) Interactions fixing the lid region (dark
green) in the closed state. White asterisks indicate the positions of proline residues supporting the central bulge. (d) Aromatic cluster at the bottom
surface of the β-cap domain. The black skeleton represents an unidentified molecule, which is probably derived from the bacterial expression host.
Electron densities (2mFo-DFc) are contoured at 1 rmsd for SAH and at 0.9 rmsd for the unknown ligand.
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molecule could play the base role in the absence of Y128
phenol, albeit in this case with a significant decrease in activity.
Residue Y15 seems to play an important role in the catalytic

process; our crystal structures of PsmD_Sg indicate that, by
virtue of its polar and aromatic properties, it could participate
in at least three distinct processes: binding of the cofactor,
positioning of the catalytic residue Y128 (together with H217
and E215), and closure of the lid. Upon replacing Y15 with
alanine, all of these activities are abolished, and the enzyme is
inactivated. However, full conversion was achieved with the

mutant Y15F, indicating that either hydrogen bonding to Y128
is not essential or the π-electron system of F15 assumes the
role of a hydrogen bond acceptor. Replacing residue Y22 with
alanine led to complete loss of activity, while Y22F yielded as
much as 66% conversion after 16 h of reaction. This hints at an
important function of the aromatic residue, which only partly
depends on its hydroxyl group. As evidenced by the Psmd_Sg
crystal structures, this tyrosine residue drastically changes its
side-chain orientation in the closed form of the enzyme, with
its hydroxyl group hydrogen-bonded to the cofactor’s
carboxylate and the aromatic ring complementing the
hydrophobic environment (Figures 6 and 7A). Crystal form
2 of the PsmD_Sg−SAH complex, featuring an open
conformation, is particularly interesting in this context since
the absence of the Y23-SAH (Y22 in PsmD_Sa) contact
correlates with a remarkably different conformation of the
cofactor. When the methyl group is added in silico to SAH to
yield SAM in the naturally occurring (S)-configuration, it is
pointing away from the substrate (Figure 7A). These
observations indicate that a fundamental role of Y22 in the
catalytic process could involve the proper orientation of the
cofactor for the methylation reaction. The associated adjust-
ment of Y22, in turn, may favor establishment of the dense
network of interactions driving closure of the lid (Figure 6).
Based on the above considerations, we suggest that the

closed state represented by crystal form 1 of the SAH complex
approximates a situation in which both the substrate/product
and cofactor are present in the catalytic center. In the open-lid

Scheme 2. View of Both Substrate Docking Poses in the PsmD_Sa Active Site (Taken from Snapshots Extracted from the MD
Simulations of the Closed Conformation) and the Proposed Mechanisms of Methylation and Subsequent Intramolecular
Cyclization for Each Casea

a(a) Substrate docking pose 1. (b) Substrate docking pose 2. The carbon atoms of the substrate and the SAM cofactor are colored in gold and blue,
respectively. Dashed lines illustrate relevant distances with the surrounding active site residues.

Table 2. Conversion (%) of Substrate 1 by the Tested
PsmD_Sa Mutantsa

aThe conversion was measured via reverse phase (RP)-HPLC, after
16 h of reaction time. WT: wild type PsmD_Sa; EV: pET21a(+)
empty vector control. The corresponding amino acid positions in
PsmD_Sg are displayed in parentheses.
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structure found in crystal form 2 of the complex, the
nonproductively oriented cofactor might represent SAH just
prior to release but could also hint at the conformation of SAM
waiting to be locked into its final position, the latter possibly
triggered by the substrate in the physiological setting. A
conformational change of SAM/SAH after the catalytic process
was reported before for TrmD tRNA N-methyltransferase.39 In
the course of the reaction cycle, the lid may serve a regulatory
role by controlling access to substrates and release of products
to/from the catalytic cavity, thus minimizing the generation of
potentially toxic side products and preventing the loss of costly
intermediates. Similar N-terminal lids have been found in other
MTases such as Nov-P, MycF, and TylF.40,41

Besides this gate-keeping role of the N-terminal lid region,
our structural analysis points to direct conformational cross-
talk with the catalytic site, chiefly mediated by the tyrosine
cluster covering the cofactor. For obtaining deeper insight into
these interdependencies, a comparative analysis of the MD
simulation trajectories of the dimeric PsmD_Sa homology
model in both open and closed conformations was performed.
Simulations in the presence of both substrate poses revealed a
particularly high mobility of the Y22 side chain in the open
conformation as opposed to the closed conformation (Figure
7B). Given the conservation of Y22 in MTase homologs
(Figure S33) and its interaction with both the substrate and
SAM in the closed state (Scheme 2, Figure S34), it is
conceivable that stabilization of its side chain is essential to
promote PsmD activity. We suggest that Y22, Y15, and
potentially Y128 could contribute to the formation of a
partially negatively charged area, which may stabilize the
positively charged sulfonium ion of SAM, triggering the
productive conformation of the cofactor. Such a general role of
Y22 and Y15 beyond the particular PsmD reaction mechanism
is implied by the recurrence of similar tyrosine residues in the
structures of other MTases catalyzing a diverse range of
reactions.33−35,42,43 Moreover, principal component analysis
(Figure S36) revealed that the closure of the N-terminal lid
triggers the opening of a channel at the opposing side of the
protein through which the departure of the substrate was
observed after approximately 100 ns in all simulation replicas
(Figure 8). This opening motion, during which either α-helices
A′ and C′ move apart (Figure 8, S38A−S39) or the β-sheet

adjacent to the Rossmann fold twists (Figures S37−S38B),
could plausibly allow the reaction product to exit the enzyme
once the reaction is performed. This interpretation is
supported by our crystallographic data: the structure of
closed-state Psmd_Sg (Figure 5) features remarkable mobility
in this region, involving alternate conformations of the helix C′
backbone and several bulky aromatic side chains lining the
putative gate. We thus propose that the closure of the N-
terminal lid is not only essential for organizing the active site
electrostatic environment prior to catalysis but also for product
egress.

■ CONCLUSIONS
The new PsmD variant described in this work, PsmD_Sa,
provides a more robust alternative for the late-stage
enantioselective methylation of physostigmine precursors due
to its increased stability. The enzymatic reaction could be
scaled up using an HMT-based SAM recycling system without
any cofactor supplementation, granting a promising potential
for cost-efficient, large-scale enzymatic C-methylation. The
crystal structure of PsmD_Sg combined with the alanine scan
of the catalytic pocket and in silico docking of the natural
substrate reveals two possible mechanisms of action, based on
substrate electronic activation by a Glu-His-Tyr proton shuttle.
We also observed various conformational changes of the
protein and the cofactor, likely occurring upon substrate
binding and catalysis. The structural and mechanistic
information reported in this work contributes to a better
understanding of the PsmD structure−function relationship,
paving the way for substrate diversification through protein
engineering.

Figure 7. Significance of the Y22 residue. (a) Location of Y22 in
relation to SAM in the open (gray) and closed (pink) conformations
of the PsmD_Sa homology model. The substrate (green) is
represented in docking pose 1. The SAM cofactor (methyl group
marked by asterisk) was modeled based on the position of SAH in the
respective crystal structure of each conformation in PsmD_Sg. (b)
Influence of the conformation (open/closed) of the N-terminal lid
(blue: substrate pose 1; red: substrate pose 2) on the fluctuations of
the Y22 Cα-Cβ torsion angle over the course of the simulations.

Figure 8. Consequences of the conformational state of the N-terminal
lid on the dynamics of the substrate (calculated from the simulations
including the substrate pose 1). (a) Computed volume occupied by
the substrate indole ring during the simulations of the PsmD_Sa
dimer in complex with both SAM and substrate. Both open (blue
mesh) and closed (red mesh) states were simulated. The SAM
cofactor is represented in sticks. The structure of PsmD in its closed
state is shown in the gray cartoon. (b) Proposed product egress
mechanism. The impact of both opening (blue) and closing (red)
conformations of the N-terminal lid on adjacent structural motifs and
on the orientation of W33 and W166 side chains is shown.
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