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Abstract Pharmacogenomics is the study of the genetic
basis for individual variation in response to drugs and
other xenobiotics. Successful prediction of effects of ge-
netic variations that change encoded amino acid se-
quences on protein function and their consequent bio-
medical implications depends on three-dimensional (3D)
structures of the encoded amino acid sequences. To
bridge sequence to function, thus facilitating an in-depth
pharmacogenomic study, we tested the feasibility of the
use of a semi-computational approach to predict 3D
structures of rabbit and human indolethylamine N-meth-
yltransferases (INMTs) from their amino acid sequences,
which share less than 26% sequence identity with known
protein 3D structures. Herein, we report 3D models of
INMTs predicted by using the crystal structure of rat cat-
echol O-methyltransferase as a template, testing of the
models both computationally and experimentally, and
successful use of the models in retrospective prediction
of the effects of genetic polymorphisms and in identifi-
cation of residues that contribute to observed species-
specific differences in substrate affinity. The results en-
courage the use of the semi-computational approach to
predict 3D protein structures for use in pharmacogenom-
ic studies when de novo prediction of protein 3D struc-

tures from their amino acid sequences is still not feasible
and X-ray crystallography and/or solution nuclear mag-
netic resonance spectroscopy can only determine 3D
structures for a small number of known amino acid se-
quences.
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Introduction

Pharmacogenomics is the study of the genetic basis for
individual variation in response to drugs and other xeno-
biotics. Successful prediction of the effects of genetic
variations that change the encoded amino acid sequence
on protein function and their consequent biomedical im-
plications depends on three-dimensional (3D) structures
of the encoded amino acid sequences. At present, de
novo prediction of a protein 3D structure from its amino
acid sequence is still not feasible; and only a small num-
ber of the known proteins have had their 3D structures
determined by X-ray crystallography and/or solution nu-
clear magnetic resonance (NMR) spectroscopy. [1, 2]
There is currently great interest in computational ap-
proaches that can help bridge sequence to function to fa-
cilitate in-depth pharmacogenomic studies. Reliable pre-
diction of a protein 3D structure from its homologue
with its 3D structure determined requires at least 30%
sequence identity between the query protein and its ho-
mologue. [3] Unfortunately, a number of methyltransf-
erases most relevant to our pharmacogenomic studies
share less than 30% sequence identity with known pro-
tein 3D structures. This posed a tremendous challenge in
predicting the 3D structures of methyltransferases of in-
terest, because it is difficult to single out the correct se-
quence alignment from many possible alignments of the
query protein over the sequence of the homologue as a
template when low sequence identity is found between
the two proteins. In this challenge, we investigated the
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feasibility of a semi-computational approach [4, 5, 6, 7,
8, 9, 10] to the prediction of the 3D structures of methyl-
transferases such as indolethylamine N-methyltransferas-
es (INMTs) and histamine N-methyltransferases (to be
published). This approach identifies a handful of plausi-
ble sequence alignments, generates a 3D model accord-
ing to each sequence alignment, triages the models de-
rived from the incorrect alignments by the use of molec-
ular dynamics simulations and docking studies, and ex-
perimentally tests the remaining 3D models.

Accordingly, we first set out to predict 3D structures
of rabbit and human INMTs that catalyze the N-methyla-
tion of tryptamine, serotonin, and other structurally relat-
ed amines (Scheme 1). [11, 12] INMT is one member 
of a large group of methyltransferases (MTs) that use 
S-adenosyl-L-methionine (AdoMet) as a methyl donor
for the enzymatic methylation and share a conserved cat-
alytic domain structure. [13, 14] The reasons that we
chose to work with this enzyme were twofold. First, rab-
bit and human INMTs are 88% identical in amino acid
sequence. [11, 12] Recombinant rabbit INMT catalyzes
the methylation of a number of indoleamines such as try-
ptamine, whereas the corresponding enzyme in human
has higher apparent KM values for these substrates. [11,
12] Human INMT also has two single nucleotide poly-
morphisms (SNPs) that change encoded amino acids.
Nucleotide 613 is either A or G, resulting in Met205 or
Val205, while nucleotide 656 is either G or A, resulting
in amino acid 219 being either Gly or Glu, respectively.
[12] These two recombinantly expressed human INMT
alleles have nearly identical apparent KM values for try-
ptamine and AdoMet. From the pharmacogenomic stand-
point, it would be interesting to determine whether the
predicted 3D structures of human and rabbit INMTs
could provide insight into the functional consequences of
SNPs and the observed species-specific difference in
substrate affinity. Second, on the basis of our survey of
all MT 3D structures deposited in the Protein Data Bank,
[15] the two INMT amino acid sequences are remote in
sequence identity to known 3D structures of proteins
(see later). From the computational biology standpoint,
although low-homology sequences are challenging to
model, successful predictions of such 3D models could
serve to demonstrate the utility of computational ap-
proaches in pharmacogenomic studies.

Herein, we report the 3D models of rabbit and human
INMTs predicted by using the crystal structure of rat cat-

echol O-methyltransferase [16] as a template, testing of
the hypothetical models both computationally and exper-
imentally, and the successful use of the 3D models in
pharmacogenomic studies. These results encourage the
use of computer modeling to predict 3D protein struc-
tures in pharmacogenomic studies at a time when X-ray
crystallographic and/or NMR spectroscopic methods can
only determine 3D structures for a small number of
known amino acid sequences.

Materials and methods

Materials

[14C-CH3]AdoMet (60 mCi mmol–1) was obtained 
from NEN Life Science Products, Inc. (Boston, Mass.).
Dulbecco’s modified Eagle’s medium and fetal calf 
serum were obtained from Life Technologies, Inc. 
(Gaithersburg, Md.). Bovine serum albumin, AdoMet
HCl, dimethyl sulfoxide, N-methyltryptamine, and trypt-
amine HCl were obtained from Sigma (St. Louis, Mo.). 
α-Methyltryptamine was from Aldrich Chemical Co.
(Milwaukee, Wisc.).

Site-directed mutagenesis

The PCR-based SDM method of Ho et al. [17] was
used to generate PCR products for cloning into the ex-
pression vector pCR3.1 according to the manufacturer’s
instructions (Invitrogen, Carlsbad, Calif.). Inserts in ex-
pression vectors were sequenced on both strands to en-
sure that no alterations in sequence had been introduced
during PCR amplification. Expression construct DNA
(4 µg) was then used to transfect COS-1 cells using the
DEAE-dextran method [18] as described elsewhere.
[19] β-Galactosidase was co-transfected as a control,
and INMT enzymatic activities were normalized to the
β-galactosidase activity measured with the Promega 
β-galactosidase assay system (Madison, Wisc.). The
COS-1 cells were harvested and a cytosol preparation
was used for enzyme assays as previously described.
[19]

Scheme 1 N-Methylation of
tryptamine catalyzed by INMT
using AdoMet as a methyl do-
nor



INMT assay

The assay used to measure INMT activity for the recom-
binant rabbit or human cDNA expressed in COS-1 cells
was as described elsewhere. [11, 12] This assay utilized
[14C-CH3]AdoMet as a methyl donor. The formation of
14C-methylated product was determined after incubation
for 60 min at 37 °C in a total volume of 200 µl that con-
tained 50 mM Tris-HCl, pH 8.5, 250 µg ml–1 BSA,
34 µM [14C-CH3]AdoMet (24 mCi mmol–1) and methyl
acceptor substrate. The reaction was terminated by the
addition of 0.5 ml of 0.5 M potassium borate, pH 10,
followed by extraction of the methylated product using
5 ml of toluene:isoamyl alcohol (97%:3%, v:v). The or-
ganic solution (3.5 ml, separated from the aqueous solu-
tion) was added to 5 ml of BioSafe II (Research Prod-
ucts International Corp., Mount Prospect, Ill.) prior to
the determination of radioactivity. Assays were per-
formed in duplicate, and values reported are averages of
those duplicate determinations. Protein concentrations
were measured with the dye binding assay of Bradford
[20] with bovine serum albumin as a standard. Apparent
KM and Vmax values were calculated by the method of
Wilkinson [21] with a computer program written by
Cleland. [22]

Molecular dynamics simulations

All molecular dynamics (MD) simulations were carried
out on an SGI Octane computer (2xR10,000, 225 MHz)
employing the AMBER 5.0 program [23] with the 
Cornell et al. force field and additional force field pa-
rameters provided in Supporting Information. [24] The
values of keywords in uppercase letters used by the AM-
BER program are described in parentheses. All MD sim-
ulations used (1) the SHAKE procedure for all bonds of
the system (NTC=3 and NTF=3); (2) a time step of
1.0 fs (DT=0.001); (3) a dielectric constant ε=1.0
(IDIEL=1.0); (4) the Berendsen coupling algorithm
(NTT=1); (5) the Particle Mesh Ewald method for calcu-
lating the electrostatic interactions (BOXX=71.2007,
BOXY=63.4124, BOXZ=53.5497, ALPHA=BETA=
GAMMA=90, NFFTX=NFFTY=NFFTZ=64, SPLINE_
ORDER=1, ISCHARGED=0, EXACT_EWALD=0,
DSUM_TOL=0.00001); (6) the non-bonded atom pair
list updated at every 20 steps (NSNB=20); (7) a distance
cutoff of 8 Å to calculate the non-bonded steric interac-
tions (CUT=8.0 Å); and (8) defaults of other keywords
not mentioned here. The protein was simulated in a
TIP3P water box with a periodic boundary condition at
constant temperature (298 K) and pressure (1 atm)
(NCUBE=20, QH=0.4170, DISO=2.20, DISH=2.00,
CUTX=CUTY=CUTZ=8.2, NTB=2, TEMP0=298,
PRES0=1, TAUTP=0.2, TAUTS=0.2, TAUP=0.2, 
NPSCAL=0, and NTP=1). The resulting system consist-
ing of 21,892 atoms was first energy minimized for 500
steps in order to remove close van der Waals contacts in
the system. The minimized system was then slowly heat-

ed to 298 K (10 K/ps, NTX=1) and equilibrated for
100 ps before a 1.0 ns simulation.

Substrate docking studies

The Restrained ElectroStatic Potential (RESP) charges
[24] of AdoMet, tryptamine, N-methyltryptamine, α-
methyltryptamine, and 5-hydroxytryptamine were calcu-
lated by employing the Gaussian98 program with the
HF/6-31G*//HF/6-31G* method. [25]

All thermodynamically accessible conformations of
tryptamine and its analogs were generated by the confor-
mational search program CONSER (devised by Y.-P.
Pang). This program first generates conformations by
specifying all discrete possibilities at 60° of arc incre-
ment in a range of 0–360° for all rotatable torsions. The
program then optimizes such conformers through energy
minimizations with the RESP charges and the Cornell et
al. force field. It thereafter performs a cluster analysis to
delete duplicates. In the cluster analysis, two conformers
were judged different if at least one of the defined tor-
sions differed by more than 30° of arc.

All docking studies were performed by using the 
EUDOC program. [26] This program systematically
translates and rotates a ligand in a putative binding pock-
et of a receptor to search for energetically favorable ori-
entations and positions of the ligand. A box is defined
within the binding pocket to confine the translation of a
ligand. The resolution of a docking study was deter-
mined by the translational and rotational increments and
the size of the box employed. In this work, the translatio-
nal and rotational increments were set at 1.0 Å and 10°
of arc, respectively. The box size was 9×3×5 Å3. The en-
ergy used to judge the preferred orientation and position
of the ligand is termed intermolecular interaction energy,
and is defined as the potential energy of the complex rel-
ative to the potential energies of the ligand and receptor
in their free states. The potential energies are calculated
with the additive, all atom force field by Cornell et al.
[24] A distance-dependent dielectric function was used
to calculate the electrostatic interactions. The cutoff 
for steric and electrostatic interactions was set at 8.0 Å 
in this study. The estimated binding affinity for each 
ligand was calculated by subtracting the ligand solvation
energy from the intermolecular interaction energy. The
ligand solvation energy was calculated with the HF/6-
31G*//HF/6-31G* method using the CPCM model im-
plemented in the Gaussian98 program. [25]

Results

Semi-computational approach

To determine the 3D structures of INMTs, we used a
four-step semi-computational approach. First, we aligned
the INMT amino acid sequence with a related sequence
of a known MT 3D structure (see later). Second, we gen-
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erated and refined the INMT 3D structure according to
the related MT of known 3D structure. Third, we compu-
tationally tested the 3D model for self-consistency via
MD simulations and docking studies. If the model had
been inconsistent with the assumptions used in the first
two steps, we would have iterated the process from the
first step using a different alignment or using a different
sequence of a known 3D structure until the model was
consistent with the assumptions. Fourth, we experimen-
tally tested the 3D model with site-directed mutagenesis
experiments. If the model had been inconsistent with the
experimental observations, we would have iterated the
four-step procedure until the model was consistent with
the experimental observations.

Sequence alignment

We surveyed the 3D structures in the 1999 release of the
Protein Data Bank [15] and found 33 X-ray structures
for AdoMet-dependent MTs, which represented 13 dis-
tinct enzymes. All the MTs showed a similar folding pat-
tern in the AdoMet-binding domain, with a central 
β-sheet surrounded by α-helices. [14, 27, 28, 29, 30, 31,
32, 33] Consistent with the report that nine AdoMet-
dependent MTs shared a common catalytic domain struc-
ture, [13] our visual inspection revealed that the foldings
of the catalytic, AdoMet-containing domains of the 33
crystal structures (13 AdoMet-dependent MTs) were
similar despite low amino acid sequence identity and
wide variation in methyl acceptor substrates. The crystal
structures of rat catechol O-methyltransferase (COMT),
[16] which was the only monomeric, small-molecule MT
for which the crystal structure was determined, was thus
considered as a template structure for our computer ho-
mology modeling of rabbit INMT, since INMT was a
monomeric, small-molecule MT. Rat COMT was report-
edly used as a template for predicting a 3D model of hu-
man thiopurine S-methyltransferase. [34] Rabbit INMT
was first modeled rather than the human enzyme because
the rabbit cDNA [11, 12] was cloned and functionally
characterized prior to the human INMT cDNA. [11, 12]
Unfortunately, the sequence identity between rabbit
INMT and rat COMT was less than 26% calculated by
using various sequence alignment algorithms, which dis-
couraged the use of any computer-assisted sequence
alignment.

A search for protein-folding propensity of the rabbit
INMT sequence using the 3DPSSC program [35] sug-
gested that the folding of rabbit INMT might be similar
to those of rat glycine N-methyltransferase (GNMT) [30]
and rat COMT [16]. The search algorithm of the
3DPSSC program is based on 1D and 3D sequence pro-
files coupled with secondary structure and solvation po-
tential information. [35] Visual inspection of the two 3D
structures of the alpha carbon atoms of rabbit INMT de-
rived from rat COMT and rat GNMT by the 3DPSSC
program revealed a discontinuity problem in the hypo-
thetical active site of the two 3D INMT models, namely,

a large separation of two adjacent alpha carbons located
in the active site of INMT.

Given the above-mentioned problems, we had to re-
sort to manual alignment of the rabbit INMT amino acid
sequence over that of rat COMT. It has been reported
that MT enzymes that utilize AdoMet as a co-substrate
often contain three regions of high sequence homology,
termed regions I–III, respectively. [36] A subsequent
study of 84 non-DNA MT sequences revealed region I in
69 sequences, region II in 46 sequences, and region III in
61 sequences. [37] All three regions were present in 45
of the 84 sequences, and 60 sequences had motifs I and
III. [38, 39] Region II was relatively varied [39] accord-
ing to studies that emphasized the motif position as well
as sequence. [37, 38, 39, 40, 41] In rat COMT, region I
was located in close proximity to AdoMet, whereas re-
gion III formed a β-strand on the exterior of the enzyme
located away from the active site. [16] Although region
III was not involved in AdoMet binding, it was the sec-
ond most common MT sequence motif [37] and a se-
quence that was unique to mammalian MTs. By visual
inspection, we noticed similarity in the consensus se-
quences of regions I and III between the sequences of
rabbit INMT and rat COMT. Therefore, we manually
aligned regions I and III of rabbit INMT with the corre-
sponding regions of the rat COMT template (Fig. 1).
This manual alignment was consistent with the second-
ary structures of rabbit INMT and rat COMT predicted
by the PHDsec program (Fig. 1). [42] Because the amino
acid sequence of rabbit INMT was longer than that of rat
COMT and because a number of carboxyl- and amino-
terminal residues of rat COMT had not been determined
in the X-ray crystal structure, we excised the last 20 ami-
no acids of the carboxyl-terminus and a fragment extend-
ing from Pro156 to Ser185 in rabbit INMT, assuming
that these fragments were located away from the active
site like those fragments located away from the active
site of rat GNMT. This assumption was legitimate as we
were using the a posteriori approach to predict the 3D
structure of rabbit INMT. If the joints of the excised
fragments had later been found to be located in or near
the active site of the homology-derived 3D model, this
model would have been discarded and alternative se-
quence alignments with COMT or with other MTs of
known 3D structures would have been pursued.

Construction of the 3D model of apoenzyme

A 3D structure of rabbit INMT was generated by em-
ploying the PROTEIN module of the Quanta 97 program
[43] using the manual alignment shown in Fig. 1. Visual
inspection of the 3D structure of rabbit INMT refined by
energy minimizations in vacuo revealed that the model
contained a pocket that was similar to the common 
AdoMet-binding pockets of other MTs. More important-
ly, we observed that the excluded segments were not
near the AdoMet binding region, encouraging further re-
finement and validation of the a posteriori model
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(Fig. 2). The 3D structure of rabbit INMT was then re-
fined by a 1.0 ns MD simulation in water at room tem-
perature. By examining instantaneous structures at
100 ps intervals during this 1.0 ns simulation as well as
the time-average structure of 1000 instantaneous struc-
tures at 1 ps intervals, we observed by visual inspection
that the 3D structure of apo-INMT did not diverge from
the structures of the AdoMet binding domain for the 33
reported 3D structures of MTs, despite an observed loop
conformational change during the 1.0 ns MD simulation,
which is depicted in Fig. 3. 

Construction of the 3D model of the binary complex

Docking the AdoMet molecule with the RESP charges
and the pharmacophore identified in the crystal structure
of the rat COMT complex into the 3D structure of rabbit

Fig. 1 Human (h) and rabbit
(rab) INMT alignments with rat
(r) COMT. Numbering is based
on the INMT sequence. The
residues highlighted in yellow
were used in homology model-
ing. Methyltransferase signa-
ture sequence motif regions I,
II, and III (RI, RII, and RIII, 
respectively) are boxed. 
Regions I and III were used in
the homology model sequence
alignment. Amino acids of 
interest are underlined

Fig. 2 Tube model of rabbit INMT liganded with AdoMet (green)
and tryptamine (red) showing the joints (blue ball: the N-terminal;
white ball: the C-terminal) of the internal “excluded” segment lo-
cated away from the active site
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INMT averaged over a 1.0 ns MD simulation employing
the EUDOC program with the conditions described
above, we found that the AdoMet molecule docked in
the same region of rabbit INMT as it did in the rat
COMT complex, but the orientation of AdoMet was dif-
ferent from that in the rat COMT complex. This observa-
tion suggested that the structure of rabbit INMT was rea-
sonable on the basis of the computational study. Other-
wise, AdoMet could not be docked in the active site. The
change of AdoMet orientation was probably due to the
MD simulation of rabbit INMT in the absence of the co-
substrate AdoMet, resulting in a slightly decreased bind-
ing pocket size in which AdoMet could not fit unless 
its orientation is changed. We then manually placed 
AdoMet in the active site of rabbit INMT based on the
orientation identified in the rat COMT–AdoMet complex
and refined the rabbit INMT–AdoMet complex with an
MD simulation in water for 0.5 ns under the same condi-
tions as those used during the simulation of the apoen-
zyme. The average structure of the rabbit INMT-AdoMet
complex derived from 500 instantaneous structures at
1 ps intervals was then used as an MD-refined
INMT–AdoMet binary complex in subsequent docking
studies of prototypic substrates. In the most energetically
stable rabbit INMT–AdoMet binary complex depicted in
Fig. 4, the amino group of AdoMet formed a cation–π
interaction with the aromatic ring of Tyr69 and hydrogen
bonds with Gly63, Ser64, Thr87, Glu92, and Glu116 of
rabbit INMT.

Construction of the 3D model of the ternary complex

The prototypic INMT substrate tryptamine and its ana-
logs with the RESP charges in different conformations
generated by the CONSER program were docked into
the rabbit INMT–AdoMet binary complex by employing
the same methods as used above. It was encouraging that
tryptamine was able to dock in the active site of the
INMT–AdoMet binary complex on the basis of the inter-
molecular interaction energy (Fig. 5). This result was
consistent with the experimental observation that trypt-
amine was a prototypic substrate for rabbit INMT, and it
supported the model of the AdoMet–INMT complex.

Otherwise tryptamine would not be able to dock in the
active site of the binary complex. In the most energeti-
cally stable rabbit INMT–AdoMet–tryptamine ternary
complex shown in Fig. 4, tryptamine formed hydrogen
bonds with Lys39 and Gln200 and van der Waals interac-
tions with the methylene group of Glu43, as well as with
Val138 and Ile202. There was also a tilted T-shaped π–π
interaction between tryptamine and Tyr69. By further 
examining the ternary complex depicted in Fig. 5, we
found no steric hindrance that could prevent the ethyl-
amino group of tryptamine from reacting with the methyl

Fig. 3 Loop (yellow) conformational change resulted from a
1.0 ns MD simulation of rabbit INMT 3D structure in water (left:
energy-minimized structure before the MD simulation; right:
time-average structure of the MD simulation)

Fig. 4 Interaction map of the rabbit INMT–AdoMet–tryptamine
complex

Fig. 5 Close-up of rabbit INMT liganded with AdoMet and trypt-
amine. (INMT, AdoMet, and tryptamine are wrapped with opaque,
green transparent, and red transparent van der Waals surfaces, 
respectively)



group of AdoMet. This observation suggested that trypt-
amine was a potential substrate from the modeling stand-
point.

Computational testing of the 3D INMT model

The program WHAT CHECK [44] was used to deter-
mine if changes in amino acid chirality took place during
the model generation and refinement process. The ener-
gy-minimized rabbit INMT structure, and the rabbit
INMT structure optimized by a 1.0 ns MD simulation in
water were evaluated by WHAT CHECK and no changes
in chirality were observed for the two protein structures.
Therefore, the energy minimization process and the
1.0 ns MD simulation of INMT had not changed amino
acid chirality.

The MD-optimized rabbit INMT 3D structure passed
the following self-consistency tests: (1) The segments
excluded in the homology model generation were not
near the substrate binding site of the MD-optimized rab-
bit INMT 3D structure (Fig. 2), an observation consistent
with the assumption made during the sequence align-
ment that the excised regions were probably located
away from the substrate binding site. (2) The MD-opti-
mized rabbit INMT 3D structure did not diverge from
the structural motif of the AdoMet binding domain ob-
served in the 33 reported crystal structures of MT en-
zymes, which agreed with the assumption that INMTs
had a similar fold to that of rat COMT. (3) The co-sub-
strate AdoMet was able to dock in the substrate binding
region of the 3D model and formed a stable rabbit
INMT–AdoMet binary complex. (4) The two Asp and
one Asn residues that constitute the Mg2+ binding site in
rat COMT were changed by evolution to two Val and
one Thr residues in rabbit INMT, suggesting that Mg2+

was not required for activity. This observation is consis-
tent with the experimental observation of a lack of Mg2+

requirement for INMT enzymatic activity, in contrast
with COMT. [11] (5) The intermolecular interactions of
AdoMet in rabbit INMT resembled those in rat COMT
but not in rat GNMT. In the crystal structure of COMT, a
Glu residue formed a “bidendate” hydrogen bond net-
work with the two hydroxyl groups of the sugar ring of
AdoMet; the adenine ring was in contact with a Met resi-
due via d–π interaction (the π electrons of the adenine
ring occupy the vacant d orbitals of the sulfur atom); and
the amino group of AdoMet formed a salt bridge with a
Glu. In the crystal structure of rat GNMT whose folding
of the AdoMet binding domain was similar to that of rat
COMT, one hydroxyl group of AdoMet formed a hydro-
gen bond with one His residue and the other hydroxyl
group formed a hydrogen bond with one Tyr residue; the
sulfur–adenine interaction was missing; and the amino
group of AdoMet had a salt bridge with an Asp residue.
In the proposed 3D structure of INMT, a Thr group was
forming a “bidendate” hydrogen bond network with the
two hydroxyl groups; the adenine ring was in contact
with a Cys residue via d–π interaction; and the amino
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group of AdoMet formed a cation–π interaction with a
Tyr residue. (6) The retrospective prediction of trypt-
amine as a feasible substrate was consistent with our ex-
perimental identification of tryptamine as a prototypic
substrate. (7) Further docking studies performed with
tryptamine analogs, using the same procedure as in the
tryptamine docking, revealed that the estimated binding
affinities of tryptamine, N-methyltryptamine, α-methyl-
tryptamine, and 5-hydroxytryptamine qualitatively
agreed with experimentally determined apparent KM val-
ues (Table 1). Tryptamine, N-methyltryptamine, and 
α-methyltryptamine had relative binding energies of 
less than –20 kcal mol–1 (higher affinity) while that of 
5-hydroxytryptamine was –14 kcal mol–1 (lower affini-
ty). Thus the predicted apparent KM value for 5-hydroxy-
tryptamine was higher than that for the other in-
doleamines tested. This prediction was experimentally
validated by the relatively high apparent KM value for 
5-hydroxytryptamine when compared with those of try-
ptamine, N-methyltryptamine and α-methyltryptamine.

Experimental testing of the 3D INMT model

To experimentally test the INMT 3D structure, we gener-
ated an expression construct by SDM and conducted
substrate kinetic studies to confirm the predicted interac-
tions of tryptamine with residue Val138 identified in 
the rabbit INMT–AdoMet–tryptamine 3D model. The
Val138Trp mutant was designed to determine if the sub-
stitution of Val138 with a bulky amino acid residue in
the putative tryptamine binding site would sterically dis-
rupt tryptamine binding, since Val138 is located in the
center of the putative active site of INMT (Fig. 6a) and
this amino acid is conserved in rabbit and human INMT,
mouse thioether S-MT, human and mouse nicotinamide
N-MT, as well as rat, mouse, and human phenylethanol-
amine N-MT. [12] The Val138Trp mutant had a Vmax/KM
ratio that was only 2% of that of the wild-type enzyme
(Table 2). The steric hindrance to tryptamine binding
caused by the Trp substitution is clearly visible in
Fig. 6b. Although more SDM experiments would be
needed for rigorous validation of the 3D INMT model,
the confirmatory result of the Val138Trp mutant encour-
aged us to proceed with testing of the utility of the 3D
model in pharmacogenomic studies, because the objec-
tive of the present work was not to use mutagenesis-cou-
pled homology modeling to generate 3D INMT struc-

Table 1 Experimental and computationally estimated binding af-
finities of indoleamines

INMT substrate Calculated relative KM Relative 
binding energy (mM) activity 
(kcal mol–1) (%)

Tryptamine –24.5 0.27 100
N-Methyltryptamine –24.2 0.086 44
α-Methyltryptamine –23.2 0.49 131
5-Hydroxytryptamine –14.0 1.38 11
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tures as accurate as those derived from X-ray and/or
NMR experiments, but rather to determine whether this
approach might have predictive value for phamacoge-
nomic studies. 

Utility of the 3D models

In human INMT two SNPs that change the encoded ami-
no acids were observed. These amino acids were
Met/Val205 and Gly/Glu219. [12] Since rabbit INMT
shared 88% amino acid identity with the human enzyme,
it was plausible to use the rabbit INMT 3D model to pre-
dict the effects of residues 205 and 219 on apparent KM
values of the human enzyme for AdoMet and trypt-
amine. Visual inspection of the 3D rabbit INMT model

revealed that residues 205 and 219 were located away
from the AdoMet and tryptamine binding sites. There-
fore, it was predicted that the two identified human
INMT SNPs would not significantly alter the apparent
KM values for tryptamine and AdoMet. This retrospec-
tive prediction agreed with the study of human INMT al-
leles expressed in COS-1 cells, which showed that both
alleles had similar apparent KM values for tryptamine
and AdoMet. [12]

Among the 31 or 33 amino acid differences (depend-
ing on the human INMT allele compared) between rabbit
and human INMT, the rabbit INMT 3D model suggested
that amino acid 202 (Ser in rabbit INMT and Pro in hu-
man INMT) was the most likely residue, of those that
differed between species, to result in a change in KM val-
ue. The prediction was based on the fact that residue 202
was located in the active site of the 3D models of both
human and rabbit enzymes. Therefore, we used the SDM
construct rabbit INMT Ser202Pro to test the hypothesis
that the species-specific difference in substrate affinity
might be due to the species difference in residue 202. We
found that rabbit INMT Ser202Pro had a higher apparent
KM value (1.27 mM) and a lower Vmax value than the
wild-type rabbit protein (Table 2), observations consis-
tent with the “humanization” of rabbit INMT by this al-
teration in amino acid. The change in KM value from
0.43 mM to 1.27 mM explained approximately 34% of
the difference in apparent KM values of INMT for trypt-
amine between the two species (tryptamine KM value of
2.9 mM in human [11]).

Discussion

In this study, we used rigorous Particle Mesh Ewald
Method-based nanosecond-length MD simulations in
water. The purpose of these simulations was twofold.
First, such nanosecond-length MD simulations could
remedy some “stress” of backbone conformations inher-
ited from “alien” proteins that were used as 3D templates
in generating 3D models of the proteins in question. As
is evident from Fig. 3, the loop marked in yellow pre-
ferred a twisted conformation in rat COMT, but an un-
twisted conformation in rabbit INMT. Inherited from the
rat COMT structure, the loop conformation in the ener-
gy-minimized 3D rabbit INMT structure was twisted.
Only after a 1.0 ns MD simulation was the twisted, ener-
getically unstable loop conformation refined to an un-
twisted, energetically stable loop conformation. Second,
such simulations were also used to test self-consistency,

Table 2 Site directed mutagen-
esis study Rabbit KM±SE Vmax±SE Rel. Vmax/KM ] Rel. 

INMT (mM) [pmol/(min*mU β-gal)] Vmax [pmol/(min*mU β-gal) Vmax/KM
(%) (%)

Wild-type 0.43±0.04 0.68±0.04 100 1.59 100
Val138Trp 3.50±0.76 0.09±0.02 13 0.03 2
Ser202Pro 1.27±0.17 0.21±0.02 30 0.16 10

Fig. 6 Close-up of the tryptamine binding site in the ternary com-
plex of wild-type rabbit INMT (a) and Val138Trp mutant rabbit
INMT (b) showing steric hindrance in the center of the active site
caused by Trp138



since if the model were correct, it would not have un-
folded during the MD simulation. Although a 1.0 ns MD
simulation was not long enough to observe folding or
unfolding of a protein, it was, however, long enough to
observe regional backbone conformation changes in-
volving a partial unfolding of a 3D model that was incor-
rectly folded by homology modeling. A model that could
sustain the 1.0 ns MD simulation was not necessarily
correct, but a model that failed in the 1.0 ns MD simula-
tion would be sufficient to call for a new iteration of the
four-step procedure described above for generating a
new model.

In conventional homology modeling, excessive energy
minimizations and nanosecond-length MD simulations
are not recommended, since such calculations made the
3D homology structure diverge from the template of the
known 3D structure. [45] According to our studies, such
divergences were often the results of performing the ener-
gy calculations without consideration of long-range elec-
trostatic interactions and without placing solvent mole-
cules in the cavity of the active site. As long as long-
range electrostatic interactions were calculated and ex-
plicit solvent molecules were included, according to our
experience, the time-averaged structures of nanosecond-
length MD simulations employing the AMBER 95 force
field were identical, within experimental error, to the pro-
tein structures determined by X-ray crystallographic anal-
ysis. [46, 47] Accordingly, in the present work, we em-
phasized the use of the Particle Mesh Ewald Method-
based nanosecond-length MD simulations in water.

In this report, we present what is probably a “best-
case” scenario for the prediction of a 3D model from its
amino acid sequence employing the semi-computational
approach since no iteration of the four-step procedure
was needed. However, it should be noted that iteration is
likely to be required for predictions of other low-homol-
ogy proteins and that process can be time-consuming.
Nevertheless, even in a “worst-case” scenario, the semi-
computational approach proposed here can still be useful
because experimental elucidation of 3D structures of
proteins by X-ray crystallography or NMR experiment
can be hampered by difficulties in obtaining sufficient
quantities of purified proteins and/or well diffracting
crystals as well as the limitation that NMR techniques
are currently applicable only to proteins with molecular
weights less than 20 kDa.

Current estimates suggest that there are, on average,
about eight SNPs in a protein of about 500 amino acid
residues, approximately half of which would be nonsyn-
onymous. [48, 49] Evolution leads to the creation of pro-
tein clusters in terms of amino acid sequence homology
and folding pattern. SNP effects within a highly homolo-
gous protein family can be computationally predicted
and confirmed with a small number of experimental
studies if the 3D structure of one member is determined
by an experimental or theoretical approach. In the pres-
ent case of INMT, there are 31 or 33 amino acid differ-
ences (depending on the human INMT allele compared)
between rabbit and human enzymes, a situation that

would require at least 31 SDM experiments to single out
the residues that contribute to the species-specific differ-
ence in tryptamine binding. However, using the semi-
computational approach, a single SDM experiment has
identified Ser202 of rabbit INMT as being responsible
for approximately 50% of the difference between human
and rabbit enzyme in apparent KM values for tryptamine.
These results demonstrate the utility of the predicted 3D
INMT structures for application in pharmacogenomic
studies and encourage the use of computer modeling to
predict 3D protein structures for the purpose of pharma-
cogenomic studies at a time when X-ray crystallography
and/or solution NMR spectroscopy can determine 3D
structures of only a small number of known amino acid
sequences.

Conclusion

We have predicted 3D models of human and rabbit 
INMTs using a semi-computational approach on the ba-
sis of the X-ray structure of rat COMT and confirmed
the two models both computationally and experimental-
ly. Retrospective prediction of the effects of genetic
polymorphisms using the 3D models of INMTs was in
agreement with experimental study. Most importantly,
such 3D models offered spatial information with regard
to species-specific residues of INMTs and facilitated our
experimental identification of active-site residues that
contribute to observed species-specific differences in
substrate affinity. The results thus encourage the use of
mutagenesis-coupled computer modeling to predict 3D
protein structures for use in pharmacogenomic studies
when de novo prediction of protein 3D structures from
their amino acid sequences is still not feasible and X-ray
crystallography and/or solution NMR spectroscopy can
only determine 3D structures for a small number of
known amino acid sequences.

Supplementary material. The AMBER atom types and
RESP charges of AdoMet, tryptamine, 5-hydroxytrypta-
mine, α-methyltryptamine, and N-methyltryptamine.
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