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Abstract The three-dimensional model of human thiopurine methyltransferase (hTPMT) was con-
structed by molecular modeling. A multiple alignment of AdoMet dependent methyltransferases based
on a structural superposition of the AdoMet binding domaidhddi, Tagl and rCOMT was used in the
modeling procedure. The reliability of the model was examined by comparing its conformation and
packing properties with those dthai, Tagl and rCOMT and structures in the PDB-database. The
examined criteria indicated a reliable model structure. The model gave insight into the structural ef-
fects of naturally occurring mutations of the hTPMT allele, and was used to characterize the ligand
interactions of the protein. The residues GIn42 and Glu91 were predicted to participate in AdoMet
binding through H-bond interactions whereas Phel46 participamgthMander Waal interaction.

The cationic methyl-sulphonium gup of AdoMet was located close to the aromatic residue Phe40.
The model also indicated that substrates interact with hTPMT situated in a pocket consisting of the
hydrophobic residues Phe40, Met148, Val184, Val220 and the charged residues Lys145, Glu218, Lys219.
These residues were also included in a predictive explanation for the inhibitor/substrate preference of
the enzyme. The most frequent of naturally occurring mutations was predicted to cause alterations on
the surface of the protein with minor/none structural consequences. Th#éomAta80-Pro seemed
directly to cause an inactive enzyme by disrupting the structure of the binding site of AdoMet.

Keywords Thiopurine methyltransferase, Homology model, Mutations, Ligand interactions

pounds utilizing S-adenosylmethionine (AdoMet) as methyl
donor [1,2]. Theanti-cancer thiopurine agents 6-mercap-
i i ] _ topurine (6-MP) and 6-thioguanine (6-TG), and the immu-
Human thiopurine methyltransferase (hnTPMT) is aCyt050||Cnosuppressive thiopurine drug azathioprine (AZA) are all
enzyme of unknown endogenous function that catalyzes thg,gctive prodrugs that require metabolism to thiopurine
S-methylation of aromatic and heterocyclic sulfhydryl com- ,cleotides in order to exert cytotoxity [3, 4]. The competi-
tive metabolic pathways via either TPMT or xanthine oxi-
dase reduce formation of the active thiopurine nucleotides.
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The level of TPMT activity in human tissues is regulatddNA-methyltransferase [16]Tagl DNA-methyltransferases
by genetic polymorphism, about 89 % of a population &re7], Haelll DNA-methyltransferase [18], rat catechol
homozygous for high enzyme activity, around 11 % are h&-methyltransferases (rCOMT) [19] and rat glycine
erozygous with an intermediate activity, while one of aboNtmethyltransferase (rGNMT) [20]. These x-ray crystal struc-
300 subjects is homozygous for low TPMT activity [5, 6fures show that théddoMet binding domain of the
The TPMT deficiency is caused by a structurallyedéfPMT DNA-methyltransferases have an overall three-dimensional
enzyme due to genetically inherited mutations of the hTPMTructure similar to that of the small molecule
gene, and at least eight mutant alleles of the hTPMT gemnethyltransferases rCOMT and rGNMT. However, compared
have been identified [B]. TPMT-deficient patient treatedto the DNA-methyltransferases and rCOMT, rGNMT has an
with conventional doses of 6-MP, 6-TG and AZA have a pradditional domain (S-domain) close to the active site, which
nounced risk of potentially life-threatening haematopoietiay reflect its capability in binding polycyclic aromatic hy-
toxicity [9-11]. drocarbons. If the S-domain is removed, the folding pattern

Clinically significant drug-drug interactions have beeaf rGNMT is similar to that of rCOMT and to the AdoMet
predicted in patients treated simultaneously with thiopurineding domain of the DNA-methyltranstees [20]. The
and inhibitors of TPMT activity [12]. Benzoic acid derivafolding similarities suggest that methyltransferases in gen-
tives [2], diuretics [13], 2-OH-purines [14] and sulphasalaziegal have a common three-dimensional structure of the
[15] have all been reported to inhibit h\TPMT activity in vitroAdoMet binding domain, and that these structural
A detailed knowledge about the three-dimensional struct@guivalences permits the prediction of the tertiary structure
of hTPMT is necessary in order to clarify the moleculaf other methyltransferases.
mechanisms for hTPMT inhibition and is also helpful in pre- In the present study we constructed a three-dimensional
dicting possible drug-drug interactions in thiopurine treatiodel of hnTPMT from the amino acid sequence [21] by the
ment. Adetailed knowledge about the three-dimensionate of homology modeling. The sequence alignment used
structure of the enzyme will also give insight into the strufar the homology modeling procedure was based on a struc-
tural consequences of mutated hTPMT alleles. tural superposition of the AdoMet binding domainHifai,

To date, the x-ray crystal structure of five AdoMet défagl and rCOMT [22].
pendent methyltransferases have been repotéddhi

a3 B1
rcont  MGDTKEQRI LRYVQQNAKP- - GDAQSVLEAI DTYCTQKE- WAMNVGDAKGQ MDAV - - - - - 54 ------ REYS- PSLVLELGA 67
hhai  --------comii - 299 YKQFGNSWI NVLQYI AYNI GSSLNFKPY 327 M ElI KDKQLT- GLRFI DLFA 19
Taql MCGLPP- - - - LLSLPSNSAPR- - - - - - - - - - - - - SLGRVETP- PEVWDFMWSLAEAPR- - - - - 39 ------i--- GCGRVLEPAC 48
rgamt  MSSSA- ASPLFAPGEDCGPAVRAAPAAYDTSDTHLQ LGKPVVERWETPYMHSLAAAAA- - - 58 --------- SRGGRVLEVGF 69
ht pnt - MDGTRTSLDI EEYSDTEVQKNQVL TLEEWQDKW/N- - - GKTAFHQEQGHQLLKKHLDTFL- 57 ------ KGKSGELRVFFPLC 71
o4 B2 a5 B3 a6 B4
rcont - YCGYSAVRVARLLQPGARLLTMVEMNPDYAAI TQQVLNF- - AGLQDKVTI LNGASQDLI PQLKKKYDV- - - - DTLDMWFL- - - - - - - 140
hhai GLGGFRLALESCG - - AECVYSNEWD- KYAQEVYEM\- - - - FG- - - - - EKPEG D- - - | TQUNEKTI P----DH DI LCA--- - - - - 77
Taql AHGPFLRAFREAHG- TAYRFVGVEI D- PKALDLPP- - - - - - WA- - - - - EGQ LA-D- - - FLLWEPGEA- - - - - - - FDLI LGNPPYG V 111
rgant  GVAI AASRVQQAP- - - | KEHW | ECN- DGVFQRLQN- - - - - WALKQP- HKVVPLKG - LWEEEAPTLP- - - DGHFDG LY- - - - - - - 134
ht pnt  GKAVEMKWFADRG - - - HSVWGVEI S- ELG QEFFTEQNLSYS- EEPI TEI PGTK- - - VFKSSSGNI SLYCCS| FDLPRT- - - - - - - 142
a7 B5 a8 6
rcom --------------- DHWKDR- - - - - - - - ---- YLPDTLLLEKCG.L- RKGTVLLADN- - - - VI VPGTPDFLAYVRG- SSS- - - FEC 191
hhai  ------- GFPCQAFSI SGKQKGFEDSRGTLF- FDI ARl VREK- - - - - - - KPKVVFMENVKNFASHD- NGNTLEVVKNTMNELDYSFH 148
Taq! GEASKYPI HVFKAVKDL YKKAFSTWKGKYNL YGAFLEKAVR- - - - LL- KPGGVLVFWPATW.V- - - - LEAFALLREFLARECGKTSV 189
rgamt --------------- DTYPLSEETWHTHQ - - FNFI KTHAFR- - - LL- KPGG LTYCN- - - - LTSWGELMKSKYTDI - TAM - - FEE 191
htpmt  -------mom-- | GKFDM WDRGAL VAI NP- GDRKCYADTMFSL L GKKFQYLLCVLSYDPTKHPGPPFYVPHAEI - ERL- - - FGK 210
36 B7

rcont  THYSSYLEYMKVV- DGLEKAI YQGP- SSPDKS- - - - - - - - - - - - memm e oo - - 221

hhai AKVLNALDYG - | PQKRERI YM CF- RNDLNI QNFQFPKPFELNT- - - - - - = - - - - oo - - - - 190

Taql YYLG - - EV- - - FPQKKVSAWVI RFQKSGKCGLSLWDTQESESGFTPI LWAEYPHWECEI | RF 245

rgant TQVPALLEAGF- - - QRENI CTEVMALVPPADCRYYAFPQM TPLVTKH- - - - - - - - - - - - - - 236

ht pnt | CNI RCLEKV- - - - DAFEERHKSWGE DCLFEKLYLLTEK- - - - == === mmm e 245

Figure 1 Multiple sequence alignment of AdoMet dependjamt: rat guanidinoacetate-methyltransferase and htpmt: hu-
ent methyltransfaises. Thesequences shown in the figuresnan thiopurine methyltransferase. The nomenclaturexfor
are; rcomt: rat catechol O-methyltransferase, hhelihai helices ang3-strands is as in the crystal structure of rCOMT.
DNA-methyltransferase, Taqlaql DNA-methyltransferase,
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Methods The crystal structure of rCOMT shows that residL!es in motif
| participate inbinding of AdoMet, and that motif Il also
forms a part of the Adomet binding site. The importance of
motif | for binding of AdoMet has also been confed by
site directed mutagenesis studies of Gly67 and Gly69 of

. . . . ISAMT [25]. Site directed mutagenesis studies of residues
The multiple sequence alignments were carried out using iﬁ

progressive alignment program ClustalW [23]. The sequerﬁﬁe%om [l of rtGAMT did not affect the binding of AdoMet

Multiple sequence alignments

: . L d guanidinoacetate, but altered trypsin susceptibilities at
alignments were performed with an initial gap open pena ¥920

of .12'and an |n|t|_al gap extension penalty of 4 both in the When constructing the alignment attention was also given
pairwise and multiple gllgnments. Se;veral efforts were mat(igeother residues that evidently are known to participate in
to perform an automatic sequence alignment of all SeqUeNGes\ 1ot binding. Mutation analysis described by [25, 26]
However, in spite of various combinations of input para ave evidence tHat Aspl35 and Tyr137 in the segment,DTYP
eters, this strategy was not successful and the consewe%jggidues 134-138) in rtGAMT function as part of the AdoMet
guence motifs observed in the small molecule meth inding site. The aspartate was found to be crucial for AdoMet

transferases [2‘.1] were not Iin_ed up. I_:inally the profile'methB ding whereas the aromatic Tyr137 was suggested to stabi-
was “S.ed to build up the initial multiple sequence allg'nm.efate the binding of AdoMet through a catieninteraction
from alignments of closely related sequences. The mlsallg\ﬂfh the positively charged sulphonium of AdoMet. The crys-

ment of rCOMT Hhai and Tagl in the initial multiple align- tal structure of rCOMT indicates that the segment DHWK

ment was repaired.ailccording to an alignment based on Sidues 140-144) seem to play a similar role in rCOMT
structural superposition of these three enzymes [22]. The . These amino acid residues are located in the loop seg-

maining sequences were then rgaligned “Sif‘g amino aCidn§ nt betveen4 anda7 [19]. We chose to align these seg-
quence analysis [24] and experimental studies of small Qnts of rCOMT and rGAMT, and use them as a guidepost

ecule methyliransferases as guideposts for the alignment V\% “aligning the other sequences relative to each other based

out violating conserved motifs observed in the crystal struc- s :
o . two facts; i) the two segments are both important parts of
tures. The structural superposition of rCOMIRhai andTaq|! the AdoMet binding site, and ii) the two segments are both

did not give any information about the structure of thf%und in a equally flanking position relative to motif Il, re-

methyltransferases between the N-termango3. For this e by [24] to be widely present in diverse AdoMet de-
part we have simply used the best multiple sequence al'g@hdent methyl transferases

;neenr][te. dTizeFimlljtlrFe)lel 2'*%”{;::r}glllgs\lﬁndegethfeﬁggg?ﬂﬁﬁ;ﬁr ) _AII amino acid sequences included in the multiple align-

9 ) g seq ’ $REnts have an acidic residue 17-21 residues downstream to
echol O-methyltransferase, pig catechol O-methyl-transferqﬁ C-terminal end of motif I, which also was used as a guide-
human phenylethanolamine N-methyltransferase, r '

henviethanolamine N-methviransferase. bovine phenvie st for aligning the sequences. The acidic residue separated
pheny y ' pheny 20 residues from the C-terminal side of motif | has been

anolamine N-methyltransferase, mouse phenylethanolamé Swn to be hydrogen-bonded to the ribose 2-hydroxyl in

N-methyltran§f§rase, human nicotine N'methyltranSfe.ra.%%’cleotide binding enzymes [27], while the corresponding
human guanidinoacetate methyltransferase, rat guanldlpeo-

: sidue in rCOMT (GIlu90) is hydrogen-bonded with the ri-
acetate methyltransferase, mouse thioether S-methyltr e hydroxyls of AdoMet [19]. Further, site directed muta-
ferase, human carboxyl methyltransferase, parsiey catfe €hesis studies of Glu89 located 17 residues from the
CoA O-methyltransferase, rat carboxyl methyltransfera

human isoaspartyl O-methvltransferase  rat isoaspar -?erminal end of motif | in rGAMT indicated that this resi-
party y ’ P e also was hydrogen bonded to AdoMet [25].

O-methyltransferase, bovine isoaspartyl O-m.et.hyltransferas;e,.I.h e structural superposition of rCOMMhai and Taq|
gorﬁztehlsl,t? aspfa rtyl O-methyltransferaieColi isospartyl showed that these methyltransferases have an acidic residue
i yltransterase. at the C-terminal end ¢¥6 [22]. In rCOMT this residue is a
part of the substrate/inhibitor binding p@tk The cystal
structure of —tGNMT also contains an acidic residue at a simi-
lar position [20], indicating that this may be a general trend

Amino acid sequence analysis have indicated a Widesprgc[;lncj) ng the methyltransferases.
occurrence of three sequence motifs among AdoMet depend-
ent methyltransferases [24], which were used as gmde"r@osnstruction of the model
for the multiple amino acid sequence alignments. These three
sequence motifs (Figure 1) correspond to the segme
VLELGAYCG (residues 62-70), DTLDMVFL (residues
;ﬁi 1{‘;]0’3) a;gﬁ';;ig%?g\l/‘é gg?\'/ld:e?rgig dtGei) 'gf%'\;rrprograms [28]. A distance dependent dielectric function (

: 7 1, where r = interatomic distance) was used in the calcula-
GHEDGILY (residues 127-134) and LLKPGGILTY (re5|due§ ns. Waer molecules were not included. Energy minimi-

159-168) in rat guanidinoacetate methyltransferase (rGAM tions were performed with an initial step length of 0.05,

Guideposts for the alignments

IOItcﬁecuIar mechanical energy minimizations and molecular
dynamics simulations were performed with the AMBER 4.1
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the non-bonded pair list was updated after every 100 stépsonsisting of residues 1-4 and residue 231-245 were not

and the cut-off radius for non-bonded interactions was 15iAcluded in the model.

Molecular dynamics simulations were performed with a step

length of 1 fs and a 12 A cut-off radius for non-bonded inter-

actions. The SHAKE option was used to constrain all bon8i&le chain conformations and refinements

involving hydrogen atoms and the non-bonded pair list was

updated after every 10 steps during the simulations. All the side chains of the model were energy minimized by
500 cycles of steepest descent minimization and 4500 cycles
of conjugate gradient minimidan. After the energy mini-

Conservedn-helixesand 3-sheet regions mization, a simulated annealing molecular dynamics proce-
dure was used to generate the side chain conformation of

The multiple sequence alignment was used to constructeaich residue. The model was gradually heated to 750 K dur-

initial model of the backbone atoms in structurally conserved) 16 ps of simulation and kept at 750 K for 100 ps. Differ-

regions of hTPMT. This was performed by substituting tleat coordinate sets observed during the simulation were gradu-

residues of rCOMT into the corresponding residues of hTPMIly cooled from 750 K to 0 K during 23 ps of simulation and

using the MIDAS programs [29]. energy minimized. The main chain atoms were kept at fixed
positions during the molecular dynamics simulating anneal-
ing and energy minimization procedure. Six different mod-

Loop regions els obtained during the procedure were evaluated using the
structure verification program CHECK [30] of the WHATIF

The initial backbone conformation of the loop segmeptogram package.

205-207 was constructed from the corresponding loop regions

in r*COMT (Figure 1), while initial backbone conformation

of other loop regions were constructed by searching for lobpcking of ligands into the model

segments in the Brookhaven PDB-database. The 8 most pre-

ferred conformations of each segment were inspected vishe structure with the best scoringlues in the WHATIF

ally for steric interactions with its local environment, and thetructure verification test was considered as the most realis-

conformation with most reasonable interaction and smalléstmodel of hTPMT, and was used in the studies of putative

structural deviation at the terminal ends was selected. hTPMT-ligand inteactions. The stricture of AdoMet from

The selected loop segments were refined by 500 cycleshaf crystal structure of rCOMT [19] was docked into the pu-
steepest descent minimization followed by 2000 cycles tafive AdoMet binding site of hTPMT using the crystal struc-
conjugate gradient minimization. Loops of 5 or more amirtore of rtCOMT as a guide. Further, we assumed that the sub-
acid residues were further refined by 50 cycles of simulated
annealing molecular dynamics simiida. Theloop was
gradually heated to 1000 K during the first 5 ps of each ¢
cle, kept at 1000 K between 5 and 10 ps, and gradually coc
to 0 K between 10 and 20 ps. The structure after 20 ps \
used as the initial structure in the next cycle of simulat
annealing molecular dynamics, which was performed in
similar manner as the previous cycle. A harmonic force o
kcal/A2 was used to constrain the terminal ends at an apg
priate distance during the simulation. The structure after ei
cycle was energy minimized until convergence at 0.02 kc
mol/A r.m.s energy gradient difference between success
minimizations steps, resulting in 50 energy minimized stru
tures of each loop. Potential energy and interactions with
local environments were then used as criteria for select
between the energy minimized structures.

The loop regions were connected to the model using
teractive computer graphics, and energy refined for 500
cles of steepest descent minimization and 5000 cycles of ¢
jugate gradient minimization. The loops were further refine
by 50 ps of molecular dynamics simulation at 310 K, and
thereafter by 500 cycles of steepest decent minimization figure 2 The three dimensionaldtrace model of hTPMT
2000 cycles of conjugate gradient minintiaa. a-helices (plack) complexeavith AdoMet (magenta) and 6-MP (yel-
and B-sheets were kept at fixed positions during the enengyy). The putative catalytic center includes two residues sug-
refinements of the loops. The two terminal segments (Figi&sted to be of special importance; Phe40 (green) and the

conserved Glu91 (blue)
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strate binding site on hTPMT corresponded to the catecfiiure 4 ) showed that all residues had a negative energy
binding site of rCOMT. The substrate 6-MP and differepeak. Tis indicates that there are no unfavourable van der
noncompetitive benzoic acid inhibitors for hTPMT [2, 14\Naals contacts or other bad local contacts in the the final
31] were docked into the site. The benzoic acid inhibitoesergy refined model.

used in the docking were: 3-chloro benzoic acid, 3-methyl The Whatif/Quality Control method [30] was used to com-
benzoic acid, 3,5-dichlorobenzoic acid, 3,5-dimethyl benzgiare the packing environment of the residues with the aver-

acid and veratric acid.

Results

Evaluation of the model

The refined three dimensional model of hTPMT complex
with AdoMet is shown in Figure 2. The backbone (:onformggJll
tion of the model was analyzed using the Procheck comp
program [32]. The Ramachandran map (Figure 3) indica
that 11 out of the 226 non-glycine residues in the model w

age packing environment for the same residue type in good
structures contained in the Protein Data bank. A residue in a
structure with a quality score 656.0 o or worse indicates
either poor packing, contacts with a cofactor, or that the resi-
due is part of the active site. In the present model 10 residues
out of the 226 residues included in the model were found to
have a score < -5. The corresponding values for rCOMT
(216 residues), and the AdoMet binding domaii tedi (resi-
due 1-190 and residue 299 to 327) dad| (residue 21-245)
re 4, 11 and 9, respectively. The average quality control
ue for the modeled structure, which evaluate the overall
i lity of the structure wad.6. The corsponding values
rCOMT, hhaij, and Taglare -0.4, -1.5 and -0.8, respec-

in disallowed regions. Comparing this result with the experi-
mental detected template structures, 1 non-glycine residue

in r*COMT (PDB-acquisition code: 1vid), 0 non-glycine res
due in Hhai (PDB-acquisition code: 1hmy) and 3 non-gl
cine esidues inTaql (PDB-acquisition code: 2adm) are lo

cated in disallowedp/W regions.

A criterion for a protein model either from experiment
studies or from model building is that the energy associ
with the interaction between each amino acid and the
mainder of the protein model should be negative. The int
molecular potential energy of each amino acid residue
culaed with the Analysis program of the AMBER packaggu
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'The putative binding site of AdoMet

Docking of AdoMet into the model (Figure 5) at a position
orresponding to the position ofAdoMet in rCOMT suggested
§ following possible interactions between the ligand and

o _i) H-bond from carboxyl oxygens on Glu91 sidechain to

n[rjose 2'-hydroxyl. Glu91 corresponds to Glu90 in rCOMT
ich also interacts with the ribose hygyts. These resi-

es correspond to the conserved acidic amino acid residue

localized 17-21 residues downstream motif |.

W
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Figure 4 The intermolecular interaction energy for each
amino acid residue in the hTPMT model
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i) H-bond from amino on GIn42 side chain to carboxyl Favourable interactions were found between the substrate
on the methionyl part of AdoMet. 6-MP and the surroundings (Figusg An electrostatic at-
iif) H-bond from oxygen on GIn42 sidechain to amino otraction was predicted between the electronegative sulphur
the methionyl part of AdoMet. on 6-MP and the positively charged sulphonium-methyl part
iv) Van der Waal interactions between Phel46 and adf AdoMet. Possible H-bonds were found from N7 on 6-MP
enine. to Lys145 sidechain and from hydrogen at N2 to Glu218
V) A possible catiorreinteraction between the positivelysidechain.
charged sulphonium-methyl part of AdoMet and Phe40.

The putative binding site of substrates and inhibitors Discussion

Docking of 6-MP and the benzoic acid derivatives at the gge€Semblance between target and template proteins in both
tative active site suggested that these ligands interact wigifluénce identity, homology and functional properties is
several hydrophobic residues in hTPMT (Figure 5). The Hjpportant in the construction of a model. An error in the se-
drophobic residues forming the substrate binding cleft wefeeénce alignment affects all succeeding steps in the model
Phe40, Met148, &l184 and Val220. The chosdigands construction, resulting in a model of low reliability. The most
seemed to be oriented inside the cleft guided by four char§&§n used method in the construction of a homology model
groups (Lys145, Glu218, Lys219 and the sulphonium-meth@lbase,d onan automated pairwise or multiple sequence align-
part of AdoMet) in the sorroundings. Negatively charged Iigﬁ'em’ including one structural template protein. However,
ands were predicted to have the highest affinity for the &i¢ automated mode of sequence alignment may result in a
zyme due the net positive charge of the cleft. For aryl ligarf#9del of relatively low significance when the homology be-
like thiophenol substrates and benzoic acid inhibitors, theen the target protein and the sequences in the alignment
orientation of the ligand in the cleft also seemed to depéefidoW @ description that fits for hTPMT compared to the
on substituents on the benzene ring other than the main ffiger AdoMet utilizing methyl transferses. The sctural
tional gioup. Aryl ligands with hydrophobic meta-substituentSUPerposition of three AdoMet utilizing methyltransferases
with a negative electrostatic surface seemed to interact gave the possibility to include structural information from
intimately, which explains the differences in inhibition pof'rée templates in the multiple sequence alignment, a strat-

tency and the properties for benzoic acid derivatives as §9V €xPected to give a more reliable model than just basing
hibitors. the model building on only one structural template.

In the crystal structure of rCOMT motif | (residues 62-70)
forms a turn joining the firsB-strand anda-helix of the
B1-a4-B2 fold (Rossmannald). Thealignments procedure
indicates that motif | seems to correspond to the segment

Lys219 Val220 VFFPLCGKA (residue 66-74) in hTPMT. The C-terminal end
of this segments location 17 residues upstream the acidic
Glu218 Gln42 Glu9l at the C-terminal end B2 (Figure 1) strengthens this

condusion. All sequences included in the alignments have
an acidic amino acid located 17-21 residues from the
Val1s4 C-terminal end of motif I, which has been shown to be in-
volved in binding to AdoMet both in rCOMT [19] and rGAMT
[25]. The cystal structure of rCOMT shows that motif Il (resi-
due 133-140) form$4. The alignment procedure suggests
that motif Il corresponds to the segment SIFDLPRTI (resi-
dues 135-142) in hTPMT. The loop segment flanking motif
Il has been shown to be important for binding of AdoMet
Phe146 both in rCOMT and rGAMT. Figure 1 indicates that the pu-
tative corresponding loop segment in hTPMT contains sev-
Glugl eral aromatic and acid residues that may have a similar role
as the DHWK segment in rCOMT and the DTYP segment in
rGAMT. Figure 1 also indicates that this loop is longer in
: gtTPMT than in rCOMT, and thereby may have a different
) : : : . ~structure. However, the modeling refinements procedure po-
n the'hTPMT_modeI showing th'e rg5|dues prgdlcted to 'ntgfﬂoned Lys145 and Phel46 at positions similar to that of
act _W'th the Ilgar.lds. Color C.Od'ng.' magenta AdoMet,. Y8ys144 and Trp143 in rCOMT, while Asp147 was positioned
low: 6-MP, black: hydrophobic residues suggested 10 int ery close to a position similar to that of Asp141 in rCOMT,

act with 6-MP, red: positively charged residues, blue: negF?fdicating that the GKFD segment may have a similar role as

tively charged residues, green: aromatic residues. Phe4qH§ DHWK segment of rCOMT and the DTYP segment in
suggested to have a important catalytical role

Met148
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rGAMT. Motif Ill (residue 159-168) is lodad in 35 in the TPMT inhibitors and substrates
crystal structure of rCOMT, and the alignments procedure
suggests that motif Ill correspond to the segmebifferent inhibitors for TPMT and the TPMT substrate 6-MP
LLGHHFQYLL (residue 173-182) in hTPMT. [2, 14, 31] were docked into the putative substrate binding
The three sequence motifs widely present among the srsd. The inhibitors, briefly described as consisting of a ben-
molecule methyltransferases were not easily recognizedzaiic acid core with different meta, ortho and para substitu-
hTPMT. The DNA-metyltranserases lack sequence motifseliits, has been predicted to exert their inhibitory effect situ-
and I, but possess a three-dimensional fold of the AdoMated in a hypothetical hydrophobic cleft in the enzyme [31].
binding domain similar to that of the small moleculBased on experimental observations the authors also con-
methyltransferases. In spite of the relative low overall amistuded that the most important factor in the binding of ben-
acid sequence similarity (44.6 %) between rCOMT andic acid derivatives to the enzyme was the hydrophobicity
rGNMT, their crystal structures show that they have a similair one of the meta substituents. We docked some potent in-
three-dimensional fold. The amino acid sequence similariipitors into the substrate binding cleft, even though some
between hTPMT and rCOMT is 51.0 %, while the similarityenzoic acid derivatives may be noncompetitive inhibitors
between hTPMT and rGNMT is 44.3 %. Altogether, thessd may exert their inhibitory effect by binding elsewhere on
observations indicate that hnTPMT has a three-dimensiobath the free enzyme and the enzyme-substrate complex, a
fold similar to rCOMT, rGNMT and the AdoMet bindingphenomenon associated with noncompetitive inhibition. By
domain of the DNA methyltransferases. visual inspection of the model of the protein-ligand complex
the following predictions were made:
i) Some of the residues (Met148, Val184, Val220 and
Model evaluation and quality Phe40) surrounding the substrate or inhibitor are hydropho-
bic and favour the enclosure of generally hydrophobic lig-
The model was subjected to a series of structural tests foaitds though Van der \&al interactions.
internal consistency and reliability. The Ramachandran mapii) A net positive charge of the cleft, due to charges in the
(Figure 3) indicates that the backbone conformations of gwerroundings (Lys145, Glu218, Lys219 and the
model structure are of nearly as good reliability as thosesolphonium-methyl part of AdoMet), should favour hydro-
the template structes. A Whaif/Quality Control overall phobic negatively charged or neutral ligands to bind to the
value of -1.6 may be considered as relatively low. Howeveleft.
water molecules were not included in the structural refine- iii) The spdial mutual orientation of the positive charges
ments procedure, and the average quality control valueaodund the cleft is nearly identical to the mutual orientation
the hTPMT model is close to the value for the template struc-
tureshhai, andTaql Thus, the backbone conformations (Fig-
ure 2), the packing environment of side chains, and the
ergy profile of each amino acid residue (Figure 4) indicate
reliable model.

Lys219

Lys145

AdoMet binding

The structure of AdoMet in the rCOMT-AdoMet comple»
structure [19] was docked into the hTPMT model at a si
(cavity) corresponding spatially to the position of AdoMet i
the rCOMT-AdoMet complex. The purpose was to look fc
interactions between functional groups on the AdoMet m¢
ecule and the surrounding residues constituting the Adoh
binding site on hTPMT. Interestingly, Phe40 was found

the vicinity of the sulphonium-methyl part of AdoMet, im-
plying that this aromatic residue has a catalytic role in tl
transmethylation by interactions with the positively charge
donor goup of AdoMet, analogous to the catigninterac-

tion mechanism suggested for Tyrl37 in rGAMT [25]. An

aromatic residue is found at a position identical to Phe40 iFiéure 6 Charged residues in the substrate/inhibitor bind-

of the 20 sequences included in the alignment, while the otfagy cleft are suggested to influence on ligand orientation and

sequences have several aromatic residues in the putative }g@Rity. Color coding; magenta: AdoMet, yellow: 3,5-

joining B4 anda7, suggesting the necessity of an aromafifichlorobenzoic acid,a hTPMT inhibitor, with the chlorides

residue in the catalytic centre, performing the same rolesnting in the direction of the sulphonium-methyl part of

proposed above. AdoMet and the Lys145 sidechain, red: positively charged
residues, blue: negatively charged residue

Glu218
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of the sustituents of 1,3,5-trisubstituted benzene ring (Figltlee40. The stictural similarities between the ligand bind-
6). Therefore, eigand of this category with hydrophobic subing groove in rCOMT and the hTPMT model are further con-
stituents with a negative electrostatic surface should bind witined by the fact that some of the benzoic acid derivatives
relatively high affinity and in a preferred orientation promoteate inhibitors of rCOMT [33].
by the attractive forces between the positive charges in the
surroundings and the electron-rich substituents.
The 3,5-disubstituted benzoic acid inhibitors docked in@onsequences of TPMT mutations
the cleft were oriented with the carboxyl group towards
Glu218 and Lys219. This favoured H-bonds from the Lys2Most of the mutations naturally occurring in the hTPMT gene
sidechain to the carbonyl oxygen of the inhibitor and froare associated with substitution of residues in the structure
the carboxyl oxygen at the Glu218 sidechain to the hydrogard loss of enzyme activity [7, 8, 34]. The model of hTPMT
at the carboxyl of the inhibitor. was used to predict possible structural consequences of these
iv) The 3,5-substituted benzoic acid should have highsubstitutions.
inhibition potency compared to its 3-substituted analogue dueNucleotide transition 460G-Aesults in an Alal54-Thr

to one extra coordination with the surroundings. substitution. Alal54 is situated in the loop bedwp4 and
The assumtions (i-iv) above are verified by experimenia¥ on the surface of the protein and is connected to a part of
results reported in the literature [2, 14, 31]: the AdoMet binding site. The Ala-Thr substitution may in-

i) The name ‘arythiol methyltransferase’ has been protroduce structural alterations into the loop affecting the af-
posed for TPMT because of its diverse specificity for arfinity for AdoMet and the activity of the enzyme. It has been
matic substrates. shown [35] that the intrinsic stability of wild type hTPMT

ii) The greatmajority of the aromatic/heterocyclic thiolenzyme is enhanced by the presence of its cosubstrate
substrates and the benzoic acid inhibitors tend to be neg§eeMet, a known phenomenon for enzymes in general. How-
tively charged due to their deprotonated sulfhydryl group aeder, the intrinsic stability of the Alal54-Thr mutated pro-
carboxyl group, respectively. tein was not stabilized bfxdoMet [35]. This observation

iif) The majority of the most potent inhibitors reported foverifies our prediction by indicating that the mutated protein
TPMT are 3,5-disubstituted or 3,4,5-trisubstituted benzdias lost its affinity for AdoMet.
acids. Thecompounds substituted in 3- and 5-position with Transition 719A-G esults in a §r240-Cys substitution.
two identical hydrophobic substituents with a negative eleBsr240 is situated in the outer C-terminal part of the peptide
trostatic surface seem to be better inhibitors comparedchain. This part and the outer N-terminal part of the structure
compounds with two identical hydrophilic (polar) meta-sulivas not included in our model since the structure of these
stituents. domains could not be predicted from the structural templates.

iv) Benzoic acids with the same substituent in both 3- aRdwever, inspection of the model showed that the terminal
5- position seem to be better inhibitors than benzoic acitsmains, and therefore the substitution Tyr240-Cys most prob-
with the same substituent in the 3- position only. An eksamplgly is situated at the surface of the protein with no apparent
is 3,5-dichlorobenzoic acid versus 3-chlorobenzoic acid. intrinsic structural consequences. Experimental studies

Favourable interactions were also predicted between #iwed that the intrinsic stability of the Tyr240-Cys mutated
substrate 6-MP and the surroundings. Hydrophobic interpeetein was enhanced remarkably by the presence of AdoMet
tions are described above. In addition, when 6-MP is pog5], which indicates that the mutation has minor structural
tioned with its electronegative sulphur towards the positiveilyfluences on the binding site of AdoMet since the affinity
charged sulphonium-methyl part of AdoMet, possible H-bonfts AdoMet is preserved.
are seen from N7 on 6-MP to Lys145 sidechain and from Transition 238G-C gives an Ala80-Pro substitution which
hydrogen at N2 to Glu218 sidechain. A lagybstituent at- may result in a kink in heligi4. A kink in a4 further affects
tached to N9 does not seem to interfere sterically with tth@ conformation of the loop betweph anda4 which is in
protein as this substituent points out of the cleft to the ouery close proximity to AdoMet and probably interacts with
side of the potein. This may be the explanation why largehe ligand. A significant structural alteration is indicated by
ligands such as 6-MP riboside diphosphate serve as substithi@experimental results [35] showing tlila¢ Alag80-Pro
for TPMT. mutation causes the protein to be degraded rapidly.

The crystal structure of rCOMT complexed with one of Transition 146T-C causes the substitution Leu49-Thr in a
its competitive inhibitors [19] shows that the ligand bindingop on the surface of the protein with no intrinsic structural
groove in rCOMT has functional/structural similarities witltonsequences. But an introduction of a hydroxyl in this re-
the substrate binding cleft in the present model. gion of the chain may establish a H-bond to a spatially close

The ligand binds to the groove in rCOMT through inteArg in a sequentially distant part of the chain, affecting the
actions with the charged sulphonium-methyl part of AdoMe{namics of the protein by introducing rigidity to the sys-
and the Mg*ion, the charged sidechains of Lys144, Glu1l9@m, with loss of activity as a result.
and the hydrophobicesidues Trp38 and Trpl43. Theer- Transition 539A-T causes the substitution Tyr180-Phe in
acting residues in the present model are the chargssd In the model, the hydroxyl group of Tyr180 has a strong
sulphonium-methyl part of AdoMet, Lys145, Glu218, Lys218-bond with Lys228 if37. Tyr180 is located four amino acid
and the hydrophobic residues Met148, Val184, Val220 arebidues upstam of \al184, which is a part of the putative
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