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Structure and Biocatalytic Scope of Coclaurine N-
Methyltransferase

Abstract: Benzylisoquinoline alkaloids (BIAs) are a structurally
diverse family of plant secondary metabolites which have been
exploited to develop analgesics, antibiotics, antitumor agents and
other therapeutic agents. Biosynthesis of BIAs proceeds via a
common pathway from tyrosine to (S)-reticulene at which point the
pathway diverges. Coclaurine N-methyltransferase (CNMT) is a key
enzyme in the pathway to (S)-reticulene, installing the N-methyl
substituent that is essential for the bioactivity of many BIAs. In this
paper, we describe the first crystal structure of CNMT which, along
with mutagenesis studies, defines the enzymes active site
architecture. The specificity of CNMT was also explored with a range
of natural and synthetic substrates as well as co-factor analogues.
Knowledge from this study could be used to generate improved
CNMT variants required to produce BIAs or synthetic derivatives.

Plants produce a wide range of bioactive benzylisoquinoline
alkaloids (BIA) including the analgesics morphine and codeine,
antitussive agent glaucine, muscle relaxant (+)-tubocurarine,
antitumor agent dauricine, as well as compounds that possess
antimicrobial and other bioactivities. (Figures 1 & S1)."! Whijst
some medically important BIAs can be isolated in high yi
from plants, there are some BlAs of interest that are in |j
supply."? In an effort to generate more robust platforms for BIA

biosynthetic pathways in microbial host strains, sucl
and yeast, which are more genetically tractable,
cultivated.”® However, there are
associated with producing BIAs in microbial ho
low activity of some plant enzymes in microorga
toxicity of some BIA biosynthetic intermediates to
hosts.”®  Moreover, a number of the enzymes from

products.
In addition to their utility in mi

tetrahydroisoquinoline
precursors.” Similarl
been used to produce
Additionally, enzymes fro i is, have been
combined with enzymes from er pathways to create novel
products.” The f BIA biosynthetic enzymes
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Figure 1. Early steps in the thesis of benzylisoquinoline alkaloids (BIA)
are catalysed by norcoclaurine synthase (NCS), norcoclaurine 6-O-
thyltransfera’OMT), coclaurine N-methyltransferase (CNMT), N-methyl-

laurine-3’-| oxylase (NMCH), methylcoclaurine-4’-O-methyltransferase
T) providing (S)-reticulene 7 the main branching point.

s improved activity or more stringent substrate specificity,
could reduce kinetic bottle necks or side-product
in engineered microbial BIA producing strains.*?
eered variants of BIA enzymes, with specificity
ral substrates, could open up new routes to
alternative bioactive THIQ scaffolds.”” In this paper we describe
the first crystal structure of CNMT, an essential enzyme in the
pathway to BIAs, which introduces the amino methyl
nality that is often essential for the bioactivity of most of
medically important BlAs (Figure 1 & S1). Active site
tagenesis and substrate screening provide further
aracterization of CNMT, which can guide engineering of
CNMT for biosynthetic and synthetic applications.

Previous studies with CNMT from Coptis japonica showed
that this S-adenosyl-L-methionine (AdoMet) dependent enzyme
can N-methylate a number of natural THIQ, exhibiting highest
activity with coclaurine 4 and heliamine 8. To further
characterize this enzyme, the C. japonica CNMT was
overproduced in E. coli (Figure S2). Initial attempts to obtain
crystal structures in the presence of its natural
substrates (3 or 4) proved unsuccessful. However, crystals of
CNMT with S-adenosyl-L-homocysteine (AdoHcy) and N-
methylheliamine 8a bound (PDB 6GKYV, Figure 2 & Table S1),
were obtained from co-crystallization experiments set up in the
presence of AdoMet and heliamine 8, with methylation of 8,
most likely occurring during the long incubation periods required
for crystallization. The CNMT structure (Figure 2 & S3) reveals a
typical class | methyltransferase a/f Rossmann fold forming the
AdoMet-binding domain, which is capped by a predominantly
alpha helical BIA substrate recognition domain. CNMT shows a
similar overall fold (RMSD of 1.1) to the recently determined
structure of the pavine N-Methyltransferase (PavNMT).”! CNMT
forms a dimeric interface made up of 13 hydrogen bonds and 3
salt bridges, similar to that seen in the PavNMT structure. The
main differences observed between CNMT and PavNMT
structures are located in close proximity to the active site.
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Figure 2. (A) The structure of CNMT (PDB 6GKV) with AdoHcy in red and the product N-
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model derived from docking (S)-4. (E) Proposed mechanism of CNMT showing the putative role of key active site amino acid residues.

CNMT consists of a relatively smaller, more compact, active site
(CNMT 387 A? /PavNMT 1081 A?) which is shaped by
positioning an extended loop (residues 249-260) and residues
64-82 of helix a4 closer to the substrate binding pocket (Table
S2). An apo structure was also determined with AdoHcy, but
substrate bound (PDB 6GKZ) (Figure S3 & Table S1).
reveals that the helix o4 is disordered in the apo CNMT strdcture,
however, in the presence of substrate becomes ordegd and
protrudes directly into the active site, forming a cl
covering the substrate entrance, suggesting the h
control substrate accessibility and/or recognition
third structure (PDB 6GKY) was determined
complex with a quinolinone substrate analog 9
structure of CNMT with 9 is similar to the N-methyl-
structure (Figure 2) except the two ligands are flipped rel
one another in the active site, with the carbonyl group of 9 in t
same position as the amino group of 8a.

Modeling studies were also condgcted for CNMT wit

and —9.98 kcal/mol respectiv
structures the THIQ ripg of
position as the produ
orientated towards

n be accommodated in the
revious studies with this
how that CNMTs exhibit
can methylate both (S)- and (R)-4.

idues, E204, E207 and H208 are in
| group of the product 8a in the
up of substrates (3, 4 & 8) have
pKa. values of ca. 8.7-8.5, will exist predominately as
protonated ammonium ions in aqueous solution at neutral pH.

nsequenf204, E207 and H208 could potentially stabilize
substrat®ammonium ion through H-bonding or a salt bridge.
of these residues could also serve as a general base,
onating the ammonium ion to generate a nucleophilic free
quired for subsequent methylation. To explore these
04, E207 and H208 were each mutated to
alanine. 208A mutant showed the most significant effect,
resulting in ¥ery low enzyme activity of 1 % and 4 % relative to
wild-type CNMT with substrates 8 and 3 respectively (Figure S6),
suggesting H208 plays a key role in catalysis, most likely
ning as a general base to deprotonate the substrate
nium ion. Sequence alignments with related NMTs
ding the PavNMT®'" indicate that the H208 and E207
sidues are highly conserved. Furthermore, mutation of these
esidues to alanine also results in a large decrease in the activity
of PavNMT. Given that the E207 carboxyl is 7 A from H208
imidazole, which is in turn 5 A from the N atom of 8a, in the
CNMT structure, H208 and E207 may function as a catalytic
diad. However, the E207A mutation did not have a significant
impact, with the mutant retaining 60-75 % activity relative to the
wild type (Figure S6). Moreover, the backbone carbonyl group of
T261 is within H-bonding distance of H208, which could similarly
assist H208 in functioning as a general base. In contrast to
E207A, the mutant E204A resulted in a significant drop in
activity (4-6 % relative to wild-type). The close proximity of E204
carboxyl to the N atom of 8a (4 A) suggest that E204 may inter-
act electrostatically with the substrate/product ammonium ion.
The proximity of the residues Y328, W329, R330, G331

and F332 to 8a, also indicates these residues may be involved
in substrate binding. Single alanine mutations were carried out
for all five positions and these mutants were tested with
substrates 8 and 3. The R330A and G331A mutations showed
negligible effect on activity, whilst W329A and F332A resulted in
a more significant decrease in activity (Figure S6), suggesting
these aromatic residues may provide potential hydrophobic and
1 stacking interactions. Interestingly, whilst F332A resulted in a
similar drop in activity with both substrates (8 & 3), the W329A
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Table 1. Kinetic parameters of the and CNMT wild-type and mutants enzymes.

Sub.  Enzyme Ku Keat Keat /Km
(M) (min™) (min"'uM ") x 107°
8 WT 311+18 35.9+0.6 120+7.3
Y328A 2096 + 144  11.8+0.4 5.6+ 043
W329A 1565 + 77 8.1+0.2 52+0.27
F332A ND ND ND
3 wWT 265 + 31 31.9+1.1 120 £ 14
Y328A 601 + 84 70+0.3 1217
W329A 1033 + 64 0.6 +0.01 0.63 + 0.045
F332A 1726 142 1.2 +0.04 0.70 +0.062

mutant exhibited a more significant drop in activity with 3 than 8,
indicating that F332 may interact with the THIQ aryl group
common to both substrates, whilst W329 may be interact with
the p-hydroxybenzyl group of 3. The fact that F332 is closer to
the product 8a, in the CNMT structure, than W329, would also
support this hypothesis (Figure 2). To explore this further, kinetic
parameters of the WT along with mutants Y328A, W329A and
F332A were determined with substrates 8 and 3 (Table 1 &
Figures S7-S13). The mutants all showed increased K, values
with the two substrates, signifying that these residues are
important in substrate binding. Moreover, W329A afforded
slower turnover with 3, exhibiting a kca: value with 3 that i
fold lower than with 8, which is consistant with 9
participating in -1 stacking or an edge to face interactjon with

indicated that the F332 residue may also
substrate binding through - stacking. Ki

substrate saturation, which further supports the hypothe
F332 interacts with the THIQ aryl ring common to 8 and 3.
combined structural and mutagenesis studies, indicate (that
substrate binding in CNMT occurs throygh hydrophobic aronjiéic

and the substrate ammonium idm
deprotonated by H208, possibly aided by t

required for methylation by Ad
Whilst earlier studjes h

Given that N-methyl THIQ
in many pharmaceuticals, (
substrate scope of CNMT
methylation can
but often these

non-enzymatic chemistries,
r otherwise deleterious,
lectivity, which with more complex
ide products or the laborious use of
milder and more selective
-methylation may thus be useful
in drug synthesis. Acco colorimetric assay with CNMT
and S-adenosylhomocysteine hydrolase (Figure S14) was used
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re 3. SUA scope of CNMT showing [a] % conversions determined by
45 min assays [b] isolated yields from CNMT-CLEA reactions and [c]
s from alkylation with S-ethyl and S-allyl AdoMet (Figures S25 & S26).

or alternative, non-natural substrates (Figures S15 &
2 nversions of the substrates to N-methylated
products ures 3 & S15), was then confirmed by HPLC and
LCMS (Figure S17-S25). Coclaurine 4 and heliamine 8 proved
to be the best substrates (90-92 % conversion), whilst
claurine 3 and C1-substituted THIQs 10-13 were turned
lesser extent (85-88 %). The 6,7-diethoxy derivative 14,
also methylated at lower levels than the substrates
sessing 6,7-dimethoxy substituents. THIQ 16, possessing a
1-acetate substituent was also a poor substrate, presumably
because the carboxyl side chain is destabilized in more
hydrophobic binding pocket that accommodates the p-
hydroxybenzyl substituent of the natural substrate. A series of
THIQs with C3- or C4-substituents were also synthesized
(Figure S16) and tested as CNMT substrates. THIQs 17 and 18,
with C4-methyl substituents were N-methylated (54 % and 22 %
respectively, Figure 3). However, THIQs with larger C3- or C4-
substituents gave very low levels of methylation products (Figure
S15). Thus whilst CNMT can accommodate THIQs with various
C1-substituents, the enzyme is less tolerant to modifications at
C3 or C4. The CNMT structure (Figure 2) indicates that larger
substituents at C3 or C4 would clash with E204, E207, H208
and 1234 residues of the CNMT active site.

Given that CNMT has relatively low catalytic activity even
with native substrates (Table 1), immobilization of CNMT
through the formation of cross-linked aggregates (CLEAs)'?
was explored in order to obtain a more robust biocatalyst. The
CNMT-CLEAs proved to have improved stability and can be
recycled at least 3 times without significant loss of activity. In
addition substrate concentration can be increased to 3-4 mM,
with CNMT-CLEAs, enabling biotransformations to be achieved
on a preparative scale and methylated products to be isolated

This article is protected by copyright. All rights reserved.
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in good yields (Figure 3), even with poor substrates (e.g. 15-18).

To further explore the biocatalytic scope of CNMT, AdoMet
analogs with alternative S-alkyl substituents were tested as co-
factors. AdoMet analogs have been used for alkyl diversification
of natural products in an effort to generate variants with
improved properties."® Such biocatalytic alkyl diversification of
THIQ is an attractive goal given the broad ranging bioactivity of
these compounds. In addition to CNMT there are several other
methyltransferases involved in biosynthesis of BIAs and related
alkaloids, which could facilitate regioselective alkyl derivatization
of these pharmacologically important compounds. To test this
approach with CNMT, ethyl- and allyl-AdoMet analogs were
generated in situ, from L-ethionine and S-allyl-L-homocysteine
using a mutant of the human methionine adenosyltransferase
(hMAT2A 1322V) as described previously."™ Both co-factor
analogues were accepted by CNMT, with 3 as a substrate,
affording N-ethyl and N-allyl norcoclaurine 3b and 3c (Figures 3,
S26 & S27).

In summary, we have determined the first structure of
CNMT, which combined with active site mutagenesis suggest
the likely to function of key active site residues. The catalytic
scope of CNMT was assessed with a range of natural and
synthetic substrates, indicating that the enzyme exhibits relaxed
substrate specificity with C1-substituted THIQs. Finally, analogs
of the AdoMet co-factor were shown to be accepted by CNMT
leading to N-alkylated products. Taken together, the knowledge
presented here will be valuable in structure-guided engineerj
of CNMT to generate enzymes with improved prop
required for microbial production of BlAs. Similarly engineered
variants of CNMT with improved activity and specifici

N-alkyl THIQ pharmacophore.
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