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ABSTRACT

Polyamines are important in both prokaryotic and eukaryotic translational systems. Spermine is a qua-
ternary aliphatic amine that is cationic under physiological conditions. In this paper, we demonstrate that
spermine stimulates fMet-tRNA binding to mammalian mitochondrial 55S ribosomes. The stimulatory
effect of spermine is independent of the identity of the mRNA. The degree of stimulation of spermine
is the same at all concentrations of mitochondrial initiation factor 2 (IF2,,) and mitochondrial initiation
factor 3 (IF3,,). This observation indicates that IF2,,; and IF3,,, while essential for initiation, are not the
primary components of the translation initiation system affected by spermine. IF3, dissociates 55S ribo-
somes detectably in the absence of spermine, but this effect is strongly inhibited in the presence of
spermine. This observation indicates that the positive effect of spermine on initiation is not due to an
increase in the availability of the small subunits for initiation. Spermine also promotes fMet-tRNA bind-
ing to small subunits of the mitochondrial ribosome in the presence of IF2,,,.. The major effect of spermine
in promoting initiation complex formation thus appears to be on the interaction of fMet-tRNA with the

ribosome.

© 2009 Elsevier Inc. All rights reserved.

Introduction

The initiation of protein synthesis in mitochondria has many
features in common with that in prokaryotes; however, it is also
characterized by several important differences. First, prokaryotic
ribosomes exist as 70S monomers that are in equilibrium with
50S and 30S subunits [1]. Mammalian mitochondrial monosomes
sediment at 55S and dissociate to form 28S and 39S subunits.
These ribosomal subunits have small rRNAs and are highly en-
riched in ribosomal proteins. Second, protein synthesis in mito-
chondria occurs with the help of two initiation factors, instead of
the three factors found in the bacterial system. In mitochondria,
initiation factor 2 (IF2,,) promotes the binding of fMet-tRNA to
the small subunit, and initiation factor 3 (IF3,,) stimulates initia-
tion complex formation by facilitating the dissociation of mito-
chondrial 55S ribosomes [2,3]. While these two factors are also
present in prokaryotes, an additional factor (initiation factor 1,
IF1) exists in prokaryotes that is not present in mitochondria. IF2 .
has a 37 amino acid insertion not present in bacterial IF2, which is
believed to function in place of IF1 [4].

Spermine and spermidine are aliphatic polyamines that have a
number of roles in both prokaryotic and eukaryotic cells. Both
polyamines are cationic at physiological pH due to pK values >8
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[5]. In prokaryotic cells, polyamines are known to affect protein
synthesis in several ways. The structure of the Shine-Dalgarno re-
gion on the mRNA is rearranged in the presence of polyamines,
which helps promote the formation of the prokaryotic initiation
complex [6]. In addition to this structural effect, polyamines lower
the optimal concentration of Mg?* required for protein synthesis.
Translation initiation on the minor start codon UUG, used, for
example, in the translation of adenylate cyclase, is stimulated by
polyamines [7]. The tertiary polyamine spermidine reduces the
dissociation of 70S ribosomes, partially counteracting the action
of initiation factor 3 (IF3) in the initiation of translation [8]. Sperm-
ine, a quaternary polyamine, has binding sites on both 16S and 23S
rRNA, indicating that it could be important for ribosomal structure
[9,10]. Spermine crosslinks near the decoding center of the small
subunit, also suggesting that it could be involved in aminoacyl-
tRNA binding [9].

In wheat germ, spermidine has been shown to affect transla-
tion by increasing the fidelity of protein synthesis [11]. Spermine
exists in the cytosol of eukaryotic cells with concentrations in the
micromolar range [12] and is known to be present in mitochon-
dria although it is not synthesized there [13]. In fact, spermine
plays a metabolic role in mitochondria by stimulating the activity
of the pyruvate dehydrogenase complex and by activating citrate
synthase in the citric acid cycle [13]. Because spermine binds to
the mitochondrial membrane, the concentration of spermine in-
side the mitochondria is difficult to measure accurately and is,
therefore, not known [14].
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Spermine affects translation in mitochondria by lowering the
Mg?* requirement for the association of mitochondrial ribosomal
subunits into 55S monosomes by about 1 mM [15]. Little is known
about other effects that spermine may have on protein synthesis in
mitochondria. Because mitochondrial mRNAs are largely leader-
less, the effects of spermine on mitochondrial translation may be
different from those observed with prokaryotic mRNAs, most of
which contain Shine-Dalgarno sequences. In this report, we sys-
tematically examine the effects of spermine on initiation of protein
synthesis in mammalian mitochondria.

Materials and methods

Materials. General chemicals were purchased from Sigma-Al-
drich or Fisher Scientific. Bovine mitochondrial ribosomes (55S),
ribosomal subunits (28S and 39S), and yeast [3°S]fMet-tRNA were
prepared as described [16-19]. Poly(AU,G) was synthesized and
purified as described [20]. The AUG triplet was purchased from
Dharmacon. A 29-mer RNA oligonucleotide containing the 5" AUG
start site (underlined) for subunit I of bovine mitochondrial cyto-
chrome oxidase (Col): AUGUUCAUUAACCGCUGACUAUUCUCAAC
was also purchased from Dharmacon.

Cloning, expression and purification. IF2,, and IF3,,,; were cloned,
expressed, and purified as described previously [21]. Both proteins
required further purification following the Ni-NTA column. IF2,,
and IF3,,; were purified on DEAE-5PW and SP-5PW HPLC columns,
respectively, as described [21].

Dissociation of mitochondrial 55S ribosomes by IF3,,, in the pres-
ence and absence of spermine. Mitochondrial ribosomes (8 pmol,
80 nM) were incubated in the presence or absence of IF3,
(41 pmol, 410 nM) and in the presence and absence of spermine
(0.1 mM) in 100 pL of gradient buffer (25 mM Tris-HCl, pH 7.6,
5 mM MgCl,, 40 mM KCl and 1 mM dithiothreitol) for 15 min at
37 °C. After incubation, reaction mixtures were placed on ice for
10 min and then layered onto cold 4.8 mL 10-30% linear sucrose
gradients prepared in gradient buffer with and without 0.1 mM
spermine. Gradients were centrifuged for 1h and 45 min at
220,000g,,. in the Beckman SW55 Ti rotor and fractionated as de-
scribed [22].

Initiation complex formation on mitochondrial ribosomes: Stimu-
lation of initiation complex formation by spermine was examined
by measuring the increase of [>>S]fMet-tRNA binding to 55S ribo-
somes or 28S subunits in a filter binding assay. Reaction mixtures
(100 puL) were prepared as described previously [19,23] and
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contained the indicated amounts of IF2,, and/or IF3, [>°S]fMet-
tRNA (60 nM), 0.25 mM GTP, 1.25 mM phosphoenolpyruvate, 0.9
U pyruvate kinase, 55S ribosomes (60 nM) and, unless otherwise
indicated, 10 pg poly(A,U,G). Mixtures were incubated for 10 min
at 37 °C. The amount of [>*S]fMet-tRNA bound to ribosomes was
measured using a nitrocellulose filter binding assay [2,23].

Results and discussion

Effect of spermine on initiation complex formation on mitochondrial
55S ribosomes

In the absence of mRNA, fMet-tRNA is still able to bind mito-
chondrial ribosomes to a limited extent [23]. Thus, the effect of
spermine on the binding of fMet-tRNA to mitochondrial 55S ribo-
somes was tested in the presence and absence of mRNA (Fig. 1).
In the presence of both IF2,,, IF3,, and poly(AU,G), a twofold in-
crease in fMet-tRNA binding correlated with increasing concentra-
tions of spermine up to 0.05 mM (Fig. 1A). This result indicates that
spermine has a positive effect on initiation. This effect could occur
at one or more of several steps, including: fMet-tRNA binding,
mRNA binding, the action of IF2,,, or the action of IF3,.

If spermine primarily affects fMet-tRNA binding by promoting
the interaction of the mRNA with the ribosome, one might expect
a smaller effect of spermine on fMet-tRNA binding in the absence
of mRNA. Binding of fMet-tRNA to ribosomes was significantly
lower in the absence of mRNA (Fig. 1A); however, spermine stim-
ulated this binding twofold, as observed in the presence of mRNA,
although higher concentrations of spermine were required to ob-
serve this effect. This observation suggests that spermine is affect-
ing a step in initiation distinct from the mRNA binding step.

To further explore this conclusion, we have examined the ef-
fects of spermine on initiation complex formation with three dif-
ferent mRNAs (Fig. 1B). These mRNAs included the AUG triplet, a
29-nucleotide RNA derived from the initiation site of bovine mito-
chondrial subunit I of cytochrome oxidase (Col), and poly(A,U,G).
The assays shown in Fig. 1A were carried out using poly(A,U,G), a
long RNA polymer that is not representative of natural mitochon-
drial mRNAs. Native mitochondrial messages contain few or no
nucleotides 5’ to the initiation codon, so the AUG triplet and the
leaderless Col mRNA were used.

In the absence of polyamines, substantial binding of fMet-tRNA
to the ribosome was observed with poly(A,U,G). Spermine stimu-
lated this binding nearly twofold. When the AUG triplet was used
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Fig. 1. Effect of spermine on initiation complex formation on 55S ribosomes in the presence and absence of various mRNAs. (A) [>°S]fMet-tRNA binding to mitochondrial 555
particles (6 pmol, 60 nM) was tested in the presence and absence of 10 pg poly(A,U,G) mRNA and the presence of IF2,¢ (8 pmol, 80 nM) and IF3,,¢ (8 pmol, 80 nM) at different
concentrations of spermine. (B) [>°S]fMet-tRNA binding to mitochondrial 55S ribosomes was tested in the presence of saturating amounts of poly(A,U,G) (5 ug), the 29-mer
cytochrome oxidase start site (2.24 pM), or the AUG triplet (6 pg, 53 pM) at different concentrations of spermine as described in Materials and methods.
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in initiation complex formation (Fig. 1B), less fMet-tRNA binding
was observed in the absence of spermine, and this polyamine stim-
ulated binding about threefold, bringing it to the level observed
with poly(A,U,G). To examine the effect of spermine on a natural
leaderless initiation site, we used the 29-mer synthetic oligonu-
cleotide based on the initiation site of the Col mRNA. When this
oligonucleotide was tested for initiation complex formation in
the absence of spermine, it showed approximately the same level
of binding as observed with the AUG triplet (Fig. 1B). Again, sperm-
ine stimulated binding about threefold.

The more substantial binding obtained in the absence of sperm-
ine with poly(A,U,G) probably reflects the ability of this long poly-
mer to trap fMet-tRNA more effectively on the ribosome. Long
mRNAs are known to bind more rapidly to the small subunit and
to dissociate more slowly than shorter mRNAs [24]. Since stable
initiation complex formation requires the simultaneous presence
of both fMet-tRNA and mRNA on the ribosome, the more stable
binding of poly(A,U,G) to the ribosome allows more initiation com-
plex formation to be detected in the absence of spermine. Regard-
less, spermine stimulates fMet-tRNA binding in the absence of any
mRNA (Fig. 1A) and in the presence of all the mRNAs tested
(Fig. 1B), indicating that the effect of this polyamine on initiation
is not directly on mRNA binding to the ribosome.

Effect of spermine on IF3,,,-mediated stimulation of initiation complex
formation

Another potential target for the effect of spermine is on the ac-
tion of IF3,;. The major effect of IF3,,; on initiation complex forma-
tion is to loosen the interactions between the ribosomal subunits,
making the small subunit available for fMet-tRNA binding. Since
spermine is expected to tighten subunit interactions, one might
predict that spermine would increase the amount of IF3,,,; required
for initiation. To test this theory, fMet-tRNA binding to mitochon-
drial ribosomes was tested in the presence of IF2,,, and with
increasing amounts of IF3, (Fig. 2A). In the presence of [F2,
and mRNA, the addition of IF3,,, caused a twofold increase in
fMet-tRNA binding in the absence of spermine (Fig. 2A). This stim-
ulation is believed to arise because IF3,,; promotes the dissociation
of ribosomal subunits and, therefore, enhances initiation complex
formation. Surprisingly, the addition of spermine did not result in
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a need for a higher concentration of IF3,, to promote initiation
complex formation. In the presence of spermine, IF3,,, increased
the amount of fMet-tRNA bound to 55S ribosomes with basically
the same dose response curve as observed in the absence of sperm-
ine (Fig. 2A). Spermine caused a 1.4-fold stimulation of fMet-tRNA
binding independent of the amount of IF3,,; added. This observa-
tion suggests that the effect of spermine is not directly on IF3,;.
In prokaryotes, spermine has been shown to change the confor-
mation of the 30S ribosomal subunit to favor subunit association
[9]. It also reduces the electrostatic repulsion between the subunits
by masking the charges on the rRNA [25]. In both prokaryotes and
mitochondria, spermine has been shown to tighten the interaction
between the ribosomal subunits [15,26]. The effect of spermine on
the ability of IF3,,; to promote subunit dissociation was tested di-
rectly using sucrose density gradient centrifugation (Fig. 3B). In the
absence of both IF3,,; and spermine, mitochondrial ribosomes ex-
isted primarily as 55S particles at 5 mM Mg?", although a small
amount of dissociation was observed (Fig. 3B). The addition of
spermine led to a stronger interaction between the ribosomal sub-
units, and very few subunits were observed in its presence. In the
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Fig. 3. Effect of IF2,,, on initiation complex formation in the presence and absence
of spermine. [>°S]fMet-tRNA binding to mitochondrial 55S particles (6 pmol, 60 nM)
was tested with and without spermine (0.1 mM) the indicated concentrations of
lemt-
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Fig. 2. Effect of spermine on IF3,-induced 55S dissociation. (A) [*>S]fMet-tRNA binding to mitochondrial 55S particles (8 pmol, 80 nM) was tested at different concentrations
of IF3, with and without spermine (0.1 mM) using 10 pg poly(A,U,G) as the mRNA at a fixed concentration of IF2,,, (8 pmol, 80 nM). (B) Fractionation profiles of
mitochondrial 55S ribosomes after centrifugation on 10-30% sucrose gradients in 5 mM Mg?*. Mitochondrial 555 ribosomes (8 pmol, 80 nM) were incubated at 5 mM MgCl,
with or without spermine (0.1 mM) in the absence or presence of IF3, (41 pmol, 410 nM) at 37 °C for 15 min. The samples were then placed on ice for 10 min and
subsequently layered on a 10-30% sucrose density gradient (gradients were prepared with and without spermine, respectively, corresponding to the reaction conditions

used) and analyzed as described in Materials and methods.
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absence of spermine, IF3,; was able to promote the dissociation of
ribosomal subunits. However, in the presence of spermine, [F3,,
had almost no effect on the dissociation of 55S ribosomes. Thus,
spermine appears to play a role in tightening the interactions be-
tween the mitochondrial 28S and 39S subunits. It is possible that,
in the presence of spermine, IF3,, loosens mitochondrial subunit
contacts enough to allow initiation complex formation but not en-
ough to stably dissociate the ribosomal subunits. This observation
argues that the effect of spermine is not on the action of IF3,, in
promoting ribosomal subunit dissociation.

Effect of spermine on the action of IF2,,, in fMet-tRNA binding to 55S
ribosomes

IF2 ¢ is known to stabilize the binding of fMet-tRNA to the P-
site of the ribosome and, as expected, the amount of fMet-tRNA
bound to the ribosome was quite low in the absence of IF2,,
(Fig. 3). However, even in the absence of IF2,,,, spermine enhanced
the binding of fMet-tRNA to the ribosome. This observation is in
agreement with the data above, suggesting that the effect of
spermine is directly on fMet-tRNA binding to the P-site. The pres-
ence of spermine did not significantly alter the stimulatory effect
of IF2,.. As the IF2,, concentration was increased, considerable
stimulation of fMet-tRNA binding was observed as expected. How-
ever, the degree of stimulation of fMet-tRNA binding to the ribo-
some caused by spermine (1.6-fold) was constant at all
concentrations of IF2.,.. This observation suggests that spermine
does not directly affect the action of IF2,,.

Effect of spermine on fMet-tRNA binding to 28S subunits

The data above demonstrate that the effect of spermine is on
fMet-tRNA binding to the ribosome; however, the question arises
as to whether spermine affects fMet-tRNA interactions on the
small or large ribosomal subunit. If fMet-tRNA binding to the small
subunit is being affected, the same increase in fMet-tRNA binding
should be observed on 28S subunits that was seen on 55S ribo-
somes. In the presence of increasing amounts of spermine, an
increase in fMet-tRNA binding was observed in the presence of
IF2¢ (Fig. 4). IF3,¢ was not required in this assay, since no disso-
ciation of ribosomal subunits was needed. The stimulatory effect
of spermine was absolutely dependent on IF2,,, reflecting the low-
er stability of fMet-tRNA bound to the small subunit alone. How-
ever, the same twofold stimulation of fMet-tRNA binding by
spermine was observed on both 28S subunits and 55S ribosomes.

3
£
2
©
C
>
[e]
Ke]
<
P
T
yol
=

0.1 “IF2me

A A : A

0.02 0.04 006 008 0.10 0.12
[Spermine] (mM)

Fig. 4. Effect of spermine on initiation complex formation on 28S subunits in the
presence and absence of initiation factors. [*°S]fMet-tRNA binding to mitochondrial
28S subunits (4 pmol, 40 nM) was tested using 10 pg poly(A,U,G) as the mRNA in
the presence and absence of IF2,,,; (14 pmol, 140 nM) at different concentrations of
spermine.

Thus, the full effect of spermine was seen on 28S subunits and
can be attributed to a direct stimulation of fMet-tRNA binding to
the P-site of the small ribosomal subunit.

Effect of polyamines on fMet-tRNA binding to prokaryotic and
mitochondrial ribosomes

Polyamines have been shown to be important for prokaryotic
translation initiation, and the current work demonstrates that
spermine is also important in the mitochondrial translation sys-
tem. Because spermine was shown to crosslink to the decoding
center of the prokaryotic ribosome, it was assumed that the effect
of spermine could be on fMet-tRNA binding to the small ribosomal
subunit. However, it was unclear whether the effect of spermine
was primarily on the interaction of the tRNA with the rRNA or
the proteins of the small subunit. The crystal structure of the Ther-
mus thermophilus ribosome demonstrates that the P-site bound
tRNA has several important contacts with the small subunit of
the ribosome that could be affected by the presence of spermine
[27]. Ten of those contacts are with rRNA nucleotides on the small
subunit, and these ten residues are present in the truncated mito-
chondrial 12S rRNA. Spermine could enhance these interactions by
shielding the repulsion between the backbones of the tRNA and the
rRNA. The tRNA in the P-site of the prokaryotic ribosome only
interacts with one small subunit protein (S13), which is not pres-
ent in mitochondrial ribosomes. However, additional protein con-
tacts are made between the mitochondrial small subunit and the
P-site tRNA [18]. An interaction occurs between the T-loop of the
tRNA bound at the P-site and the P-site finger protein, a structure
unique to the mitochondrial system [18]. A further interaction is
observed between the CCA-arm of the tRNA and an unknown small
subunit protein. These protein interactions, unique to the mito-
chondrial system, could also be enhanced by spermine.

Conclusion

Initiation of translation in mitochondria is stimulated by the
presence of spermine, a polyamine that occurs naturally in mito-
chondria. The stimulatory effect of spermine does not appear to de-
pend on the mRNA used, the action of IF3y,,, or the action of IF2 ;.
The data suggest that the binding of fMet-tRNA to the P-site of
mitochondrial 55S ribosomes is directly stabilized by spermine.
This effect could be due to the alteration of the conformations of
the ribosomal subunits by spermine or to a direct stabilization of
the contacts between fMet-tRNA and the ribosome. The observa-
tion that the full effect of spermine is observed on 28S subunits
indicates that this polyamine is primarily enhancing the interac-
tion of the fMet-tRNA with the small subunit. Future work on
translation in mitochondria should carefully consider the spermine
concentration used.
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