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ABSTRACT: In humans, the enzyme thiopurine methyltransferase (TPMT) metabolizes 6-thiopurine (6-
TP) medications, commonly used for immune suppression and for the treatment of hematopoietic
malignancies. Genetic polymorphisms in the TPMT protein sequence accelerate intracellular degradation
of the enzyme through an ubiquitylation and proteasomal-dependent pathway. Research has led to the
hypothesis that these polymorphisms destabilize the native structure of TPMT, resulting in the formation
of misfolded or partially unfolded states, which are subsequently recognized for intracellular degradation.
Addition of the cosubstrate,S-adenosylmethionine (SAM), prevents degradation of the TPMT polymorphs
in experimental assays, presumably by stabilizing the native structure. Using a bacterial orthologue of
TPMT from Pseudomonas syringae, we have used NMR spectroscopy to describe the consequences of
binding sinefungin, a SAM analogue, on the structure and dynamics of the TPMT protein backbone.
NMR chemical shift mapping experiments localize sinefungin to a highly conserved site in classical
methyltransferases. Distal chemical shift changes involving the presumed active site cover implyindirect
conformational changes induced by sinefungin, which may play a role in substrate recognition or the
catalytic mechanism. Analysis of protein backbone dynamics based on NMR relaxation reveals a
combination of complementary effects. Whereas the peripheral, inserted structural elements of the TPMT
topology are conformationally stabilized by the presence of sinefungin, a consistent increase in backbone
mobility is observed for the central, conserved structural elements. The potential implications for the
structural and dynamic effects of binding sinefungin for the catalytic mechanism of the enzyme and the
stabilization of the degradation-susceptible TPMT polymorphs are discussed.

While the endogenous function of human thiopurine
methyltransferase (TPMT)1 is not well understood, it has long
been recognized for catalyzing theS-adenosylmethionine-
(SAM-) dependent S-methylation of 6-thiopurine (6-TP)
medications (1-3). These drugs are commonly utilized for
immune suppression and in the treatment of childhood acute
lymphoblastic leukemia. Azathioprine, 6-thioguanine, and
6-mercaptopurine are prodrugs, being converted by familiar
metabolic machinery into 6-thioguanine nucleotides (6-
TGNs), which trigger programmed cell death when incor-
porated into DNA. S-Methylation by TPMT diverts these
compounds from their route of efficacy, effectively inactivat-
ing a portion of the administered dose. Interindividual

heterogeneity in tissue TPMT activities complicates the
administration of 6-TP medications by varying their conver-
sion into active 6-TGNs. Allelic polymorphisms in the TPMT
gene responsible for this heterogeneity have been identified
and primarily result in single or double amino acid substitu-
tions in the TPMT protein sequence. Approximately 1 in
every 300 persons is homozygous for the polymorphic alleles
and is nearly completely deficient in the enzyme (4), putting
them at high risk for life-threatening myelosuppression from
standard doses of 6-TP medications. Heterozygotes, repre-
senting 10% of the population, have intermediate levels of
activity and suffer from an increased risk of 6-TP drug
toxicity. As a consequence of these clear associations, 6-TP
dosage adjustments have been defined on the basis of a
patient’s TPMT genotype, representing one of the first major
successes for the expanding field of pharmacogenetics (5,
6).

The biochemical basis for the significant deficiency in
tissue enzyme activity associated with the most common
TPMT alleles has been extensively investigated. Decreased
TPMT activity measured in tissues correlates with decreased
levels of the TPMT protein, suggesting that the polymor-
phisms of the protein sequence do not simply affect the
catalytic function of the enzyme (7). Instead, subsequent
studies have firmly established that the decreased steady-
state level of TPMT polymorphs is the result of increased
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degradation of the enzyme, most likely through an ubiqui-
tylation and proteasomal-dependent pathway (8, 9). Recent
work has revealed the involvement of the molecular chap-
erone hsp90 in the folding and degradation of TPMT
polymorphs (10). While hsp90 is best known for its role in
protein refolding, it is presently understood to act as a
molecular switch that also directs misfolded proteins to
pathways for intracellular degradation. Nascent TPMT
polypeptide chains utilize hsp90 to properly fold, and the
common, degradation-resistant variant of the protein is
rapidly released from the chaperone after efficiently achiev-
ing a stable conformation. On the other hand, the clinically
significant, degradation-susceptible polymorphs appear less
amenable to hsp90-mediated refolding, possibly requiring
multiple catalytic cycles and thus permitting sufficient time
for the recruitment of degradation-promoting cofactors
directing the polymorphs to ubiquitylation and proteasomal
degradation.

The above research has led to a central hypothesis that
genetic polymorphisms in the TPMT protein sequence
destabilize the native state of the protein and shift the
ensemble of conformations in aqueous solution toward
misfolded or partially destabilized states, which are subse-
quently recognized by the above machinery for intracellular
degradation. Support for this hypothesis is provided by the
observed inhibition of TPMT polymorph degradation by the
addition of SAM, a cosubstrate and high-affinity ligand for
TPMT, to experimental assays of protein degradation (8, 9).
Ligand binding to the TPMT polymorphs would be thermo-
dynamically linked to protein folding and would be expected
to stabilize the native state, thus avoiding prolonged interac-
tion with the hsp90 chaperone and subsequent targeting for
intracellular degradation. As the first step of a long-term
effort to uncover the structural mechanism for polymorphic
destabilization of the TPMT tertiary structure, we undertook
to describe the structural consequences of binding SAM to
the protein. However, as SAM is chemically unstable in
aqueous solution, the SAM analogue and general methyl-
transferase inhibitor, sinefungin, was utilized as a surrogate.
This choice is justified by the high chemical similarity of
the two compounds (see Supporting Information) and the
widespread use of sinefungin in many previous crystal-
lographic studies of SAM-dependent methyltransferases (11),
where no significant differences are noted in tertiary
structures with either SAM or sinefungin bound to the same
enzyme.

Due to difficulties with aggregation of human TPMT at
high concentrations, we previously used NMR spectroscopy
to determine the tertiary structure of a bacterial TPMT
orthologue in its unliganded state (12) [presented in Figure
1, generated using MOLMOL (13)]. Originally identified as
a genetic determinant of tellurite resistance inPseudomonas
syringae, the bacterial orthologue shares 45% similarity (33%
identity) with the human protein and similarly acts as a SAM-
dependent methyltransferase for 6-TPs (14). Initial studies
revealed an unstructured N-terminus, which was removed
for structural studies and subsequently determined to be
required for enzymatic activity. The tertiary structure of
bacterial TPMT reveals a classical SAM-dependent meth-
yltransferase topology (11) (see Figure 1), consisting of a
seven-strandedâ-sheet flanked byR-helices on both sides.
However, some deviations from the consensus topology

along with multiple insertions of structural elements are
evident, including a novel pair of antiparallelâ-strands
present betweenR2 andâ3. A review of the many experi-
mentally determined tertiary structures of small molecule
methyltransferases demonstrates that such structural devia-
tions from the consensus topology are common and found
in similar locations. An important set of structural elements
are typically observed covering the substrate recognition site
and the catalytic center of the enzymes, which is frequently
referred to as the “active site cover”. In psTPMT(∆17), two
extended loops inserted betweenâ5-R5 and â6-â7 are
responsible for creating this structural feature, which includes
the R5′ helix.

In the current study, we build upon our previous results
by describing the structural consequences of binding sine-
fungin on the structural properties of psTPMT(∆17). The
SAM-sinefungin recognition site is approximately localized

FIGURE 1: Backbone ribbon diagram (a) of the psTPMT tertiary
structure along with a consensus topology for the conserved family
of classical methyltransferases (b) compared to the topology of
psTPMT (c). Triangles and circles denoteâ-strands andR-helices,
respectively, with the relative orientation ofâ-strands indicated by
rotation of the triangles. The approximate, conserved binding site
for S-adenosylmethionine (SAM) is illustrated in violet. Secondary
structural elements that are conserved in the consensus methyl-
transferase toplogy are colored light red, whereas the structural
insertions in the psTPMT topology are colored cyan. All tertiary
structures in this and the remaining figures were generated using
MOLMOL (13).
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based upon NMR chemical shift mapping and found to
correspond to a highly conserved location in the family of
classical methyltransferases. The consequences of ligand
binding on the dynamics of the polypeptide backbone, as
described using a model-free analysis of NMR relaxation,
are dramatic. Whereas the peripheral, inserted structural
elements of the psTPMT(∆17) topology were conforma-
tionally stabilized by the presence of sinefungin, a uniform
increase in backbone mobility was identified in the central,
conserved structural elements. The implications for an
increase in structural flexibility in the ligated states of the
degradation-susceptible TPMT polymorphs by SAM are
discussed. A combination of changes in backbone mobility
and chemical shifts stretching from the active site cover to
distal portions of the psTPMT(∆17) tertiary structure involv-
ing conserved residues are speculated to play a role in
catalysis, based upon similar findings in dihydrofolate
reductase. Lastly, as these results represent the first descrip-
tion of the solution-state backbone dynamics for a classical
SAM-dependent methyltransferase and given the high degree
of structural conservation within this protein family, we
speculate on a general role for these structural and dynamic
effects of SAM-sinefungin binding in the function of related
small molecule methyltransferases.

EXPERIMENTAL PROCEDURES

Sample Preparation.The N-terminal deletion mutant,
psTPMT(∆17), lacking the first 17 residues of theP. syringae
TPMT sequence, was expressed and purified as previously
described (12). Briefly, protein was recombinantly expressed
in BL21 Escherichia colias a fusion protein with glutathione
S-transferase (GST). Bacterial cultures were grown in
isotope-enriched media (Spectra Gases), induced with 1 mM
IPTG, and allowed to express protein overnight at room
temperature. GST-psTPMT(∆17) was purified from the
soluble phase of the cell lysate with glutathione-Sepharose
(Amersham Biosciences) and treated with thrombin (Am-
ersham Biosciences) while still bound to the resin. After
elution, psTPMT(∆17) was exchanged into 20 mM potas-
sium phosphate, pH 6.8, and 150 mM NaCl and its
concentration quantified by UV absorption spectroscopy.
Measurements of NMR relaxation were performed with 0.75
mM 15N-labeled psTPMT and in the presence or absence of
7.5 mM sinefungin; all NMR samples contained the above
solution conditions along with 5% D2O, 0.05% sodium azide,
20 µM DSS (Fluka), and 10µM each of the protease
inhibitors PMSF (Sigma) and leupeptin and pepstatin (Cal-
biochem).

NMR Resonance Assignments.All NMR experiments were
collected at 20°C on a Varian INOVA 600 MHz spectrom-
eter with a 5 mmtriple resonance (HCN) probe equipped
with triple axis (XYZ) pulsed magnetic field gradients
(PFGs) and employing pulse sequences available in the
Varian BioPack user library (Varian Inc., Palo Alto, CA).
Resonance assignments of13C,15N-labeled psTPMT(∆17)-
sinefungin were determined by manual analysis of three-
dimensional (3D) HNCO, HNCA, HNCACB, HN(CO)CA,
CBCA(CO)NH, (HCA)CO(CA)NH, CC(CO)NH, HCC(CO)-
NH, and HCCH-TOCSY NMR experiments. Backbone
chemical shift assignments for psTPMT(∆17)-sinefungin
were nearly complete with 184 out of 192 backbone amide,
196 out of 201 CR, 179 out of 184 Câ, and 193 out of 201

HR resonances identified. Previously for apo psTPMT(∆17),
190 out of 192 backbone amides, 199 out of 201 CR, 183
out of 184 Câ, and 194 out of 201 HR resonances were
assigned. Protein secondary structure was evaluated using
the consensus chemical shift index (CSI) and a single 3D
15N-NOESYHSQC NMR experiment collected with a 150
ms isotropic mixing time.

Titration of Sinefungin Binding Using NMR Spectroscopy.
The interaction between sinefungin and psTPMT(∆17) was
monitored by changes in backbone amide1H and 15N
chemical shifts in a series of 2D1H-15N HSQC spectra
during a titration of sinefungin with a constant concentration
of protein. Beginning with a 700µL sample of 50µM 15N-
labeled psTPMT, the sinefungin concentration was increased
incrementally (0, 25, 50, 100, 150, 200, 250, 300, 400, and
500 µM) by sequential addition from a 10 mM sinefungin
solution. To limit losses associated with sample transfer, a
small quantity (approximately 50µL) of the NMR sample
was removed from the NMR tube via a long-stemmed glass
pipet (Kontes), the appropriate small volume of sinefungin
stock solution was added to this aliquot, and the resulting
mixture was returned to the NMR tube, gently mixed with
the glass pipet, and allowed to equilibrate for 20-30 min
before acquisition of NMR spectra. Well-resolved peaks
undergoing apparent fast exchange and experiencing sig-
nificant chemical shift changes during the titration were
selected for analysis (see representative examples in the
Supporting Information). A total of 221H and15N chemical
shifts were simultaneously fit to various models of ligand
binding using the SigmaPlot (SPSS Inc., Chicago, IL)
software package in order to estimate sinefungin binding
affinity.

NMR Relaxation Measurements.Pulse sequences for
measurement of NMR relaxation rates and the steady-state
1Hf 15N NOE incorporated sensitivity enhancement, water
flip-back pulses, and coherence selection via PFGs (15). For
determination ofR1 relaxation rates, NMR experiments were
serially repeated with time delays of 100, 200, 300 (×2),
600, 800, 1000, 2000, and 3000 ms, and for determination
of R2, experiments were serially repeated with delays of 10,
30 (×2), 50, 70, 90, 130, 150, and 210 ms. The steady-state
NOE experiment was performed with and without a 3 s
saturation period to allow buildup of the NOE. Individual
increments were separated by a 1 s recycle delay during
determination ofR1 andR2 relaxation rates, while the steady
state1Hf 15N NOE experiment used a total recycle delay
of 6 s. Spectral widths of 9 and 2.1 kHz in thef2 and f1
dimensions were set in all experiments, with 128 transients
collected pert1 increment, and recorded as 256 complext1
values against 1024 complext2 values. All experiments were
processed with NMRpipe (16) and inspected visually in
Sparky (17).

Exponential Fitting of Relaxation Rates.NMR peak
heights determined by the “rh” command in Sparky were
used as reliable indicators of spectral intensity. The program
“sparky2rate”2 read in peak intensity tables from Sparky and
acted as a front end for Curvefit,3 for exponential fitting of
R1 and R2 NMR relaxation rates and an analysis of their

2 Available at http://xbeams.chem.yale.edu/∼loria/software.htm.
3 Available at http://cpmcnet.columbia.edu/dept/gsas/biochem/labs/

palmer/software.html.
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associated errors using Monte Carlo simulations, which
depended upon an initial error estimated from the repeated
experiments. Numerous residues were excluded from relax-
ation analysis on the basis of poor chemical shift dispersion
[for apo psTPMT(∆17), L26, D51, K92, Y94, R123, A124,
V138, L144, S150, L152, and S180; for psTPMT(∆17)-
sinefungin, E21, L33, L45, K48, S49, A71, T86, Y121, L141,
S197, R199, H211, and E216] or missing backbone amide
resonance assignments [H18 and S49 for apo psTPMT(∆17)
and H18, Q19, S20, F106, A124, A125, M126, and A198
for psTPMT(∆17)]. Appropriately, relaxation data are not
reported for prolines (residues 37, 44, 83, 97, 130, 146, 166,
167, and 171).

Model-Free Analysis.Modelfree version 4.15 was used
to calculate global and residue-specific motional parameters
(18). The program FAST-Modelfree (19) automated the error
analysis and model selection that otherwise requires frequent
user input and intervention. An initial rotational correlation
time (τm) was estimated from the 10% trimmed mean of the
R2/R1 ratio. An appropriate diffusion tensor was selected by
comparing the calculated optimalτm value andø2 error of
simulations run under the assumption of isotropic or axially
symmetric tumbling behavior. The isotropic condition was
selected for both apo and liganded psTPMT(∆17) as there
were no differences inø2 or τm values associated with the
two rotational models, and the best-fit values of theDratio

for anisotropic rotation were not significantly different from
unity. All model-free calculations were run with the CSA
tensor set to-172 (20), a value considered appropriate for
the15N spins of proteins and a backbone amide bond length
of 1.00 Å, which had previously been used by CYANA for
determination of the psTPMT(∆17) tertiary structure (12).

Sequence Alignment. A multiple sequence alignment of
TPMT orthologues was generated by ClustalW (21, 22) with
the following settings: opening and end gap penalties set to
10, the extending and separation gap penalties set to 0.05,
and selection of the Blosum scoring matix. The ClustalW
text-only output was rendered with the program Boxshade
in order to graphically emphasize sequence conservation
(available as Supporting Information). While various ge-
nomic intiatives have idenitified a large number of sequences
highly similar to psTPMT, the vast majority of these putative
TPMT orthologues has not been subjected to any further
characterization. In this alignment we include five mam-
malian TPMT sequences and only those two bacterial
sequences for which activity has been experimentally
established (14, 23, 24): Homo sapiens, Canis familiariz,
Ratus norVegicus, Mus musculus, Mus spretus, P. syringae
andPseudomonas anguilliseptica.

RESULTS

Selection of Stoichiometric Ratios of Sinefungin to psTPMT-
(∆17) for NMR Experiments. The precise binding affinities
for binding SAM or its analogue, sinefungin, to psTPMT-
(∆17) have never been reported. Analyses of enzyme kinetics
for full-length TPMTs (25) and for other methyltransferases
(26-32) have revealed apparent Michaelis-Menten (Km)
constants for SAM and inhibitory (Ki) constants for sine-
fungin in the range of 1-500µM. However, determination
of their precise binding affinity is complicated by racem-
ization at a chiral center (33-35). Only theS-stereoisomer

of SAM is catalytically active for methyltransferases and,
in aqueous solution, undergoes both a reversible conversion
to the inactiveR-stereoisomer and an irreversible hydrolysis
to yield 5′-deoxy-5′-(methylthio)adenosine and homoserine.
Sinefungin is considered stable in water, avoiding the
complication of hydrolysis, but the consequences of sine-
fungin stereochemistry on methyltransferase binding are not
known. We attempted to fit the chemical shift changes for
22 protein resonances in 2D1H-15N HSQC NMR spectra
to models ofN identical binding sites and to a single class
of sites (N fixed at 1). However, given the above uncertainty
about the effects of sinefungin stereochemistry on binding
(possibly each stereoisomer binds the protein with a different
affinity), we are only comfortable in reporting that the
titration results are generally consistent with anapparent
dissociation constant in the range of 10-100 µM.

In the series of 2D1H-15N HSQC NMR spectra collected
during titration of sinefungin against a constant concentration
of psTPMT(∆17), variable degrees of spectral broadening
are observed for a subset of residues at intermediate
stoichiometric ratios, which is most likely a consequence of
exchange rates between the liganded and unliganded states
being on the order of the chemical shift differences (ex-
pressed in hertz) for the involved nuclei. In the presence of
a high excess of sinefungin, the protein becomes saturated,
and as the concentration of free ligand increases, the
exchange rate becomes much greater than the chemical shift
differences for all the nuclei and, consequently, their HSQC
peaks return to a narrower line width (although some
resonances apparently remain broadened independent of
ligand concentration and are discussed further below). To
ensure that exchange between ligation states does not
complicate interpretation of the NMR relaxation experiments,
a high stoichiometric ratio of 10:1 sinefungin:protein was
chosen for analysis. Due to concern about the possibility of
nonspecific association of sinefungin with the protein at these
high stoichiometric ratios, the chemical shift mapping
experiments were also performed at a relatively lower amount
of sinefungin representing only a 10% excess of ligand.

Chemical Shift Comparison for Apo psTPMT(∆17) and
psTPMT(∆17)-Sinefungin.Addition of the SAM-dependent
methyltransferase inhibitor sinefungin significantly perturbs
the NMR chemical shifts of psTPMT(∆17), as illustrated
by the comparison of 2D1H-15N HSQC spectra in Figure
2. Chemical shift differences for backbone amide, HR, CR,
and Câ nuclei between apo psTPMT(∆17) and psTPMT-
(∆17)-sinefungin have been scaled, averaged, and mapped
to a backbone ribbon diagram for the tertiary structure of
the apoprotein in Figure 3 (numerical plots of the chemical
shift differences are available as Supporting Information).
The most dramatic changes are evident at the presumed
SAM-sinefungin binding site, largely consisting of the loops
and turns connectingâ1-R1, â2-R2, â4-R4′, and, to a
more limited extent,â3-R3. These residues surround a
visible cleft in the protein structure located at the top and
toward the center of theâ-sheet, as viewed in Figure 3, which
represents the highly conserved SAM-binding site found in
the numerous crystallographic studies of classical methyl-
transferases (11). Additionally, sinefungin dramatically per-
turbs the chemical shifts of many residues apparently distal
to this central site, likely representingindirectconformational
effects of ligand binding on the protein. Note thatâ4 and
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R4′ represent the edge of the presumed SAM-binding site
and all chemical shift changes beyond this point are
considered distal. These indirect perturbations are generally
located at the interface between the active site cover and
the â-sheet, with the largest being evident at the top ofâ5
along with nearby residues inâ7 and in the loop preceding
R5. In fact, chemical shift changes extend all the way through
R5 and into the loop beforeâ6, located nearly on the opposite
edge of the protein from the conserved SAM-binding site.

Missing psTPMT(∆17) Resonances in the Presence of
Sinefungin.Although nearly complete chemical shift assign-
ments have been obtained for apo psTPMT(∆17), numerous
protein resonances cannot be identified after the addition of
sinefungin despite extensive searching of many 2D and 3D
NMR spectra collected at a variety of stoichiometric ratios
of sinefungin to psTPMT(∆17). These residues are colored
gray in Figure 3 and cluster within the protein tertiary
structure in a region adjacent to SAM-sinefungin that is
also likely nearby the binding site for 6-TPs and the enzyme’s
active site. We offer two potential explanations for the loss
of NMR signal for these residues. First, they may have
become unstructured in the presence of sinefungin, allowing
rapid exchange of their amide hydrogens with solvent and

resulting in a loss of signal in the NMR experiments used
for assignment of backbone resonances. Alternatively, the
local chemical environment of these residues may be
exchanging on a time scale similar to the corresponding
differences in their chemical shifts, resulting in an apparent
loss of NMR signal due to “exchange broadening”. As these
residues are presumably located in the vicinity of the chiral
center in SAM and sinefungin described above, it is possible
that stereochemical interconversion plays a role in this
potential exchange reaction.

Comparison of NMR Relaxation Rates for Apo psTPMT-
(∆17) and psTPMT(∆17)-Sinefungin.TheR1 andR2 NMR
relaxation rates and the steady-state1Hf15N NOE for the
backbone amides of psTPMT(∆17) in the presence and
absence of sinefungin have been determined and plotted in
Figure 4. Although an analysis of polypeptide backbone
dynamics using the model-free formalism is presented below,
a few notable features of the relaxation data are immediately
apparent. As previously hypothesized from the solution
structure of apo psTPMT(∆17), the protein N-terminus is
clearly structurally disordered as evidenced by dramatically
elevatedR1 and depressedR2 relaxation rates along with
reduced steady-state1Hf 15N NOE values for the first
approximately four N-terminal residues. Additionally, bind-
ing of sinefungin uniformly increasesR1/R2 relaxation rate
ratios along the length of the polypeptide backbone, a finding
most consistent with a small decrease in therate of overall
macromolecular tumbling upon binding ligand.

Model-Free Analysis.A description of the molecular
dynamics along the polypeptide backbone has been extracted
from the NMR relaxation data using the so-called “Lipari-
Szabo” or “Modelfree” formalism (36, 37), which has been
extended multifold over the past two decades to account for
anisotropic tumbling of the macromolecule (38, 39), slower
conformational exchange on the microsecond to millisecond
time scale (40), and additional fast motions on the subpico-
second time scale (41, 42). The most informative fruits of
such analyses are the identification of unstructured regions,
by their abundant fast motions on the nanosecond to

FIGURE 2: Superposed1H-15N HSQC NMR spectra of uniformly
15N-labeled 0.75 mM apo psTPMT (black) and 0.75 mM psTPMT-
7.5 mM sinefugin (red).

FIGURE 3: 1H, 13C, and 15N NMR chemical shift differences
between apo psTPMT and psTPMT-sinefungin are mapped onto
a representative ribbon diagram of psTPMT. Chemical shift
differences for HN, NH, CR, Câ, and CO of each residue expressed
in hertz were summed and averaged over the number of assigned
nuclei and finally displayed as a linear color gradient. Blue portions
of the ribbon diagram represent sites of psTPMT unperturbed by
sinefungin, while sites colored bright red represent the most
dramatic chemical shift changes. Residues where HN resonances
were lost upon binding sinefungin are colored gray.
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picosecond time scale, and regions displaying slower con-
formational exchange. Occurring on a time scale (microsec-
ond to millisecond) more typical of biochemical processes
such as ligand binding, protein-protein associations, and

enzyme catalysis, conformational exchange often reveals
functionally relevant protein motions. Both the liganded and
unliganded states of psTPMT(∆17) are best described by
an isotropic model of rotational diffusion with overall

FIGURE 4: 15N NMR relaxation data and corresponding model-free motional parameters for apo psTPMT (blue symbols) and psTPMT-
sinefungin (red symbols) are plotted along the primary sequence of psTPMT, with the approximate location of secondary structure elements
noted. Differences in theS2 order parameter value are plotted to emphasize changes due to ligand binding, with negative values demonstrating
an increase in flexibility and positive values indicating restricted mobility upon binding sinefungin. The locations of unassigned residues
and proline residues are represented by asterisks and the letter P, respectively.
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correlation times (τms) of 14.0 and 13.3 ns, respectively. The
internal mobility of individual residues has been illustrated
in the bottom half of Figure 4 by variations in order
parameters (S2s), which are proportional to the amplitudes
of fast time scale internal motions and range between 0 and
1 for fully unrestricted to fully restricted motions, respec-
tively, and by the presence of conformational exchange terms
(Rexs), indicating slower time scale internal dynamics.

Summary of Internal Motions along the Polypeptide
Backbone of Apo psTPMT(∆17). In the absence of sinefun-
gin, a majority of the protein backbone is well ordered, as
evidenced by order parameters above approximately 0.8 and
an absence of conformational exchange terms. However,
besides the previously mentioned disordered N-terminus,
three distinct foci of increased internal dynamics can be
described: (1) The relatively lengthy loop stretching between
R1′ andâ1, located at the bottom of the protein structure as
oriented in the figures, demonstrates mobility across a wide
range of time scales by the presence of both loweredS2

values and the presence of conformational exchange terms.
(2) The inserted pair of antiparallelâ-strands visible on the
left edge of the protein structure, beginning with the
C-terminal edge ofR2 and extending all the way through
strandsâ3′′ and â3′, has increased mobility on the nano-
second to picosecond time scale with a number ofS2 values
below 0.8. (3) The inserted structural element referred to as
the active site cover, consisting of two extended loops
betweenâ5 andR5 and betweenâ6 andâ7, has complex
internal dynamics, including scattered residues with signifi-
cantly decreasedS2 values along with two pairs of residues,
flanking each side ofR5′, demonstrating slower time scale
conformational exchange terms.

Changes in Polypeptide Backbone Dynamics upon Binding
Sinefungin.To demonstrate the consequences of ligand
binding on the fast time scale motions in psTPMT(∆17),
order parameter differences were plotted along the protein
sequence in Figure 4 and mapped onto a backbone ribbon
diagram of the protein structure in Figure 5, such that positive
∆S2s indicating increased rigidity in the liganded state were

rainbow colored from blue to yellow and negative∆S2s
indicating increased mobility in the presence of sinefungin
were rainbow colored from blue to red. Additionally, residues
with evidence for changes in slower time scale motions, as
evidenced by the loss ofRex terms in the model-free analysis,
are denoted in the figures. We note two distinct patterns for
changes in polypeptide backbone dynamics of psTPMT(∆17)
upon binding sinefungin. (1) The central, conserved structural
elements of the TPMT topology experience an increase in
fast time scale motions when complexed with sinefungin,
which is most evident along the length ofâ3, â2, â1, R1,
and â4, along with the lower portions ofR4, â5, â7, and
â6. (2) In contrast, the peripheral, inserted/variable structural
elements in the TPMT topology are conformationally
stabilized by the presence of sinefungin. On the left edge of
the protein structure, the inserted pair of antiparallelâ-strands,
â3′′ andâ3′, the associatedR2 helix, and the loops between
them have consistently higher order parameters in psTPMT-
(∆17)-sinefungin compared to the apoprotein. Lastly, the
set of inserted structural elements known as the active site
cover is also stabilized by ligand. Previously noted confor-
mational exchange terms for residues flanking each side of
R5′ are lost upon binding sinefungin, indicating a decrease
in slow time scale motions in this region. As well, order
parameters (S2s) for residues located throughout the active
site cover, at its interface the centralâ-sheet and extending
into theR5 helix, display varying perturbations due to ligand
binding, which approximately correlate with chemical shift
changes distal to the SAM-sinefungin binding site described
above.

Structural Changes in theR4′ Minihelix. Binding of
sinefungin dramatically perturbs the structural properties of
residues in the vicinity of theR4′ minihelix. Centrally located
between the presumed SAM and 6-TP binding sites, theR4′
minihelix displays significant chemical shift changes, missing
resonance assignments, and higher order parameters in the
presence of sinefungin. The chemical shift changes for the
backbone resonances of these residues are uniformly con-
sistent with a loss of helical secondary structure according
to the principles of the CSI. The HN(i)-HN(i+1) and HN(i)-
HR(i+3) NOEs characteristic of helices are not observed in
the 3D 15N-NOESYHSQC NMR spectrum collected on
psTPMT(∆17)-sinefungin but were previously readily iden-
tified for the apoprotein. Additionally, the amide hydrogens
of these residues display fewer NOESY correlations in the
presence of ligand compared to apo psTPMT(∆17), with very
different overall patterns of chemical shifts for the remaining
NOESY cross-peaks, supporting a significant change in local
chemical environment for these residues. Despite the apparent
loss of helical secondary structure for these residues, their
increase in order parameters without missing resonance
assignments argues against an unstructured state in the
presence of sinefungin. It is more likely that interaction with
bound ligand has induced a localized conformational change
for these residues, which will remain undefined until a
detailed tertiary structure of psTPMT(∆17) complexed with
sinefungin has been determined. Of note, in the crystal-
lographic structures of two other small molecule methyl-
transferases where theR4′ minihelix is present, its structure
is intact and unperturbed by the SAM (43, 44). Hence, the
NMR spectroscopic changes for theR4′ minihelix in
psTPMT may represent a novel structural perturbation or,

FIGURE 5: Differences in apo psTPMT and psTPMT-sinefungin
order parameter (S2) values are mapped onto the psTPMT tertiary
structure. Residues with restricted mobility in psTPMT-sinefungin
are plotted with a linear gradient between blue (no difference) and
yellow (0 e ∆S2 e 0.08; everything over 0.08 colored bright
yellow). Residues with increased mobility in the presence of
sinefungin are similarly plotted with a color gradient from blue to
red (0g ∆S2 g -0.08). Sites where conformational exchange (Rex)
terms disappeared upon binding sinefungin are indicated by the
arrows.
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alternatively, a characteristic of the dynamic behavior of the
protein in solution.

Sequence ConserVation between Mammalian and Bacterial
TPMTs. To compare the distribution of structural and
dynamic changes in psTPMT(∆17) with the evolutionary
conservation of amino acids in the polypeptide backbone, a
sequence alignment of five thiopurine methyltransferase
protein sequences was mapped onto the protein structure in
Figure 6. Strikingly, the location of invariant and highly
conserved residues compares well with the mapping of
chemical shift changes associated with binding sinefungin
presented above in Figure 3. Many of the central residues
expected to directly interact with SAM are either invariant
or highly conserved. Additionally, many of the distal residues
with indirectchemical shift changes upon binding sinefungin
are also highly conserved evolutionarily in TPMT ortho-
logues. However, comparisons of sequence homology with
perturbations in backbone dynamics induced by sinefungin
(Figure 5) are mixed. Residues in the central portion of the
TPMT topology with increases in fast time scale mobility
do not appear to correlate with patterns of sequence
conversation. On the other hand, we note that residues in
the active site cover whose dynamics are characterized by
conformational exchange (Rex) terms in the apoprotein, and
are stabilized upon binding sinefungin, are either invariant
(G204 and L205) or adjacent to highly conserved residues
(L194 and R199) in the alignment. Similarly, on the other
edge of the protein, residues in theR2 helix and the adjacent
loop are both highly conserved in TPMT protein sequences
and dynamically stabilized by sinefungin.

DISCUSSION

We have examined the consequences of binding sinefun-
gin, a SAM analogue and general methyltransferase inhibitor,
on the structural properties of psTPMT(∆17) in aqueous
solution using NMR spectroscopy. The overall pattern of
complex effects is summarized in Figure 7 using a backbone
ribbon diagram of the previously reported tertiary structure
for apo psTPMT(∆17). Colored red in the figure are the
central structural elements with uniform increases in the
amplitudes of fast time scale motions upon binding sine-
fungin. In contrast, peripheral structural features that appear
conformationally stabilized by the presence of ligand are

colored yellow. A combination of changes in backbone
mobility and NMR chemical shifts in the active site cover,
at its interface with the centralâ-sheet, and extending past
R5 to the opposite edge of the protein, suggest the possibility
of a concerted set ofindirectconformational changes induced
by sinefungin, which have been colored orange in the figure.
Lastly, our analysis of NMR relaxation rates also indicates
that psTPMT(∆17)-sinefungin is perturbed on a global
scale, as its solution tumbling behavior is that of a macro-
molecule slightly larger than the apoprotein, which could
be explained either by an expansion of overall molecular
volume, by an increase in the effective hydration shell, or
by an increase in transient intermolecular interactions
between monomers.

Ligand binding to protein is typically thought to feature
enthalpy-entropy compensation, where a reduction in overall
molecular entropy upon complexation is more than matched
by enthalpic and entropic gains from the intermolecular
interaction (45). Enthalpy is released by the favorable atomic
interactions at the ligand binding site, including van der
Waals contacts, hydrogen bonding, and electrostatic interac-
tions, whereas entropic gains are classically considered to
result from the release of ordered water molecules from the
binding site, a phenomenon known as the hydrophobic effect.
In many instances, association with ligand structurally
stabilizes the protein, contributing additional enthalpic gains
and entropic costs into the binding reaction. One of many
examples is the disorder-to-order transition seen in the
intestinal fatty acid-binding protein (46, 47), in which a
structurally disordered and protease-susceptible portion of
the protein adopts a stableR-helical conformation upon
binding fatty acid. Recent work has revealed an alternative
scenario where entropic gains from ligand binding are due
to widespread increases in mobility of the protein backbone
(48-52). Binding of a small hydrophobic ligand in the
internal cavity of major urinary protein-1 (MUP-1) is
associated with widespread, though discontinuous, elevation
of fast time scale backbone dynamics as monitored by NMR
relaxation analysis. Similarly, 4-oxalocrotonate tautomerase
(53), stromolysin (54), ribonuclease T1 (55), E. coli topo-
isomerase (56), and the AT-rich interaction domain of Mrf-2
(57) experience various degrees of elevated backbone mobil-
ity upon binding their respective ligands.

Analysis of the consequences of sinefungin binding on
the structural properties of psTPMT(∆17) reveals a combina-
tion of entropic effects. Sinefungin induces an increase in
backbone mobility for the central structural elements in the
protein in clear analogy to the results on proteins such as
MUP-1, described above. In contrast, the peripheral structural
elements are entropically stabilized by the presence of ligand.
The functional implications of these complementary changes
in backbone mobility are currently unclear and must await
further study. However, as detailed below, we do speculate
on the possibility of cooperativity between binding sinefungin
and either the association reaction with substrate or the
catalytic mechanism, either of which would involve confor-
mational restriction of both the active site cover and its
interface with the centralâ-sheet. Perhaps the entropic cost
of decreased mobility in these specific regions is compen-
sated by favorable increases in conformational entropy
dispersed throughout the central portion of the tertiary
structure.

FIGURE 6: Conservation of the TPMT protein sequence established
by ClustalW is mapped onto the tertiary structure of psTPMT.
Residues invariant across the species are colored red in the figure,
highly conserved residues are in purple, and the remaining residues
are colored blue.
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A semicontinuous pattern of dynamic stabilization and
chemical shift perturbation, all in residues considered distal
to the sinefungin recognition site, stretches from the active
site cover to its interface with the centralâ-sheet and extends
all the way through helixR5 to the opposite edge of the
protein (colored orange in Figure 7). We speculate that a
set of concerted structural changes occurring in these residues
plays a role in catalysis, or at least promotes binding of
substrate to the enzyme, in a fashion similar to the conclu-
sions derived from an elegant series of biophysical studies
performed on dihydrofolate reductase (DHFR) (58). Com-
parison of the static crystallographic structures (59-65) and
the NMR-derived backbone mobilities (66, 67) for three
different ligation states of DHFR identified long-range
motional couplings between structural changes in the active
site and distal regions of the protein. Classical and hybrid
quantum-classical molecular dynamics simulations of various
DHFR complexes supported these findings by demonstrating
large-scale conformational changes in the protein correlated
with catalysis-promoting motions in the active site and also
provided a mechanistic explanation for the dramatic effect
of distal amino acid mutations on the rate of catalysis (58).
Critical residues in this mechanism were highly conserved
evolutionarily in DHFR orthologues. Although we do not
have available a similar extensive set of biophysical studies
to support our speculation of an analogous cooperative
structural pathway involved in the enzymatic mechanism of
psTPMT, which must await future research, we did identify
a similar sequence conservation across TPMT orthologues
for residues involved in our proposed set of long-range,
concerted structural and dynamic changes in the protein
backbone.

One of our major goals is to understand the structural
mechanism for increased susceptibility of the polymorphic
variants of human TPMT to intracellular degradation, and
we are currently using the bacterial orthologue as a surrogate
to investigate fundamental properties of the conserved TPMT
tertiary structure. Mutants of psTPMT representing the
clinically significant human polymorphisms are destabilized
in solution similarly to the human enzyme (unpublished
results). We are currently investigating the hypothesis that
single residue polymorphisms in the protein sequence of

TPMT redistribute the ensemble of conformations in solution
away from the native structure toward a partially unstructured
and dynamically fluctuating state. Protection from degrada-
tion afforded by SAM would be achieved by shifting the
distribution of conformations away from the destabilized state
by selectively binding to the native structure of the protein.
Although the “wild-type” sequence of psTPMT investigated
in the current study is not expected to populate the
destabilized state to a significant degree, analysis of NMR
relaxation may be sensitive to rare conformational fluctua-
tions of the native structure and may uncover some structural
features of the mechanism for polymorphic destabilization.
Additionally, comparison of structural and dynamic proper-
ties for unliganded and liganded psTPMT will be valuable
for future, planned studies on the polymorphic variants,
where the structural fluctuations induced by the mutations
will be identified by comparison to the current results.

We cautiously speculate that the present results may
provide some insight into the structural mechanism by which
SAM stabilizes the polymorphic mutants of TPMT. Binding
of the SAM analogue, sinefungin, induces a widespread
increase in backbone mobility for the core elements of the
psTPMT topology. In a fashion similar to previous studies,
we believe that the apo state of the protein is conformation-
ally restricted by interaction of ordered solvent molecules
with the unoccupied ligand binding site (52). Displacement
of solvent by sinefungin relaxes the protein and allows a
degree of flexibility in the backbone conformation. The
degradation-susceptible polymorphisms in the TPMT protein
sequence may be incompatible with the conformationally
restricted apo state, because of unfavorable electrostatic or
steric interactions, but better tolerated by the more relaxed
and structurally flexible ligated protein.

The present work constitutes the first description of the
polypeptide backbone dynamics of a classical, SAM-de-
pendent methyltransferase. Despite the lack of sequence
similarity, given the strong conservation of tertiary structure
within this large family of proteins, the dynamic behavior
of their polypeptide backbones may be shared as well. Of
particular interest is the correlation of the patterns in
backbone dynamics with the distribution of conserved and
inserted/variable elements of the psTPMT topology. Similar

FIGURE 7: The overall patterns of structural and dynamic changes in the protein backbone of psTPMT upon binding sinefungin are color
coded onto the ribbon diagram (presented in stereo). Conserved portions of the tertiary structure demonstrating consistent increases in fast
time scale motions upon binding sinefungin are in red, peripheral structural elements that are conformationally stabilized by ligand are
colored yellow, while those with little or no change are in blue. Residues colored orange display a combination of changes in both backbone
dynamics and NMR chemical shifts distal to the SAM-binding site, suggesting the existence of indirect conformational changes in the
enzyme possibly related to substrate recognition or the catalytic mechanism. Residues where HN resonances were lost upon binding sinefungin
are colored gray.
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patterns in backbone mobility may be found in other small
molecule methyltransferases, as they share similar structural
insertions and variations in the consensus topology. We
hypothesize that the dynamic behavior and structural changes
in these inserted elements play a role in substrate recognition
or the catalytic mechanism of TPMT and, potentially, for
other small molecule methyltransferases. Lastly, genetic
polymorphisms have been identified in additional methyl-
transferases (68-74), and although they are not as well
characterized as those in TPMT, some of these appear to
have both functional and clinical implications. Once again,
we speculate that a general mechanism for destabilization
of the conserved topology may be suggested by the current
results, which are biologically utilized to generate genetic
diversity in metabolic pathways in a fashion similar to TPMT
and the metabolism of 6-TP medications.
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spectral changes for representative residues during the
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backbone and Câ resonances, (4) a listing of amide1H and
15N chemical shift changes for selected residues during the
sinefungin titration, (5) a table of backbone amide NMR
relaxation rates and Modelfree output, and (6) the ClustalW
alignment of TPMT protein sequences. This material is
available free of charge via the Internet at http://pubs.acs.org.
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