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ABSTRACT

A novel human thiopurine S-methyltransferase (TPMT) variant allele, (319 T > G, 107Tyr > Asp, *27), was
identified in a Thai renal transplantation recipient with reduced erythrocyte TPMT activity. The TPMT*27
variant allozyme showed a striking decrease in both immunoreactive protein level and enzyme activity
after transient expression ina mammalian cell line. We set out to explore the mechanism(s) responsible for
decreased expression of this novel variant of an important drug-metabolizing enzyme. We observed
accelerated degradation of TPMT*27 protein in a rabbit reticulocyte lysate. TPMT*27 degradation was
slowed by proteasome inhibition and involved chaperone proteins—similar to observations with regard to
the degradation of the common TPMT*3A variant allozyme. TPMT*27 aggresome formation was also
observed in transfected mammalian cells after proteasome inhibition. Inhibition of autophagy also
decreased TPMT*27 degradation. Finally, structural analysis and molecular dynamics simulation indicated
that TPMT*27 was less stable than was the wild type TPMT allozyme. In summary, TPMT*27 serves to
illustrate the potential importance of protein degradation — both proteasome and autophagy-mediated
degradation - for the pharmacogenetic effects of nonsynonymous SNPs.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Thiopurine S-methyltransferase (TPMT) genetic polymorph-
isms represent a striking example of the clinical importance of
pharmacogenetics [1-3]. TPMT also represents a model system for
the study of pharmacogenetic functional mechanisms - especially
mechanisms involving nonsynonymous SNPs - polymorphisms
that alter the encoded amino acid sequence [3]. We pointed out
several years ago that one important way by which nonsynon-
ymous SNPs influence function is by altering the quantity of the
encoded protein [4]. TPMT has proved to be a useful system in
which to study mechanisms responsible for that effect. TPMT*3A,
the most common variant allele in Caucasians [5], a variant allele
with two nonsynonymous SNPs [6], results in striking decreases in
both TPMT protein and enzyme activity [7-11]. A series of studies
over the past decade has demonstrated that this process involves
proteasome-mediated degradation, with the involvement of
molecular chaperones [9-11] as well as autophagy [8]. Those
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processes for protein degradation are depicted schematically in
Fig. 1, a figure that may help readers to follow the sequence of
experiments described subsequently. However, whether the
mechanisms outlined in Fig. 1 are unique to TPMT*3A remains
unclear. In this study, we report a series of “bedside to bench”
experiments in which we show that a novel TPMT variant allozyme
undergoes a process of accelerated degradation similar to that
responsible for the very low activity displayed by TPMT*3A. The
experiments described subsequently also serve to illustrate our
expanding understanding of the role of protein degradation in
pharmacogenetics.

Because of their potential clinical importance [12-15], TPMT
genotypes and phenotypes have been determined in many
patients. As a result, 29 different variant alleles have been
identified [12]—more than half of which are associated with
decreased TPMT activity [6,14]. However, with the exception of a
small number of allozymes such as TPMT*3A and TPMT*3C
[6,8,10,11], systematic in depth functional characterization of
mechanisms responsible for these decreases in activity has
generally been lacking.

In the present study, we set out to study mechanisms
responsible for decreased enzyme activity associated with a
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TPMT Synthesis, Folding and Degradation
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Fig. 1. Schematic representation of TPMT synthesis, folding and degradation pathways and processes. Modified with permission from Wang and Weinshilboum [3] and

Weinshilboum and Wang [4].

nonsynonymous SNP in a novel TPMT variant allele discovered in a
renal transplantation recipient in Thailand. Specifically, we tested
the hypothesis that the decreased enzyme activity resulted from
accelerated degradation of the variant allozyme encoded by this
allele. Both immunoreactive protein and enzyme activity levels for
the new allozyme were reduced after transient expression in
mammalian cells. Our studies demonstrate that those decreases
were due to rapid degradation as a result of both proteasome and
autophagy-mediated process [10,11]. These results demonstrated
that increased understanding of protein degradation and of
processes that target proteins for degradation have mechanistic
significance for pharmacogenetics.

2. Materials and methods
2.1. Patients and subjects

The renal transplant recipients studied were treated at
Srinagarind Hospital, Khon Kaen, Thailand and Chulalongkorn
Hospital, Bangkok, Thailand between 1984 and 2007. These
patients received azathioprine as part of their standard immuno-
suppressive therapy program. DNA from 220 unrelated healthy
native Thai subjects residing in different regions of Thailand were
used to genotype TPMT*27 [16]. Written informed consent was
obtained from all subjects. The study protocol was approved by the
Ethics Committees on Human Research of Khon Kaen (HE480937)
and Chulalongkorn Universities (132/2006).

2.2. RBC TPMT activity assay

TPMT activity was determined in RBC lysates of renal
transplantation patients as described previously [17]. Patients
who had received allopurinol or blood transfusions within 3
months prior to sample collection were excluded. Specific activity
was expressed as nmol 6-methylthioguanine (6-MTG) g~ ' Hb h~ .

2.3. TPMT enzyme activity assay for recombinant protein

TPMT enzyme activity in COS-1 cell lysates was measured as
described previously with a radiochemical assay based on the
methylation of 6-mercaptopurine (6-MP) with ['C-methyl]-
AdoMet (Perkin-Elmer, Waltham, MA) as the methyl donor [18].

2.4. TPMT*3C and TPMT*6 genotyping

TPMT*3C was genotyped using a Custom Tagman® SNP
Genotyping Assay (Applied Biosystem, Carlsbad, CA), and TPMT*6
was genotyped using nested PCR as described previously [19,20].

2.5. DNA sequence analysis and TPMT*27 genotyping

In samples with low TPMT activity that did not have TPMT*3C or
*6 polymorphisms, the TPMT ORF was amplified as described
previously [21]. PCR amplicons were purified and sequenced on
both strands. To ensure that the novel TPMT*27 allele was not an
artifact introduced by PCR amplification, two independent
amplifications were performed with DNA from this patient and
sequencing was repeated.

TPMT*27 genotyping was performed using a Custom Tagman®
SNP Genotyping Assay (Applied Biosystems) using an ABI PRISM
7500 Real-Time PCR System (Applied Biosystem). The sense primer
was 5-TGGAAATCAGTGAACTTGGGATACAA-3' and the antisense
primer was 5-TTCCAGGAATTTCGGTGATTGGT-3'. The wild type
(WT) probe was 5-TCTTCTGAGTAAGAAAGAT-3’ with a 5'-fluor-
esceine (VIC) label, and the TPMT*27 probe was 5-CTGAGTCA-
GAAAGAT-3' with a 6-carboxyfluoresceine (FAM) label. Control
samples consisting of homozygous WT and samples heterozygous
for TPMT*27 were included to ensure genotyping accuracy.

2.6. TPMT site-directed mutagenesis and transient expression

Expression constructs for HA-tagged WT, *3A, *3C and *27
TPMT were created with the circular PCR. Sequences of mutated
inserts were confirmed by DNA sequencing. These constructs were
used to transfect COS-1 cells using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA). pSV-p-galactosidase (Promega, Madison, WI) was
co-transfected to make it possible to correct for variation in
transfection efficiency. Transfected cells were harvested and lysed,
homogenates were centrifuged and supernatants were stored at
—80°C.

2.7. Western blot analysis

Rabbit polyclonal antibodies directed against residues 40-59 at
the amino terminus of human TPMT were used to perform
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quantitative Western blot analysis [6]. The ECL Western Blotting
System (Amersham Pharmacia, Piscataway, NJ) was used to detect
bound antibody, and results were expressed as a percentage of four
samples of WT allozyme control run on the same gel.

2.8. RRL translation and degradation analysis

Transcription and translation of TPMT WT and variant
constructs were performed with the TNT® coupled RRL System
(Promega), as described by Wang et al. [11]. For the protein
degradation experiments, 3°S-methionine-labeled protein was
added to an ATP generating system that contained “untreated”
RRL, and aliquots were removed at 0, 2, 4 and 6 h for SDS-PAGE,
followed by autoradiography.

2.9. RRL translation and immunoprecipitation (IP) analysis

TNT® coupled RRL translation products were also used to
perform IP analysis. Specifically, 10 pl aliquots of the reaction
mixture were incubated with 200 wl untreated RRL at 4 °C for 1 h.
IP was then performed by conjugating immobilized protein G with
anti-hsp70 (Abcam Inc., Cambridge, MA) and anti-hsp90 (Abcam)
monoclonal antibodies. After incubation with the RRL reaction
mixtures, the resin was washed five times with buffer. Bound
proteins were then eluted and subjected to SDS-PAGE analysis,
followed by autoradiography. The SDS-PAGE samples were
transferred to PVDF membranes that were blotted with anti-
hsp70 and anti-hsp90 antibodies, followed by ECL detection.

2.10. Immunofluorescence microscopy

COS-1 cells were grown on cover slips for 24 h prior to
transfection with HA-tagged WT TPMT, TPMT*27 or TPMT*3A [10],
and MG132, 20 wM, or DMSO were added. The cells were fixed in
4% paraformaldehyde at room temperature for 12-15 min,
followed by the addition of 0.5% Triton X-100 (Sigma) at room
temperature for 5 min. They were then washed with phosphate
buffered saline (PBS), were “blocked” with 5% goat serum, were
washed once again with PBS and were incubated with the primary
anti-HA antibody (Covance, Berkeley, CA) diluted 1/200, followed
by incubation with fluoresceine isothiocyanate conjugated sec-
ondary antibody diluted 1/300 (Invitrogen). Finally, the cells were
washed once again with PBS. The stained cells were visualized with
a Zeiss LSM 510 Confocal Laser Scanning Microscope.

2.11. RNA interference studies

siRNA directed against ATG7 as well as control siRNA were
purchased from Qiagen. HEK293 cells were plated in 6-well plates
for one day and were co-transfected with ATG7 siRNA and HA-
tagged TPMT constructs by using the X-tremeGENE siRNATrans-
fection Reagent (Roche Applied Science, Indianapolis, IN). The cells
were harvested 48 h after transfection.

2.12. TPMT structural analysis

The crystal structure of TPMT bound to S-adenosyl-L.-homocys-
teine (AdoHcy) (PDB accession code 2BZG) [22] was used for
modeling and MD simulations. AdoHcy, bis-tris propane, and most
solvent atoms were removed computationally, and selenomethio-
nine residues were replaced with sulfur-containing methionine to
generate a WT human TPMT model. Two water molecules in the
Tyr107 hydrogen bonding network were retained. To generate a
model of the TPMT*27 Asp107 variant, the Tyr107 in the WT
structure was computationally replaced with aspartic acid. Parallel
MD simulations of both WT TPMT (Tyr107) and TPMT*27 (Asp107)

were performed using the GROMACS-3.3.3 software package and
the GROMOS-87 force field [23,24]. Using the SPC water model, the
protein structures were solvated in a cubic periodic box with walls
extending at least 9 A from the protein molecules. Energy was
minimized in 500 steps using a steepest descents minimization
procedure. In order to solvate the system without distorting the
protein molecule, 30 ps of position-restrained molecular dynamics
was first calculated. Subsequently, an extended molecular dynamics
simulation was carried out for 2 ns with coordinates saved for
analysisevery 1 ps. Atime step of 2 fs was used, and the temperature
of the system was coupled to a reference bath of 300K, with a
coupling time constant of 0.1 ps. For analysis of the trajectory, the
r.m.s.d. for the polypeptide backbone atoms at different time points
was calculated relative to the starting structure.

3. Results
3.1. Identification of a novel TPMT variant allele

Red blood cell (RBC) TPMT activity was determined in 119 Thai
renal transplantation recipients, all of whom had received
azathioprine during immunosuppressive therapy. TPMT activity
ranged from less than 6.24 nmol 6-methylthioguanine (6-
MTG)g 'Hbh™! to 74.36 nmol 6-MTG g~ ! Hbh~! (Fig. 2) [20].
DNA from these patients was also genotyped for TPMT*3C and
TPMT*6, the two most common “low activity alleles” in Asian
populations [6,7,12]. DNA samples from 9 patients who had RBC
TPMT activity below 27 nmol 6-MTG g~! Hb h~'and who did not
carry TPMT*3C or TPMT*6 were used to amplify the entire TPMT ORF
to determine whether novel polymorphisms might be detected by
DNA sequencing. One patient (see the arrow in Fig. 2) with activity
of 19.8 nmol 6-MTG g~! Hb h~! had a novel nonsynonymous 319
T > G (107Tyr > Asp) SNP in exon 5 of the TPMT gene. We have
designated this new allele TPMT*27. An additional T > C nucleotide
change was observed at TPMT ORF position 474 in the same
patient. Therefore, this patient's genotype was TPMT*1S/*27,
although we could not determine whether the two variant
nucleotides were on the same allele. The patient was a 59-year-
old woman with end stage renal disease. She underwent living
donor renal transplantation at King Chulalongkorn Memorial
Hospital, Bangkok, Thailand, and was treated with cyclosporine,
azathioprine and prednisolone. Her laboratory data are listed in
Supplementary Table 1. The patient did not experience myelo-
suppression during azathioprine therapy.
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Fig. 2. Frequency distribution histogram of RBC TPMT activities for 119 renal
transplantation recipients in Thailand. The arrow indicates the patient who carried
the TPMT"27 allele.
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Subsequently, 220 healthy Thai subjects were screened for the
TPMT 319 T > G variant, but none carried this allele. Mechanisms
responsible for decreased activity associated with the common
TPMT*3A allele have been studied in detail [8-11]. We set out to
determine whether similar mechanisms might apply to this novel
allozyme.

3.2. TPMT*27 expression

Decreased protein quantity is a common mechanism responsi-
ble for the functional effects of genetic polymorphisms and
mutations [3,4]. Therefore, as the first step, we determined the
level of immunoreactive protein expressed for the new TPMT
variant allozyme. A mammalian expression construct for TPMT*27
was generated by site-directed mutagenesis, and both human WT
and TPMT*27 constructs were transfected into COS-1 cells. Data
from Western blot analyses performed with an antibody directed
against the N-terminal portion of the protein are shown in Fig. 3A
and B. The average level of TPMT*27 protein was only 17.2 +3.1%
of the WT. Since this quantitation involved comparison with four
samples of the WT allozyme run on the same gel, but without a
“standard curve”, these data must be regarded as striking, but only
semi-quantitative in nature. This same caution applies to all
subsequent Western blot analyses—although the differences seen
between WT and variant allozymes were uniformly striking. TPMT

Q. Feng et al./Biochemical Pharmacology 79 (2010) 1053-1061

enzyme activity was also assayed for both WT and *27, and *27
activity was reduced to 7.6 & 2.1% of that for the WT allozyme
(Fig. 3C). These results were then compared with previous data
published by our laboratory for a series of TPMT variant allozymes
(Fig. 3D) [6]. The TPMT*27 data correlated well with those data, data
that showed a direct positive correlation between levels of activity
and enzyme protein for all allozymes except TPMT*5, a variant with an
amino acid alteration that disrupts the active site of the enzyme [25].
We next set out to determine possible mechanisms that might be
responsible for the decreased level of TPMT*27 allozyme protein.

3.3. Rabbit reticulocyte lysate (RRL) degradation studies

Previous studies of TPMT*3A showed that accelerated degrada-
tion was responsible for the decreased protein level observed for
that allozyme [4,9,11]. Therefore, we set out to determine whether
the change in amino acid 107 from Tyr to Asp in TPMT*27 might
also be associated with accelerated degradation. As a first step, a
RRL system was employed to compare the degradation of WT with
TPMT*27. TPMT*3A was included as a positive control. Specifically,
35S-methionine labeled WT, *3A and *27 TPMT were generated
using a treated RRL. Aliquots of the recombinant protein were then
added to untreated RRL to initiate degradation. Both TPMT*3A and
TPMT*27 were degraded rapidly, with only 38% and 48%,
respectively, remaining after 6 h, while the level of the WT

TPMT*27 Protein Level and Enzyme Activity
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Fig. 3. TPMT*27 protein expression and enzyme activity after transient expression in COS-1 cells. (A) Representative Western blot results. (B) TPMT*27 allozyme
immunoreactive protein levels. Protein levels are expressed as a percentage of WT. Values shown are mean + SEM for 6 independent determinations. (C) TPMT*27 allozyme
enzyme activity levels. Activities are expressed, as a percentage of WT. Values shown are mean + SEM for 6 independent determinations. (D) Correlation of human TPMT allozyme
enzyme activity and immunoreactive protein levels after transient expression in COS-1 cells. Modified with permission from Salavaggione et al. [6]. The allozyme described in the
present study is indicated as a black dot. Correlation coefficients were calculated by omitting data for TPMT*5.
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TPMT*27 Rabbit Reticulocyte Lysate
Degradation Studies

(A) -o- TPMT WT
- - TPMT*27
S 120 A -~ TPMT*3A
o

t_.

[=]

£ 8o

£

1]

£

D

¥ 40 4

[T,

o

=X

0
0 2 4 6

Time (h)

(B) Hours 0 2 4 6 24
TPMT WT S e

TPMT*27

TevTaA [

Fig. 4. Rabbit reticulocyte lysate (RRL) degradation studies. 3>>S-Methionine labeled
WT, *3A and *27 TPMT allozymes were incubated for various times with an
untreated RRL that included an ATP generating system. A representative result is
shown at the bottom. Each point is the mean + SEM for 3 independent experiments.

allozyme was decreased only 3% at the same time (Fig. 4).
Therefore, accelerated degradation is one factor responsible for the
decreased TPMT*27 enzyme activity and protein levels shown in
Fig. 3.

3.4. Proteasome-mediated degradation and aggresome formation

Wang et al. showed that alteration of the 2 variant amino acids
in TPMT*3A caused protein misfolding [10,11], which could trigger
a series of events resulting in proteasome-mediated degradation
[9-11]. Those authors also demonstrated that molecular chaper-
ones such as hsp70 and hsp90 were involved in this process [11].
Therefore, we determined whether TPMT*27 might also bind
preferentially to chaperone proteins. We began by inhibiting
proteasome-mediated degradation. Specifically, COS-1 cells were
transfected with hemagglutinin (HA)-tagged WT, *3A or *27 TPMT
constructs. After 24 h in culture, the cells were treated with either
DMSO or 20 wM MG132, a proteasome inhibitor. Fig. 5A shows that
average values of immunoreactive protein for both *3A and *27
were significantly elevated (P < 0.01) after treatment with MG132,
indicating proteasome involvement in TPMT*27 degradation.

We also tested the possible involvement of chaperone proteins
in *27 degradation. WT and TPMT*3A were included as negative
and positive controls, respectively, as well as TPMT*3C, an
allozyme with a lower rate of degradation than TPMT*3A [8-
11]. Specifically, equal quantities of 3°S-methionine labeled
allozymes generated with the RRL system were incubated with
untreated RRL and were then applied to Protein-G beads
conjugated to anti-hsp70 or anti-hsp90 antibodies. While little
or no binding to either hsp70 or hsp90 was seen for WT TPMT,
strong binding was observed for *27 and *3A (Fig. 5B). There was
much weaker binding of TPMT*3C by the two molecular
chaperones (Fig. 5B). Therefore, hsp70 and hsp90 might also
participate in TPMT*27 degradation—just as they do for TMPT*3A
(Fig. 1, Pathway #2) [11].

Aggresomes can be generated in cells when proteins misfold
and/or when the capacity of proteasome-mediated degradation is

exceeded [26,27]. Aggresomes are perinuclear bodies composed of
misfolded protein [26,27]. Therefore, we performed immunofluo-
rescence confocal microscopy after the transfection of COS-1 cells
with HA-tagged WT, *3A and *27 TPMT. Representative confocal
images are shown in Fig. 5C. Large protein aggregates compatible
with aggresome formation, indicated by the yellow arrows, were
observed in cells transfected with TPMT*3A and TPMT*27 - but not
with the WT allozyme - after treatment with MG132. Aggresome
formation was observed in 20% of COS-1 cells transfected with
TPMT*3A, and 18% of COS-1 cells transfected with TPMT*27
(Fig. 5C, see Pathway #3 in Fig. 1).

3.5. Autophagy and TPMT*27 degradation

Recent studies performed with a yeast gene deletion library
indicated that autophagy can also play a role in TPMT*3A
degradation [8]. To determine whether autophagy might be
included among mechanisms responsible for TPMT*27 clearance,
we treated cells expressing TPMT with 3-methyladenine (3MA), an
autophagy inhibitor [28]. We then performed Western blot
analysis of WT, *3A, *3C and *27 TPMT. Western blot analysis
showed elevated levels of TPMT*3A and *27 after 3-MA treatment
(Fig. 6A), with only slight or no change for WT and TPMT*3C
(Fig. 6A). We then used siRNA to knock down ATG7 (Fig. 6B), a gene
that encodes a protein required for the biogenesis of autophagic
vesicles [29]. After HEK293 cells were transfected with siRNA
directed against ATG7 and expression constructs for TPMT
allozymes, Western blot analysis showed that expression of both
TPMT*3A and *27, but not WT TPMT, were increased (Fig. 6C and
6D)—supporting a role for autophagy in TPMT*27 clearance (see
Pathway #4 in Fig. 1).

These results indicated that TPMT*27, like TPMT*3A, displays
decreased activity as a result of a decrease in the quantity of
enzyme protein due to proteasome-mediated degradation as well
as autophagy—with the involvement of chaperone proteins (see
Fig. 1). All of these processes are thought to be related to protein
misfolding. Since the crystal structure of human TPMT is known
[22,30], we used that information to apply structural analysis and
molecular dynamics modeling to determine whether TPMT*27
misfolding might contribute to the cascade of events resulting in
the accelerated clearance of this variant allozyme.

3.6. TPMT*27 structural analysis

The crystal structure of human WT TPMT showed that Tyr107 is
located on the surface of the protein, distant from the active site
[22]. The Tyr107 side chain participates in an extended hydrogen
bonding network that includes the side chains of four other
hydrophilic surface residues and two water molecules. This
hydrogen bonding network tethers residues on two [(3-strands
(Tyr107, Glu109, and Lys119) to two residues on an adjacent o-
helix (Glu93 and GIn97) (Fig. 7B). The Asp107 variant introduces a
hydrophilic residue that can be accommodated easily both
sterically and chemically, but the shorter aspartic acid side chain
would not be able to participate in the hydrogen bonding network.
Therefore, the Tyr > Asp alteration in amino acid sequence could
compromise this network of surface hydrogen bonds and, as a
result, alter protein folding or stability.

To probe the possible structural consequences of the 107
Tyr > Asp substitution, molecular dynamics (MDs) simulations
were performed with both the WT Tyr107 and the variant Asp107
molecular structures. Over the course of 2ns simulations,
molecular coordinates were saved for analysis every 1 ps. The
difference between the structures at any time point from the
starting coordinate was measured by calculating the root mean
square deviation (r.m.s.d.) of the backbone atoms. A plot of the
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TPMT*27 Degradation, Chaperone Protein
Interaction and Aggresome Formation
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Fig. 5. TPMT*27 degradation, chaperone protein interaction and aggresome formation. (A) Western blot analysis of TPMT*27 immunoreactive protein after MG132 treatment.
Specifically, COS-1 cells were transfected with WT, *3A and *27 TPMT and were then incubated with DMSO or 20 uM MG132 in DMSO for 24 h, followed by Western blot
analysis. Protein levels are expressed, as a percentage of WT. Values shown are mean + SEM for 3 independent determinations. The “insert” shows a representative Western blot
result. (B) Interaction of chaperone proteins with TPMT*27. The figure at the top shows the translation of WT, *27, *3A and *3C TPMT in a RRL system. 3°S-Methionine labeled WT,
*27,*3A and *3C TPMT allozymes were then subjected to IP with immobilized protein G conjugated with anti-hsp70 or anti-hsp90 antibody. IP results are shown at the bottom of the
figure. The top panels show the results for IP. The lower panels show the results of immunoblot (IB) analysis for each chaperone protein. (C) TPMT*27 aggresome formation. COS-1
cells were transfected with HA-tagged constructs with and without exposure to MG132. Aggresomes were visualized with confocal epifluorescence microscopy and are indicated by
yellow arrows. A total of 200 cells were counted in each experiment. The bar graph shows data for aggresome formation in cells transfected with WT, *27 and *3A TPMT with or
without MG132 treatment. Values shown are mean + SEM for 3 independent determinations.

backbone r.m.s.d. vs. time for the WT Tyr107 MD simulation
showed that these deviations reached a plateau at ~1.5A,
indicating that the energy minimized structures reached a stable
equilibrium (Fig. 7A). In contrast, the backbone r.m.s.d. plot for the
Asp107 variant did not plateau after a 2 ns simulation and
continued to rise beyond 2.0A, indicating that the energy
minimized structures continued to increasingly deviate from the
initial model and failed to achieve a stable equilibrium (Fig. 7A). A
comparison of the trajectories for the two MD simulations
indicated that the Asp107 substitution was less compatible with
the WT TPMT protein fold than the WT Tyr107, supporting the
hypothesis that the inability of the shorter aspartic acid side chain
to contribute to the surface hydrogen bonding network might
compromise the TPMT structure.

By superimposing the Asp107 coordinate obtained at the end of
the 2ns MD simulation with the initial WT Tyr107 crystal

structure, further details of the conformational deviation became
apparent (Fig. 7B). Both the [3-strand containing Tyr107Asp and the
adjacent helix (residues 92-103) that contains residues in the
same surface hydrogen bonding network were substantially
shifted. Large shifts also occurred in other regions of the structure,
both near and distant from the Tyr107Asp site, consistent with the
large and increasing backbone r.m.s.d. calculated during our MD
2 ns simulation. This widespread distortion of structural features
throughout the TPMT protein fold supports the conclusion that the
Asp107 substitution is incompatible with the native structure of
WT TPMT.

4. Discussion

Nonsynonymous SNPs are an important cause of inherited
variation in drug response. Inherited alteration of only one or two
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Autophagy and TPMT*27 Degradation
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Fig. 6. Autophagy and TPMT*27 degradation. (A) Immunoblot analysis of HA-tagged
WT, *27, *3A and *3C TPMT transfected into HEK293 cells. The cells were treated
with 10 mM 3-methyladenosine (3MA) or water. Immunoblots were performed
with anti-HA antibody (upper panel), or with anti-actin antibody (lower panel). (B)
RT-PCR analysis of ATG7 in HEK293 cells transiently transfected with ATG7 siRNA.
The values shown are mean+SEM for 3 independent determinations. (C)
Immunoblot analysis of WT, *27 and *3A TPMT transfected into HEK293 cells with
or without siRNA “knockdown” of ATG7. (D) Immunoblot data for TPMT*27 and
TPMT*3A with and without siRNA “knockdown” of ATG7. Values shown are
mean + SEM for 3 independent experiments.

amino acids often results in a decrease in the quantity of protein
(see Fig. 3D) [4]. When the mechanism responsible has been
studied, protein degradation has been the most frequent cause
[4,6-11,26,27,31-38]. TPMT represents a striking example of both
the clinical relevance of nonsynonymous SNPs for pharmacoge-
netics and the importance of protein degradation for these effects
[1,2]. TPMT genotyping studies have identified up to 30 variant
alleles in different ethnic groups [12] since the TPMT c¢DNA and
gene were first cloned and characterized in 1993 and 1996,
respectively [7,39]. TPMT*27, 319 T> G, 107Tyr > Asp, was
recently reported in a renal transplantation recipient in Thailand
although it was not functionally characterized [20]. In the present
study, we genotyped 220 healthy Thai subjects for TPMT*27, but
failed to identify any additional carriers of this novel allele, making
it likely that, in this population, it represents a mutation rather
than a polymorphism. However, the purpose of the present study
was neither to determine the population frequency of this variant
nor to determine its clinical implications, but rather to study

WT and TPMT*27 Structural Analysis
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Fig. 7. TPMT*27 and WT TPMT structural analysis. (A) Deviations of WT TPMT
(Try107) and the *27 Asp107 variant structures during molecular dynamics (MDs)
simulation. Differences in polypeptide main chain backbone atom positions between
the initial TPMT crystal structure and energy minimized WT (Tyr107) or variant
(Asp107) structures during MD simulations were calculated for structures sampled
at 1 ns increments. The trajectory for the WT Tyr107 MD simulation (purple) shows
the r.m.s.d. plateaus, indicating a stable equilibrium for the energy minimization.
The trajectory for the Asp107 variant MD simulation (blue) shows a higher r.m.s.d.
than that for the WT Tyr107 which continues to increase at the end of the 2 ns
simulation, indicating that the energy minimized structures are increasingly
divergent and have not yet attained a stable equilibrium. (B) Structural distortion
of the energy minimized Asp107 variant. The WT Tyr107 crystal structure is shown
as a purple ribbon diagram with side chains of Tyr107 and other residues in the
surface hydrogen bonding network, and with AdoHcy bound in the active site
represented as ball-and-stick structures. Hydrogen bonds are drawn as black dashed
lines, and oxygen atoms of the two water molecules participating in the hydrogen
bonding are also shown. Superimposed is the ribbon diagram for the energy
minimized variant Asp107 structure at the end of the 2ns MD simulation, in
transparent blue. Both the 3-strand containing Tyr107/Asp 107 and the adjacent a-
helix containing other residues in the hydrogen bonding network are distorted,
together with a variety of other structural features near and distant from the Asp107
substitution site. The figure was prepared using PyMOL [41].

mechanisms responsible for the decreased level of enzyme activity
associated with this variant allele.

A chaperone protein-dependent, proteasome-medicated path-
way [9-11] and autophagy [8], have both been shown to contribute
to the degradation of TPMT*3A, the most common variant allele in
Caucasian subjects. We tested the hypothesis that protein
degradation might also contribute to the decrease in enzyme
protein that we observed for TPMT*27. Transient expression of
TPMT*27 in COS-1 cells, followed by quantitative Western blot
analysis and assay of enzyme activity showed a dramatic decrease
in levels of both immunoreactive protein and enzyme activity.
Those results also fit well with the correlation between protein and
activity that we reported previously for 13 TPMT allozymes
(Fig. 3D) [6]. Furthermore, TPMT*27 protein was rapidly degraded
in a RRL system (Fig. 4). Immunoprecipitation demonstrated that
two chaperone proteins which had been shown to be involved in
targeting TPMT*3A for degradation, hsp70 and hsp90 [11], also
interacted with TPMT*27. In addition, degradation of TPMT*27 was
inhibited by the proteasome inhibitor MG132 (Fig. 5A), and
TPMT*27, like TPMT*3A [10], formed aggresomes in COS-1 cells
after proteasome inhibition (Fig. 5C). We also observed that
TPMT*27 protein levels increased after the inhibition of autophagy
with 3-MA (Fig. 6A), or after siRNA knockdown of ATG7 (Fig. 6B, C
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and D). Therefore, autophagy appeared to be another route for
TPMT*27 degradation—just as it is for TPMT*3A [8]. In summary,
both proteasome-mediated degradation and autophagy contribute
to TPMT*27 degradation. Finally, structural analysis and MD
simulation suggested that substitution of Asp for Tyr at TPMT*27
position 107 might result in protein misfolding and resultant
instability (Fig. 7).

It should be emphasized that not all TPMT variant allozymes
with decreased activity can be explained by protein degradation.
For example, TPMT*5 displays a moderately reduced level of
immunoreactive protein together with nearly complete absence of
enzyme activity [6]. In the case of TPMT*5, an alteration at the
active site of the enzyme rather than protein degradation appears
to account for the loss-of-function [25]. TPMT is not the only
example for which inherited alteration in protein sequence results
in reduced protein quantity. Other genes encoding enzymes with
common nonsynonymous SNPs that are associated with function-
ally significant decreases in protein quantity include catechol O-
methyltransferase (COMT), histamine N-methyltransferase
(HNMT), a series of sulfotransferase (SULT) enzymes and quinone
oxidoreductase 1[1,17,31-37,40]. Clearly, altered protein quantity
is an important mechanism responsible for the functional effects of
inherited variation in amino acid sequence, and this alteration,
most often a decrease, frequently results from protein degradation.

In summary, we have studied mechanisms responsible for the
decreased activity of TPMT*27, a novel variant allozyme for an
important drug-metabolizing enzyme. We used this novel TPMT
allele to test the hypothesis that protein clearance mechanisms
might explain loss-of-function as a result of this genetic variation—
perhaps as a result of protein misfolding. The mechanisms
identified involved accelerated degradation mediated by both
proteasome and autophagy pathways. Ultimately, it would be
hoped that protein misfolding — and any related acceleration in
degradation - might be predicted purely computationally, but that
goal for pharmacogenetics still remains in the future.
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