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ABSTRACT: Thiopurine S-methyltransferase (TPMT) modulates the cytotoxic effects of thiopurine prodrugs
such as 6-mercaptopurine by methylating them in a reaction using S-adenosyl-L-methionine as the donor.
Patients with TPMT variant allozymes exhibit diminished levels of protein and/or enzyme activity and
are at risk for thiopurine drug-induced toxicity. We have determined two crystal structures of murine
TPMT, as a binary complex with the product S-adenosyl-L-homocysteine and as a ternary complex with
S-adenosyl-L-homocysteine and the substrate 6-mercaptopurine, to 1.8 and 2.0 Å resolution, respectively.
Comparison of the structures reveals that an active site loop becomes ordered upon 6-mercaptopurine
binding. The positions of the two ligands are consistent with the expected SN2 reaction mechanism. Arg147
and Arg221, the only polar amino acids near 6-mercaptopurine, are highlighted as possible participants
in substrate deprotonation. To probe whether these residues are important for catalysis, point mutants
were prepared in the human enzyme. Substitution of Arg152 (Arg147 in murine TPMT) with glutamic
acid decreases Vmax and increases Km for 6-mercaptopurine but not Km for S-adenosyl-L-methionine.
Substitution at this position with alanine or histidine and similar substitutions of Arg226 (Arg221 in
murine TPMT) result in no effect on enzyme activity. The double mutant Arg152Ala/Arg226Ala exhibits
a decreased Vmax and increased Km for 6-mercaptopurine. These observations suggest that either Arg152
or Arg226 may participate in some fashion in the TPMT reaction, with one residue compensating when
the other is altered, and that Arg152 may interact with substrate more directly than Arg226, consistent
with observations in the murine TPMT crystal structure.

Thiopurines such as 6-mercaptopurine (6MP),1 6-thiogua-
nine, and azothioprine are cytotoxic and are immunosup-
pressant compounds which are used to treat childhood acute
lymphoblastic leukemia, inflammatory bowel disease, and
transplant rejection (1–3). They are prodrugs which are
extensively metabolized to give thioguanine nucleotides that

exert their cytotoxic effects by incorporation into DNA or
inhibiting purine synthesis. Thiopurine S-methyltransferase
(TPMT) is a cytosolic enzyme which modulates the cyto-
toxicity of thiopurines by taking them as substrates in an
S-methylation reaction. TPMT is a classic example of
pharmacogenetics, in which allelic variation in patients results
in a range of drug response (4, 5). Variant alleles result in
TPMT enzymes whose activities range from barely detectable
to near wild-type level, and as a consequence a 10-15-fold
range in thiopurine dosage is necessary in order to minimize
toxicity and other complications in patients.

The TPMT reaction takes two substrates, the methyl donor
S-adenosyl-L-methionine (AdoMet) and a methyl acceptor,
and generates S-adenosyl-L-homocysteine (AdoHcy) and a
methylated product. Although 6-MP and other thiopurines
are well characterized as TPMT methyl acceptors, a natural
substrate for this enzyme has yet to be identified. The crystal
structure of human TPMT bound to AdoHcy and the NMR
structure of a bacterial TPMT orthologue have been
reported (6, 7). While these structures characterized the
TPMT fold and the AdoMet binding site, they did not reveal
the details of methyl acceptor recognition. We report here
the crystal structures of murine TPMT bound to AdoHcy,
with and without 6-MP additionally present in the methyl
acceptor binding site. These structures demonstrate structural
and conformational features of 6-MP binding and highlight
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two nearby arginine residues which were subsequently tested
by mutagenesis for their role in substrate binding and TPMT
activity.

MATERIALS AND METHODS

Protein Expression and Purification. The full-length
mTPMT and hTPMT coding regions were amplified by PCR
from eukaryotic expression plasmids (8) and cloned into the
NdeI and EcoRI sites of pET-28a (Novagen) to give
expression constructs coding for TPMTs with an N-termi-
nally fused His6 tag. Transformed Escherichia coli BL21(DE3)
cells were grown at 37 °C to an OD600 of ∼0.8 before
induction with 0.4 mM IPTG and were incubated for an
additional 8 h at 37 °C. Cells were then harvested by
centrifugation and resuspended in lysis buffer (50 mM Tris-
HCl, pH 7.9, 500 mM NaCl, and 5 mM imidazole) with the
protease inhibitor cocktail set II (Calbiochem) for sonication.
After centrifugation, the supernatant was loaded onto Ni2+-
NTA resin (Qiagen) and washed with the lysis buffer, and
the expressed TPMT protein was eluted with 50 mM Tris-
HCl, pH 7.9, 500 mM NaCl, and 150 mM imidazole. The
pooled eluted fractions were dialyzed against 50 mM Tris-
HCl, pH 8.2, and 2 mM DTT. Final purification was by gel
filtration on a Superdex 75 column 10/300 GL (Amersham
Biosciences) equilibrated with 20 mM Tris-HCl, pH 8.0.
MALDI-MS analysis of the purified mTPMT revealed that
both AdoMet and AdoHcy had copurified with mTPMT, with
AdoHcy the major species of the two (data not shown; Mass
Spectrometry Facility, Institute of Pathology, Case Western
Reserve University). Selenomethionine- (SeMet-) substituted
mTPMT was obtained with the same expression system by
inhibition of methionine biosynthesis (9) and purified as
above except that 5 mM DTT was added in dialysis and gel
filtration. Point mutations in the hTPMT expression plasmid
were prepared using the QuikChange site-directed mutagen-
esis kit (Stratagene), and the hTPMT mutants were expressed
and purified using the wild-type protocol.

Enzyme ActiVity Assays. TPMT enzyme activity was
measured with a radiochemical assay based on the methyl-
ation of 6MP with [methyl-14C]AdoMet as the methyl donor
(10). The reaction mixture contained 7.5 mM 6MP (Sigma),
24.2 µM AdoMet (7.2 µCi/µmol; Perkin-Elmer), 1 mM DTT,
50 µM allopurinol, and 150 mM KH2PO4 buffer (pH 6.5).
For substrate kinetic experiments, 6MP concentrations varied
from 30 µM to 7.5 mM and AdoMet concentrations ranged
from 0.09 to 48.4 µM. One unit of TPMT activity represented
the formation of 1 nmol of 6-methylmercaptopurine per
second of incubation at 37 °C. The kinetic experiments were
carried out in triplicate, and standard deviations were
calculated for the average values of Km and Vmax determined
(Table 2).

Crystallization and Data Collection. All crystals were
grown by sitting drop vapor diffusion at 20 °C using a
protein concentration of ∼6 mg/mL and a 1:1 protein:
precipitant volume ratio. Four different mTPMT crystal
forms were grown from a variety of conditions which fell
into four types: condition 1 with 22-32% (w/v) PEG3350,
0.2 M lithium sulfate/ammonium sulfate, and 0.1 M
imidazole/Mes/bis-tris, pH 5.2-6.5; condition 2 with
20-22% PEG3350 and 0.15 M malic acid (pH 5.5);
condition 3 with 30-35% pentaerythritol ethoxylate, 0.05

M ammonium sulfate, and 0.05 M imidazole/Mes/bis-tris
(pH 6.0-6.5); and condition 4 with 20% PEG3350 and
0.2 M potassium sulfate. Crystals of mTPMTwtSeMet-
AdoHcy were grown from condition 1 with 25-32% (w/
v) PEG3350 and 0.1 M imidazole (pH 5.2-6.0). mTP-
MTwt complex crystals were grown by mixing proteins
with AdoHcy (2 mM), AdoMet (5 mM), and 6MP (10
mM), respectively. Crystals of mTPMTwt-AdoHcy-6MP
were grown from condition 1 with 25-27% (w/v)
PEG3350 and 0.1 M imidazole (pH 5.5) and from
condition 2. Crystals of mTPMTwt-AdoMet were obtained
from condition 1 with 22-27% (w/v) PEG3350 and 0.1
M imidazole/Mes (pH 6.0 or 6.5) and from conditions 2
and 3. mTPMTwt-AdoHcy crystals grew from condition
4. Crystals were cryoprotected in artificial mother liquor
containing 35% (w/v) PEG3350 or pentaerythritol ethoxy-
late and flash cooled in liquid nitrogen. All data were
collected at APS beamlines 19ID (mTPMTwt-AdoHcy-
6MP, mTPMTwt-AdoHcy,) and 19BM (SeMet-mTPMT-
AdoHcy). The data were processed with HKL (11) (Table
1). Crystals belong to space group P21 and contain two
molecules in each asymmetric unit.

Structure Determination and Refinement. SeMet MAD
data were measured at the peak and edge wavelengths
(0.97877 and 0.97888 Å) at APS 19BM from a mTPMTwt-
SeMet-AdoHcy crystal. Initial heavy atom sites were found
with SOLVE (12) and improved by RESOLVE (13, 14), such
that the mean figure of merit increased from 0.29 to 0.59.
During the model-building process, an unpublished structure
of truncated hTPMT with AdoHcy was deposited in the
Protein Data Bank (PDB accession code 2BZG) and was
used to aid the interpretation of electron density maps. The
initial mTPMTwt-AdoHcy model was in turn used to solve
the mTPMTwt-AdoHcy-6MP structures. Interactive model
building was carried out with COOT (15), and refinement
calculations were performed in CNS (16) and REFMAC (17).
The quality of all models was assessed by PROCHECK (18).
The majority of the residues are located in the most favored
region of the Ramachandran plot. No clear electron density
for the N-terminal His6 tag and 8-9 residues of mTPMT
was observed, and these residues were not included in the
final models. A summary of the final refinement statistics is
provided in Table 1. Molecular figures were generated using
PyMol (19).

RESULTS

OVerall Structures of TPMT Complexes. Crystallization
experiments of all possible binary and ternary complexes of
mTPMTwt with AdoMet, AdoHcy, and 6MP were carried
out, and crystals were grown in the presence of AdoMet,
AdoHcy, and AdoHcy with 6MP. The electron density maps
revealed that AdoHcy was bound in all crystal forms, even
in those which were grown from mTPMT incubated with
AdoMet, presumably due to the predominance of AdoHcy
which copurified with mTPMT. The many crystal forms
grown thus resulted in two unique crystal structures of two
different complexes: mTPMTwt-AdoHcy and mTPMTwt-
AdoHcy-6MP (Table 1). These structures both confirmed that
mTPMTwt possesses the expected class I AdoMet-dependent
MTase core fold (20–22), which consists of a seven-stranded
� sheet flanked on each side by three R helices (Figure 1A).
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The mTPMT structure has several modifications to the
MTase core: an additional 40 residues at the N-terminus, a
reversed � hairpin inserted from residues Tyr102-Ser122,
and a small helix (Glu220-Trp225) inserted between the
last two � strands. A DALI structural database search with
the mTPMT coordinates identified over 50 similarly folded
proteins, all with <20% shared sequence identity (23), but
limited information on acceptor substrate binding. Only five
structural matches are of complexes with both the methyl
donor and acceptor binding sites occupied. Of these, the two
most similar structural homologues are phenylethanolamine
N-methyltransferase (24) (3.1 Å rmsd for 189 superimposed
CR atoms, 12% sequence identity) and histamine N-meth-
yltransferase (25) (3.6 Å rmsd for 178 superimposed CR
atoms, 12% sequence identity), each bound to AdoHcy and
an inhibitor. Both ternary complexes revealed inhibitors
bound in positions or orientations too far away from the
AdoHcy (>7 Å) to represent productive acceptor substrate
binding modes. The remaining three complex structures
reveal ligands bound productively in the acceptor binding
site and are of Clarkia breweri salicylic acid carboxyl
methyltransferase (SAMT, 3.4 Å rmsd for 191 superimposed
CR atoms, 8% sequence identity) (26), Thermotoga maritima
N5-glutamine methyltransferase (product of the protein
release factor methylation gene, PrmC, 3.2 Å rmsd for 155

superimposed CR atoms, 10% sequence identity) (27), and
T. maritima putrescine aminopropyltransferase (PAPT, 3.5
Å rmsd for 166 superimposed CR atoms, 7% sequence
identity) (28).

For each complex crystal structure, there are two copies
of mTPMT in the asymmetric unit. Superpositions of the
CR atoms for molecules in the same crystal and across
crystals give overall rmsd of 0.2-0.8 and 0.8-1.0 Å,
respectively. Unless otherwise stated, structural details
provided in the following sections are for the mTPMTwt-
AdoHcy-6MP structure and are similar in the mTPMTwt-
AdoHcy complex.

AdoHcy Binding to TPMT. The electron density for
AdoHcy is well-defined in both mTPMT molecules in both
structures and clearly shows that AdoHcy is present since
there is no density corresponding to the sulfur-bound methyl
group characteristic of AdoMet (Figure 1B). As seen in other
class I MTases, AdoHcy binds to mTPMT in an extended
conformation at the N-terminal half of the central � sheet,
with the N-terminal extension and inserted helix covering
the occupied active site (Figure 1A,B). Hydrogen-bonding
interactions between AdoHcy and mTPMT are similar to
those in other class I MTase structures (24, 29). The AdoHcy
terminal amine group forms hydrogen bonds with a water
molecule and the carbonyl oxygen atoms of Leu64 and

Table 1: Data Collection, Phasing, and Refinement Statisticsa

SeMet-wt-AdoHcy

peak inflection wt-AdoHcy wt-AdoHcy-6MP

Data Collection

cell dimensions
a, b, c (Å) 62.60, 66.09, 72.86 62.57, 66.12, 72.92 62.91, 65.51, 72.90 62.89, 69.78, 72.23
� (deg) 115.48 115.53 115.29 115.78

wavelength (Å) 0.97877 0.9788 1.0332 0.97912
resolution (Å)a 50-2.5 (2.59-2.5) 50-2.5 (2.59-2.5) 50-1.8 (1.86-1.8) 30-2.0 (2.07-2.0)
Rsym 12.6 (38.2) 13.4 (43.2) 4.6 (34.1) 7.3 (26.3)
I/σI 10.8 (3.8) 9.7 (2.5) 31.4 (4.7) 13.0 (3.5)
completeness (%) 99.4 (99.1) 99.1 (95.7) 98.5 (96.6) 96.9 (83.6)
redundancy 4.1 (3.9) 3.9 (3.1) 4.9 (4.9) 2.9 (2.4)

Refinement

resolution (Å) 50-1.8 (1.86-1.8) 30-2.0 (2.07-2.0)
no. of reflections 46591 35011
Rwork/Rfree 18.74 (22.07) 20.89 (26.21)
no. of atoms: protein, ligand, water 3746, 52, 456 3760, 92, 307
average B factors: protein, AdoHcy, 6MP, water 25.8, 17.3, -, 30.9 24.3, 14.7, 40.9, 29.6
rmsdb

bond lengths (Å) 0.013 0.013
bond angles (deg) 1.440 1.461

Ramachandran
most favored (%) 89.1 92.8
additionally allowed (%) 10.7 7.2
disallowed (%) 0.2 0.0

a Numbers in parentheses refer to the highest resolution shell. b rmsd, root-mean-square deviation.

Table 2: Enzyme Activity of TPMT Wild-Type and Mutant Proteins

AdoMet 6MP

mTPMT hTPMT Km (µM) Vmax (units/mg of protein) Km (mM) Vmax (units/mg of protein)

wt 5.6 ( 0.5 0.96 ( 0.05 0.350 ( 0.014 0.604 ( 0.016
wt 18.5 ( 1.7 1.59 ( 0.16 0.68 ( 0.17 1.23 ( 0.03
Arg152Ala 25.4 ( 1.4 1.18 ( 0.06 2.73 ( 0.23 1.49 ( 0.07
Arg152Glu 44.5 ( 3.6 0.32 ( 0.05 4.63 ( 1.75 0.51 ( 0.16
Arg152His 23.7 ( 2.2 1.25 ( 0.10 1.43 ( 0.39 0.92 ( 0.17
Arg226Ala 19.7 ( 2.4 1.24 ( 0.14 1.61 ( 0.11 1.59 ( 0.04
Arg226Glu 14.8 ( 1.4 1.16 ( 0.05 1.2 ( 0.15 1.37 ( 0.06
Arg226His 19.9 ( 2.2 1.55 ( 0.09 0.91 ( 0.13 1.26 ( 0.06
Arg152Ala/Arg226Ala 46.3 ( 12.5 0.50 ( 0.13 6.32 ( 0.37 0.426 ( 0.014
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FIGURE 1: Crystal structures of mTPMT. (A) Stereo ribbon diagram of mTPMT. The conserved class I MTase core is shown in cyan, and
the inserted regions characteristic of the TPMT structure are in purple. AdoHcy (orange) and 6MP (green) are shown as space-filling
spheres. (B) AdoHcy bound to the active site of molecule A in mTPMTwt-AdoHcy. Stereoview of 1.8 Å resolution omit |Fo| - |Fc| density
contoured at 3σ is shown; similar density is present for molecule B and for the two AdoHcy molecules in mTPMTwt-AdoHcy-6MP. (C)
6MP bound to the active site of mTPMTwt-AdoHcy-6MP. Stereoview of 2.0 Å resolution omit |Fo| - |Fc| density contoured at 1.5σ is
shown for the 6MP bound to molecule A. (D) Similar omit density for 6MP bound to molecule B.
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Arg147 in all four complex molecules. The ligand’s car-
boxylate is surrounded by a more flexible region of the
protein and participates in different sets of interactions in
different structures, interacting with one or two solvent
molecules as well as with the side chain of Arg147 (only in
mTPMTwt-AdoHcy-6MP). The AdoHcy ribose hydroxyl
groups form hydrogen bonds with the Trp28 and Glu85 side
chains while the adenine’s ring nitrogen atoms interact with
the main chain amines of Ile86 and Ile130 and a water
molecule. Among the other contacts that stabilize AdoHcy
binding is the sandwiching of the adenine ring between the
Leu64 and Ile86 side chains. AdoHcy binding to mTPMTwt,
when comparing the two molecules within each crystal and
between the two crystal structures, is with the ligand in
essentially the same position in identical conformations (rmsd
of ∼0.4 Å for pairwise superpositions). Of the AdoHcy
binding residues (Figure 2A,B), those whose side chains
interact with AdoHcy (Trp28, Leu64, Glu85, Ile86) are
conserved in not only human and murine but also other
mammalian TPMTs (Figure 3); Ile130, which is involved
in only a main chain interaction, is conservatively substituted
with a leucine in some of the other mammalian sequences.

6MP Binding to TPMT. Class I MTases bind AdoMet (or
the demethylated product AdoHcy) at the same methyl donor
site in their structures, reflecting their shared AdoMet
dependence, but must have diverse active sites to accom-
modate their wide variety of acceptor substrates (20). In the
mTPMT complex structures, the electron density for the 6MP
acceptor substrate is weaker and less defined than for
AdoHcy (Figure 1C,D), which is consistent with the obser-
vation that the 6MP binding affinity is weaker than that of
AdoMet by 2-3 orders of magnitude (Table 2). For one
molecule in the mTPMTwt-AdoHcy-6MP, the electron
density had a flattened shape suitable for the bicyclic purine
structure, but the location of the protruding thiol was
ambiguous (Figure 1C). The 6MP was modeled in each of
the two possible positions, related by ∼180° rotation
perpendicular to the plane of the rings. Upon each possible
6MP position was superimposed the structure of thioinosine
monophosphate (TIMP), a larger TPMT substrate which is an
intermediate in thiopurine metabolism (30). TIMP was found
to fit in only one orientation without severe clashes with the
TPMT polypeptide backbone. This orientation was chosen
for final refinement of 6MP since the two TPMT substrates
are expected to bind similarly in the active site due to their
high degree of chemical similarity. The density for the second
molecule in mTPMTwt-AdoHcy-6MP was defined enough
to allow identification of the sulfur position and thus of the
6MP orientation (Figure 1D).

The mTPMTwt-AdoHcy-6MP structure shows the 6MP
bound to the two independent molecules similarly, in
essentially the same position in the active site but in different
orientations (Figures 2C,D and 4A). The intersulfur distances
of 3.4 and 4.1 Å for the two molecules are about double the
1.85 Å length of a sulfur-carbon single bond, consistent
with the presumption that AdoMet-dependent MTases adopt
a conserved SN2-like mechanism in which the methyl group
is transferred directly from AdoMet to the acceptor (27).
Participating in no direct hydrogen-bonding interactions with
the protein, 6MP is bound in the active site by a number of
van der Waals interactions (Figure 2A,B). Pro191 and Pro190
are conserved in all TPMTs (Figure 3), and their cis-peptide

bonds define one face of the 6MP binding site. In addition,
the side chains of Pro191 and Phe35, conserved in all
mammalian TPMTs, form a hydrophobic clamp that orients
the 6MP purine ring. Arg147, which forms a salt bridge with
the AdoHcy carboxylate, and Arg221 are the only hydro-
philic residues within 4 Å of 6MP and thus are the only
candidates that may possibly be involved in the deprotonation
of 6MP which is expected before the subsequent methylation
by AdoMet. Arg147 is about 3 Å from 6MP in both
mTPMT-AdoHcy-6MP complexes, while Arg221 is 3.2 and
5.4 Å from 6MP in the two molecules.

A Flexible ActiVe Site Loop in TPMT. Structural com-
parisons of the two molecules in each of the mTPMTwt-
AdoMet and mTPMTwt-AdoHcy-6MP structures highlight
regions which change conformation upon 6MP binding.
The two molecules in mTPMTwt-AdoHcy superimpose
to give an rmsd of 0.8 Å for all CR atoms. The regions
whose conformations differ the most between the two
molecules are residues Ser34-His47, which form an
extended loop over the active site (the “active site loop”,
Figure 2C,D), and residues Glu220-Trp225, which is a
short helix in an adjacent loop that contains Arg221, one
of the two arginine residues which is near the bound 6MP
in mTPMTwt-AdoHcy-6MP. It is interesting to note that
these two segments are not part of the core protein fold
of the class I AdoMet-dependent MTases and are char-
acteristic of TPMT structure. When these regions are
omitted from the superposition, the CR rmsd drops to 0.2
Å. These two regions also have a much higher average B
factor (70 Å2) than for the rest of the molecule (21 Å2),
characteristic of high flexibility. In contrast, the two
molecules in mTPMTwt-AdoHcy-6MP superimpose to
give a low 0.2 Å rmsd for all CR atoms, and the average
B factor for the two loop regions (36 Å2) is much closer
to that of the rest of the protein (23 Å2), suggesting that
upon 6MP binding the active site loop and the adjacent
Arg221-containing helix become ordered. A similar
superposition of the mTPMTwt-AdoHcy and mTPMTwt-
AdoHcy-6MP structures highlights the extended active site
loop (Arg31-Gln55) and nearby Glu220-Trp225 helix
as the segments which change the most upon 6MP binding:
the pairwise CR rmsd values drop from 0.8-1.0 to
0.3-0.5 Å when the two regions are omitted.

Structure-Based Mutagenesis of TPMT. To investigate
whether either of the arginine residues near the bound 6MP
is important for enzyme activity, single and double
mutants were prepared in the more biomedically relevant
hTPMT. In the single mutants, Arg152 in hTPMT (Arg147
in mTPMT) or Arg226 (Arg221 in mTPMT) was substi-
tuted with either alanine, glutamic acid, or histidine. The
double mutant hTPMT Arg152Ala/Arg226Ala was also
generated. Enzyme activity assays were carried out using
radiolabeled AdoMet, and substrate kinetic experiments
were performed by varying AdoMet and 6MP concentra-
tions separately (Table 2). Most of the mutants exhibit
Km and Vmax values which are similar to those of the wild-
type enzyme. The only mutants which deviate substantially
from wild-type activity are Arg152Glu and Arg152Ala/
Arg226Ala. When Arg152 is replaced with an oppositely
charged glutamic acid, the Km for the 6MP acceptor, but
not for the AdoMet donor, increases significantly (by ∼7-
fold), and the Vmax decreases modestly by ∼2-5-fold.
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Similarly, when both arginine residues are substituted with
alanines, a small decrease in Vmax (∼3-fold) accompanies
a substantial increase in Km for 6MP (∼9-fold) while the
Km for AdoMet is not significantly altered.

DISCUSSION

While TPMT’s ability to methylate thiopurine prodrug
substrates is well characterized, natural substrates for this

FIGURE 2: Ligand binding to mTPMT. (A, B) Stereoviews of the active sites of molecules A and B in the mTPMTwt-AdoHcy-6MP structure.
AdoHcy, 6MP, and side chains of nearby mTPMT residues are shown as ball-and-stick structures. (C) Active site loop flexibility in mTPMTwt-
AdoHcy. Superposition of molecules A and B shows that the active site loop (purple) is flexible and adopts two different conformations.
(D) Active site loop conformation in mTPMTwt-AdoHcy-6MP. When both AdoHcy and 6MP are bound, the superimposed active site
loops (green) become better ordered and adopt the same conformation.

Structures of Thiopurine Methyltransferase Biochemistry, Vol. 47, No. 23, 2008 6221



enzyme have yet to be identified. To obtain some structural
understanding of TPMT substrate recognition, the crystal
structures of mTPMT with and without its 6MP acceptor
substrate bound were determined. Consistent with the
80% sequence conservation, the mTPMT protein fold is very
similar to that of hTPMT, for which cocrystallization efforts
with acceptor substrate were unsuccessful (7), and to an
unpublished crystal structure of mTPMT deposited in the
PDB during the course of this work that also did not contain
bound acceptor substrate (accession code 2GB4). The rmsd
for equivalent CR atoms when the mTPMT-AdoHcy and
mTPMT-AdoHcy-6MP crystal structures are superimposed
with that of hTPMT-AdoHcy (7) are 1.1 and 0.7 Å,
respectively, and AdoHcy is bound in the same conformation
in the active sites of the two enzymes. Both mTPMTwt and
hTPMTwt have higher affinity for AdoMet (low micromolar)
than for 6MP (low millimolar) (Table 2). This difference is
consistent with the larger accessible surface area buried and
greater number of ligand-protein hydrogen bonds formed
upon AdoHcy binding to mTPMTwt (∼400 Å2, 6-7
hydrogen bonds) compared to 6MP binding to the enzyme
(∼200 Å2, 1 hydrogen bond). Reflecting its modest binding
affinity, 6MP interacts with the enzyme through hydrophobic
and van der Waals interactions, in a relatively loose manner
reflected by its two different orientations in the two

independent molecules in the mTPMTwt-AdoHcy-6MP
crystal structure (Figure 2A,B).

A structural database search identified crystal structures
of SAMT (26), PrmC (27), and PAPT (28) as the most
similar ternary complexes for comparison with TPMT. Of
these enzymes, TPMT, SAMT, and PrmC use AdoMet as
a methyl donor while PAPT uses decarboxylated AdoMet
(dcAdoMet) as an aminopropyl donor; all four enzymes
bind their donor substrates in similar positions and
orientations (Figure 4). Class I MTases are expected to
bind donor and acceptor molecules in a manner consistent
with an SN2-like reaction mechanism involving direct
transfer between substrates (27, 31), and their active sites
are expected to be chemically and structurally diverse to
accommodate a variety of acceptor substrates (20). The
mTPMTwt-AdoHcy-6MP structure reveals 6MP-AdoHcy
sulfur-sulfur distances of 3.4-4.1 Å, consistent with
direct methyl transfer (Figure 4A). Superposition of the
mTPMT ligands with the AdoHcy and salicylic acid in
the SAMT active site (salicylic acid-AdoHcy oxygen-sulfur
distances of 4.3-4.7 Å) and the AdoMet and N5-
methylglutamine bound to PrmC (glutamine-AdoMet
nitrogen-sulfur distances of 3.3-3.8 Å) show that the
acceptor molecules are bound in similar positions and
orientations relative to their corresponding donor molecule

FIGURE 3: Alignment of TPMT and related sequences. Sequences of six representative mammalian TPMTs and one bacterial TPMT are
included (NCBI accession numbers): mouse (mTPMT, AAC25919), human (hTPMT, AAB27277), gorilla (gTPMT, AAX37643), chimpanzee
(chTPMT, AAX37639), dog (dTPMT, AAL18006), cat (cTPMT, Q6EIC1), and Pseudomonas syringae (psTPMT, PDB 1pjz). Residues
involved in AdoHcy binding (orange), 6MP binding (green), and hTPMT polymorphisms (blue) are highlighted.

6222 Biochemistry, Vol. 47, No. 23, 2008 Peng et al.



(Figure 4B,C). The similar juxtaposition of donor and
acceptor molecules is striking considering that these three
enzymes transfer methyl groups to different types of atoms
(sulfur, oxygen, and nitrogen), in chemically diverse
acceptor substrates. The bisubstrate adduct inhibitor

S-adenosyl-1,8-diamino-3-thiooctane (AdoDATO) bound
to the aminopropyltransferase PAPT identifies donor and
acceptor binding sites which coincide with those of the
three methyltransferases, although the conformation of the
dcAdoMet donor moiety of the inhibitor differs from that
seen for AdoHcy/AdoMet in the methyltransferase struc-
tures, reflecting the absence of the carboxylate group in
the donor, the different chemical group transferred, and
the covalent attachment of donor and acceptor substrate
groups (Figure 4D).

The MTase reaction mechanism also requires a deproto-
nation step before, during, or after the methyl transfer (27).
Inspection of the hTPMT-AdoHcy crystal structure led
to speculation that Lys32 and Arg226 may be candidates
for substrate deprotonation (7). The mTPMTwt-AdoHcy-
6MP structure presented here provides a first view of acceptor
substrate bound to the TPMT active site. The closest
approach of mTPMT Lys27 (homologous to hTPMT Lys32)
to 6MP is ∼6-7 Å, too long for this residue to participate
in substrate deprotonation. Superposition of the human and
mouse structures shows that hTPMT Lys32 and mTPMT
Lys27 are in very similar conformations and that Lys32 is
also ∼6 Å from 6MP. Only two hydrophilic residues are
found within 4 Å of the 6MP bound in the mTPMT active
site: Arg147 and Arg221 (Arg152 and Arg226 in hTPMT).
Arg147 in both molecules in the mTPMT structure and
Arg152 in the hTPMT structure are in nearly identical
positions and conformations, and all are about 3 Å from 6MP
(for Arg152, when the hTPMT and mTPMT structures are
superimposed). In contrast, the mTPMT Arg221 and hTPMT
Arg226 conformations are less conserved, and the closest
approaches to 6MP are 3.0 and 5.3 Å (two molecules in
mTPMT) and 2.7 and 3.5 Å (hTPMT superimposed onto
the two mTPMT molecules). Substitution of either Arg152
or Arg226 residues in hTPMT with alanine, glutamic acid,
or histidine resulted in modestly diminished enzyme activity
for only Arg152Glu (Table 2). Tandem mutations of both
residues gave Arg152Ala/Arg226Ala, which also exhibited
modestly compromised activity. The average decreases in
Vmax are ∼3-fold for both Arg152Glu and Arg152Ala/
Arg226Ala, while Km increased 7- and 9-fold for the single
and double mutants, respectively. These observations are
consistent with the proximity of the two arginine residues
to the 6MP acceptor and suggest that these two residues,
while not essential for TPMT activity, nonetheless may play
a role in the reaction by contributing to 6MP binding. That
the double alanine mutant has altered Vmax and Km for 6MP
when the single alanine substitutions have wild-type behavior
suggests that the two arginines have overlapping roles such
that one residue may compensate when the other is altered.
That the only single mutant with altered behavior is
Arg152Glu indicates that this residue may contribute more
than Arg226, consistent with the more direct interaction of
the homologous Arg147 with 6MP that is observed in the
mTPMTwt-AdoHcy-6MP structure. The greater importance
of Arg152 is also consistent with this residue (mTPMT
Arg147) being conserved among all TPMTs while Arg226
(mTPMT Arg221) can vary (Figure 3). The modest effect
on Vmax for these designed TPMT mutants suggests that
neither arginine is responsible for substrate deprotonation.
In addition, the mTPMT ternary structure does not highlight
any solvent molecule or other moiety near the bound 6MP

FIGURE 4: Donor and acceptor substrate binding to MTase fold
enzymes. (A) AdoHcy demethylated donor and 6MP acceptor bound
to mTPMTwt-AdoHcy-6MP. Superposition of the AdoHcy bound
to molecules A and B shows that the two 6MP are in the same
position but different orientations. Dashed lines represent the
possible path of methyl transfer between the AdoHcy and 6MP
sulfur atoms. (B) AdoHcy demethylated donor and salicylic acid
acceptor bound to SAMT (26). Superposition of the SAMT and
mTPMT structures shows that salicylic acid and 6MP approach
their respective AdoHcy from the same general direction. Dashed
lines represent possible paths of methyl transfer between the
salicylate carboxylate oxygen atoms and the AdoHcy sulfur in
SAMT. (C) AdoMet donor and N5-methylglutamine methylated
acceptor bound to PrmC (27). Both methylated PrmC ligands
represent mixtures of (de)methylated donor (AdoMet and AdoHcy)
and acceptor (methylglutamine and glutamine) molecules. Super-
position of the PrmC and mTPMT structures shows that N5-
methylglutamine and 6MP approach their respective AdoMet/
AdoHcy in similar fashion. (D) The bisubstrate adduct inhibitor
AdoDATO bound to PAPT (28). The adenosyl and aminopropyl
groups at opposite ends of AdoDATA superimpose well with the
adenosyl group of AdoHcy and 6MP bound to mTPMT. The central
region of AdoDATA is in a different conformation from the
homocysteine moiety of AdoHcy, probably reflecting the differences
in the aminopropyl and methyl groups transferred and in the
(de)carboxylated states of the donor molecules.
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that can be speculated to prepare the 6MP thiol group for
the methyltransferase reaction by general acid/base catalysis.
The absence of a general base or solvent molecule near the
acceptor substrate in mTPMT is a shared observation with
the SAMT and PrmC ternary complexes; for the latter the
deprotonation step is speculated to occur during or following
product release (27).

Comparison of the mTPMTwt-AdoHcy and mTPMTwt-
AdoHcy-6MP structures reveals that a loop containing
residues Arg31-Gln55 that extends over the active site
and an adjacent helical turn (Glu220-Trp225) which
includes Arg221 are the two regions which change
conformation most upon 6MP binding. The active site loop
is very flexible in the absence of 6MP, as evidenced by
weak density, high B factors, and high rmsd between the
two mTPMT molecules (Figure 2C,D); upon 6MP binding,
this segment is characterized by well-defined density,
lower B factors which are similar to those for the rest of
the protein, and a low rmsd between the two molecules.
This pronounced conformational alteration of the mTPMT
active site loop is reminiscent of a 10-residue “gatekeep-
ing” loop in PAPT which changes conformation and
becomes ordered upon AdoDATA binding. Interestingly,
the PAPT loop corresponds to mTPMT residues Arg147-
Gly156; while this loop does not change conformation in
mTPMT upon 6MP binding, it contains the Arg147 which
interacts with the acceptor substrate. Acceptor substrate
diffusion through a solvent channel to the active site has
been proposed upon surface analysis of the hTPMT crystal
structure without acceptor ligand bound (7). The charac-
terization of a flexible active site loop in mTPMT identifies
an alternative or additional structural feature which plays
a role in substrate access and recognition.

The two mTPMT crystal structures reported here identify
molecular features that are important for the enzyme’s
catalytic function. The structures reveal an active site which
binds 6MP in two different, overlapping orientations. Other
TPMT substrates in thiopurine metabolism include 6-thiogua-
nine and the nucleotides 6-thioinosine 5′-monophosphate and
6-thioguanosine 5′-monophosphate (30), which result from
coupling of thiopurines to phosphoribosylpyrophosphate by
hypoxanthine phosphoribosyltransferase. Structural modeling
confirms that these larger acceptor substrates can be accom-
modated in both bound 6MP orientations since the phos-
phoribosyl groups would be directed away from the binding
site toward solvent. The other and more effective known
TPMT acceptor substrates are thiophenol derivatives (32, 33);
their Km values of 2-3 orders of magnitude less than that
of 6MP illustrate that the presence of a heterocyclic aromatic
ring is not necessary for substrate recognition, consistent with
the observation of few hydrophilic residues near the bound
6MP. Although natural TPMT substrates have yet to be
identified, the flexibility and partial solvent accessibility of
the 6MP binding site suggest that TPMT may be capable of
binding molecules which are substantially larger than 6MP
and the related thiopurine metabolites. In addition to aiding
speculation on the nature of natural TPMT substrates, the
structural features of the acceptor binding site might also be
exploited in designing small molecule modulators or custom-
izing drugs which may allow optimization of thiopurine-
based therapy.
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