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Polyamines, putrescine, spermidine (SPD), and spermine are closely linked to cell growth, and highly reg-
ulate the levels of transcription, translation and protein turnover. We propose that SPD stimulates the
formation of Ile-tRNAIle by inducing a selective structural change of the G-G mismatch containing accep-
tor stem in tRNAIle. Here, we provide insight into how SPD recognizes and stabilizes the G-G mismatch
containing acceptor stem in tRNAIle with molecular modeling (MM), density functional theory (DFT) cal-
culations, and molecular dynamics (MD) simulations. The results of the MM and DFT calculations indicate
that the negatively charged region of the G-G mismatch containing acceptor stem in tRNAIle is preferen-
tially recognized by positively charged SPD. In addition, MD simulations indicate that all of the positively
charged amino groups of SPD under physiological conditions (N1ðNHþ3 Þ, N5ðNHþ2 Þ, and N10ðNHþ3 Þ could
form hydrogen bonds with tRNAIle and trigger the SPD-induced stabilization and structural change of
the G-G mismatch containing acceptor stem in tRNAIle. Thus, this approach should be useful for determin-
ing the preferential binding site and appropriate binding mode of polyamines on tRNAIle.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Putrescine (butane-1,4-diamine), spermidine (SPD, N-(3-ami-
nopropyl)butane-1,4-diamine) and spermine (N,N0-bis(3-amino-
propyl)butane-1,4-diamine) are low molecular weight, linear,
flexible polyamine molecules that are abundant in all prokaryotic
and eukaryotic cells [1]. Since polyamines are closely linked to cell
growth, inhibitors of polyamine biosynthesis are promoted as anti-
proliferative agents [2,3]. Many studies have focused on the phys-
iological role of polyamines in a wide array of organisms, and
investigated the role of polyamines in therapeutic applications,
such as cancer and parasitic or bacterial infection [4]. Polyamines
are positively charged under physiological ionic and pH conditions
(Fig. 1), and negatively charged cellular macromolecules, such as
DNA, RNA and certain proteins, are natural targets for polyamines
[5]. The distribution of polyamines in different negatively charged
cellular macromolecules, such as RNA/polyamine complexes, in rat
liver, bovine lymphocytes, and Escherichia coli has been determined
in our previous work [6,7]. Moreover, interactions between posi-
tively charged polyamines and negatively charged nucleic acids
play a crucial role in DNA stabilization and RNA processing, which
may affect gene expression, translation, and protein activity [8,9].

We have already reported that polyamines preferentially recog-
nize and bind to double-stranded RNA rather than single-stranded
RNA and double-stranded DNA [10]. Furthermore, polyamines
have a stabilizing effect on DNA–RNA hybrids, triplex DNA, rRNA,
mRNA, and tRNA [11–16]. However, despite these extensive stud-
ies, the interactions of polyamines with tRNA are still less well
understood than the interactions of polyamines with DNA.
Therefore, more specific theoretical and experimental studies of
polyamine–tRNA interactions are required [17–20].
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Fig. 1. Chemical structure of polyamines and their pKa values.
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Previously, we extensively studied the mechanism of polyamine
stimulation of rat liver Ile-tRNAIle formation [21] and oligopeptide-
binding protein (OppA) synthesis [22]. In addition, we have shown
that a selective conformational change of the bases in the bulged-
out region of double-stranded RNA is caused by polyamines [21].
This can be explained by the ability of polyamines to bind
and change the secondary structure of tRNA, mRNA, and rRNA
[2,22–25]. Recently, Ouameur et al. reported the preferential bind-
ing sites of polyamines on tRNA, and the significance of the tRNA/
polyamine complex formation in vivo [26]. They proposed several
binding models for biogenic polyamines, and their biological sig-
nificance was discussed. However, the interactions of the biogenic
polyamines with tRNA are not still clearly defined [13,14,26].

In this study, we investigated the SPD binding sites and modes
in the G-G mismatch acceptor stem in tRNAIle by molecular model-
ing (MM), density functional theory (DFT) calculations and molec-
ular dynamics (MD) simulations.
2. Materials and methods

2.1. Molecular modeling

A 22-nucleotide hairpin loop and dangling end containing RNA
fragment was used as the model of tRNAIle, and will be referred to
as tRNAIle-mimic. Molecular modeling (MM) of the structure was
based on the canonical A-form duplex of the RNA by HyperChem
(version 8, Hypercube, Alberta, Canada). The hairpin loop and dan-
gling end structure from the Brookhaven Protein Databank were
then extended using MOE (version 2007, CCG, Montreal, Canada).
In the first structure, the initial octameric stem structure was
constructed based on a canonical A-form duplex of the RNA
50-r[GGCCGGU]-30 and its complementary RNA 30-r[CCGGCCA]-50.
In the second structure, the hairpin loop 50-r[UUCG]-30 on the A-
form duplex of the RNAs was used from the data of the hairpin loop
structure (PDB ID; 1BGZ). In the third structure, the dangling end
50-r[ACCA]-30 at the 30 end of the A-form duplex of the RNAs was
used from the data of the dangling end structure (PDB ID;
1YHQ). In the fourth structure, the G-G mismatch in the A-form
duplex was used from the data of the A-form duplex of the RNA
structure (PDB ID; 1AMO).

Molecular mechanics calculations using the OPLS-2005 force
field were performed in MacroModel (version 8.1, Schrödinger,
OR, USA) using the generalized Born/surface area (GB/SA)
continuum solvation model. SPD was constructed using the Gauss-
ian 09 program (Gaussian, Inc., CT, USA), and manually docked into
tRNAIle-mimic using HyperChem. The resulting three-dimensional
(3-D) structures of SPD, tRNAIle (PDB ID; 1FFY), and tRNAIle-mimic
were viewed using MOE.
2.2. Density functional theory calculations

Density functional theory (DFT) calculations were performed to
examine the electrostatic potential on the tRNAIle-mimic surface.
3-D structures of tRNAIle-mimic were obtained from the molecular
model described in the previous section. The spatial electrostatic
potentials were calculated with the PBE exchange-correlation
functional and a DN basis set in DMol3 module of Materials Studio
(Accelrys Inc., CA, USA). The surface potentials were displayed
using Materials Studio.
2.3. Molecular dynamics simulations

Molecular dynamics (MD) simulations were performed using
the AMBER10 package with the AMBER FF02 nucleic acid force
field and the modified TIP3P water potential (CONFLEX, Tokyo, Ja-
pan). The force field parameters of spermidine were provided by
the general amber force field [27], and the partial atomic charges
were determined using the RESP method [28] to reproduce the cal-
culated electrostatic potential of a MP2/6-311 + G(3df,3pd)//MP2/
6-311G(d,p) calculation using the Gaussian 09 program. The start-
ing structures were placed in a pre-equilibrated solvent box con-
sisting of water and sodium ions, where the number of sodium
ions was adjusted to neutralize the systems. The solvent box was
extended 8 Å beyond the nucleic acid non-hydrogen atoms. Sol-
vent molecules with non-hydrogen atoms within 1.0 Å of nucleic
acid non-hydrogen atoms were deleted. Each system was mini-
mized for 500 adopted basis Newton Raphson (ABNR) steps with
mass-weighted harmonic restraints of 2.0 kcal/(mol Å) on the
non-hydrogen atoms of the nucleic acid and the ions. MD simula-
tions were performed on the minimized systems for 20 ps in the
isochoric-isothermal (NVT) ensemble in the presence of the har-
monic restraints on the nucleic acid and the ions. Then, MD simu-
lations were performed on the resulting systems for 2000 ps at
1 atm and 300 K using the isobaric-isothermal (NPT) ensemble.
The integration time step was 2 fs, and the SHAKE algorithm was
used to constrain all covalent bonds involving hydrogen atoms
[29]. The long-range electrostatic interactions beyond the cutoff
distance were calculated using the particle mesh Ewald method
[30]. The interaction energies between tRNAIle-mimic and SPD
were estimated by the MM-PBSA method [31]. All figures from
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the MD simulations of tRNAIle-mimic/SPD complexes were pro-
duced using VMD (http://www.ks.uiuc.edu/Research/vmd/).
Fig. 3. Four possible orientations of SPD on the G-G mismatch containing acceptor
stem in tRNAIle-mimic. Each orientation contains two opposite directions arising
from the asymmetry of SPD.

Table 1
3. Results

3.1. Molecular modeling and density functional theory calculations of
the G-G mismatch containing acceptor stem in tRNAIle

To predict and identify the most favorable binding site of sper-
midine (SPD) in the acceptor stem in tRNAIle, we used MM and DFT
calculations. We have already found that SPD stimulates the for-
mation of Ile-tRNAIle by inducing a selective structural change of
the G-G mismatch containing acceptor stem in tRNAIle [21]. In a
previous study, we used a 22-nucleotide hairpin loop, dangling
end, and G-G mismatch containing RNA fragment (Fig. 2a) as a
model of tRNAIle, which was obtained by replacing a 57-nucleotide
region in tRNAIle (8 to 65 in Fig. 2b) with a 4-nucleotide hairpin
loop (8 to 11 in Fig. 2a).

In this study, we employed four construction steps as described
in Materials and Methods to obtain the appropriate starting struc-
ture of tRNAIle-mimic for the molecular mechanics calculations
[32–35]. After the molecular mechanics calculations, we identified
the preferable SPD binding site on tRNAIle-mimic by DFT calcula-
tions [36].

Fig. 2c shows that the most negatively charged region (the blue-
colored surface) has less than �1.0 H per electron, and is covered
on the major groove surface consisting of G5, G6, G14, G15, and
G16, which is included with the G-G mismatch between G5 and
G14 in tRNAIle-mimic. According to this result, we propose that
the positively charged amino groups of SPD – that is, N1ðNHþ3 Þ,
N5ðNHþ2 Þ, and N10ðNHþ3 Þ – recognize and bind to this negatively
charged region on tRNAIle-mimic.
Fig. 2. (a) 2D Structure of the G-G mismatch containing acceptor stem in tRNAIle-
mimic and (b) 3D Structure of tRNAIle. Orange: acceptor stem region, gray: anti-
codon, D, and T loop containing region. (c) 3D ribbon and wire model and DFT
calculated space-filling model of tRNAIle-mimic.
3.2. Prediction of binding patterns of tRNAIle-mimic/SPD complexes

To determine the possible orientations of SPD binding to the
G-G mismatch containing acceptor stem in tRNAIle-mimic, we per-
formed manual docking of SPD in the neighborhood of the G-G
mismatch between G5 and G14. As we have reported previously,
stabilization of the G-G mismatch containing acceptor stem in
tRNAIle is induced by SPD binding to the G-G mismatch region,
where irregular hydrogen bonds formed between G5 and G14 [21].

Thus, we determined the four docking modes of SPD to the G-G
mismatch region by considering the results of DFT calculations
and previous studies [37–39]. In addition, we considered the
Interaction energies and hydrogen bond distances between SPD and the G-G
mismatch containing acceptor stem in tRNAIle-mimic.

Contacts Distance (Å) PBSA energy (kcal/mol)

SPD-Ia–tRNAIle-mimic
N5–O6 (G6) 3.32 �31.74
N5–O4 (U7) 3.40 3.40
N10–O2P (G6) 3.09
SPD-Ib–tRNAIle-mimic
N10–O6 (G5) 3.16 �30.21
SPD-IIa–tRNAIle-mimic
N1–O6 (G5) 3.93
N5–O6 (G6) 3.72
G6) 3.72 3.57 �33.61
N10–O2P (G5) 3.50
N10–O2P (G6) 3.32
SPD-IIb–tRNAIle-mimic
N1–O2P (G6) 3.15 �30.51
N5–O4 (U7) 3.46
N10–O6 (G5) 3.27
SPD-IIIa–tRNAIle-mimic
N1–O6 (G5) 3.17 �35.77
N1–O6 (G14) 3.83
N5–O6 (G16) 2.96
N10–O2P (G14) 3.62
N10–O2P (G15) 2.91
SPD-IIIb–tRNAIle-mimic
N10–O6 (G5) 3.04 �30.99
N10–O6 (G14) 3.60
SPD-IVa–tRNAIle-mimic
N1–O6 (G5) 3.14
N1–O6 (G14) 3.88 �37.40
N5–O6 (G16) 2.92
N10–O2P (G15) 3.23
N10–O2P (G16) 2.77
SPD-IVb–tRNAIle-mimic
N1–O2P (G15) 3.95 �29.99
N1–O2P (G16) 2.90



Fig. 4. Variation of the hydrogen bond distances, number of hydrogen bonds, and interaction energies of (a) tRNAIle-mimic/SPD-IIIa and (b) tRNAIle-mimic/SPD-IVa. Red: G5,
purple: G14, green: G15, and blue: G16.
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asymmetry of SPD. As a result, we used eight SPD binding orienta-
tions, including four docking modes due to the asymmetry of SPD,
for manual docking in the neighborhood of the G-G mismatch region
(Fig. 3).
3.3. Results of MD simulations of the tRNAIle-mimic/SPD complexes

We performed MD simulations on eight tRNAIle-mimic/SPD
complexes to obtain the stable binding structures (Fig. S1, Support-
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ing Information) [40–45]. We summarize the average bond dis-
tances and the interaction energies of the eight tRNAIle-mimic/
SPD complexes in Table 1. According to the number of hydrogen
bonds formed between SPD and tRNAIle-mimic, we classified the
eight tRNAIle-mimic/SPD complexes into two groups. In the first
group that includes tRNAIle-mimic/SPD-Ia, -Ib, -IIIb, and -IVb com-
plexes, one or two of the positively charged amino groups of SPD
formed hydrogen bonds with tRNAIle-mimic. In the second group
that includes tRNAIle-mimic/SPD-IIa, -IIb, -IIIa, and -IVa complexes,
all three of the positively charged amino groups of SPD formed
hydrogen bonds with tRNAIle-mimic.

Considering the structural change in the acceptor stem in
tRNAIle induced by SPD binding, it is reasonable to conclude that
it is favorable to form as many hydrogen bonds as possible be-
tween SPD and tRNAIle-mimic. Therefore, it seems sensible to as-
sume that the second group represents the most favorable
binding modes of SPD with tRNAIle-mimic. Furthermore,
considering the stable PBSA energies (Table 1), we concluded that
SPD-IIIa and SPD-IVa are the most favorable binding modes of
tRNAIle-mimic/SPD complexes.
3.4. Detailed observations of the docking Mode of tRNAIle-mimic/SPD
complexes

To better classify the SPD interactions with tRNAIle-mimic, we
analyzed the hydrogen bonds formed in the tRNAIle-mimic/SPD-IIIa
and tRNAIle-mimic/SPD-IVa complexes.

All of the intermolecular contact distances between SPD and
tRNAIle-mimic were monitored during the course of the 2000 ps
MD simulations. We viewed the trajectories of the time versus dis-
tance plots for each contact and the corresponding distribution his-
tograms of tRNAIle-mimic/SPD-IIIa (Fig. 4a) and tRNAIle-mimic/
SPD-IVa (Fig. 4b) [46]. These results indicate that the tRNAIle bind-
ing sites for SPD-IIIa are O6(G5), O6(G14), O6(G15), and the back-
bone phosphate groups of G14 and G15 (Fig. 4a). On the other
hand, the binding sites for SPD-IVa are O6(G5), O6(G14),
O6(G16), and the backbone phosphate groups of G15 and G16
(Fig. 4b).

In the complexes, the hydrogen bond distance of N5ðNHþ2 Þ–
O6(G16) is about 3.0 Å for both tRNAIle-mimic/SPD-IIIa (Fig. 4a(5))
and tRNAIle-mimic/SPD-IVa (Fig. 4b(5)). In addition, the hydrogen
bonds N5ðNHþ2 Þ—O6ðG16Þ of tRNAIle-mimic/SPD-IIIa (Fig. 4a(5))
and tRNAIle-mimic/SPD-IVa (Fig. 4b(5)) are present 74.5% and
85.3% of the time, respectively. Moreover, the hydrogen bond dis-
tances of N10ðNHþ3 Þ—PO�2 ðG15Þ (Fig. 4a(4)), N10ðNHþ3 Þ—PO�2 ðG15Þ
(Fig. 4b(3)), and N10ðNHþ3 Þ—PO�2 ðG16Þ (Fig. 4b(4)) are also about
3.0 Å, and the charge-assisted hydrogen bonds are present 88.8%,
69.8%, and 98.0% of the time during the simulations, respectively.
In contrast, the hydrogen bond between N1(G5) and O6(G14) is dis-
turbed if other hydrogen bonds are formed, such as
N1ðNHþ3 Þ—O6ðG5Þ (Fig. 4a(1) and b(1)) and N1ðNHþ3 Þ–O6(G14)
(Fig. 4a(2) and b(2)). We presume that the differences in the hydro-
gen bonding might be due to a selective structural change of
tRNAIle.
4. Discussion

Polyamines are small organic polycations found in virtually all
prokaryotic and eukaryotic cells. They are closely linked to cell
growth, and highly regulate the levels of transcription, translation
and protein turnover [1,5]. This is why the negatively charged mac-
romolecules in the cell, such as DNA, RNA, and certain proteins, are
natural targets for polyamines [2,47,48].

We already reported the mechanism of polyamine stimulation
of tRNAIle formation and protein synthesis [21,22]. In addition,
we showed a selective conformational change of the bases in the
bulged-out region of double-stranded RNA by SPD and how SPD
recognize and stabilize G-G mismatch containing acceptor stem
in tRNAIle measured with circular dichroism spectroscopy [21].
However, despite many earlier suggestive studies, the preferential
binding site and the appropriate binding formation of SPD on tRNA
are not yet clarified [13,14,26].

In this study, we have examined the binding sites and modes of
SPD on tRNAIle, and estimated the change in the structure of the G-
G mismatch acceptor stem in tRNAIle due to SPD binding. Specifi-
cally, we have focused on change in the charge distribution caused
by SPD binding to the major groove and evaluated its dynamics
with atomistic MD simulations [45]. As a result, we obtained
important information about the hydrogen bonding network for-
mation between SPD and tRNAIle, which includes the stability
and the conformational change of tRNAIle/SPD complexes [46].

From the binding mode obtained from the MD simulations, we
propose the following: (1) N10ðNH1

3Þ group of SPD recognizes the
phosphate group of tRNAIle with electrostatic interaction by the
competition with monovalent and bivalent cations, such as Na+,
K+, and Mg2+. (2) N5ðNH1

2Þ of SPD binds to a nucleobase of tRNAIle

by hydrogen bonds, which stabilizes the complex. (3) N1(NH3
+)

of SPD induces a selective structural change of tRNAIle by the for-
mation of hydrogen bonds, such as N1ðNH1

3Þ–O6(G5) and
N1ðNH1

3Þ–O6(G14).
Thus, we could perform a detailed analysis of the interactions

between SPD and tRNAIle through the characterization of the indi-
vidual hydrogen bonds between SPD and tRNAIle. In summary, the
results described in this study have provided information on the
mechanism of the interaction between biogenic polyamines and
tRNA.
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