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ABSTRACT

Unusual amino acid residues such as L-3-aspartyl (Asp), D-a-Asp, and D-3-Asp have been detected in
proteins and peptides such as a-crystallin in the lens and 3-amyloid in the brain. These residues increase
with age, and hence they are associated with age-related diseases. The enzyme protein p-aspartyl (L-
isoaspartyl) O-methyltransferase (PIMT) can revert these residues back to the normal L-a-Asp residue.
PIMT catalyzes transmethylation of S-adenosylmethionine to L-3-Asp and pD-a-Asp residues in proteins
and peptides. In this work, the substrate recognition mechanism of PIMT was investigated using docking
and molecular dynamics simulation studies. It was shown that the hydrogen bonds of Ser60 and Val214
to the carboxyl group of Asp are important components during substrate recognition by PIMT. In addition,
specific hydrogen bonds were observed between the main chains of the substrates and those of Ala61 and
[le212 of PIMT when PIMT recognized L-[3-Asp. Hydrophobic interactions between the (n — 1) residue of
the substrates and Ile212 and Val214 of PIMT may also have an important effect on substrate binding.
Volume changes upon substrate binding were also evaluated in the context of possible application to
interpretation of size exclusion chromatography data.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Scientists used to believe that p-amino acids in vital proteins
were removed in the evolutionary process and that living organ-
isms currently contain only L-amino acids. However, thanks to
analytical technologies developed in recent years, D-amino acids
have been widely detected in vital proteins and peptides. In partic-
ular, pD-aspartyl (D-Asp) and D-serine residues have been detected
[1,2]. L-a-Asp residues in proteins and peptides are known to tend
to isomerize and/or racemize under physiological conditions [3]. It
has been considered that nucleophilic attack of the nitrogen of the
following residue to the carboxyl carbon of the L-a-Asp and sub-
sequent dehydration results in an L-succinimide intermediate. The
addition of water to this L-succinimide intermediate results in the
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formation of either L-a-Asp or L-3-Asp. The L-succinimide interme-
diate can also undergo racemization to yield D-succinimide. From
D-succinimide, either D-ai-Asp or D-3-Asp can be formed. The for-
mation of succinimide is affected by the nature of the following
residue. This reaction easily occurs when the following residue is
not sterically bulky, such as Gly, Ala, or Ser [2]. In addition, L-a-
Asp residues that are exposed to solvents or located in a more
structurally flexible region are more prone to isomerization [2].
Thus, the fact that most of the p-amino acids detected so far are
D-Asp is because of the tendency of Asp residues to form suc-
cinimide intermediates. The formation of L-3-Asp, D-a-Asp, and
D-3-Asp in proteins or peptides causes conformational changes,
which may further causes abnormal aggregation, loss of activity,
and alteration of sensitivity to proteolysis. Moreover, it has been
reported that certain proteins are activated by isomerization [2].
These reactions are related to aging. Representative proteins from
which D-Asp residues have been frequently detected include o-
crystalline from the lenses of cataract patients and (3-amyloid from
the brains of Alzheimer’s disease patients [1,2,4-6]. In a-crystallin,
D-3-Asp residues accumulate with age.

The enzyme protein Dp-aspartyl (L-isoaspartyl) methyltrans-
ferase (PIMT) is present in various prokaryotic and eukaryotic
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Fig. 1. Reactions of L-B-Asp and D-a-Asp residues initiated by PIMT. PIMT can trans-
fer the methyl group of SAM to the carboxyl group of the side chain. Methanol
eliminations from the methylated residues rapidly occur and succinimide interme-
diates are formed.

organisms. It can initiate the conversion of L-B-Asp or D-a-Asp
to L-a-Asp (Fig. 1). PIMT can specifically recognize the carboxyl
group of L-3-Asp and D-a-Asp in proteins and peptides and trans-
fer the methyl group of the coenzyme S-adenosylmethionine (SAM)
to the carboxyl group of the side chain, forming a methyl ester
[7-10]. Methylated L-3-Asp and D-a-Asp residues are rapidly con-
verted to L- and D-succinimide intermediates, respectively, with
methanol elimination, which can then be converted to L-a-Asp
[4-6,11,12]. Although PIMT was originally regarded as a methanol-
forming enzyme, it was correctly identified as a protein carboxyl
methyltransferase a few years later [5].

The substrate specificity of PIMT varies considerably between
species [2,5,13]. For example, mammalian PIMT can recognize
both L-B-Asp and D-a-Asp, but PIMT of the hyperthermophilic
archaeon Thermotoga maritima cannot recognize D-o-Asp. In addi-
tion, methylation of D-Asp peptides has not been detected in
Escherichia coli, worms, or higher plants [14-17]. The substrate
affinities for PIMT are different between L-3-Asp and D-a-Asp;
the measured Michaelis constant (Kp,) of the p-a-Asp peptide is
2-3 orders of magnitude higher than the K, of the correspond-
ing L-B-Asp peptide [5,14]. PIMT activity has been observed in all
mammalian tissues and is particularly high in the brain and testis of
rodents. PIMT is produced particularly in the brain, lymph nodes,
and pancreas. Because a high level of PIMT has been detected in
[3-cells, PIMT may be related to type 1 diabetes [18].

PIMT shows a polymorphism at residue 120 [11-13,19]. 120Val
PIMT has a higher substrate affinity than 120Ille PIMT, although

120Ile PIMT has a higher thermal stability and is less sensitive to
oxidative stress than 120Val PIMT. However, no differences in sub-
strate affinity by the PIMT polymorphism were observed between
methyl-accepting peptides.

In studies on PIMT knockout mice, it has been shown that neuro-
transmission disruptions and development disorders develop by 4
weeks after birth, and these mice finally die because of fatal seizures
within 2-3 months after birth [2,5,12]. In the brains of these knock-
out mice, the (3-Asp content was approximately 7-10-fold higher
than healthy mice. On the other hand, it has been reported that
the expression level of PIMT in the hippocampi of epilepsy patients
is less than 50% of that in healthy people, and proteins, including
B-Asp, accumulate to an amount 1.5 times greater than in healthy
people [2]. Because PIMT activity is high in the testis of rodents
and knockout mice fail to mate, these findings may relate to one
another. However, it is difficult to perform quantitative analyses
of the fertilization competence of knockout mice since they die
because of seizures before they reach sexual maturity.

Although PIMT is important for sustaining life activities and pro-
creation, studies on the substrate recognition of PIMT are limited
at the molecular level [11-13]. In addition, few structural biology
studies have been reported [13]. Ryttersgaard et al. compared the
crystal structure of human PIMT with those of Pyrococcus furiosus
and T. maritima [13]. They also performed a docking study using
AA(D-Asp) as a substrate; however, there is no (n+ 1) residue in this
substrate that can affect substrate binding. Furthermore, structural
analyses on the recognition of b-a-Asp by human PIMT have yet to
be performed. Therefore, we analyzed the specific substrate recog-
nition of PIMT in this work by docking and molecular dynamics
(MD) simulation studies. Furthermore, it is proposed that molec-
ular volume calculations by the computational procedure may be
useful for interpretation of size exclusion chromatography (SEC)
data.

2. Experimental
2.1. Calculations of PIMT-SAM-VYPDHA tertiary complexes

Since no structural information is available on human
PIMT-substrate complexes, these complex structures had first to
be estimated. We used the human PIMT crystal structure (PDB
ID: 1i1n) including S-adenosyl homocysteine (SAH) instead of the
coenzyme SAM as the initial structure. We added a methyl group to
SAH to form SAM, and minimization was then performed on SAM
alone. This minimized SAM was re-embedded in PIMT, and only
SAM was reminimized. After adding the missing residues (Met1,
Ala2, and Lys227) to the PIMT crystal structure, the entire structure
was minimized. The PIMT without SAM had a total of 227 residues
and total 3517 atoms. On the other hand, the PIMT complex of
hyperthermophilic archaeon P. furiosus (PDB ID: 1jg3) includes
VYP-L-3-Asp-HA as a substrate. Therefore, the PIMT of this complex
was replaced with the human PIMT-SAM complex that was already
computationally created. The PIMT-SAM-substrate was then min-
imized and the substrate was removed. From these procedures, a
substrate-binding site in PIMT has been prepared. Four peptide sub-
strates and substrate analogues (ligands) — VYP-L-a-Asp-HA (1),
VYP-L-3-Asp-HA (2), VYP-D-a-Asp-HA (3), and VYP-D-3-Asp-HA
(4) - were then docked to the human PIMT-SAM complex. In the
present study, the His residues of these peptide ligands were pro-
tonated. Since these ligands have been widely used in previous
experiments, comparisons can be made with previous experimen-
tal data [11-13,20]. From the docking results, the docking poses of
the human PIMT-SAM-ligand complexes were screened by com-
paring the conformations and orientations of the ligands to the
PIMT complex of P. furiosus. This screening was focused on whether
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the carboxyl group of Asp is located near the methyl group of SAM
in the active site of PIMT, and whether the orientations of the pep-
tide ligands are similar to that in P. furiosus. Since several kinds of
docking poses were obtained for each of the four ligands, further
screening of the stable structures was performed using MD simu-
lations. If a docking pose is unstable, the ligand will deviate from
the protein in the MD simulation.

Minimizations and MD simulations were performed using
AMBER 9 (D.A. Case et al., University of California, San Francisco,
2006). The TIP3P water solvent model with a thickness of 8 A was
used. The SHAKE method [21] was used to reduce the computa-
tional complexity. The AMBER ff03 force field [22] was used for
PIMT, while the general AMBER force field [23] was used for the
ligands. MD simulations were performed for 20 ns with a time step
of 2fs at 300K. A cutoff of 10A was used for nonbonding inter-
actions. The particle-mesh Ewald (PME) method was employed to
treat the long-range electrostatic interactions. The system was sim-
ulated with a periodic boundary condition. LibDock program [24]
implemented in Discovery Studio 2.1 (Accelrys, San Diego, 2008)
was used for the docking study. The radius of the ligand-binding
site was set to 15A after considering the length of the hexapep-
tide ligands. Docking tolerance was set to 0.3 and 0.5 A, and the
number of hotspots was set to 1000. These values were chosen
after considering the results of preliminary calculations. The “con-
formational method” was set to “BEST.” As an evaluation of three
dimensional (3D) structures of the PIMT-SAM dual complex and
the PIMT-SAM-ligand tertiary complexes, volumes of them were
calculated in the context of SEC. The volume calculations were car-
ried out by using Mol_Volume program (A. Balaeff, University of
Illinois, Urbana-Champaign, 2001), and the probe radius was set to
1.4 A. For the calculations, the PIMT-SAM complex structure con-
structed before peptide docking, and the PIMT-SAM-ligand tertiary
complexes obtained by 20 ns MD simulations were used.

2.2. Additional tests for substrate binding of PIMT

To confirm the reliability of the results of docking studies and
MD simulations of the four PIMT-SAM-VYPDHA complexes, addi-
tional tests were carried out using other peptides which are known
as substrates of PIMT. The tests were carried out in the same
way as for the VYPDHA peptides, i.e., by docking studies and MD
simulations. For these additional tests, VYP-L-[3-Asp-GA (5), SA-L-
B-Asp-LA (6), and VV-L-[3-Asp-SA (7) were used as ligand peptides.
Peptides 6 and 7 correspond to a partial sequence of the KASA-
L-[3-Asp-LAKY and KQVV-L-3-Asp-SAYEVIK peptides, respectively,
and include the reaction site (L-3-Asp) of these peptides. Peptides
5, KASA-L-[3-Asp-LAKY, and KQVV-L-[3-Asp-SAYEVIK are known to
be substrates of PIMT [25]. The all parameters and settings of dock-
ing and MD simulations for peptides 5-7 were the same as those
for the VYPDHA peptides mentioned above. In addition, screening
procedures for docking pose selections were also the same as those
for the VYPDHA peptides. In the calculations for peptides 5-7, the
results of the VYPDHA peptides (peptides 1-4) were never referred
to, and the calculations were carried out independently. After the
additional calculations, the results for peptides 5-7 were compared
with the results for the VYPDHA peptides.

3. Results and discussion

Three docking poses were obtained for ligand 1. One of them
remained stable during the MD simulation, whereas, for the
remaining two poses, the ligands deviated from PIMT during the
MD simulation. Three docking poses were also obtained for ligand
2.In this case, all of these poses were stable during the MD simula-
tion and converged to approximately the same complex structure;

peptide 2

"‘"-‘k_fa\/
peptide 4

Fig. 2. Superimposition of the complexes including peptide ligands 2 and 4. Only
SAM (left) and the ligands (right) are shown. Structure 2 is colored by element: car-
bon (gray), nitrogen (blue), oxygen (red), and sulfur (orange). Structure 4 is colored
in yellow.

therefore, one of them is shown in the following. Five docking poses
were obtained for ligand 3, but four of them were unstable during
the MD simulation and only the one remaining pose was stable.
Two docking poses were obtained for ligand 4, and both of them
remained stable during the MD simulation. One of the two complex
structures was similar to the structure of PIMT of P. furiosus includ-
ing VYP-L-3-Asp-HA (2), and this structure was selected. The root
mean square deviations (RMSD) between the initial structures and
the MD trajectories were calculated, and it was determined that
the four complex structures selected above were stable during MD
simulations. In this way, the PIMT-SAM-ligand complex structures
including L-a-Asp, L-3-Asp, D-a-Asp, and D-3-Asp in the ligands
were chosen.

The conformation and orientation of ligand 2 in the complex
structure after MD simulation was very similar to that seen in P.
furiosus. However, although PIMT cannot recognize D-[3-Asp, ligand
4 was located in the approximately the same position as ligand 2
(Fig. 2). Ligands 1 and 3 were bound to PIMT in different ways from
ligand 2, as shown in Fig. 3. This may indicate some diversity of
PIMT-binding modes since the active site of PIMT is relatively large.

Fig. 4 shows the hydrogen bonding modes of ligands 1-4. As
shown in this figure, all these peptides show a hydrogen bond with
Val214. Val214 forms a hydrogen bond with the carboxyl groups
of L-a-Asp, L-[3-Asp, and D--Asp of ligands 1, 2, and 4, respec-
tively. For substrate 3, Val214 forms a hydrogen bond with the Pro
C=0 group. In addition, the OH group of Ser60 forms a hydrogen
bond with the carboxyl groups of the L-a-Asp, L-3-Asp, and D-a-
Asp of ligands 1, 2, and 3, respectively. This hydrogen bond was not
observed in ligand 4. These hydrogen bonds may be important for
the recognition of the carboxyl group of the substrates or for fixing
their positions. PIMT can recognize both L-3-Asp and D-a-Asp. This
could originate from the fact that the hydrogen bonds involving the
carboxyl groups of L-3-Asp and pD-a-Asp are important for the sub-
strate recoginition of PIMT and the remaining moiety of Asp does
not seem to be important. The diversity of the substrate recogni-
tions of PIMT can be attributed to the fact that the crucial hydrogen
bonds are to the L-B-Asp or D-a-Asp residues themselves and not
to other residues.

Many hydrogen bonds were formed for ligand 2. It should be
noted that hydrogen bonds were formed between the main chain
of L--Asp and that of Ala61, and between the main chain of His on
the C-terminal side of L-3-Asp and that of le212 (Fig. 4b). However,
these hydrogen bonds were not formed in ligand 4 (Fig. 4d) even
though it is bound to PIMT in a position very similar to ligand 2
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Fig. 3. Superimposition of the complexes including 1, 2, and 3. Only SAM (left) and
the ligands (right) are shown. Structure 1 is colored in purple. Structure 2 is col-
ored by element: carbon (gray), nitrogen (blue), oxygen (red), and sulfur (orange).
Structure 3 is colored in green.

(Fig. 2). It would appear that the carboxyl group of p-3-Asp of ligand
4 is positioned in a similar manner as L-3-Asp in ligand 2, resulting
in distortion in the main chain, thus disabling the formation of the
hydrogen bonds.

Ligands 1 and 3 differed from ligand 2 in their respective hydro-
gen bonding modes. This is partly because the main chains of
ligands 1 and 3 are shorter than those of ligands 2 and 4 by
one carbon atom, disabling the formation of the above-mentioned
hydrogen bonds (Fig. 4a and c). Therefore, this result suggests that

the hydrogen bonds to Ala61 and Ile212 are important factors in
the recognition of L-3-Asp by PIMT.

Table 1 shows interatomic distances of the PIMT-SAM-ligand
complexes obtained in the MD simulations. The column titled “ini-
tial” shows the distances measured before ligand docking. The
distance between Pro50 Cy and Ile212 Cvy in PIMT including lig-
and 2 were found to become shorter during the MD simulation.
This distance was 9.58 A before the ligand docking and 7.21 A after
MD simulation. In ligand 2, L-3-Asp and His were located between
Pro50 and Ile212, and the distance between Pro50 and Ile212 may
have relevance to the specific recognition of L-[3-Asp by PIMT. This
induced-fit-like reaction was not observed in ligands 1, 3, and 4.
Therefore, this reaction, which was only observed with ligand 2,
may be one of the reasons for the high level of affinity of PIMT for
L-B-Asp. This indicates that simple docking studies alone can not
explain the mechanism of substrate recognition by PIMT. Further-
more, this study demonstrates that MD simulations are essential
for refining the complex structures obtained by docking studies and
that full-scale MD simulations (of 20 ns for example) are required.
Since structural biology experiments on a large number of com-
plexes are too difficult to perform, MD simulations such as those
used in this study are important for studying the formation and
interaction mechanisms of protein-protein complexes that can
result in significant structural changes.

It has been previously reported that hydrophobic groups are
favored for the (n — 1) residue [12,25]. In the peptides used in this
study, the (n—1) residue is Pro. We found that this Pro residue
is surrounded by Pro50, Ile212, and Val214, and the proximity
of lle212 and Val214 seems to be because of hydrophobic effects
(Fig. 5). Table 1 shows interatomic distances between Pro of the
peptide ligands and Ile212 and Val214 of PIMT. The distances
between Pro and Val214 for ligands 2 and 4 are shorter than those
for ligands 1 and 3. This indicates that the substrate-binding site of
PIMT may have a size and shape that favors 3-Asp. These structural
changes may be related to the induced fit of PIMT. These results

Fig. 4. Hydrogen bonding modes of the four PIMT-SAM-peptide complexes. SAM and peptide ligands are shown as ball and stick models; residues of PIMT are shown as thin
stick models. (a) PIMT-SAM-1 complex. (b) PIMT-SAM-2 complex. The hydrogen bonds of the main chains of Ala61 and Ile212 to those of L-3-Asp and His, respectively, are
indicated by red circles. Hydrogen bonds are shown as green lines. (c) PIMT-SAM-3 complex. (d) PIMT-SAM-4 complex. The main chains of Ala61 and Ile212 do not form

hydrogen bonds with those of b-3-Asp and His, respectively, as indicated by red circles.



3314

Table 1

Interatomic distances (A) between residues around the active site of PIMT and between PIMT and ligands in 20-ns MD simulations.

I Noji et al. / J. Chromatogr. B 879 (2011) 3310-3316

Initial VYP-L-a-Asp-HA (1) VYP-L-3-Asp-HA (2) VYP-D-a-Asp-HA (3) VYP-D-3-Asp-HA (4)
Distance changes in PIMT
Pro50 Cy-Ile212 Cy 9.58 9.49 7.21 13.95 11.99
Ser60 C3-Tyr213 CB 8.29 6.96 7.68 9.45 10.17
Thr58 CB-Val214 C3 6.50 5.67 6.22 7.63 7.66
Pro in ligand-PIMT-binding site distances
Pro CB-Ile212 CB - 10.20 5.23 6.20 4.99
Pro CB-1le212 Cy1 - 11.31 5.47 7.53 4.46
Pro C(3-11e212 Cy2 - 10.04 6.54 5.09 4.67
Pro Cy-Ile212 Cy1 - 11.47 6.43 7.04 5.49
Pro Cy-Ile212 Cy2 - 10.32 7.25 4.56 5.96
Pro C3-Val214 Cy1 - 6.27 4.02 6.51 443
Pro Cy-Val214 Cy1 - 7.31 412 6.09 3.67

explain why the hydrophobic interactions of the (n — 1) residue of
the substrate are important for the substrate recognition of PIMT.
PIMT has a structure that prefers L-[3-Asp, and substrates including
B-Asp can strongly bind to PIMT through hydrophobic interac-
tions. Thus, we considered that the transmethylation reaction by
PIMT occurs more easily in L-B-Asp substrates than in D-a-Asp
substrates.

The active site of PIMT is formed by Thr58, Ser60, Tyr213, and
Val214. This active site became larger by binding to ligands 3 and
4, as can be seen by the distances between Ser60 Cy and Tyr213
CP and between Thr58 C[3 and Val214 Cf3 (Table 1). This may indi-
cate that when substrates including b-Asp are recognized by PIMT,
the active site of PIMT must change its size and shape remarkably.
However, D-a-Asp can be recognized by PIMT. Therefore, the struc-
tural changes that occur in the recognition of b-a-Asp by PIMT may
be the result of induced fit.

As described above, when PIMT recognizes substrates, the
hydrogen bonds of Ser60 and Val214 to the carboxyl group of
Asp are important. In the recognition of L-3-Asp by PIMT, spe-
cific hydrogen bonds were observed between the main chain of
the substrate and those of Ala61 and Ile212. In addition, hydropho-
bic interaction between the (n— 1) residues of the substrates and
the Ile212 and Val214 residues of PIMT may have an important
effect on substrate binding. These results are expected to be use-
ful in ascertaining the specific substrate recognition mechanism of
PIMT.

In Table 2, the results of volume calculations for the PIMT-SAM
dual complex and the PIMT-SAM-peptide tertiary complexes are

Pro30

Fig.5. Interactions between ligand 2 and Pro50, [le212, and Val214 of PIMT. Because
the (n—1) residue of ligand 2, Pro, is surrounded by Pro50, Ile212, and Val214,
hydrophobic effects appear to play important roles in ligand binding.

shown. The changes in volumes caused by complex formation, i.e.,
diferences between the volumes of the tertiary complexes and the
PIMT-SAM dual complex, are also described. For all the four pep-
tide ligands, the volumes increased when the PIMT system formed
the tertiary complexes. Although the molecular weights of all the
four peptides are the same, volume changes upon complex forma-
tion are different between the peptides. For example, the volume
change for PIMT-SAM-peptide 3 was larger than twice that for
PIMT-SAM-peptide 2, even though both of the peptides 2 and 3 are
substrates of PIMT. These results seem to reflect structural changes
induced by formation of the tertiary complexes, and are consis-
tent with the induced-fit-like structural features mentioned above,
e.g., the change of the distance between Pro50 Cy and Ile212 Cy.
As shown in the table, the volume changes can be predicted by
using docking studies and MD simulations, even if the molecular
weights of complex systems are the same. Thus, the computational
docking and MD simulations are expected to be useful for inter-
pretation of experimental data obtained by SEC. Although complex
formation can be observed by SEC experiments [26], atomic-level
structures of the complexes cannot be obtained. In the interpreta-
tion of SEC data, the molecular “size” is generally represented by
the molecular weight. However, the actual molecular size (i.e., vol-
ume) does not necessarily correspond to the molecular weight, and
it may be sometimes possible that detailed interpretation of SEC
data cannot be carried out only by using molecular weights. For
example, because the molecular weight of PIMT-SAM-peptide 2 is
the same as PIMT-SAM-peptide 3, SEC data about these complexes
would be difficult to interpret. As previously explained, docking
studies and MD simulations are expected to be useful for such sit-
uations. Because the experimental studies to obtain atomic-level
structures of protein—protein complexes in liquid phase are difficult
and very costly, the collaborations between computational meth-
ods and experimental separation techniques, such as SEC, seem
to be promising approaches for investigations of protein-protein
interactions in liquid phase.

For peptides 5-7, the structures around ligand binding sites
of the PIMT-SAM-peptide complexes after 20ns MD simula-

Table 2
Volumes (A3) of PIMT-SAM and PIMT-SAM-peptide complexes.
Volume Volume change upon
peptide complexation?
PIMT-SAM 44,219.0 0 (before
complexation)
PIMT-SAM-1 45,673.8 1454.8
PIMT-SAM-2 45,063.5 844.5
PIMT-SAM-3 459214 1702.4
PIMT-SAM-4 45,906.2 1687.2

2 The difference of volumes between the PIMT-SAM dual complex and the
PIMT-SAM-peptide tertiary complex.
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tions are illustrated in Fig. 6. For comparison, the structure of
PIMT-SAM-peptide 2 complex is also shown. In the figure, the
Ser60, Ala61, lle212, and Val214 residues of PIMT are illustrated
in addition to the peptide substrates and SAM. For peptide 7, the
His63 residue is also displayed. As shown in the figure, binding
modes of peptides 5-7 to the active site of PIMT are similar to
that of peptide 2, although the docking studies and MD simula-
tions for peptides 5-7 were carried out independently from peptide
2 without referring to the results for it. That is, the hydrogen
bonds between the peptide ligands and the Ser60, Ala61, 1le212,
and Val214 residues were observed in the calculated complex
structures including peptides 5-7, and the combinations of hydro-
gen donors and acceptors in these complexes also corresponded
to those of the complex including peptide 2. Furthermore, the
(n—1)residues (Pro, Ala, and Val in peptides 5-7, respectively) are
located into the hydrophobic environment formed by hydrophobic
residues of PIMT, such as Ile212 and Val214, and the results are
coincident with that for peptide 2. These results support the pre-
sumptions obtained from the calculations for peptides 1-4, that
hydrogen bonds and hydrophobic effects caused by Ser60, Ala61,
Ile212, and Val214 play important roles in substrate recognition by

PIMT. In addition, these additional tests suggest that the docking
calculations and MD simulations are useful to predict 3D struc-
tures not only for the complexes including VYPDHA peptides but
also for the complexes between PIMT and a wide variety of peptide
ligands.

Only the (n+1) residue is different between peptides 2 and 5;
it is His in peptide 2 and Gly in peptide 5. Although in peptide 2
the ionic interaction between the His (n+1) residue and Asp48 of
PIMT (see Fig. 4b) was formed, the Gly (n+1) residue in peptide
5 cannot form such interaction with PIMT. Because the experi-
mentally observed binding affinity between PIMT and peptide 2
was reported to be higher than that of peptide 5 [25], the inter-
action between PIMT and the (n+ 1) residue may be related to the
binding affinity. In peptide 6, the (n+ 1) residue is Leu. In the calcu-
lated structure of PIMT-SAM-peptide 6 complex obtained by 20 ns
MD simulation, the Leu (n+1) residue of peptide 6 is located in
a hydrophobic environment formed by hydrophobic residues of
PIMT, such as Ile212. The experimentally observed binding affinity
between PIMT and the KASA-L-3-Asp-LAKY peptide was reported
to be higher than that of peptide 5. The higher binding affinity
may be explained by the hydrophobic effects around the Leu (n+1)
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residue of peptide 6. In peptide 7, the (n+1) residue is Ser, and a
hydrogen bond between the Ser (n+1) residue and His63 of PIMT
was observed in the calculated structure of the PIMT-SAM-peptide
7 complex obtained by 20ns MD simulation. The binding affinity
of the KQVV-L-B-Asp-SAYEVIK peptide for PIMT is also higher than
that of peptide 5, and the hydrogen bond of the Ser (n+1) residue
might play an important role in the strength of binding. As men-
tioned above, interactions around side chain atoms of the (n+1)
residue appear to be related to the binding affinity for the substrates
of PIMT, although the previously performed docking study by Ryt-
tersgaard et al. used the tripeptide including no (n+ 1) residue [13].
However, the interactions around the (n+1) residue do not seem
to be critical to complex formations between PIMT and substrates,
because peptide 5, whose (n+ 1) residue is Gly, is reported to be rec-
ognized by PIMT. The hydrogen bonds by Ser60, Ala61, lle212 and
Val214, and hydrophobic effects around the (n — 1) residues seem
to be more important in the complex formation than the (n+1)
residue because they were also preserved in the calculations for
peptides 5-7. The results of additional calculations indicate that
the interactions around the (n+1) residue play auxiliary roles in
substrate binding of PIMT, and the strength of binding is affected
by the (n+1) residue.

In conclusion, the binding mode between PIMT and its sub-
strates was investigated using computational docking and MD
simulations. Some hydrogen bonds and hydrophobic effects which
play important roles in substrate recognitions were identified, and
the interactions were conserved in several peptide substrates. In
addition, induced-fit-like structural changes and changes of the
molecular volume caused by substrate binding were observed
by MD simulations. Because these structural changes cannot
be simulated by using only normal computational docking pro-
cedures, the results indicate that MD simulations are useful
for structural bioinformatics studies of protein-protein (pep-
tide) complexes in liquid phase, such as interpretation of SEC
data.
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