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Benzylisoquinoline alkaloids (BIAs) are a structurally diverse
class of plant-specialized metabolites that have been particu-
larly well-studied in the order Ranunculales. The N-methyl-
transferases (NMTs) in BIA biosynthesis can be divided into
three groups according to substrate specificity and amino acid
sequence. Here, we report the first crystal structures of enzyme
complexes from the tetrahydroprotoberberine NMT (TNMT)
subclass, specifically for GfTNMT from the yellow horned
poppy (Glaucium flavum). GfTNMT was co-crystallized with
the cofactor S-adenosyl-L-methionine (dmin � 1.6 Å), the prod-
uct S-adenosyl-L-homocysteine (dmin � 1.8 Å), or in complex
with S-adenosyl-L-homocysteine and (S)-cis-N-methylstylopine
(dmin � 1.8 Å). These structures reveal for the first time how a
mostly hydrophobic L-shaped substrate recognition pocket
selects for the (S)-cis configuration of the two central six-mem-
bered rings in protoberberine BIA compounds. Mutagenesis
studies confirm and functionally define the roles of several high-
ly-conserved residues within and near the GfTNMT-active site.
The substrate specificity of TNMT enzymes appears to arise
from the arrangement of subgroup-specific stereospecific rec-
ognition elements relative to catalytic elements that are more
widely-conserved among all BIA NMTs. The binding mode of
protoberberine compounds to GfTNMT appears to be similar to
coclaurine NMT, with the isoquinoline rings buried deepest in
the binding pocket. This binding mode differs from that of
pavine NMT, in which the benzyl ring is bound more deeply
than the isoquinoline rings. The insights into substrate recogni-
tion and catalysis provided here form a sound basis for the ratio-
nal engineering of NMT enzymes for chemoenzymatic synthesis
and metabolic engineering.

Benzylisoquinoline alkaloids (BIAs)4 are a class of plant-spe-
cialized metabolites with a diversity of useful and potent phar-
macological properties. Common BIAs include the analgesic
morphine, the antitussive and anticancer agent noscapine, and
the antibacterial compound sanguinarine (1, 2). Whereas over
2500 BIA substructures have been characterized, a much
smaller number of functionally distinct enzymes has been
shown to catalyze steps in BIA biosynthesis (3). Elucidation of
the major biochemical pathways of BIA biosynthesis in planta
is ongoing, with most enzymatic steps of the process deter-
mined by substrate turnover assays and/or gene silencing
experiments. Because of the importance and utility of BIA com-
pounds, several groups are actively exploring the use of meta-
bolic engineering and synthetic biology approaches to reconsti-
tute portions of the BIA biosynthetic pathways in microbial
systems to produce novel or rare BIA (4 –6). However, most
attempts to date have resulted in modest yields, likely due to the
production of off-target side products resulting from the appar-
ent promiscuity of many naturally occurring enzymes. To
address this central problem in metabolic engineering, funda-
mental molecular, structural, and functional studies of BIA
enzymes are needed. A deeper understanding of enzyme struc-
ture and function will lead to an improved understanding of
how BIA diversity is generated. In turn, these insights will pro-
vide a basis for the rational design of more efficient microbial
systems for the production of a wider range of pharmacologi-
cally useful BIA compounds.

Several key steps in BIA biosynthesis involve the methylation
of the central amino group (1, 7). Several BIA-specific N-meth-
yltransferases (NMTs) have been identified from different spe-
cies within the order Ranunculales. BIA NMTs can be orga-
nized into three main groups based on sequence conservation
and substrate specificity: the coclaurine NMTs (CNMTs), tet-
rahydroprotoberberine NMTs (TNMTs), and pavine/reticu-
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line NMTs (PavNMT/RNMTs). The CNMTs are involved in
the generation of (S)-reticuline, a common intermediate in the
biosynthesis of most BIA metabolites, including the morphin-

ans (morphine and codeine) (8 –10). The PavNMTs/RNMTs
and TNMTs appear to have a broader substrate specificity, act-
ing on a wider range of substrates in multiple distinct pathways
downstream of (S)-reticuline. Both PavNMT and RNMT have
been shown to efficiently produce quaternary 1-benzylisoquino-
lines in vitro (including (S)-tembetarine) (11–13). In planta evi-
dence suggests that PavNMT is involved in the biosynthesis of
quaternary pavinans (including N-methyleschscholtzidine), and
RNMT is implicated in the biosynthesis of quaternary apor-
phines (including magnoflorine). TNMT plays a key role in
pathways leading to the formation of protoberberines (includ-
ing tetrahydrocolumbamine), protopines (including proto-
pine), benzo[c]phenanthridines (including sanguinarine), and
phthalideisoquinolines (including noscapine) (Fig. 1) (14, 15).
Notably, TNMTs have been reported previously to produce
only (S)-cis-N-methyl stereoisomers in contrast to chemical
N-methylation, which predominantly yields (S)-trans products
(16 –18). The stereospecificity of the N-methylation reactions
catalyzed by TNMTs appears to be crucial for furnishing pro-
toberberine substrates with the correct stereochemistry for
downstream enzymes that do not accept substrates with (S)-
trans stereochemistry (19).

Two previous structural studies on BIA NMTs have been
performed for Thalictrum flavum PavNMT (11) and Coptis
japonica CNMT (8). These studies have established the overall
architecture for NMT enzymes involved with the biosynthesis
of BIA compounds, including the identification of a conserved
active-site region containing several residues important for
substrate binding and catalysis. These recent studies have also
raised questions relating to the specific mechanisms utilized by
BIA NMTs for differentiating between structurally similar
BIAs, as well as the underlying mechanism of catalysis. To fur-
ther elucidate the central issues of substrate specificity and
catalytic mechanism, we report the first structural and func-
tional characterization of an enzyme from the TNMT subclass,
GfTNMT from Glaucium flavum (yellow horned poppy). The
structure–function relationships seen in GfTNMT reveal novel
insights into the mechanisms used by BIA NMT enzymes for
defining substrate specificity and catalysis that will be invalu-
able for future efforts in metabolic engineering.

Results

Functional characterization of GfTNMT

G. flavum TNMT (GfTNMT; originally reported as GFLNMT2)
was one of six BIA NMT enzymes previously cloned and char-
acterized from G. flavum (20). A preliminary assessment of
substrate specificity suggested that GfTNMT was functionally
most similar to the tetrahydroprotoberberine NMTs character-
ized from opium poppy, T. flavum, and Eschscholzia californica
(12, 21, 22). The amino acid sequence of GfTNMT shows
47–53% identity to CNMTs, RNMTs, and PavNMTs although
it shares greater than 80% identity with the three functionally
characterized TNMTs (Fig. S1) (12, 21). Phylogenetic analysis
of functionally characterized BIA NMT sequences from
Ranunculales placed it firmly in a well-supported clade along
with known TNMTs. Based on these analyses, the enzyme was

Figure 1. Contributions of tetrahydroprotoberberine N-methyltrans-
ferases to BIA biosynthesis in plants. The central BIA biosynthetic pathway
yields the core intermediate (S)-reticuline from which branch pathways
diverge. TNMT catalyzes the N-methylation of (S)-stylopine in the pathway
leading to protopines and benzo[c]phenanthridines (e.g. sanguinarine).
TNMT also acts on (S)-canadine in a different pathway that leads to the pro-
duction of phthalideisoquinolines (e.g. noscapine). Dashed arrows represent
multiple enzymatic conversions. The carbon numbering and ring labeling
schemes used in the text are shown using (S)-stylopine as a representative
protoberberine.
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considered representative of a canonical TNMT and was re-
named GfTNMT.

The natural GfTNMT translation product is 40.9 kDa and
358 amino acids in length, whereas the recombinant protein
includes a 25-amino-acid N-terminal linker and hexahistidine
tag, giving a calculated molecular mass of 43.5 kDa. As with all
known BIA NMTs, the polypeptide does not appear to contain
any canonical subcellular targeting signals (23, 24). Both
Papaver somniferum CNMT and TNMT were shown to local-
ize to the cytoplasm of cultured opium poppy cells, and this
feature is thought to be conserved across BIA NMTs, including
GfTNMT (25).

Expression of GfTNMT in Escherichia coli and purification
by immobilized metal ion affinity chromatography allowed for
the determination of the enzyme’s characteristics in vitro. The
activity of GfTNMT was assessed with 35 alkaloids primarily
representing the major BIA structural subclasses and a wide
range of naturally occurring functional group modifications
(Table 1). Reaction products consistent with N-methylation
(�14 m/z with respect to the substrate) were detected for 22
substrates spanning seven BIA structural subclasses. Alkaloids
belonging to the isoquinoline, indole, �-carboline, phenylalkyl-
amine, and tryptamine classes were not accepted as substrates,
suggesting that GfTNMT is relatively specialized in function.
The protoberbeine substrates stylopine and tetrahydropalma-
tine (THP) were most efficiently methylated. Intermediate
activities were observed with select morphinan, aporphine, and
pavine substrates, and trace activities were present with 1-ben-
zylisoquinoline and phthalideisoquinoline alkaloids. Collision-
induced dissociation spectra obtained for the protoberberine
products confirmed their identities as (S)-cis-N-methylstylo-
pine (SMS) and N-methyl-THP (Fig. S2). The activity of
GfTNMT was reduced to approximately one-half for the sub-
strate with one free hydroxyl group in the C-3 position (i.e.
tetrahydrocolumbamine) and further reduced to one-fourth
with two free hydroxyl groups at the C-2 and C-9 positions (i.e.
scoulerine). In an analogous manner, the O-methylated mor-
phinan alkaloids were turned over, whereas those with free
hydroxyl groups (i.e. codeine and morphine) were not. Al-
though GfTNMT exhibited a preference for the nonphenolic
tertiary amine substrates, it was also capable of N-methylating
substrates with secondary amines (e.g. coclaurine) to a lesser
extent. Under initial rate conditions with secondary amine BIA
substrates, GfTNMT yielded products with tertiary amines
resulting from a single methyl transfer.

The dependence of GfTNMT activity on temperature and
pH displayed features consistent with the ranges previously
reported for BIA NMTs (9, 11, 13, 21). The recombinant
enzyme’s activity was maximal at pH 8.0 and dropped to less
than 10% of the total activity at pH 6.0 and 9.5 (Fig. S3). Activity
was greatest at 30 °C and dropped to less than 10% maximal
activity at 60 °C, but the enzyme retained �40% activity at 4 °C.
Based on these results, kinetic parameters for a wide range of
substrates were measured at pH 8.0 and 30 °C (Fig. S4). Maxi-
mal activity was detected at 25 �M stylopine (13.4 pmol s�1

�g�1) and 63 �M THP (6.2 pmol s�1 �g�1), followed by a pro-
nounced inhibition of activity at higher concentrations for both
substrates (Fig. S4, B and C). Half-maximal activities were cal-

Table 1
Relative substrate turnover for GfTNMT in vitro
Activity values represent the relative percentage of substrate turned over (mean �
standard deviation of three replicates), where the assay with the most turnover was
set to 100% and others were scaled proportionally. � and �� denote substrates
where product formation was detected in minor or major trace amounts (less than
2% substrate loss), respectively. nd denotes no detectable activity. R group designa-
tions are provided in Table S1.

a Stylopine was at 6.0 pmol s�1 �g�1.
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culated to occur at 13 and 18 �M, respectively. In addition to
substrate inhibition, GfTNMT displayed substantial product
inhibition. The activity of GfTNMT with 0.1 mM THP was
reduced to 50% of the maximum activity in the presence of 2.5
�M SMS (Fig. S4D). Fitting the data to a rapid-equilibrium
model of reversible substrate (S) inhibition in which a single
E/S/S-inhibited complex forms reveals a poor fit at higher sub-
strate concentrations, possibly because of the confounding
effects of product inhibition or the presence of a more complex
mechanism of substrate inhibition. As a result, values for kcat
(�0.8 s�1 for stylopine and �0.4 s�1 for THP) and Km (�15 �M

for stylopine and �30 �M for THP) can only be approximately
determined from steady-state measurements. However, values
of kcat/Km can be more reliably estimated from the slope of the
initial rate plot at low substrate concentrations (48,000 and
13,500 s�1 M�1 for stylopine and THP, respectively), where
the effects of substrate and product inhibition are likely less
significant.

At a fixed 50 �M concentration of stylopine, GfTNMT
showed a typical Michaelis-Menten substrate saturation curve
with respect to the cofactor S-adenosylmethionine (SAM),
resulting in a calculated Vmax of 16.5 pmol s�1 �g�1, Km of 138
�M, kcat of 0.72 s�1, and kcat/Km of 5200 s�1 M�1. Under optimal
conditions, the catalytic rate constants were 0.58 s�1 and 0.27
s�1 for stylopine and THP, respectively.

Overall structure of TNMT

Recombinant GfTNMT was expressed in E. coli and crystal-
lized at pH 7.0. Well-ordered crystals of GfTNMT were grown
in the presence of S-adenosylhomocysteine (SAH), SAM, and
both SAM � stylopine (which the electron density maps show
were converted to the products SAH and SMS), yielding data
sets with resolution limits extending to 1.6 –1.8 Å (Table 2).

Each crystal belongs to space group P3221, with a single
protomer lying within the asymmetric unit. The structure of
GfTNMT bound to SAH was determined by molecular replace-
ment using the polypeptide chain A of T. flavum pavine N-meth-
yltransferase (PDB 5KOK), which shares 53% sequence identity
(11). The structures of the other two complexes were determined
starting from the structure of the GfTNMT/SAH complex. The
refined models of GfTNMT include 336 out of the 359 residues in
the native protein. The three-dimensional structure of 13 residues
in the 70s loop (residues 68 to 80) was not defined sufficiently well
in electron density maps to be modeled in any of the GfTNMT
crystal structures. Additionally, 35 residues at the N terminus of
the recombinantly expressed form of GfTNMT were not resolved,
of which 25 residues compose the non-natural hexahistidine tag
and polypeptide linker added during the construction of the
expression vector. The C terminus of GfTNMT and all other
regions within the polypeptide chain are clearly defined by elec-
tron density maps.

The overall structure of GfTNMT shows the canonical
SAM-binding domain and �/� Rossmann fold conserved in
class I methyltransferases (Fig. 2) (26). The remainder of the
structure comprises an �-helical domain that is very similar
to the corresponding domain primarily responsible for
defining substrate specificity in PavNMT and CNMT.
Superimposition of the entire �-carbon trace of GfTNMT
with PavNMT (PDB 5KOK, chain A) and CNMT (PDB
6GKV) yields RMSD values of 0.686 Å (n � 287) and 0.716 Å
(n � 299), respectively. As expected, superimposition of
each protein by the SAM-binding domain yields much lower
RMSD values of 0.445 Å (n � 120) and 0.462 Å (n � 129),
whereas superimposition of each protein by the BIA-binding
domain yields RMSD values of 0.758 Å (n � 149) and 0.908 Å

Table 2
Crystallographic statistics

Crystal GfTNMT � SAH GfTNMT � SAM GfTNMT � SAH � SMS

PDB code 6P3M 6P3N 6P3O
Space group P3221 P3221 P3221

Unit cell dimensions
a � b, c (Å) 103.693, 82.812 104.023, 82.746 103.473, 82.161
� � �, � (°) 90, 120 90, 120 90, 120

Wavelength (Å) 0.9795 0.9795 0.9795
Resolution (Å)a 37.60-1.80 (1.85-1.8) 39.56-1.60 (1.64-1.60) 39.34-1.80 (1.85-1.80)
Rsym

b 0.055 (1.10) 0.067 (0.536) 0.075 (1.02)
CC1/2 1.00 (0.74) 1.00 (0.68) 1.00 (0.84)
I/� 26.93 (2.18) 11.59 (1.65) 17.84 (2.42)
Completeness (%) 99.9 (99.9) 98.9 (94.1) 99.9 (100.0)
Redundancy 9.8 (9.4) 5.4 (5.0) 13.0 (13.4)

Refinement
Resolution (Å) 1.80 1.60 1.80
Unique reflections 45,474 64,394 44,981
Rwork

c/Rfree
d 0.162/0.197 0.178/0.196 0.184/0.206

Total no. of atoms 3106 3249 3118
Protein atoms 2753 2794 2746
Ligand atoms 31 27 51
Water atoms 322 428 321
Average B-factors (protein) 35.28 34.07 39.21
Average B-factors (ligand) 34.90 29.89 44.45
Average B-factors (water) 46.51 47.38 48.23
r.m.s.d. from ideal geometry

Bond lengths (Å) 0.005 0.007 0.007
Bond angles (°) 1.18 1.15 1.34

a Values from the outermost resolution shell are given in parentheses.
b Rsym � �i�Ii � �I	�/�i Ii, where Ii is the ith integrated intensity of a given reflection and �I	 is the weighted mean of all measurements of I.
c Rwork � ��Fo� � �Fc�/��Fo� for 95% of reflection data used in refinement.
d Rfree � ��Fo� � �Fc�/��Fo� for 5% of reflection data excluded from refinement.
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(n � 166), indicating that the majority of structural variation
occurs within the BIA-binding domain.

A crystallographic 2-fold rotational symmetry operator gen-
erates a homodimeric assembly that is very similar to PavNMT
and CNMT. The dimer interface in TNMT (1019 Å2 of buried
surface area) includes six salt bridges and eight hydrogen bonds
and is derived from the �3, �12, �6, and �7 secondary struc-
tural elements on the opposite side of the SAM-binding domain
from the substrate-binding pocket (Fig. 3). The dimer complex
is predicted to be favorable, with a predicted 
Gsolvation � �5.7
kcal/mol/monomer upon dimerization (27). The elution vol-
ume of GfTNMT observed during size-exclusion chromatogra-
phy is consistent with the hydrodynamic radius expected for a
homodimer (Fig. S5).

Structural determinants of substrate recognition

In GfTNMT, the substrate-binding pockets lie at the junc-
tion of the BIA-binding and SAM-binding domains. The
methyl donor SAM forms most of its interactions with the
Rossman fold domain, including the highly-conserved GXGXG
motif seen in all class Ia NMTs (28). All of the interactions
between TNMT and SAM are similar to those seen in PavNMT
and CNMT, but are somewhat surprisingly distinct from the
interactions seen in other NMTs. This sub-class specificity for
SAM binding indicates that the NMTs involved with BIA bio-
synthesis likely diverged from a common ancestor and perhaps
indicate unique aspects of SAM recognition that may also be
functionally important in BIA NMTs.

The L-shaped binding pocket for SMS appears to be quite
distinct from the BIA-binding pockets seen in the previously
determined structures of CNMT and PavNMT (Fig. 4; support-
ing Movie S1). At the bottom of the “L,” the mostly hydrophobic
side chains of Phe-92, Glu-98, Trp-297, Ile-329 and Phe-332
form a ‘benzyl pocket’ (BP) that surrounds the portion of stylo-
pine derived from the benzyl group of the branch point BIA
precursor reticuline. At the top of the L, the mostly hydropho-
bic side chains of Ile-234, Phe-243, Phe-257, Val-262, Met-290,

and Phe-340 form an “isoquinoline pocket” (IP) that is comple-
mentary to the portion of stylopine derived from the isoquino-
line group of reticuline. At the bend in the L, the mostly hydro-
philic side chains of Tyr-81, Glu-204, Glu-207, and His-208
form a small “catalytic pocket” (CP) that surrounds the amino
group and methyl donor of SAM. Notably, there is clear elec-
tron density for the side chain of Tyr-81, which is located adja-
cent to a poorly ordered part of the 70s loop. Even though 13
residues from the 70s loop are not ordered well-enough to
model in any of the TNMT structures determined, the clear
electron density for the side chain of Tyr-81 and the proximity
of the phenol group to the amino group of the substrate and
product strongly suggest a role in substrate binding and/or
catalysis.

In addition to the large number of hydrophobic contacts seen
in the BP and IP, a limited number of hydrogen bonds appear to
be formed with the oxygen atoms in the ether linkages at the
ends of the BIA substrate/product. At the end of the BP, the
side-chain phenol group of Tyr-81 and carboxyamide group of
Glu-98 are close enough to form hydrogen bonds with the oxy-
gen atoms bonded to C-9 and C-10.

Water molecules likely play important roles in binding spec-
ificity and affinity. First, in the absence of the BIA substrate,
ordered water molecules appear to occupy most of the BP and
IP. When SMS is present, most of these water molecules are
displaced, but the positions of residues within 5 Å of the BIA
substrate or product do not seem to be affected. Displacing
these well-ordered water molecules from this somewhat rigid
binding site likely contributes a favorable entropic effect upon
binding. Second, two water molecules trapped within the inte-
rior of the binding pocket by the BIA product facilitate hydro-
gen bonding between the oxygen at the C-2 position and the
side chain of Gln-339 and the main chain carbonyl oxygen of
Phe-332 (Fig. 5). These water molecules appear to aid in cor-
rectly positioning the substrate within the binding pocket and
likely determine in part the enzyme’s specificity through recog-

Figure 2. Overall crystal structure of GfTNMT in complex with SAH and SMS. A, single subunit of GfTNMT is drawn in ribbon representation colored along
a gradient from the N terminus (blue) to the C terminus (red), with the portion of the structure that is poorly defined by electron density from residues 68 to 81
being represented by a dashed line. SAH (carbon atoms, magenta) and SMS (carbon atoms, gray) are shown in all-atom, space-filling representation. Solvent-
accessible surface in semi-transparent light gray is shown superimposed onto the ribbon diagram. B, homodimer of GfTNMT was constructed by applying a
crystallographic 2-fold rotational symmetry operator on the asymmetric unit composed of a single protomer.
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Figure 3. Multiple sequence alignment of representatives from the three main branches of NMT enzymes in BIA biosynthesis. Arrows indicate residues
targeted for mutation based on sequence conservation and proximity to the active site. Residues in the dimer interface forming salt bridges, hydrogen bonds,
or other interactions are colored green, yellow, and gray, respectively. Residues that interact with the SAM/SAH are colored purple. Residues that interact with
SMS are colored red. The names of secondary structural elements are consistent with that of PavNMT (11). GenBankTM accession numbers are as follows:
GfTNMT, G. flavum TNMT (20); PsTNMT, P. somniferum TNMT, AAY79177; PsRNMT, P. somniferum RNMT, KX369612; TfPavNMT, T. flavum PavNMT, EU883010;
CjCNMT, C. japonica CNMT, BAB71802; GfCNMT, putative G. flavum CNMT (20); PsCNMT, P. somniferum CNMT, AAP45316.
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nition of the C-2/C-3 methylenedioxy bridge commonly found
in TNMT substrates.

The size and shape of the NMT-binding pocket appear to be
complementary to structures of BIA compounds in which the
two central six-membered rings are arranged in an (S)-cis con-
figuration (Fig. 6, A and B). The cis configuration (i.e. hydrogen
atoms on the carbon and nitrogen atoms bridging the two cen-
tral rings both lying on the same side of the C–N bond) causes
the best-fit planes of the two six-membered rings to be
arranged in an L-shaped conformation in which the planes are
roughly 90° relative to each other (Fig. 5C). In contrast, arrange-
ment of these atoms in a trans conformation leads to a dramat-
ically different coplanar arrangement of the best-fit planes for
the two adjacent six-membered rings. The refined omit map of
GfTNMT crystallized in the presence of stylopine and SAM
clearly supports the (S)-cis conformation of the SMS product
and also shows the presence of SAH, the other product
expected after SAM has donated its methyl group to stylopine
(Fig. 7).

Mutational studies of TNMT

As mentioned previously, the L-shaped binding pocket for
SMS can be roughly divided into three main regions that pri-
marily determine substrate specificity and catalysis (Fig. 4). In
TNMT, three residues in the �14-helix (His-328, Ile-329, and
Phe-332) form one side of the binding pocket defining the BP
region. Mutating the equivalent residues in TNMT to alanine
also results in substrate-dependent changes in enzyme activity
(Fig. 8A). The H328A mutation produces a 5- and 2-fold
decrease in activity with stylopine and scoulerine, respectively,
but the activity with THP increases 2-fold. Even though the
nearest atom of His-328 is located more than 5.9 Å from the
BIA substrate, the imidazole side chain positions the side chain
of Phe-332 within the active site to interact directly with ring D
and the C-9/C-10 methylenedioxy bridge in SMS. Consistent
with its more direct role in substrate binding, mutation of Phe-
332 to alanine results in a �10-fold reduction in activity for all

three BIA substrates. A �5-fold decrease in activity is also seen
for all three substrates in the I329A mutant. Previous muta-
tional analysis of residues 328 –332 in the �16-helix of CNMT
by Bennett et al. (8) confirms the importance of some of these
residues for substrate binding and specificity in a related
enzyme.

Patterns of primary sequence conservation in TNMTs sug-
gest that two residues in the IP region (Met-290 and Phe-340)
and one residue in the CP region (Glu-204) may be particularly
important for defining substrate specificity. To explore this, we
prepared single, double, and triple alanine mutations at these
three positions, as well as replacements of these residues to
the equivalent residues found in PavNMT. As expected, the
single substitutions with alanine or the residues found in
PavNMT indicate more modest decreases in binding activity
than the double and triple alanine mutations (Fig. 8, B and C).
The triple mutant E204A/M290P/F340Y showed the greatest
decrease in activity with the native TNMT substrates stylopine,
THP, and scoulerine, as well as a significant decrease in the
activity with PavNMT-specific substrates pavine. This result
shows that replacement of these residues is not sufficient to
switch the specificity of TNMT to PavNMT.

Arg-41, which lies near the tip of the IP region, was also
targeted for mutagenesis studies based on its potential for indi-
rect effects on substrate binding as well as its high level of
sequence conservation in BIA NMTs (Figs. 3 and 7). Arg-41
interacts with either three well-defined water molecules in the
crystal structures of two different complexes (TNMT � SAM;
TNMT � SAH � SMS) or with a negatively-charged sulfate ion
in the TNMT � SAH complex, all near the side chains of Gln-
339 and Phe-38. Even though the guanidinium group of Arg-41
is quite distant (10.9 Å) from the BIA substrate, it interacts
with the side chains of Phe-38, Phe-243, and Gln-339
through positioning of the trapped water molecules or sul-
fate ion. Phe-38, Phe-243, and Gln-339 all interact directly
with the substrate. Somewhat surprisingly, the R41A mutant
exhibited increased relative activity for the substrates THP
and scoulerine but showed no significant change of activity
for stylopine (Fig. 8A).

Residues in the CP region occupy the region of the active
site near the nitrogen atom and the methyl donor, thus likely
playing roles in the formation and breakdown of the transi-
tion state. Sequence conservation and the structures of a
diverse range of NMTs suggest that His-208 most likely plays
an important role in catalysis, possibly as a general base to
accept a proton from the donor amino group to create a
stronger nucleophile (Fig. 3) (8, 11, 29). Residues Glu-204
and Glu-207 are also nearby and may also play important
roles in catalysis. Previously reported mutagenesis studies
suggest roles in stabilizing specific steps of the reaction coor-
dinate (8, 11). In TNMT, single mutations of residues His-
208, Glu-204, and Glu-207 to alanine result in �10% of WT
activity for three different substrates, with scoulerine show-
ing slightly higher activity (�10 and �20% activity, respec-
tively) in the E204A and E207A mutants (Fig. 8D). Combin-
ing these mutations to form three different double mutants
and the triple mutant all generate inactive enzymes with
trace levels of substrate turnover under standard assay con-

Figure 4. Regions of GfTNMT defining the substrate-binding site. The
substrate-binding site is defined by the residues contained within the BP, IP,
and CP highlighted in light pink, light green, and light yellow, respectively. SMS
is drawn as white sticks, and SAM is drawn as magenta sticks. Residues defining
the BP, IP, and CP are shown as translucent spheres.
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ditions. Assaying the single, double, and triple mutants at
high protein concentrations to lower the detection limit
showed no substantial difference between each of the E204A
and E207A single mutants (Fig. 8E). Similarly, there were no
substantial differences between the H208A single mutant
and E204A/E207A double mutant although both showed less
activity than the previous single mutants. The E204A/

H208A and E207A/H208A double mutants showed even
lower activity but were not notably different from each
other, and the triple mutant showed substantially less activ-
ity than all others.

Other potentially interesting residues in the CP region lie in
the 70s loop that is generally poorly ordered in the crystal struc-
tures of BIA NMTs and other NMTs. Residue Tyr-81 lies at the

Figure 5. Interactions between GfTNMT and the N-methylated product SMS. Residues within 4 Å of SMS are shown as lines and presented in all-atom
representation. Hydrogen bonds are represented as yellow-dashed lines. A, SMS is held in a bent conformation within the binding-site pocket through
hydrophobic interactions between the protein and the protoberberine backbone of SMS. B, presence of a hydrogen bond network between two water
molecules and O-16 helps to recognize the terminal methylenedioxy bridge adjacent to ring A of the isoquinoline portion of the BIA substrate.

Figure 6. Internal cavities surrounding SMS (white) and SAH (blue) in GfTNMT. A, in GfTNMT, the enzyme product is found in an L-shaped conformation
with rings A and B lying within the deepest part of the cavity formed primarily by the IP. B, right view is rotated �90° from the view in A. C, structures of (R)-cis,
(S)-cis, and (S)-trans, stereoisomers of stylopine, are shown in the low-energy conformations seen in the crystallographic structures of closely-related BIA
compounds from the Cambridge Crystallographic Structure Database: UHUYEB (18), YILHUW (60), and LURXOL (58). Structures are shown in an oblique view
showing all four rings on the left, followed by a rotated view that shows the flat, planar arrangement of all rings when the hydrogen atoms bonded to the central
bridging atoms between rings B and C adopt a trans configuration. Note that for compounds with the central bridging atoms in the cis configuration, rings A
and B clearly lie out-of-plane with rings C and D.
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end of the 70s loop in GfTNMT and is highly-conserved in all
BIA NMTs. The crystal structure of the ternary complex places
the hydroxyl group of the side chain within 2.9, 3.7, and 4.0 Å of
the sulfur of SAH, N� of His-208, and nitrogen of SMS, respec-
tively. Based on its position and the potential for this group to
play multiple roles during catalysis, a series of point mutants
were generated and assayed. Mutations of Tyr-81 to phenylala-
nine, alanine, or arginine all yield similar results for all three
substrates, with 2–5-fold decreases in activity relative to the
WT enzyme (Fig. 8A). Torres et al. (11) previously showed that
the Y79A mutant in PavNMT showed a significant decrease in
activity with preferred substrates, while marginally increasing
activity with the minor substrate tetrahydropapaverine.

Discussion

Functional characterization of GfTNMT

Our functional characterization of GfTNMT expands on
similar enzymes previously cloned from P. somniferum,
Papaver bracteatum, and E. californica (12, 21). Sequence iden-
tity and phylogenetic analysis place it firmly as a member of the
TNMT family, which appears to be monophyletic, as reported
previously (Fig. S1) (21). In contrast to CNMTs and the dis-
tantly related BIA NMT-like enzyme recently discovered in
Ephedra, GfTNMT did not accept any of the non-BIAs, includ-
ing tetrahydroisoquinolines, and is evidently more specialized
in function (Table 1) (9, 12, 30). This observation is consistent
with hypotheses that TNMTs diverged from the CNMTs and
are more evolutionarily advanced (21). GfTNMT exhibits a
substrate range largely comparable with other TNMTs and also
showed an apparent aversion for free hydroxyl groups in its
substrates (12, 16, 21). From a plant biosynthetic perspective,
this feature is significant because scoulerine, the first protober-

Figure 7. Omit electron density map of SAH (magenta) and SMS (light
gray) bound to GfTNMT. The refined �Fo� � �Fc� electron density map was
calculated after removing the coordinates for the two ligands and refining
the structure for 20 cycles. The map is shown at a contour level three standard
deviations above the mean. Note the absence of electron density for a methyl
group attached to the sulfur atom of SAH, confirming the transfer of a methyl
group from the substrate SAM initially present in the crystallization mixture.
Also note the weaker electron density around the N-methyl group and ring C
of the isoquinoline ring of SMS. The electron density for this part of the iso-
quinoline ring is better defined at lower contour levels. Positive electron den-
sity is shown as a blue mesh, and negative electron density is shown as a red
mesh.

Figure 8. Relative activity of GfTNMT mutants. A and B, relative activity of
putative substrate binding or recognition mutants on TNMT substrates is
shown with black bars for stylopine, gray bars for tetrahydropalmatine, and
white bars for scoulerine. C, relative activity of putative substrate binding or
recognition mutants with respect to PavNMT substrate pavine is shown with
black bars for formation of monomethylated product (�14 m/z) and gray bars
for di-methylated product (�28 m/z). D, relative activity of putative catalytic
mutants on TNMT substrates is shown with black bars for stylopine, gray bars
for tetrahydropalmatine, and white bars for scoulerine. E, relative activity of
putative catalytic mutants under conditions outside the linear range with
respect to the WT GfTNMT is shown for tetrahydropalmatine. Relative prod-
uct formation was quantified by LC-MS, with the product ion count for WT
GfTNMT and each substrate set to 100%, and all other corresponding values
were scaled accordingly. E, mutant E207A was set to 100%. Error bars repre-
sent standard deviation. nd, no product detected.
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berine pathway intermediate, is synthesized in a membrane-
bound subcellular compartment (ER or ER-derived vesicles)
and any quaternary alkaloids produced therein (e.g. N-meth-
ylscoulerine) would be unable to diffuse or be transported out
into the cytosol where downstream enzymes reside (25, 31).
From a structural perspective, this selectivity for fully O-substi-
tuted protoberberines can be partially attributed to indirect
effects from Arg-41, which is conserved in all NMTs, as well as
to the binding of the tetrahydroprotoberberine substrates
within the active site with minimal room within the binding
pocket to accommodate the hydrophilic side chains.

The presence of high levels of apparent substrate inhibition
and product inhibition makes it challenging to determine the
exact values for kinetic parameters. However, the apparent
affinity (Km) of GfTNMT for stylopine (�15 �M) appears to be
worse than reported for PsTNMT and PbTNMT (0.6 and 2.0
�M, respectively) but better than for EcTNMT (40 �M; Fig. S4)
(12). Nevertheless, the GfTNMT turnover number (kcat) for
stylopine (�0.8 s�1) was substantially better than PbTNMT
(0.001 s�1) and similar to EcTNMT (0.3 s�1). The apparent
affinity for the cofactor SAM was somewhat worse than
expected, with an apparent Km value at 50 �M stylopine (138
�M) nearly 10- and 3-fold greater than reported for PsTNMT
(11.5 �M) and EcTNMT (32 �M), respectively, but better than
those reported for CjCNMT (390 �M) and PsRNMT (168 �M).
The in vitro activity of GfTNMT is consistent with a primary
role in biosynthesis of several quaternary alkaloids present in
Glaucium spp., including protoberberines SMS and N-methyl-
THP, some of which show antimicrobial activity that may con-
fer a selective advantage (2). Prior to this report, next-genera-
tion sequencing and integrated metabolomics were used to
show that GfTNMT transcripts as well as corresponding BIA
substrates and products are abundant in G. flavum root tissues
(20, 32). In addition, many of these compounds likely also func-
tion as crucial intermediates in the biosynthesis of protopine
alkaloids known to accumulate in certain Glaucium species (1,
33) and in the biosynthesis of benzo[c]phenanthridine (e.g. san-
guinarine) and phthalideisoquinoline (e.g. noscapine) alkaloids
that accumulate in opium poppy and other species.

The apparent substrate inhibition of GfTNMT in the pres-
ence of high concentrations of stylopine and THP substrates is
comparable with that reported for EcTNMT and PbTNMT
(Fig. S4) (12). Although inhibition has not been reported for
various CNMTs, both PsRNMT and TfPavNMT displayed
modest inhibition with certain substrates (11, 13). For
TfPavNMT, a crystal structure showing both (S)- and (R)-tet-
rahydropapaverine simultaneously bound in the active site
leads to a suggestion that the use of racemic (R,S)-tetrahydro-
papaverine in enzyme assays was responsible for the observed
inhibition (11). The physiological significance of substrate inhi-
bition has not been studied in BIA-biosynthesizing plants.
However, substrate inhibition has been proposed to help to
maintain a steady concentration of products despite varying
substrate availability and thus stabilize pathway flux (34). Prod-
uct inhibition has not been studied for other BIA NMTs, but
substantial inhibition by the pathway end-product sanguina-
rine was demonstrated for an O-methyltransferase from T. fla-
vum (35). For GfTNMT, inhibition by SMS may reflect the

enzyme’s role in producing a pathway intermediate rather than
end-product alkaloid. In this case, product inhibition may help
to prevent the accumulation of an N-methylated product that
may have undesirable effects on downstream enzymes or
impact plant viability.

In contrast to previously reported TNMTs, GfTNMT exhib-
its a broader substrate range, which includes aporphine and
morphinan alkaloids. Given the existence of five additional BIA
NMTs in G. flavum, the physiological significance of the appar-
ently broad range of substrates accepted by GfTNMT remains
unclear (20). Although quaternary aporphine alkaloids such as
those produced by GfTNMT in vitro (e.g. magnoflorine) are
widespread in plants, including some Glaucium spp., quater-
nary morphinans such as N-methylthebaine have only rarely
been reported in select Papaver species (33, 36–38). This work
is the first to describe an NMT with activity toward morphinans
(39), but previously characterized TNMTs do not appear to
have been assayed with morphinans. The fairly broad substrate
specificity seen in GfTNMT suggests practical applications. For
example, the enzyme could be used to add non-natural sub-
stituents into semisynthetic opiates such as naloxone (8).

Insights into substrate recognition

When combined with the results of site-directed mutagene-
sis experiments, the crystal structures of GfTNMT provide a
molecular structural explanation for substrate recognition in
the TNMT enzymes that also clarifies the strategies used by
other BIA NMTs for recognizing distinct substrates. The most
deeply buried and perhaps most distinctly formed part of the
binding site for protoberberine substrates is the IP. The iso-
quinoline group of SMS binds in a manner that is quite similar
to that which is seen for the methylheliamine product analog
co-crystallized with CjCNMT, but this binding mode is quite
different from that which is seen for tetrahydropapaverine
bound to TfPavNMT, where the benzyl ring occupies the lower
part of the IP region (Fig. 9). Met-290 and Phe-340 are highly-
conserved positions in the TNMTs and occupy central posi-
tions in the IP region adjacent to the isoquinoline ring of SMS
bound to GfTNMT. Replacing Met-290 with the TfPavNMT
consensus residue proline results in large decreases in activity
for the canonical protoberberine substrates but does not affect
the enzyme’s mono-methylation activity for the canonical
PavNMT substrate pavine (Fig. 8). Replacing Phe-340 with the
TfPavNMT consensus residue tyrosine also results in large
decreases in activity for the canonical protoberberine sub-
strates stylopine and scoulerine, although there is a small
increase in activity for tetrahydropalmatine. For this mutant,
the mono-methylation of pavine is also not affected, although
the di-methylation reaction seems less efficient, as also seen
for the M290P mutant. These single-site mutations indicate
that relatively minor changes to the closely-packed IP region
lead to a change in specificity that makes the enzyme lose most
of its ability to use protoberberine substrates, while mostly
retaining the ability to use pavine as a substrate, thus becoming
slightly more PavNMT-like. Mutating these positions to ala-
nine leads to larger decreases in activity for both the protober-
berine and pavine substrates, indicating a beneficial effect for
pavine when PavNMT consensus residues are present.
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Although it was initially hypothesized that mutating both
positions 290 and 340 to the PavNMT consensus residues
might lead to a more definitive switch in specificity, combining
these mutations lead instead to the loss of measurable activity
for all substrates tested. This result may indicate the presence
of disruptive effects on the binding pocket and protein struc-
ture in general due to the presence of both mutations within
the TNMT background. Alternatively, the large difference in
binding modes seen for GfTNMT (where Met-290 and Phe-
340 form direct hydrophobic interactions with the central
rings characteristic of the protoberberine scaffold) versus
TfPavNMT (where Pro-288 and Tyr-338, interact with the ter-
minal O-methyl groups of the benzyl ring of tetrahydropapav-
erine) may require a more extensive series of mutations to effect
a switch in specificity. In other words, the double mutant may
be too disrupted to work with either protoberberine or pavine
substrates unless the rest of the IP pocket is converted to a more
PavNMT-like state. The modest recovery of activity with
pavine observed for the E204A/M290P/F340Y triple mutant is
consistent with this interpretation.

The replacement of Arg-41 with alanine was also explored,
because Arg-41 is highly-conserved in all BIA NMTs and is
located just slightly beyond the tip of the IP region in TNMT.
Surprisingly, the R41A mutant showed a �2-fold increase in
activity with THP and scoulerine, but no difference in activity
compared with the WT enzyme with stylopine (Fig. 8A). Crystal
structures show that the side chain of Arg-41 is too far to inter-

act directly with the substrate, but the side chain of Arg-41 can
directly interact with residues Phe-38, Phe-243, and Gln-339 in
the IP through electrostatic and hydrogen bond interactions,
including water-mediated interactions with the guanidinium
group that involve three well-ordered water molecules near the IP
region. Phe-38, Phe-243, and Gln-339 help to shape the IP-binding
pocket around the C-2 and C-3 positions of the isoquinoline ring
of the BIA substrate. The loss of the guanidinium group in R41A is
expected to expand the size of a small cavity adjacent to the iso-
quinoline ring that is occupied by water molecules even when the
WT enzyme is bound to SMS. As a result, the enzyme’s preference
for the methylenedioxy bridge of stylopine is reduced in the R41A
mutant. The increased activity of the R41A mutant for tetrahydro-
palmatine and scoulerine may also reflect the increased conforma-
tional flexibility at the back of the IP region. This flexibility may
allow for the rearrangement of the hydrogen bond network
around the C-2 and C-3 positions, possibly allowing the mutant
enzyme to form better interactions with THP, scoulerine, and per-
haps other BIA compounds.

In contrast to the IP region, the BP region of TNMT appears
to be less well-packed and likely more tolerant of structural
diversity in substrates. The 70s loop appears to form a lid that
can dynamically close and open over the front of the BP region,
whereas residues 328 –332 from helix �14 form the central part
of the binding pocket which accommodates the portion of BIA
compounds derived from the benzyl ring. As expected from the
structure, alanine replacements lead to much stronger effects

Figure 9. Substrate binding in the active sites of related BIA NMTs. A, structures of NMT substrates or substrate analogs (white) are shown relative to the
product SAH (space-filling representation) in the binding sites of CjCNMT (left, orange; PDB code 6GKZ), GfTNMT (center, green; PDB code 6P3O), and TfPavNMT
(right, cyan; PDB code 5KOK). Each structure is drawn from the same viewpoint relative to the SAH-binding domain. Residues and water molecules within the
proximity of the ligand in GfTNMT, and their equivalent position by sequence alignment in CNMT and PavNMT, are shown in all-atom representation within the
active site. B, chemical structures of the ligands found within the crystal structures are shown for reference.
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for the most deeply buried Phe-332 residue, intermediate
effects for Ile-329, and the smallest and least direct effects for
His-328 (Figs. 4 and 8). In addition to its role in forming the BP
region, Phe-332 forms multiple ring stacking and hydrophobic
interactions with the central rings of protoberberine substrates,
and it is the most centrally located and deeply buried residue in
the BIA-binding site. The 2-fold increase in activity of the
H328A mutant with THP and the 5-fold decrease in activity
with stylopine suggest indirect effects on binding and catalysis,
most likely with the methylenedioxy bridge found at the C-9/
C-10 position of stylopine (Fig. 8A). Because His-328 is 5.8 Å
away from the nearest atom of SMS, His-328 likely exerts indi-
rect effects on substrate binding and positioning, perhaps
through ring-stacking effects on Phe-332 or by interactions
with the side chain of Glu-79, a residue in the 70s loop that also
interacts with one of the methylenedioxy ether oxygens of SMS.
In both cases, the imidazole side chain could be stabilizing side
chains that directly interact with the bound substrate. The
I329A and F332A mutants both show stronger effects, with
�10-fold losses in activity with stylopine, THP, and scoulerine.
Ile-329 forms a van der Waals contact with the terminal bridg-
ing methylene group. In addition, loss of the branched aliphatic
side chain would be expected to open a cavity that would allow
the side chain of Phe-332 to move away from the substrate and
destabilize binding interactions (Fig. 4). Previous structural and
mutagenesis studies on CjCNMT also suggest interactions
between the benzyl-derived ring of the BIA substrate and resi-
dues 328 –332 of helix �16 (8).

Ile-329 also interacts with a hydrophobic cluster involving
Leu-83, Phe-87, Leu-301, and Val-325, which may help to sta-
bilize more closed conformations of the 70s loop. The dynamic
nature of the 70s loop is suggested by the weak electron density
of major portions of this loop in multiple crystal structures of
BIA NMTs (8, 11). Several roles for assisting with substrate
binding and catalysis have been suggested for specific residues
in this loop based on mutagenesis studies and crystal structures
(8, 11, 29, 40 – 42). Some of these roles will be further discussed
below.

Insights into stereoselectivity

TNMTs have previously been shown to specifically produce
the (S)-cis-stereoisomers of N-methyltetrahydroprotober-
berines (16, 17). However, the structural mechanism by which
TNMTs stereoselectively produce the (S)-cis-N-methylated
product has not been previously explored. The crystal struc-
tures reported here reveal for the first time how an L-shaped
BIA-binding pocket in GfTNMT selectively binds to a bent
conformation that is possible for (S)-cis-protoberberine com-
pounds but not (S)-trans compounds. (S)-trans-Protoberberine
compounds are expected to be less flexible and much more
likely to adopt a flat and nearly planar structure. Attempts to
model a planar stereoisomer of (S)-trans-stylopine show a
much poorer fit to the L-shaped binding pocket seen in the
crystal structures of the SAH, SAM, and SAH/SMS complexes.
Our extensive but unsuccessful efforts to soak and cocrystallize
GfTNMT with (S)-trans stereoisomers of stylopine and cana-
dine support the notion that (S)-cis stereoisomers may be pre-
ferred by the enzyme based on steric considerations.

Because the pKa value of stylopine has been measured to be
6.9, a nearly equimolar mixture of protonated and deproto-
nated forms is expected under physiological conditions, as well
as the slightly acidic conditions used for crystallization, at pH
6.75 (43). Previous studies of stylopine indicate the presence of
a 3:1 ratio of trans-cis conformers of (S)-stylopine under neutral
pH conditions at room temperature (18, 44). The modest ener-
getic barrier expected for interconverting these conformers via
inversion of the stereochemistry of the nitrogen atom of the
deprotonated species suggests that these two conformers are
likely in dynamic equilibrium under physiological conditions.
Consistent with the presence of a dynamic equilibrium and the
stereoselectivity of GfTNMT for a specific stereoisomer, over-
night incubations of GfTNMT with the sample of stylopine
used for both activity assays and crystallization trials indicate
that all of the stylopine can be converted to SMS (Fig. S6).

Chiral chromatography and the conversion of 100% of the
stylopine substrate after long reaction times are also consistent
with the absence of the (R)-isomer and the stereospecificity of
GfTNMT for the (S)-isomer of stylopine (16, 17). Total conver-
sion would not be expected if the (R)-isomer is present and is
not used as a substrate. Using the (R)-isomer as a substrate, we
would also expect the presence of a distinct peak following chi-
ral chromatography. The only other explanation that is consis-
tent with the data are that chiral chromatography fails to
resolve both substrate and product enantiomers, and GfTNMT
is able to utilize both (R)- and (S)-stereoisomers. (R)-Stylopine
also has not been observed bound to the protein in electron
density maps calculated from several high-resolution data sets
of GfTNMT co-crystallized with stylopine at millimolar con-
centrations, which is consistent with unsuccessful attempts to
model a binding mode for (R)-cis-stylopine or (R)-trans-stylo-
pine in which the nitrogen is positioned near the catalytic cen-
ter without generating steric clashes between the C-9/C-10
methylenedioxy bridge and residues Phe-257 and Phe-243.
These results agree with previous observations found in planta,
in which only the (S)-stereoisomers of the products are ob-
served (14, 19, 33).

Insights into mechanisms of catalysis

The high level of sequence conservation and the proximity of
the side-chain imidazole group of His-208 to the amino group
of SMS bound to GfTNMT both suggest an important role in
catalysis. Replacement of His-208 with alanine leads to �5% of
WT activity for three different protoberberine substrates (Fig.
8D), which is consistent with mutagenesis studies of the same
residue in TfPavNMT and CjCNMT homologs (8, 11). This
residue has been proposed to act as a general base catalyst to
deprotonate the amino group of the alkaloid substrate and
increase the nucleophilicity of the nitrogen atom, but other
roles consistent with the structures and mutagenesis data are
possible.

The two side-chain carboxylate groups of two other highly-
conserved residues, Glu-204 and Glu-207, are also nearby and
may play roles in catalysis. The E204A and E207A mutants
show �5% of WT activity for stylopine and THP, but show a bit
more activity for scoulerine. Although the arrangement of Glu-
204 and Glu-207 in GfTNMT is quite similar to the same resi-
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dues in CjCNMT, the precise positions of the nitrogen atom
nucleophile and methyl acceptor differ. In addition, the E207A
mutation has very little effect on CjCNMT activity (60 –70% of
WT), whereas the E204A mutation shows a much stronger
effect, having only 4 – 6% of WT activity. The more dramatic
effect of the E207A mutation in GfTNMT may suggest a role to
electrostatically stabilize the buildup of positive charge during
the methylation of the amino group and formation of the qua-
ternary nitrogen in the SMS product. The similarly large effects
of the E204A mutation in both GfTNMT and CjCNMT are
consistent with the previous proposal by Bennett et al. (8) that
the negatively-charged carboxylate group may provide a stabi-
lizing electrostatic effect on the positively-charged amino
group. In contrast, in TfPavNMT Ala-202 is found in the same
position as Glu-204 in the TNMT and CNMT enzymes, but the
short hydrophobic side chain clearly fails to provide any stabi-
lizing electrostatic effects. In TfPavNMT, Glu-205 is located in
the equivalent position in the primary structure as Glu-207 in
CjCNMT and GfTNMT, but the side chain occupies a very
different location. The negatively-charged carboxylate group of
Glu-205 in TfPavNMT accepts a hydrogen bond from the
amino group of tetrahydropapaverine in a way that is quite
similar to Glu-204 in CjCNMT and GfTNMT. Replacing the
side-chain carboxylate group of Glu-205 in TfPavNMT with
the nonpolar methyl group of alanine has different effects
depending upon the substrate, ranging from almost no activity
for reticuline, to 40% of WT activity for tetrahydropapaverine,
and to 75% of WT activity for pavine (11). The somewhat
variable effects that are seen in GfTNMT, CjCNMT, and
TfPavNMT for mutations to the glutamate residues at positions
204 and 207 in GfTNMT suggest that the specific interactions
of these residues can differ depending on the specific substrates
and transition states that are formed, thus providing some flex-
ibility or plasticity in the stabilization of different complexes in
each enzyme.

In addition to the roles of the putative catalytic residues men-
tioned above, Tyr-81 near the C-terminal end of the 70s loop
may also play a role in catalysis. Mutations replacing Tyr-81
with phenylalanine, arginine, and alanine all lead to large
decreases in activity with stylopine, significant but smaller
decreases with scoulerine, and more modest decreases with
THP (Fig. 8A). Similarly large decreases in activity were seen for
the equivalent Y79A mutant of TfPavNMT using pavine and
reticuline as substrates, but activity actually improved with this
mutation when tetrahydropapaverine was used as the methyl
acceptor. The location at the C-terminal end of the dynamic 70s
loop and the high level of sequence conservation indicate that
the specific interactions seen in the crystal structures of the
ground-state abortive complex may hint at the stabilizing inter-
actions possible at the transition state. Although the structure
of Rattus norvegicus glycine NMT (PDB code 1NBH) differs
significantly from GfTNMT and the other BIA NMTs, Tyr-21
occupies nearly the same location in the active site relative to
the methyl donor and nitrogen acceptor as Tyr-81 in GfTNMT
(45). In glycine NMT, Tyr-21 has been proposed to promote
catalysis by excluding water from the catalytic center, thereby
increasing the effect of charge– charge interactions, while also
contributing a hydrogen bond to potentially stabilize a reaction

intermediate. If Tyr-81 is performing a similar function in
GfTNMT, the equivalent hydrogen bond would be expected to
help restrict the conformational flexibility of residues in the 70s
loop over the entrance to the substrate-binding pocket and also
help to exclude water from the catalytic center. Stabilization of
the transition state, as proposed by Swiderek et al. (46), may
also occur. Although no equivalent residues to Glu-204 or Glu-
207 are apparent in glycine NMT, the related malarial parasite
Plasmodium falciparum phosphoethanolamine NMT contains
a tyrosine/histidine dyad and a more distant aspartate residue
that have been implicated in catalysis by mutagenesis (40).
Some of the details relating to the mechanism of catalysis
in P. falciparum’s phosphoethanolamine NMT also remain
uncertain. The equivalent tyrosine residue has also been pro-
posed to function as a general base catalyst or for transition-
state stabilization (29, 40).

This work provides the first opportunity to compare the
structure–function relationships of all three major classes of
BIA NMTs. Our results highlight several key differences in sub-
strate binding and recognition, as well as differences in the cat-
alytic mechanism itself. The shape of the GfTNMT active site
and use of N-methylation to lock the chirality of the nitrogen
center provide a striking mechanism for enforcing the stereose-
lective production of N-methylated BIA compounds in the (S)-
cis conformation. Understanding the basis of stereospecific
substrate and product selection in GfTNMT provides a land-
mark case for understanding or engineering higher levels of
stereospecificity in other enzymes in the BIA biosynthetic path-
way and other pathways, especially for metabolic engineering
purposes. Several important questions require additional inves-
tigation, especially relating to finer details of the catalytic mech-
anism and mechanisms underlying substrate specificity com-
pared with PavNMT and CNMT. Additional studies on mutant
or engineered enzymes, as well as other examples of natural
enzymes with distinct substrate specificities are expected to
provide further insight into the specific mechanisms involved
(32).

Experimental procedures

Chemicals

Cryptopine and allocryptopine were purchased from MP Bio-
medicals. (S)-Bulbocapnine, glaucine, isocorydine hydrochloride,
and isothebaine were purchased from Sequoia Research Products.
S-(5-Adenosyl)-L-methionine chloride dihydrochloride, boldine,
dextromethorphan hydrobromide, (�)-ephedrine hydrochloride,
mescaline hydrochloride, 1-methyl-6,7-dihydroxy-1,2,3,4-tetra-
hydroisoquinoline hydrobromide (heliamine), 6,7-dimethoxy-
1,2,3,4-tetrahydroisoquinoline hydrochloride (salsolinol), noscap-
ine hydrochloride, reserpine, and tryptamine were purchased
from Sigma. (S)-Coclaurine hydrochloride, (R,S)-norcoclaurine
hydrobromide, and (R,S)-norlaudanosoline hydrobromide were
purchased from Toronto Research Chemicals. (R,S)-Canadine,
codeine, hydrastine, morphine, papaverine, (R,S)-pavine, (R)-reti-
culine, (S)-reticuline, (S)-scoulerine, stylopine, tetrahydrocolum-
bamine, tetrahydropalmatine, and thebaine were obtained as
reported previously (13, 21). Stylopine used in crystallization was
further separated from nonsoluble trace contaminants by washing
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1 mg of stylopine with 3� 300 �l of 50% methanol, followed by
centrifugation and separation by pipette. Propranolol was isolated
from a Teva-Propranolol tablet by acid/base organic extraction.
Harmine and harmaline were isolated from seeds of Peganum har-
mala (47). Mitragynine was isolated from dried leaves of Mitrag-
yna speciosa (48). N-Methylcoclaurine was prepared enzymati-
cally using GfNMT1 and subsequently purified by acid/base
organic extraction and preparative TLC. SMS and THP were pre-
pared enzymatically from stylopine and tetrahydropalmatine
using GfTNMT, purified by solid-phase extraction and prepara-
tive TLC, and authenticated by LC-MS/MS analysis (Fig. S2). Pen-
taerythritol ethoxylate (15:4 EO/OH) was purchased from Hamp-
ton Research. All other reagents were obtained from Sigma or
BioShop Canada.

The stereochemical identity and purity of the stylopine used
in this work was assessed by chiral LC-MS under conditions
previously reported to separate tetrahydroprotoberberine
enantiomers (Fig. S6) (49). The detection of a single peak for
both stylopine and SMS is consistent with the presence of a
single enantiomer. According to literature reports indicating
that TNMT enzymes do not accept (R)-protoberberine sub-
strates, our observation of the complete conversion of stylo-
pine by GfTNMT is consistent with an assignment of (S)-
stereochemistry (16, 17). Based on these analyses, and taking
into consideration the unequivocal observation of only the
(S)-stereoisomer of N-methylstylopine in the reported GfT-
NMT crystal structure, it is likely that the stylopine used in
this work was (S)-stylopine. However, we take a conservative
approach and avoid making interpretations that depend on
this fact.

Mutagenesis

GfTNMT (GFLNMT2) was cloned from G. flavum cDNA
as described previously (20). The ORF was ligated into E. coli
expression vector pET47b via NdeI and XhoI restriction sites
such that the encoded polypeptide included an N-terminal
hexahistidine tag and linker. Codons were targeted for site-
directed mutagenesis using a PCR-based method (Table S2)
(50). All constructs were verified by Sanger sequencing at the
University of Calgary DNA Sequencing and Genetic Analysis
Lab (Calgary, Alberta, Canada). All oligonucleotide primers
were obtained from Integrated DNA Technologies.

Recombinant gene expression and protein purification

Single colonies of E. coli ArcticExpress transformed with
pET47b-GfTNMT (WT or mutant derivatives) expression
plasmid were used for the expression and purification of
proteins for enzyme assays. Starter growth cultures were
prepared in 50 ml of lysogeny broth supplemented with 50
�g/ml kanamycin sulfate and 20 �g/ml gentamicin sulfate.
Cultures were grown at 30 °C for 14 h with shaking at 200
rpm, after which they were used as seed cultures to inoculate
1 liter of fresh media to an initial OD600 reading of �0.2.
Cultures were grown at 30 °C to an OD600 reading of �0.5–
0.6 and cooled to 16 °C prior to initiating recombinant gene
expression by the addition of 1 mM isopropyl 1-thio-�-D-
galactopyranoside. After a 16-h period, cells were harvested
by centrifugation at 14,000 � g and 4 °C for 20 min and

flash-cooled in liquid nitrogen prior to storage at �80 °C
until purification.

Stored cell pellets were thawed on ice and resuspended in
protein extraction buffer (100 mM Tris-Cl, pH 8.0, 300 mM

NaCl and 10% (v/v) glycerol) supplemented with 10 �g/ml
lysozyme, followed by sonication on ice at 50% duty cycle for 5
min. Crude lysates were centrifuged at 14,000 � g and 4 °C for
20 min, and the supernatant was transferred to a fresh tube
containing 1 ml of TALON cobalt-affinity purification resin.
Following a 1-h incubation period on ice with gentle shaking,
the resin was washed with two 20-ml volumes of protein extrac-
tion buffer, followed by 20 ml of protein extraction buffer con-
taining 20 mM imidazole. Bound protein was eluted in fractions
using five 1-ml portions of protein extraction buffer containing
200 mM imidazole. The eluate fractions most abundant in pro-
tein were identified using a Bradford assay and pooled. Subse-
quent spin dialysis and concentration in a Millipore 30-kDa
molecular mass cutoff spin filter yielded a protein solution in
protein extraction buffer containing less than 0.5 mM imidaz-
ole. The resulting protein preparations were analyzed by SDS-
PAGE and spectrophotometry at 280 nm to confirm acceptable
purity and concentration, respectively. Extinction coefficients
for GfTNMT proteins were calculated using ExPASy Prot-
Param tool (51).

Purification of WT GfTNMT for crystallization was per-
formed as noted above, with some modifications. The pET47b-
GfTNMT expression plasmid was expressed in E. coli Rosetta 2
cells. The clarified lysate (40 ml) from 1.67 liters of induced cell
culture was loaded to a 1-ml HisTrap column (GE Healthcare)
and eluted over a linear 0 – 0.5 M imidazole gradient in protein
extraction buffer. The protein was dialyzed overnight against
dialysis buffer A (20 mM Tris-Cl, 30 mM NaCl, 0.25 mM EDTA,
1 mM DTT, pH 8.0) in 30-kDa dialysis tubing (Millipore) fol-
lowed by purification by anion-exchange chromatography
(HiTrap Q HP 1 ml pre-equilibrated in dialysis buffer A; GE
Healthcare). The protein was loaded and eluted at 1 ml/min
in a linear gradient from 20 mM to 1 M sodium chloride in
buffer A. Peak fractions were pooled and dialyzed overnight
into dialysis buffer B buffer (20 mM Tris-Cl, 30 mM KCl, 10%
w/v glycerol, 1 mM DTT, 0.25 mM EDTA, pH 7.5). Final pro-
tein solutions were concentrated to above 6 mg/ml and flash-
cooled by liquid nitrogen in 100-�l aliquots in PCR tubes for
storage at �80 °C.

Enzyme assays

Initial substrate range assays were carried out in 100 mM

Tris-HCl, pH 8.0, using 100 �M alkaloid, 500 �M SAM, and 10
�g of purified recombinant protein in a 50-�l volume at 37 °C
for 16 h. Assays were quenched with the addition of 200 �l of
methanol, centrifuged to pellet-precipitated protein, and
stored at �20 °C until LC-MS analysis. Substrates with which
GfTNMT produced a reaction product consistent with N-meth-
ylation (�14 or �28 m/z with respect to the substrate) were
investigated in more detail. Relative turnover was measured in
triplicate assays under the same conditions as the initial assays
above, except that 2 �g of protein and 10 min incubation times
were used to allow linearity of product formation. The substrate
showing the highest turnover, as measured by the decrease in
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the substrate peak area relative to the boiled protein negative
control, was set to 100%. All other substrates were scaled
proportionally.

For determination of pH optimum, assays were performed as
described above for relative turnover, except that the buffer
system was 100 mM Bistris propane, pH 6.0 –9.5, and the alka-
loid substrate was (S)-scoulerine. For determination of temper-
ature optimum, assays were performed as described above for
relative turnover, except that the alkaloid substrate was THP.
Reaction tubes were incubated in water baths at various tem-
peratures (4 – 60 °C) for 10 min prior to and during the assay
period, and 0.5 �g of protein was used per reaction. Kinetic
parameters were measured as described above for relative turn-
over, except that 0.5 �g of protein and 5-min incubation times
were used to ensure linearity of product formation at all sub-
strate concentrations. Stylopine concentration was varied from
2.5 to 200 �M, and THP concentration was varied from 5 to
500 �M, whereas SAM remained fixed at 500 �M. Subse-
quently, SAM concentration was varied from 5 to 1000 �M

with stylopine concentration fixed at 50 �M. Product forma-
tion was quantified by reference to a 5-point standard curve
of the SMS or N-methyl-THP. Saturation curves and kinetic
constants were calculated according to the Michaelis-Men-
ten P model implemented in Prism5 (GraphPad). Product
inhibition assays were carried out as described above for
relative turnover, except that the substrate was THP, 0.5 �g
of protein was used per reaction, and N-methylstylopine was
added to the reaction mixture at concentrations ranging
from 1 to 40 �M. Product formation in the absence of SMS
was set to 100%, and inhibited activities were scaled propor-
tionally. For determination of GfTNMT mutant proteins’
relative activities, assays were performed as described above
for relative turnover except that 0.5 �g of protein was used
per reaction. For further comparison of low activities
remaining for putative catalytic residue mutants, assays were
also performed with 10 �g of protein. Product formation for
the WT GfTNMT was set to 100%, and the mutant activities
were scaled proportionally.

LC-MS analysis

LC-MS was performed using a 1200 HPLC coupled to a 6410
triple-quadrupole MS (Agilent). 5-�l samples were injected
onto a 2.1 � 100-mm Poroshell 120 SB-C18 2.7-�m column,
and analytes were eluted in a gradient of solvent A (10 mM

ammonium acetate, pH 5.5, 5% acetonitrile) to solvent B (100%
acetonitrile) at a flow rate of 0.4 ml/min. The gradient began at
0% solvent B, reached 80% solvent B by 8 min, and increased to
100% solvent B at 9 min. After a 1-min wash, the solvent mix
returned to 0% solvent B for a 3-min re-equilibration period
prior to the next injection. Analytes were applied to the MS
using an electrospray ionization probe operating in positive
mode with the following conditions: capillary voltage, 4000 V;
fragmentor voltage, 100 V; source temperature, 350 °C; nebu-
lizer pressure, 50 p.s.i.; and gas flow, 10 liters/min. For full-scan
analysis (substrate, temperature, and pH range assays), quadru-
poles 1 and 2 were set to radio frequency only, whereas the third
quadrupole scanned from 200 to 700 m/z. For all other analyses,
multiple-reaction monitoring mode was used. Precursor ions

were selected in quadrupole 1, and collision energies of 10 –20
eV were applied in quadrupole 2 with an argon gas pressure of
1.8 � 10�3 torr. The resulting fragment ions were resolved in
quadrupole 3, and the most abundant was used as a quantifier
(SMS, 338.2 � 190.2; N-methyltetrahydropalmatine, 370.2 �
206.1).

Crystallization

For initial crystallization screening, GfTNMT in dialysis
buffer B was diluted to 5.3 mg/ml with 1 mM SAH and screened
using sitting-drop vapor diffusion using the commercially avail-
able IndexHT and CrystalHT screens (Hampton Research).
Screens were set up using a Hydra-II–Plus-One pipetting robot
placing 0.4 �l of protein mixture and 0.4 �l of well-solution in a
96-well sitting-drop plate (Corning Inc.). An initial crystalliza-
tion condition identified from the IndexHT screen was subse-
quently optimized by hanging-drop vapor diffusion to yield
well-diffracting crystals of GfTNMT with SAH (PDB code
6P3M) in drops containing 1.5 �l of protein solution to 1.5 �l of
well-solution (40 mM ammonium sulfate, 30% v/v pentaeryth-
ritol, 15:4 EO/OH, 12.5% v/v glycerol, 100 mM Tris-Cl, pH 6.98)
equilibrated over 0.8 ml of well-solution at 22 °C. Crystals were
observed overnight and continued to grow to full size over 2
weeks, yielding rectangular crystals with average dimensions
of �200 � 100 � 100 �m. Crystallization of GfTNMT with
SAM and GfTNMT with SAM and stylopine was performed
from the optimized conditions obtained from GfTNMT with
SAH crystals. However, initial protein solutions were pre-
pared containing 5.3 mg/ml GfTNMT with 1 mM SAM.
Where appropriate, 0.5 mM stylopine was added to the pro-
tein solution immediately prior to the crystallization setup.
Final optimized conditions for GfTNMT with SAM (PDB
code 6P3N) contained 10 mM ammonium sulfate, 25% v/v
pentaerythritol (15:4 EO/OH), 100 mM Tris-Cl, pH 6.98, and
yielded square crystals �300 � 200 � 200 �M in dimension
after 2 weeks. Final optimized conditions for GfTNMT with
SAM and stylopine (PDB code 6P3O) contained 20 mM

ammonium sulfate, 22.5% v/v pentaerythritol (15:4 EO/OH),
100 mM Tris-Cl, pH 6.75, and yielded square crystals �300 �
200 � 200 �M in dimension after 3 weeks. Although SAM
and stylopine were used in crystallization, the crystal was
determined to contain the products SAH and SMS based on
electron density maps.

Crystal structure determination

Single crystals were mounted on a polymer film MicroLoop
(Mitegen) and flash-cooled by plunging into liquid nitrogen.
The crystals were stored under liquid nitrogen and transferred
to the Canadian Light Source beamline 08B1-1 or Stanford Syn-
chrotron Radiation Laboratory beamlines 12-2 or 14-1 for data
collection. Complete datasets were measured from individual
crystals; diffraction images were indexed, integrated, and scaled
using XDS and XSCALE (52). Initial phases were calculated by
molecular replacement using PHASER (53), with TfPavNMT
(PDB 5KOK) as the search model (52% sequence identity to
GfTNMT). Reciprocal space refinement calculations were per-
formed using REFMAC (54) from the CCP4 program suite (55),
and COOT (56) was used to visualize electron density maps and
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model building. Model quality was assessed using MolProbity
(57). The geometric parameters for SMS were obtained from
the crystal structure of (S)-trans-stylopine (58). Restraints
were generated by REFMAC (54). The refined omit electron
density map shown in Fig. 7 was calculated after the SAH and
SMS ligands were removed, and the remaining model was
subjected to 20 rounds of refinement to reduce the effects of
model bias.

Comparative structural analysis

Superimpositions of related NMT structures were per-
formed using the “align” command for manual selections of the
�-sheet components of the SAH-binding domain in PyMOL
(59). Surface area predictions and analysis of the dimer inter-
face were performed using ePISA (27).
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