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Abstract: Mitochondrial genomes code for several core components of respiratory chain complexes.
Thus, mitochondrial translation is of great importance for the organelle as well as for the whole cell.
In yeast, mitochondrial translation initiation factor 3, Aim23p, is not essential for the organellar protein
synthesis; however, its absence leads to a significant quantitative imbalance of the mitochondrial
translation products. This fact points to a possible specific action of Aim23p on the biosynthesis of
some mitochondrial protein species. In this work, we examined such peculiar effects of Aim23p in
relation to yeast mitochondrial COX2 mRNA translation. We show that Aim23p is indispensable to
this process. According to our data, this is mediated by Aimp23p interaction with the known specific
factor of the COX2 mRNA translation, Pet111p. If there is no Aim23p in the yeast cells, an increased
amount of Pet111p ensures proper COX2 mRNA translation. Our results demonstrate the additional
non-canonical function of initiation factor 3 in yeast mitochondrial translation.
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1. Introduction

Mitochondria originated from the ancient free-living bacterial species, according to the
endosymbiotic theory [1]. In the course of evolution, the vast majority of mitochondrial genes
have migrated to the nucleus. However, mitochondrial genomes of modern eukaryotes still code for
several proteins, most of which are components of the respiratory chain complexes. Correspondingly,
mitochondria have kept their systems of genetic material maintenance and expression.

Mitochondrial translation mechanisms closely resemble those of bacteria. On the other hand,
many specific features of this process have been discovered, especially as a result of mitochondrial
ribosomes structural studies [2,3]. Many of these features, both structural [4] and mechanistic [5],
appear at the initiation step. In particular, mitochondrial initiation factor 3 (mtIF3) shares little
similarity with its bacterial counterpart [6]. Consequently, researchers could not identify mtIF3 in
several well-characterized species, such as C. elegans and budding yeast S. cerevisiae, for many years.
In 2012, in silico and in vivo analyses validated yeast protein Aim23p as mtIF3 [6]. Aim23p is generally
organized in the same way as mammalian mtIF3 according to computer modelling: both proteins
consist of core part (which is similar to bacterial IF3) flanked by mitochondria-specific N- and C-terminal
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extensions [7,8]. E. coli IF3 can partially fulfil the functions of Aim23p in yeast mitochondria [5],
which is valuable evidence of the latter being bona fide initiation factor 3.

Several sets of data point to the peculiarity of Aim23p as the factor of mitochondrial translation.
In in vitro study, it has been shown that recombinant Aim23p binds both small and large subunits of yeast
mitochondrial ribosomes [9], while a canonical IF3 is known to preferably bind the small one; the latter
is also true for mammalian mtIF3 [7,10]. Aim23p also possesses a quite unusual effect on the bacterial
ribosomes: it fixes their dynamic state which might be an intermediate state of ribosome dissociation [11].
Again, this is not the case for mammalian mtIF3, which exhibits typical, although quite poor, functional
activities with regard to the bacterial ribosomes [12]. Finally, the most interesting Aim23p feature is the
effect of its gene deletion on yeast mitochondrial translation. IF3 is an obligatory component of any protein
synthesis system studied to date. However, yeast mitochondria can perform translation in the absence of
Aim23p. It is worth mentioning that such translation is strongly imbalanced. Robust biochemical analysis
suggests that biosyntheses of four out of eight proteins encoded in the mitochondrial genome (namely Var1p,
Cox3p, Cob1p, Atp8p) do not depend on Aim23p. On the other hand, steady-state levels of Cox1p and
Cox2p decrease, while the amounts of Atp6p and Atp9p become elevated in the absence of Aim23p [13].

The presence of translational activators is another interesting feature of the yeast mitochondrial protein
synthesis apparatus [14,15]. These regulatory proteins specifically activate the translation of a particular
mRNA, most often via interaction with its untranslated regions (UTRs). Many activators are involved in
feedback loop mechanisms that coordinate the biosynthesis of mitochondrial proteins with the assembly of
respiratory complexes [16]. The detection of the personalized effect of Aim23p on mitochondrial mRNAs
translation led to hypothesizing a functional link between this protein and the system of the translational
activators. This work is aimed at the experimental validation of this hypothesis.

We decided to investigate whether Aim23p interacts with the 5′-UTRs of the mitochondrial mRNAs or
with the corresponding translational activators. Obviously, one should concentrate on either COX1 or COX2
mRNAs, because the amounts of both these proteins decrease in AIM23∆background [13], which allows
for proposing some direct activating effect of Aim23p on these mRNAs. We have chosen COX2 mRNA for
our experiments since (1) its 5′-UTR is shorter than that of COX1 mRNA (54 vs. 461 nucleotides [17,18]),
which makes it easier to work with; (2) a single activator, Pet111p, is described for COX2 mRNA [19,20],
while at least four are known for COX1 mRNA [14]. Thus, we aimed to test the physical and genetic
interaction of Aim23p with the 5′-UTR of the COX2 mRNA and Pet111p.

2. Results

2.1. Aim23p Ensures COX2 mRNA Translation via Its UTRs

A good approach exists to access the activator effect of a protein on a given yeast mitochondrial
mRNA translation. For that, one should use a mutant yeast strain where: (1) ARG8 gene (coding
for the acetylornithine aminotransferase, the enzyme of arginine biosynthesis pathway) is deleted
in nuclear DNA; (2) the open reading frame of mitochondrial mRNA tested is replaced by that of
ARG8 (codon-optimized for mitochondrial expression), while UTRs of this mRNA remain intact [21].
The cells of such strains can grow on the medium lacking arginine. Upon the deletion of the gene
studied, failure to grow in the absence of arginine indicates that a protein product of this gene facilitates
the translation of target mRNA acting through its UTRs. We have applied this approach to check
whether Aim23p takes part in the COX2 mRNA translation. We had two yeast strains, where COX2 or
COB open reading frames were replaced by the mitochondrial version of ARG8 (further referred to
as ARG8m) (both strains were kindly provided by Martin Ott). COB::ARG8m was used as a control
strain, since we showed earlier that the biosynthesis of Cob1p did not depend on Aim23p [13]. Next,
we inactivated the AIM23 gene in these strains by replacing it with KanMX4 cassette (AIM23∆ on
Figure 1A) and checked the ability of the resulting strains to grow on the arginine-lacking medium
(Figure 1B). After two days of incubation, we detected no growth for the strain COX2::ARG8m AIM23∆,
while the parental strain containing Aim23p grew normally. This clearly demonstrates that the effect
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of Aim23p on Cox2p biosynthesis is mediated by UTRs of COX2 mRNA. On the other hand, both
COB::ARG8m and COB::ARG8m AIM23∆ strains grew equally well on the arginine-lacking medium,
which is in perfect agreement with the previously detected independence of Cob1p biosynthesis from
Aim23p. All of the tested strains did not grow on the glycerol-containing medium, which was expected:
using glycerol as a carbon source is only possible if yeast mitochondria are fully functional which is
not the case in our experiment as all strains lack either Cox2p or Cob1p.
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Figure 1. The detection of genetic, but not physical, interaction of Aim23p with untranslated regions (UTRs)
of COX2 mRNA. (A) Scheme of nuclear and mitochondrial DNA organization of the yeast strains used in the
experiments. Wild type: either HMD22 strain (COX2::ARG8m [22]) or MRSI0 ∆COB strain (COB::ARG8m [23]).
AIM23∆: the same strains with AIM23 genomic disruption. (B) The plates with different media (indicated
on the left: -arg Gal— synthetic arginine-lacking medium with galactose, YPGly—glycerol-containing full
medium, YPD—glucose-containing rich medium) after two days of growth of the yeast strains indicated
on the top. The ten-fold consecutive dilutions of the yeast suspensions were plated. The experiment was
done in three biological replicates; the characteristic picture is presented. (C) Western-blot hybridization
of mitochondrial proteins isolated from the above-mentioned strains with anti-Arg8p antibodies (top part;
kindly provided by Martin Ott). As a loading control, the same samples were blotted with anti-porin 1
antibodies (bottom part; produced by Almabion, Russia). The corresponding protein bands are marked
with arrows. The experiment was done in three biological replicates; the characteristic picture is presented.
(D) Results of the gel-shift experiment. In vitro synthesized COX2 mRNA 5′-UTR was labeled with 32P-ATP
and then incubated with different amounts of the recombinant Aim23p (molar concentrations of the protein
are indicated on the top). Reaction products were separated using native Polyacrylamide Gel Electrophoresis
(PAGE) and visualized by radioautography. The gel zones corresponding to low molecular weight (LMW)
products, free UTR and UTR complex with Aim23p are marked by the arrows on the left. The experiment
was done in three biological replicates; the characteristic picture is presented. (E) Results of the three-hybrid
system assay. Three derivatives of the L40 coat yeast strain were analyzed: the first one was transformed by
two empty vectors, pACT2 and pIIIA/MS2-1 (−/−); the second one was transformed by pACT2 vector with
cloned AIM23 gene and by empty pIIIA/MS2-1 vector (AIM23/−); the third one was transformed by pACT2
vector with cloned AIM23 gene and by pIIIA/MS2-1 vector with the cloned sequence of the COX2 mRNA
5′-UTR (AIM23/UTR). The names of the strains are depicted on the left. Top panel: growth on medium
lacking histidine supplemented with the 3-amino-1,2,4-triazole (3-AT). Bottom panel: growth on the rich
glucose-containing medium (YPD). The ten-fold consecutive dilutions of the yeast suspensions were plated.
The experiment was done in four biological replicates; the characteristic picture is presented.
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A typical translational activator is absolutely required for the biosynthesis of corresponding
mitochondrially-encoded protein, which means that the latter is not synthesized at all in the absence
of an activator [15]. Aim23p does not meet this criterion: we detected both Cox1p and Cox2p in
AIM23∆ strain, although in very small amounts [13]. In present work, we have confirmed this
observation by Western-blot analysis of mitochondrial proteins that were isolated from COX2::ARG8m
and COX2::ARG8m AIM23∆ strains with anti-Arg8p antibodies (Figure 1C). In the COX2::ARG8m
AIM23∆ strain, the amount of Arg8p is significantly less than in the parental strain. However, antibodies
still detect the protein, which indicates that Aim23p is not strictly essential for the translation of the
COX2 mRNA. Correspondingly, although Aim23p promotes COX2 mRNA translation through its
UTRs, this protein should not be regarded as a canonical translational activator.

2.2. Aim23p Physical Interaction with COX2 mRNA 5′-UTR Is Detectable Neither in Vitro Nor in Vivo

Nevertheless, the possible physical interaction of Aim23p with 5′-UTR of the COX2 mRNA
should be tested. For that, we performed gel-shift experiments with recombinant Aim23p and in vitro
synthesized 5′-UTR of COX2 mRNA in the presence of competitor (total yeast tRNAs) (Figure 1D).
We detected no strong interaction: one can see a poorly visible complex band, but only at the
maximal Aim23p concentration tested (0.8 µM). We also used the alternative method of this interaction
detection, namely yeast 3-hybrid system [24]. This assay allows for detecting the interaction between
a protein and an RNA by using specially designed strains and plasmids: if such interaction takes place,
an experimental yeast strain would grow on the medium without histidine because of the HIS3 gene
induced expression. We were not able to detect the physical interaction of Aim23p with 5′-UTR of
COX2 mRNA using this method, as shown in Figure 1E. Overall, even if such interaction takes place, it
seems to be very weak and, in our opinion, cannot explain the observed effect of Aim23p on the COX2
mRNA translation.

2.3. Aim23p Physically Interacts with Pet111p and Enhances Its Interaction with COX2 mRNA 5′-UTR

We focused on the only known COX2 mRNA translational activator, Pet111p, to understand
how Aim23p could affect COX2 mRNA translation in a UTR-dependent manner without binding
them. This protein is a good candidate for being a mediator between the above-mentioned mRNA
and Aim23p: it has been repeatedly demonstrated that Pet111p genetically interacts with the COX2
mRNA [19,20], and recently physical interaction has been proven [25]. In this work, we tested physical
interaction between Aim23p and Pet111p. For this, we used recombinant proteins separation by
non-denaturing Polyacrylamide Gel Electrophoresis (PAGE) with imidazole-HEPES buffer system [26]
(Figure 2A). We decided to use this buffer system for two reasons. First, the pH of gel here is 7.4 which
is in good compliance with physiological conditions. Second, the calculated pI values of both proteins
are higher than pH of the selected buffer system (10.6 for Aim23p and 9.06 for Pet111p, according to
Saccharomyces genome database, https://www.yeastgenome.org), so these proteins should migrate to the
cathode in the selected buffer system. Surprisingly, we did not detect free Pet111p (Figure 2A, lane 1).
This could be explained by structural features of Pet111p or uneven charge distribution in this protein.
However, the band of free Aim23p was clearly visible (Figure 2A, lane 2). Adding recombinant Pet111p
to Aim23p led to the appearance of a shifted band on the native gel. Moreover, the exact mobility of
this band depended on the amount of Pet111p added (Figure 2A, lanes 3–5). Thus, we can conclude
that Aim23p physically interacts with Pet111p in vitro. The presence of the competitor (bovine serum
albumin) ensured the specificity of this binding.

https://www.yeastgenome.org
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Figure 2. Aim23p physically interacts with Pet111p and helps the latter to bind 5′-UTR of COX2 mRNA.
(A) Detection of Aim23p interaction with Pet111p in vitro. Recombinant proteins (either one of them or
both together) were separated by the native PAGE. The gel zones corresponding to free Aim23p or
Aim23p•Pet111p complex are marked on the left and on the right, respectively. The experiment was
done in four biological replicates; the characteristic picture is presented. (B) Results of the two-hybrid
system assay. Four derivatives of the Y190 yeast strain were analyzed, transformed by: (1) empty
pAS2∆∆ vector and pACT2-AIM23 plasmid (−/AIM23), (2) pAS2∆∆-PET111 plasmid and empty
PACT2 vector (PET111/−), (3) pAS2∆∆-PET111 plasmid and pACT2-AIM23 plasmid (PET111/AIM23),
(4) pAS2∆∆-AEP1 plasmid and pACT2-AIM23 plasmid (AEP1/AIM23). The names of the strains
are depicted on the left. Left panel: growth on medium lacking histidine supplemented with the
3-amino-1,2,4-triazole (3-AT). Right panel: growth on the rich glucose-containing medium (YPD).
The ten-fold consecutive dilutions of the yeast suspensions were plated. The experiment was done
in three biological replicates; the characteristic picture is presented. (C) The results of the gel-shift
experiment. In vitro synthesized COX2 mRNA 5′-UTR was labeled with 32P-ATP and then incubated
with different amounts of the recombinant Aim23p and/or Pet1119 (molar concentrations of the proteins
are indicated on the top). Reaction products were separated using native PAGE and visualized by
radioautography. The gel zones corresponding to low molecular weight (LMW) products, free UTR and
UTR complex with Pet111p are marked by the arrows on the left. The asterisks mark two characteristic
reactions where Pet111p concentration was equal, and one reaction contained Aim23p (complex
detected) and another did not (complex not detected). The experiment was done in four biological
replicates; the characteristic picture is presented.
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The second method we used to investigate this interaction was the yeast two-hybrid system [27].
The principle of this assay is similar to that of the above-described three-hybrid system: one can detect
the interaction between two proteins by demonstrating the growth of specially designed yeast strain
on the medium without histidine. We tested the interaction between Aim23p and Pet111p, as well as
between Aim23p and Aep1p, a protein that takes part in ATP9 mRNA translation [28,29] (Figure 2B).
Indeed, the strain containing AIM23 and PET111 genes grew faster than the strain containing AIM23
only on the medium with 3-AT, which showed the interaction between these two proteins in the yeast
cells. The strain containing Aim23p and Aep1p grew with the same rate as AIM23-only strain. The clear
difference in the growth rates between AIM23/PET111 and the other two strains tested suggests the
absence of Aim23p interaction with Aep1p, which confirms the specificity of the assay. Finally, all of
the strains grew on the glucose-containing full medium with the same rates (YPD on Figure 2B),
which means that the observed difference in growth rates on the medium with 3-AT is not due to some
general metabolic defects.

Thus, we demonstrated the physical interaction between Aim23p and Pet111p by two different
methods, but the biological significance of this interaction remained unclear. We hypothesized that
Aim23p might strengthen Pet111p interaction with 5′-UTR of COX2 mRNA. To verify this, we again
used the gel-shift approach. We purified recombinant Pet111p and first tested its interaction with
5′-UTR of COX2 mRNA (Figure 2C, lanes 1–6). In line with the results by Jones et al. [25], we detected
that the amount of UTR complex with Pet111p increased with the increase of the protein concentration.
At the same time, the amount of the unbound UTR decreased, which pointed to the complex formation.
Remarkably, adding recombinant Aim23p to the reaction led to the intensification of UTR•Pet111p
complex formation (Figure 2C, lanes 7–10). The corresponding band was visible even if the Pet111p
concentration was 0.05 µM; at this concentration, Pet111p alone was not able to form the complex with
5′-UTR of COX2 mRNA (Figure 2C, lane 2). Thus, Aim23p seems to facilitate the Pet111p association
with this UTR through direct protein-protein interaction.

2.4. The Increased Amount of Pet111p May Compensate for Aim23p Absence in the Process of COX2
mRNA Translation

We then decided to test the possible functional links between Aim23p and Pet111p by the
overexpression of the PET111 gene in the presence or absence of Aim23p. This idea came from
the fact that high expression of PET111 led to an increase in the COX2 mRNA translation [30]. Thus, a large
amount of Pet111p in yeast mitochondria could potentially compensate the negative effects of Aim23p
absence. We have chosen the yeast strain XPM171a to verify this hypothesis [31]. Figure 3A schematically
represents the organization of mitochondrial DNA of this strain. Briefly, the UTRs of the COX1 mRNA
control the expression of ARG8m, and the UTRs of the COX2 mRNA control biosynthesis of both Cox1p
and Cox2p. Such mitochondrial genome organization excludes the influence of COX1 mRNA UTRs on
mitochondrial function. On the contrary, any negative effect related to the COX2 mRNA UTRs would
lead to a drastic decrease of organelle functionality, since the biosynthesis of both Cox1p and Cox2p
would weaken.
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Figure 3. Increased Pet111p amounts ensure proper translation of COX2 mRNA in the absence of Aim23p.
(A) Scheme of the mitochondrial genome organization of XPM171a strain. (B) The pictures of 3-days yeast
growth on the plates with different media (indicated on the right: YPD—full glucose-containing medium,
-arg Gal—synthetic arginine-lacking medium with galactose, YPGly—full glycerol-containing medium).
Strains are depicted on the top. 171a—XPM171a (parental strain for all other strains). AIM23∆—AIM23
gene disrupted, PET111∆—PET111 gene disrupted, ∆∆—both genes disrupted. pAIM23(2µ)—strain
transformed with the two-micron plasmid bearing AIM23 gene, PET111(2µ)—strain transformed
with the two-micron plasmid bearing PET111 gene. The ten-fold consecutive dilutions of the yeast
suspensions were plated. The experiment was done in three biological replicates; the characteristic
picture is presented. (C) Mitochondrial translation products in the yeast strains described in the legend
to Figure 3B. Fractions of 35S-containing proteins (50 µg of total protein per lane) were PAGE-separated.
Mitochondrially-encoded proteins were then visualized by radioautography. The order of mitochondrial
proteins loading on the gel is the same as the order of plating the corresponding yeast strains on
Figure 3B which is marked by horizontal dashed lines between two panels. Individual mitochondrial
proteins are depicted on the left according to the original article where XPM171a strain has been
created [31]. The experiment was done in three biological replicates; the characteristic picture is
presented. (D) Analysis of the respiratory chain supercomplexes formation in the same yeast strains.
Visualization was done by Western blot hybridization with antibodies against Cox2p after complexes
separation by Blue Native PAGE. Designations of the strains are the same as in Figure 3B; they are
indicated on the top. Supercomplexes with different stoichiometric ratios of complexes III and IV are
indicated by arrows on the left. The experiment was done in three biological replicates; the characteristic
picture is presented.
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We made several genomic disruptions in XPM171a strain, which resulted in a series of four
strains: parental XPM171a (“171a” on Figure 3B), XPM171a with AIM23 disrupted (AIM23∆), XPM171a
with PET111 disrupted (PET111∆), and XPM171a with both genes disrupted (∆∆). Subsequently,
we transformed each of these strains by the high copy number 2-micron plasmid YEplac195, either
empty, or bearing AIM23 gene (pAIM23(2µ) on Figure 3B), or PET111 gene (pPET111(2µ) on Figure 3B).
Finally, we checked the resulting strains for their growth rate on glycerol-containing medium as the sign
of mitochondrial function. We represent these data as the “drop-tests” on the plates (Figure 3B), as well
as the growth curves of the liquid cultures (Figure S1). The overproduction of Pet111p in parental
XPM171a strain led to the increase of growth rate on glycerol medium (Figure 3B, upper panel, lanes 3,
6, 9, and 12), which was also seen earlier [30]. The deletion of the AIM23 gene in the XPM171a strain
resulted in growth delay, which showed abolished mitochondrial function (Figure 3B, upper panel,
compare lanes 1 and 4). This was expected, since AIM23 deletion in wild type yeast led to the same lag
period in growth [13]. We detected the full restoration of this growth delay upon the overexpression
of AIM23 from the plasmid (Figure 3B, upper panel, lane 5). More interesting, the overexpression of
PET111 was able to compensate for the AIM23 deletion in XPM171a strain (Figure 3B, upper panel, lane
9): the corresponding strain grew with the same rate as the parental strain. These data point to the fact
that a higher amount of Pet111p is enough for the normal translation of COX2 mRNA, even if there is
no Aim23p in the mitochondria. This effect was even more pronounced in the double deletion strain,
which was unable to grow on glycerol without rescuing plasmid (Figure 3B, upper panel, lanes 10–12).
The overproduction of Pet111p from the plasmid compensated for this defect (Figure 3B, upper panel,
lane 12). The normal, almost equally fast growth of all tested strains on the medium without arginine
(Figure 3B, middle panel) ensures that neither Aim23p nor Pet111p affect the COX1 mRNA UTRs as
ARG8m expression is under control of these UTRs (see Figure 3A). The only effect observed on this
medium is the slight delay of the growth of the AIM23-lacking strains. This can be explained by the
known Aim23p necessity for COX1 mRNA translation [13]. It is also clear that growth defects observed
on YPGly medium were not due to some general metabolic disturbances since all the experimental
strains grew with the same rate on glucose-containing medium (Figure 3B, lower panel). Overall, it is
possible to state that the high amount of Pet111p makes yeast mitochondria competent in COX2 mRNA
translation without Aim23p. A possible explanation of this phenomenon is that Aim23p takes part in
Pet111p recruitment to UTRs of COX2 mRNA. The absence of Aim23p detains the normal interaction
of Pet111p with these UTRs, which can be overcome by an excess of Pet111p in mitochondria.

We performed a direct analysis of mitochondrial protein synthesis in the above-mentioned
strains to support this conclusion. For this, we inhibited their cytosolic translation by cycloheximide
and then supplied the yeast cultures with 35S-methionine, which could only incorporate into the
mitochondrially-synthesized proteins (methodological details are given in Materials and Methods).
Figure 3C presents the results. The rates of Cox1p and Cox2p synthesis are of special interest, since both
corresponding ORFs are under the control of COX2 mRNA UTRs. Cox2p synthesis was slower in
XPM171a strain with AIM23 deletion when compared to the parental strain (Figure 3C, compare
lanes 4 and 1), but the rate reached normal levels upon PET111 overexpression (Figure 3C, lane 6).
In double deletion strain, Cox2p was almost not synthesized (Figure 3C, lane 10); however, Pet111p
overproduction led the complete restoration of Cox2p synthesis (Figure 3C, lane 12). This is in
full accordance with the observed rates of growth on the glycerol-containing medium (Figure 3B).
On the other hand, the situation with the Cox1p synthesis rate is more complex. We did not detect
a direct correlation between this parameter and the rates of the growth of the corresponding strains
on glycerol-containing medium. This might be explained by the fact that at least four translational
activators participate in the regulation of COX1 mRNA translation, and at least one of them, Mss51p,
interacts with the nascent polypeptide chain and the coding mRNA part [31]. Thus, we cannot exclude
some additional effects on the Cox1p synthesis due to our genetic manipulations with the XPM171a
strain, even if it is under control of COX2 mRNA UTRs. Concerning Arg8m, its synthesis rate in the
experimental strains generally depends on Aim23p presence or absence (Figure 3C), which has been
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expected, because Aim23p should control this protein synthesis in all XPM171a-derivative strains via
COX1 mRNA UTRs. Finally, Coomassie staining of the same gel showed that we loaded an equal
amount of material on each lane (Figure S2). In summary, mitochondrial translation analysis supports
our conclusion that Aim23p ensures Pet111p binding to the COX2 mRNA UTRs, and that this binding
is possible in the absence of Aim23p if Pet111p is overproduced.

Mitochondrial genome organization is non-canonical in the XMP171a strain, and this should
lead to some quantitative imbalance in mitochondrial protein synthesis. This, in turn, might alter the
process of the respiratory chain complexes assembly. The last stage of this process is the formation
of supercomplexes—macromolecular structures consisting of several certain complexes in different
stoichiometric ratios. The major supercomplexes in yeast mitochondria are those containing two
complexes III and one complex IV (III2IV1) and two complexes III and two complexes IV (III2IV2) [32].
PET111 overexpression leads to the increase of XMP171a strain growth rate on glycerol medium and
the increase of the Cox2p synthesis rate, which could result in the intensified supercomplex assembly,
as has been mentioned above. Thus, we decided to assess the supercomplex stoichiometry in our yeast
strains. For that, we isolated mitochondria from all strains, solubilized them with digitonin, separated
complexes by Blue Native polyacrylamide gel electrophoresis, and then visualized by staining with
anti-Cox2p antibodies (Figure 3D). In the wild type XPM171a strain, we could only detect the dimers
of complex IV. The defects of higher order structures assembly may result from the disturbance of the
feedback loop mechanism of cytochrome oxidase assembly [16] due to abnormal organization of COX1
and COX2 mRNAs in the Xpm171a strain. The overexpression of AIM23 did not alter supercomplexes
composition, while Pet111p overproduction led to the formation of III2IV1 and III2IV2 supercomplexes
(Figure 3D, compare lanes 3 and 1). We also observed a similar trend in the strains with AIM23 and
PET111 genes disrupted (Figure 3D, lanes 6, 9, and 12). It is worth mentioning that, in the double
deletion strain, the amount of complex IV dimes is notably higher than that in the parental Xpm171a
strain. This might be attributed to a partial normalization of the feedback loop function upon the
AIM23 and PET111 genes deletion, although the exact mechanism of such normalization is completely
unclear. Coomassie staining of the same gel showed that we loaded an almost equal amount of material
on each lane (Figure S2). Thus, PET111 overexpression seems to normalize the processes of respiratory
complexes assembly in XPM171a strain, which is in line with the observed increase of the rate of
growth on glycerol-containing medium.

3. Discussion

This study was conducted to describe the mechanisms of mRNA-specific action of Aim23p in yeast
mitochondrial translation. Being an ortholog of bacterial translation initiation factor 3, Aim23p was
expected to be necessary for organellar protein biosynthesis. However, in 2016, we have shown that,
among eight mitochondrially-encoded proteins, the synthesis of Cox1p and Cox2p goes less efficiently
in the absence of this factor, Var1p, Cox3p, Cob1p, and Atp6p amount do not depend on Aim23p,
and Atp8p and Atp9p biosynthesis rates increase in response to Aim23p absence [13]. Other research
groups also detected similar misbalanced mitochondrial translation without Aim23p [33]. Moreover,
in mice lacking MTIF3 (human mitochondrial initiation factor 3), misbalanced protein synthesis in
mitochondria was also detected [34]. Finally, we have recently demonstrated that, in cultured HeLa
cells, MTIF3 is dispensable for mitochondrial protein synthesis and the effect of its absence is not much
pronounced on the level of individual mitochondrial proteins amount [35]. On the other hand, IF3
is absolutely required for translation in bacteria. It seems that mitochondrial IF3s, although being
orthologous to bacterial IF3, have highly functionally diverged from the latter. One can hypothesize
that, at least in yeast and in mammals, mtIF3 is primarily responsible for the maintenance of the
proper relative rates of different mitochondrial proteins synthesis to ensure the correct assembly of the
respiratory chain complexes.

In this work, we have chosen yeast COX2 mRNA as one of the Aim23p targets. Using genetic
experiments, we demonstrated that the Aim23p effect on this mRNA is mediated by the UTRs of the
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latter. However, we did not detect significant physical interaction between Aim23p and 5′-UTR of the
COX2 mRNA either in vitro (by gel-shift) or in vivo (by yeast three-hybrid system). This is in line with
our initial idea that Aim23p might mainly play a regulatory role in mitochondrial translation. It is hard
to imagine that this protein could exhibit so different effects on different mRNAs translation via direct
binding to their UTRs. Instead, Aim23p might indirectly coordinate mitochondrial protein synthesis
through some mRNA-specific translation factors. Yeasts are unique organisms where such factors
(translational activators) exist; moreover, they mostly interact with UTRs of mitochondrial mRNAs.
Thus, we tested the possible interaction of Aim23p with the only known activator of COX2 mRNA
translation, Pet111p, and showed that such interaction takes place. Moreover, Aim23p facilitates
Pet111p binding to the 5′-UTR of COX2 mRNA, as our gel-shift experiments have demonstrated.
Aim23p might function as a necessary recruiter of Pet111p to its cognate mRNA, given that the amount
of Pet111p (as well as all other translational activators) is as low as several hundred molecules per
yeast cell [36]. In this case, one can assume that in a yeast strain with increased Pet111p amount,
COX2 mRNA translation could take place efficiently even without Aim23p. We demonstrate this
exactly in the present work using specially designed yeast strain (XPM171a) where both Cox1p and
Cox2p synthesis are under the control of COX2 mRNA UTRs (see Figure 3A). In this strain, COX1
mRNA UTRs had no influence on the mitochondrial function, which was very important to us: when
manipulating with the AIM23 gene, we were sure that any functional consequence would be mediated
by COX2 mRNA UTRs, but not by those of COX1 mRNA. Upon the deletion of AIM23 in this strain,
we observed some abnormalities in mitochondrial function; however, they were completely restored
when PET111 was overexpressed.

Taken together, all of the above-described results, we propose a working model of Aim23p
involvement in the COX2 mRNA translation (Figure 4). Aim23p does not seem to directly contact
UTRs of this mRNA, or at least this potential contact plays secondary role in the whole process. Instead,
Aim23p interacts with Pet111p. This interaction facilitates Pet111p binding to the 5′-UTR of the COX2
mRNA, which, in turn, ensures its proper translation. In the case when the amount of Pet111p is
increased, no Aim23p is necessary for activator interaction with COX2 mRNA.

The amount of Cox1p also decreases in response to AIM23 gene deletion [13]. Thus, one can
propose that the mode of Aim23p involvement in Cox1p biosynthesis is similar to that of Cox2p.
This means that Aim23p might physically interact with some of the COX1 mRNA translational
activators. This is rather possible given that many different activators (including those of COX1 and
COX2 mRNAs) are simultaneously co-purified with yeast mitochondrial ribosomes [37]. It seems
that translational activators might function together as a large macromolecular complex; the signs of
such complex existence have been previously detected [38]. This hypothesis explains how Aim23p
might affect the translation of COX1 and COX2 mRNAs at the same time. On the other hand, little
experimental data exist so far in this field. A mechanism of Aim23p participation in COX1 mRNA
translation should undergo extensive studies. This will expand our vision of processes of translational
activation and organization of its protein factors in yeast mitochondria.
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seem to directly contact UTRs of this mRNA, or at least this potential contact plays secondary role in
the whole process. Instead, Aim23p interacts with Pet111p. This interaction facilitates Pet111p binding
to the 5′-UTR of the COX2 mRNA, which, in turn, ensures its proper translation. In case when the
amount of Pet111p is increased, no Aim23p is needed for activator interaction with COX2 mRNA.

4. Materials and Methods

4.1. Plasmids, Strains, Oligonucleotides

Table 1, Table 2, and Table 3 depict the full lists of plasmids, strains, and oligonucleotides
used, respectively.

No reference in the left columns of Tables 1 and 2 means that the corresponding plasmid or strain
has been constructed in this work.

Table 1. Plasmids used in the study.

Name, Reference Description

pAIM23-KanMX4 [13] pRS416 plasmid containing KanMX4 cassette with AIM23 5’- and 3’- flanks.
Constructed in our lab previously.

pUG-natNT2 [39] Plasmid containing NatN2 cassette. A gift from D.Knorre.
YEplac195 [40] Shuttle episomal vector with 2-micron replication origin. A gift from D.Knorre.

pAIM23(2µ) YEplac195 vector with AIM23 gene and its genomic flanks cloned.
pPET111(2µ) YEplac195 vector with PET111 gene and its genomic flanks cloned.
pACT2 [41] Vector for 2- and 3-hybrid systems. A gift from N.Entelis.

pACT2-AIM23 pACT2 with AIM23 gene cloned.
pAS2∆∆ [42] Vector for 2-hybrid system. A gift from N.Entelis.

pAS2∆∆-PET111 pAS2∆∆ with PET111 gene cloned.
pAS2∆∆-AEP1 pAS2∆∆ with AEP1 gene cloned.

pIIIA/MS2-1 [43] Vector for 3-hybrid system. A gift from N.Entelis.
pIIIA-UTR pIIIA/MS2 with 5′-UTR of the COX2 mRNA cloned.

pET21d [44] Vector for recombinant protein expression in E. coli. A gift from V.Hauryliuk.

pET21d-PET111 pET21d with PET111 gene cloned.
pET28a-AIM23 [6] pET28a vector with AIM23 gene cloned. Constructed in our lab previously.
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Table 2. Strains used in this study.

Strain Genotype/Description

Saccharomyces cerevisiae

XPM171a [31] Matα, lys2, leu2-3,112, arg8::hisG, ura3-52 [ρ+, cox1∆::ARG8m, cox2D::COX1c, COX2].
A gift from M. Ott.

∆AIM23 XPM171a, AIM23 gene disrupted with KanMX4 cassette.

∆PET111 XPM171a, PET111 gene disrupted with NatNT2 cassette.

∆∆ XPM171a with AIM23 and PET111 genes disrupted with the above-mentioned cassettes.

Y190 [41]
MATa gal4 gal80 his3 trp1–901 ade2–101 ura3–52 leu2–3, 112 URA3::GAL1::lacZ

LYS2::GAL4(UAS)::HIS3 cyhR

Vector for 2-hybrid system. A gift from N. Entelis.

L40 coat [24]
MATa, ura3-52, leu2-3, 112, his3-200, trp1-1, ade2, LYS2::(lexA op)-HIS3, URA3::(lexA

op)-lacZ, LexA MS2 coat (TRP1)
Vector for 3-hybrid system. A gift from N. Entelis.

Escherichia coli

B834 [45] hsdS metE gal ompT
For recombinant proteins expression. A gift from D.Knorre.

Table 3. Oligonucleotides used in the work. All synthesized by Evrogen (Russia).

Name Sequence

AEP1_pAS2_Fw 5′-ATGCGGATCCATGATTACTACAGTG

AEP1_pAS2_Rv 5′-ATGCCTGCAGTTATGGGCGTAAAGCTTC

AIM23_A 5’-TGGGTGTTGATA

AIM23_D 5’-TAGTATGGATGA

AIM23_PACT2_Fw 5′- ATGCCCATGGATGTTAAAAGTTCC

AIM23_PACT2_Rv 5′-ATGCCTCGAGTTACATTTCATTCATTT

Aim23_YE_Fw 5′-ATGCAAGCTTCCTCGTGTAAATGAAATCAAAGAGG

AIM23_YE_Rv 5′-ATGCGTCGACCATGCTCATAAATCCTGAC

ICO141 5’-CACTACCTATTAAATTTAAACAATTGCTTACGAGAACTTAGACA
TGGAGGCCCAGAATACC

ICO142 5’-ATTTACACGTGAGAGAAAGGAAGGTAAATAACTGAAAAGACC
GGTAGAGGTGTGGTCAATAAGAGC

ICO61 5′-TTGCGCTAGCACTGAGTTGATCAAAAAAAAGC

ICO62 5′-AAGCCTCGAGCTCCTCCTCCTTTTTATTCTC

kanB 5’-CTGCAGCGAGGAGCCGTAAT

kanC 5’-TGATTTTGATGACGAGCGTAAT

KanMX_aim23_mod_fw 5’-CCCGCGACGGTAAGAACTTTA

KanMX_aim23_mod_rev 5’-GAATCCTGGTACTTTAATGATAAG

NAT_B 5’-ATGCCCCTGAGCTGCGCACG

NAT_C 5’-GAGTAACTCTTTCCTGTAGG

PET111_A 5’-GTACATTTGTTGAAGGAG

PET111_D 5’-GCCAATCAAGTACTGCC

PET111_pAS2_Fw 5′-ATGCGGATCCATGTTACAACGGAG

PET111_pAS2_Rv 5′-ATGCCTGCAGTTACTCCTCCTCCTTTTT

Pet111_YE_Fw 5′-ATGCGGATCCCCGGACCTTACGAGTTCTTCG

Pet111_YE_Rv 5′-ATGCGGTACCGCCCTCCTTCAAACTATTCG

pIIIA_UTR_Fw 5′-ATGCGGGCCCAGTATTAACATATTATAAATAG

pIIIA_UTR_Rv 5′-ATGCGGGCCCTTTAATAAATCTTAACC
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4.2. Yeast Procedures

Yeasts were grown in one of the following media:

• YPD (20 g/L peptone, 10 g/L yeast extract, 20 g/L glucose),
• YPGly (20 g/L peptone, 10 g/L yeast extract, 30 g/L glycerol),
• SC-Arg (2.6 g/L amino acid mix without arginine, 3.4 g yeast nitrogen base, and 10 g/l ammonium

sulfate) supplemented with 20 g/L galactose, and
• SC-His 3AT (2.6 g/L amino acid mix without histidine, 3.4 g yeast nitrogen base and 10 g/L

ammonium sulfate) supplemented with 20 g/L glucose and 2 mM of 3-Amino-1,2,4-triazole (3-AT).

Yeast growth was analyzed by drop tests. For this, several ten-fold dilutions of the yeast
suspensions were plated, starting from OD600 = 0.1. Yeast growth was also analyzed in the liquid
medium. For this, the overnight yeast culture was diluted to the final OD600 = 0.1 in the appropriate
medium and then incubated shaking at 30 ◦C in the wells of 24-well plate in Tecan Infinite Pro 200
(Tecan Group Ltd., Mannendorf, Switzerland) reader for 72 h. The values of OD600 in each well were
calculated every 15 min. These values were plotted on the graph, together with the time points giving
the growth curve.

4.3. Gene Deletions

The deletion of the AIM23 gene was done via yeast native homologous recombination system.
For this, the sequence of KanMX4 resistance cassette with 40 nt AIM23 5’- and 3’- flanks was amplified
by PCR with the primers KanMX_aim23_mod_fw and KanMX_aim23_mod_rev while using the
pAIM23-KanMX4 plasmid. The resulting product was introduced in yeast cells according to the
standard transformation protocol using a mixture of polyethylene glycol and lithium acetate [46].
Transformants were selected on the plates containing YPD with 400 ug/mL G418. The presence of the
intended deletion in the genomic DNA was confirmed by PCR with primers annealing upstream and
downstream of the recombination junction sites. We used the pair of primers kanB/AIM23_A for the
5’-junction site and the pair of primers kanC/AIM23_D for the 3’-junction site.

PET111 was deleted in an analogous way. The sequence of NatNT2 resistance cassette with 40 nt
PET111 5’- and 3’- flanks was amplified by PCR with the primers ICO141 and ICO142 while using
the plasmid pUG-natNT2 as a template. Transformants were selected on the plates containing YPD
with 100 ug/mL nourseothricin. The presence of the intended deletion in the genomic DNA was
confirmed by PCR with primers annealing upstream and downstream of the recombination junction
sites. We used the pair of primers NAT_B/PET111_A for the 5’-junction site and the pair of primers
NAT_C/PET111_D for the 3’-junction site.

4.4. Construction of YEplac195-Derivative Plasmids

The DNA fragment containing the AIM23 gene that was flanked by 482 bp 5’-upstream and
246 bp 3’-downstream regions was amplified from yeast genomic DNA by PCR with the primers
Aim23_YE_Fw and AIM23_YE_Rv. This fragment was inserted in the YEplac195 vector between
HindIII and SalI sites.

The DNA fragment containing PET111 gene flanked with 477 bp 5’- upstream and 238 bp 3’-
downstream regions was amplified from yeast genomic DNA by PCR with the primers Pet111_YE_Fw
and Pet111_YE_Rv. This fragment was inserted in YEplac195 vector between KpnI and BamHI sites.

4.5. Yeast Two- and Three-Hybrid Systems

The coding sequence of the AIM23 gene was amplified by PCR with the primers AIM23_PACT2_Fw
and AIM23_PACT2_Rv and then inserted in pACT2 vector between NcoI and XhoI sites in frame with
the activation domain of GAL4. The expression of this vector (pACT2-AIM23) in yeast produced the
Aim23p fused with the activation domain of the GAL4 transcription factor.
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The sequence of PET111 gene was amplified by PCR with the primers PET111_pAS2_Fw and
PET111_pAS2_Rv and then inserted in pAS2∆∆ vector between BamHI and PstI sites in frame with
the DNA binding domain of GAL4 at the N-terminus (pAS2∆∆-PET111).

The sequence of AEP1 gene was amplified by PCR with the primers AEP1_pAS2_Fw and
AEP1_pAS2_Rv and then inserted in pAS2∆∆ vector [42] between BamHI and PstI sites in frame with
the DNA binding domain of GAL4 at the N-terminus (pAS2∆∆-AEP1).

The DNA sequence of the 5′-UTR of the COX2 mRNA [47] was amplified by PCR from yeast
total DNA with the primers pIIIA_UTR_Fw and pIIIA_UTR_Rv and then inserted into the at SmaI
restriction site. The resulting construct (pIIIA-UTR) produced the 5′-UTR of the COX2 mRNA fused
with two stem-loops binding the MS2 phage coat protein.

The constructs pACT2-AIM23, pAS2∆∆-PET111, and pAS2∆∆-AEP1 in different combinations
were transformed in the Y190 yeast strain. The constructs pACT2-AIM23 and pIIIA-UTR in different
combinations were transformed in the L40 coat yeast strain. For the transformation, PEG-LiAc protocol
was used [46]. The positive Y190 transformants were selected on the medium without tryptophan and
leucine; the positive L40 coat transformants were selected on the medium without leucine and uracil.
The transcription of the HIS3 gene is activated in the case of the successful interactions between two
fusion proteins or between fusion protein and hybrid RNA. We assayed the expression of the HIS3 gene
in the transformants by plating them on the SC-His medium containing 2 mM of 3-Amino-1,2,4-triazole,
a competitive inhibitor of the HIS3 gene product. For this, the consecutive ten-fold dilutions of the yeast
cultures of the Y190 strain transformed with different plasmids starting from OD600 of 0.1 were plated.

4.6. Expression and Purification of Recombinant Proteins

Recombinant Pet111p was expressed and purified, as described in [25], with minor modifications.
The sequence of PET111 without mitochondrial targeting sequence was amplified by PCR with the
primers ICO61 and ICO62 and inserted in pET21d vector between NheI and XhoI sites. The construct
was transformed in the B834 E. coli strain. The bacteria were grown in 500 mL of LB supplemented
with 50 µg/mL ampicillin up to OD600 = 0.8. Subsequently, the production of the protein was
induced by the addition of 10 µM IPTG with subsequent incubation at 12 ◦C overnight. Bacteria were
collected by centrifugation at 3000g for 10 min, washed with PBS, resuspended in 10 mL of buffer A
(20 mM Tris-HCl pH 7.5, 500 mM NaCl, 30 mM imidazole) supplemented with EDTA-free protease
inhibitor cocktail, and sonicated six times for 10 s with 30 s intervals at 25% amplitude (using Branson
digital sonifier, Branson Ultrasonics, Brookfield, CT, USA). The lysate was clarified by centrifugation
at 30,000× g for 30 min and applied at HisTrap 1 mL column connected to the AKTA Purifier FPLC
system (GE Healthcare, Chicago, IL, USA). The column was washed with 25 volumes of buffer A,
and recombinant Pet111p was eluted with buffer B (20 mM Tris-HCl pH 7.5, 500 mM NaCl, 300 mM
imidazole). Pet111p was transferred to storage buffer (PBS supplemented with 20% glycerol) while
using desalting column and stored at −20

◦

C
The expression and purification of Aim23p were done according to the previously described

procedure [6].

4.7. Gel-Shift Assay

COX2 mRNA 5′-UTR was obtained in in vitro transcription reaction by T7 RNA polymerase
(Thermo Fisher Scientific, Waltham, MA, USA) with annealed corresponding oligonucleotides as the
template. After the reaction, the mix was digested with DNAse I (Thermo Fisher Scientific, USA)
and then loaded on 8% denaturing PAAG. After electrophoresis, band corresponded to COX2 mRNA
5′-UTR was excised, and RNA was passively eluted in 1 mL 20 mM Tris-HCl pH 7.5, 250 mM NaOAc,
1 mM EDTA, and 0.25% SDS overnight at room temperature. Subsequently, RNA was precipitated,
dephosphorylated by FastAP phosphatase (Thermo Fisher Scientific, USA), and then labeled with
γ-32P-ATP with polynucleotide kinase (Thermo Fisher Scientific, USA).
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Binding reactions were performed in 20 µL of 20 mM Tris-HCl pH 7.2, 50 mM NaCl, 5 mM
MgCl2, 5% glycerol, each reaction mix contained 50 fmol of labeled COX2 mRNA 5′-UTR, 0.5 pmol
of unlabeled total yeast tRNA, and different concentrations of recombinant Pet111p and/or Aim23p.
After binding for 20 min at room temperature, the reaction mixes were loaded on 8% PAAG at 1× TBE
and separated at 100 V for 1 h. Afterwards, the gels were dried and subjected to autoradiographic
analysis using Storm 865 scanner (GE Healthcare, USA).

4.8. Mitochondrial Translation Analysis

The labeling of yeast mitochondrially-synthesized proteins with 35S-methionine was carried out in
whole cells that were cultured in medium containing 2% galactose as carbon source up to 2–3 units of
OD600. The cells were incubated for 5 min at 30 ◦C in the presence of 0.2 mg/mL cycloheximide in order to
inhibit cytosolic translation. Immediately after this, 25–30 µCi of 35S-methionine (Perkin Elmer, Waltham,
MA, USA) was added, and incubation continued for 20 more minutes at 30 ◦C. After incorporation
of the label into the products of mitochondrial translation, 50 µg of total cell proteins per lane were
separated on a 17.5% PAAG and then subjected to autoradiographic analysis while using Storm 865
scanner (GE Healthcare, USA).

4.9. Mitochondria Isolation

Mitochondria were isolated, as described in [48], with minor modifications. Briefly, the yeasts were
grown in YPGal medium to OD600 ~2, collected by centrifugation at 4000 × g for 10 min, washed twice
with water, and then resuspended in DTT buffer (0.1 M Tris-H2SO4, 10 mM DTT) at 2 mL/g wet
weight ratio. After 30 min incubation at 30 ◦C, the cells were collected by centrifugation, washed with
zymolyase buffer (20 mM K-phosphate buffer pH 7.4 and 1.2 M sorbitol) at 7 mL/g wet weight
ratio, and then resuspended in the same volume of zymolyase buffer with 1 mg/g Zymolyase 20T.
After incubation for 1 h at 30 ◦C and 80 rpm in the orbital shaker, spheroplasts were collected by
centrifugation and washed again with zymolyase buffer at the same ratio. Subsequently, spheroplasts
were resuspended in homogenization buffer (10 mM Tris-HCl pH 7.4, 0.6 M sorbitol, 1 mM EDTA,
1 mM PMSF, and 0.2% BSA) and then disrupted in Dounce homogenizer (15 strokes). Lysates were
centrifuged at 3000× g for 10 min, and the crude mitochondrial fraction was sedimented at 17,000× g for
15 min. The pellet was gently resuspended in the minimal volume of SEM buffer (10 mM MOPS-KOH
pH 7.2, 250 mM sucrose, and 1 mM EDTA), and was then applied at 15%/23%/32%/60% sucrose step
gradient for ultracentrifugation at 134,000× g for 1 h. The pure mitochondrial fraction from interphase
between 60% and 32% of sucrose was collected, diluted thrice with SEM buffer, and then sedimented
at 17,000× g for 15 min The mitochondria samples were stored at −80 ◦C.

4.10. Blue Native Polyacrylamide Gel Electrophoresis (PAGE)

Blue Native PAGE was performed, as described in [49], with minor modifications. About 100 µg
of mitochondria were solubilized in 3% digitonin at 1:6 (total mitochondrial protein: digitonin) ratio
for 30 min on ice, centrifuged at 30,000× g for 30 min, and then applied to 4–10% Blue native PAGE.
After electrophoresis, the separated protein complexes were transferred to the Protran nitrocellulose
membrane (GE Healthcare, USA) and stained with rabbit antibodies to Cox2p (kind gift from Ott M.)
and Amersham ECL Rabbit IgG, HRP-linked whole Ab (NA934, GE Healthcare) secondary antibodies.
The membranes were then stained with SuperSignal West Pico PLUS Chemiluminescent Substrate
(Thermo Fisher Scientific, USA) and the signals were scanned with ChemiDoc instrument (BioRad,
Hercules, CA, USA).

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/10/3414/s1.

Author Contributions: Conceptualization, I.A.K., and P.K.; methodology, I.C., S.L., M.V.B., and M.V.P.; investigation,
I.C., S.L., and M.V.B.; writing—original draft preparation, I.C., S.L., M.V.B., and P.K.; project administration, I.A.K.,
and P.K.; funding acquisition, M.V.P., and P.K. All authors have read and agreed to the published version of
the manuscript.

http://www.mdpi.com/1422-0067/21/10/3414/s1


Int. J. Mol. Sci. 2020, 21, 3414 16 of 18

Funding: This research was funded by Russian Science Foundation, grant number 17-14-01005. I.A.K. was
supported by State Assignment of Ministry of Science and Higher Education of the Russian Federation, grant
number AAAA-A16-116021660073-5. M.V.P. was supported by Ministry of Science and Higher Education of
the Russian Federation, grant number 075-15-2019-1659 (Program of Kurchatov Center of Genome Research).
The work was partly done on the equipment purchased in the frame of the Moscow State University Program of
Development. I.C., S.L., and M.V.B. were additionally supported by Moscow State University grant “Leading
Scientific School Noah’s Ark”.

Acknowledgments: We are grateful to Martin Ott (Stockholm University, Sweden) for providing yeast strains
and antibodies. We also thank Konstantin Khodosevich (Copenhagen University, Denmark), Vasili Hauryliuk
(Umea University, Sweden, and Tartu University, Estonia), Ivan Tarassov and Nina Entelis (Strasbourg University,
France), Dmitry Knorre, Stanislav Kozlovsky, and Alexey Kharitonov (Moscow University, Russia) for sharing
strains, plasmids and chemicals. Our special thanks are to Thomas Fox (Cornell University, USA) for helpful
discussion and to Anton Kuzmenko (Institute of Molecular Genetics, Moscow, Russia) for help with experiments.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Martin, W.F.; Garg, S.; Zimorski, V. Endosymbiotic theories for eukaryote origin. Philos. Trans. R. Soc. L B Biol. Sci.
2015, 370, 20140330. [CrossRef] [PubMed]

2. Amunts, A.; Brown, A.; Toots, J.; Scheres, S.H.; Ramakrishnan, V. The structure of the human mitochondrial
ribosome. Science 2015, 348, 95–98. [CrossRef] [PubMed]

3. Desai, N.; Brown, A.; Amunts, A.; Ramakrishnan, V. The structure of the yeast mitochondrial ribosome.
Science 2017, 355, 528–531. [CrossRef] [PubMed]

4. Kummer, E.; Leibundgut, M.; Rackham, O.; Lee, R.G.; Boehringer, D.; Filipovska, A.; Ban, N. Unique features
of mammalian mitochondrial translation initiation revealed by cryo-EM. Nature 2018, 560, 263–267. [CrossRef]
[PubMed]

5. Kuzmenko, A.; Atkinson, G.C.; Levitskii, S.; Zenkin, N.; Tenson, T.; Hauryliuk, V.; Kamenski, P. Mitochondrial
translation initiation machinery: Conservation and diversification. Biochimie 2014, 100, 132–140. [CrossRef]

6. Atkinson, G.C.; Kuzmenko, A.; Kamenski, P.; Vysokikh, M.Y.; Lakunina, V.; Tankov, S.; Smirnova, E.;
Soosaar, A.; Tenson, T.; Hauryliuk, V. Evolutionary and genetic analyses of mitochondrial translation
initiation factors identify the missing mitochondrial IF3 in S. cerevisiae. Nucleic Acids Res. 2012, 40, 6122–6134.
[CrossRef]

7. Koc, E.C.; Spremulli, L.L. Identification of mammalian mitochondrial translational initiation factor 3 and
examination of its role in initiation complex formation with natural mRNAs. J. Biol. Chem. 2002, 277,
35541–35549. [CrossRef]

8. Derbikova, K.; Kuzmenko, A.; Levitskii, S.; Klimontova, M.; Chicherin, I.; Baleva, M.V.; Krasheninnikov, I.A.;
Kamenski, P. Biological and evolutionary significance of terminal extensions of mitochondrial translation
initiation factor 3. Int. J. Mol. Sci. 2018, 19, 3861. [CrossRef] [PubMed]

9. Chicherin, I.V.; Zinina, V.V.; Levitskiy, S.A.; Serebryakova, M.V.; Kamenski, P.A. Aim23p interacts with the
yeast mitochondrial ribosomal small subunit. Biochemistry (Moscow) 2019, 84, 40–46. [CrossRef]

10. Haque, M.E.; Grasso, D.; Spremulli, L.L. The interaction of mammalian mitochondrial translational initiation
factor 3 with ribosomes: Evolution of terminal extensions in IF3mt. Nucleic Acids Res. 2008, 36, 589–597.
[CrossRef]

11. Levitskii, S.; Derbikova, K.; Baleva, M.V.; Kuzmenko, A.; Golovin, A.V.; Chicherin, I.; Krasheninnikov, I.A.;
Kamenski, P. 60S dynamic state of bacterial ribosome is fixed by yeast mitochondrial initiation factor 3. PeerJ
2018, 6, e5620. [CrossRef] [PubMed]

12. Ayyub, S.A.; Aswathy, S.L.; Dobriyal, D.; Aluri, S.; Spremulli, L.L.; Varshney, U. Fidelity of translation in the
presence of mammalian mitochondrial initiation factor 3. Mitochondrion 2018, 39, 1–8. [CrossRef] [PubMed]

13. Kuzmenko, A.; Derbikova, K.; Salvatori, R.; Tankov, S.; Atkinson, G.C.; Tenson, T.; Ott, M.; Kamenski, P.;
Hauryliuk, V. Aim-less translation: Loss of Saccharomyces cerevisiae mitochondrial translation initiation factor
mIF3/Aim23 leads to unbalanced protein synthesis. Sci. Rep. 2016, 6, 18749. [CrossRef] [PubMed]

14. Derbikova, K.S.; Levitsky, S.A.; Chicherin, I.V.; Vinogradova, E.N.; Kamenski, P.A. Activation of yeast
mitochondrial translation: Who is in charge? Biochemistry (Moscow) 2018, 83, 87–97. [CrossRef] [PubMed]

15. Ott, M.; Amunts, A.; Brown, A. Organization and regulation of mitochondrial protein synthesis. Annu. Rev.
Biochem. 2016, 85, 77–101. [CrossRef] [PubMed]

http://dx.doi.org/10.1098/rstb.2014.0330
http://www.ncbi.nlm.nih.gov/pubmed/26323761
http://dx.doi.org/10.1126/science.aaa1193
http://www.ncbi.nlm.nih.gov/pubmed/25838379
http://dx.doi.org/10.1126/science.aal2415
http://www.ncbi.nlm.nih.gov/pubmed/28154081
http://dx.doi.org/10.1038/s41586-018-0373-y
http://www.ncbi.nlm.nih.gov/pubmed/30089917
http://dx.doi.org/10.1016/j.biochi.2013.07.024
http://dx.doi.org/10.1093/nar/gks272
http://dx.doi.org/10.1074/jbc.M202498200
http://dx.doi.org/10.3390/ijms19123861
http://www.ncbi.nlm.nih.gov/pubmed/30518034
http://dx.doi.org/10.1134/S000629791901005X
http://dx.doi.org/10.1093/nar/gkm1072
http://dx.doi.org/10.7717/peerj.5620
http://www.ncbi.nlm.nih.gov/pubmed/30245939
http://dx.doi.org/10.1016/j.mito.2017.08.006
http://www.ncbi.nlm.nih.gov/pubmed/28804013
http://dx.doi.org/10.1038/srep18749
http://www.ncbi.nlm.nih.gov/pubmed/26728900
http://dx.doi.org/10.1134/S0006297918020013
http://www.ncbi.nlm.nih.gov/pubmed/29618295
http://dx.doi.org/10.1146/annurev-biochem-060815-014334
http://www.ncbi.nlm.nih.gov/pubmed/26789594


Int. J. Mol. Sci. 2020, 21, 3414 17 of 18

16. Herrmann, J.M.; Woellhaf, M.W.; Bonnefoy, N. Control of protein synthesis in yeast mitochondria: The concept
of translational activators. Biochim. Biophys. Acta 2013, 1833, 286–294. [CrossRef]

17. Bordonne, R.; Dirheimer, G.; Martin, R.P. Expression of the oxi1 and maturase-related RF1 genes in yeast
mitochondria. Curr. Genet. 1988, 13, 227–233. [CrossRef]

18. Simon, M.; Faye, G. Organization and processing of the mitochondrial oxi3/oli2 multigenic transcript in
yeast. Mol. Gen. Genet. 1984, 196, 266–274. [CrossRef]

19. Mulero, J.J.; Fox, T.D. PET111 acts in the 5′-leader of the Saccharomyces cerevisiae mitochondrial COX2 mRNA
to promote its translation. Genetics 1993, 133, 509–516.

20. Bonnefoy, N.; Bsat, N.; Fox, T.D. Mitochondrial translation of Saccharomyces cerevisiae COX2 mRNA is
controlled by the nucleotide sequence specifying the pre-Cox2p leader peptide. Mol. Cell Biol. 2001, 21,
2359–2372. [CrossRef]

21. Bonnefoy, N.; Fox, T.D. Directed alteration of Saccharomyces cerevisiae mitochondrial DNA by biolistic
transformation and homologous recombination. Methods Mol. Biol. 2007, 372, 153–166.

22. Bonnefoy, N.; Fox, T.D. In vivo analysis of mutated initiation codons in the mitochondrial COX2 gene
of Saccharomyces cerevisiae fused to the reporter gene ARG8m reveals lack of downstream reinitiation.
Mol. Gen. Genet 2000, 262, 1036–1046. [CrossRef] [PubMed]

23. Gruschke, S.; Kehrein, K.; Rompler, K.; Grone, K.; Israel, L.; Imhof, A.; Herrmann, J.M.; Ott, M. Cbp3-Cbp6
interacts with the yeast mitochondrial ribosomal tunnel exit and promotes cytochrome b synthesis and
assembly. J. Cell Biol 2011, 193, 1101–1114. [CrossRef] [PubMed]

24. SenGupta, D.J.; Zhang, B.; Kraemer, B.; Pochart, P.; Fields, S.; Wickens, M. A three-hybrid system to detect
RNA-protein interactions in vivo. Proc. Natl. Acad. Sci. USA 1996, 93, 8496–8501. [CrossRef] [PubMed]

25. Jones, J.L.; Hofmann, K.B.; Cowan, A.T.; Temiakov, D.; Cramer, P.; Anikin, M. Yeast mitochondrial protein
Pet111p binds directly to two distinct targets in COX2 mRNA, suggesting a mechanism of translational
activation. J. Biol. Chem. 2019, 294, 7528–7536. [CrossRef] [PubMed]

26. McLellan, T. Electrophoresis buffers for polyacrylamide gels at various pH. Anal. Biochem. 1982, 126, 94–99.
[CrossRef]

27. Fields, S.; Song, O. A novel genetic system to detect protein-protein interactions. Nature 1989, 340, 245–246.
[CrossRef]

28. Payne, M.J.; Finnegan, P.M.; Smooker, P.M.; Lukins, H.B. Characterization of a second nuclear gene, AEP1,
required for expression of the mitochondrial OLI1 gene in Saccharomyces cerevisiae. Curr. Genet. 1993, 24,
126–135. [CrossRef]

29. Ziaja, K.; Michaelis, G.; Lisowsky, T. Nuclear control of the messenger RNA expression for mitochondrial
ATPase subunit 9 in a new yeast mutant. J. Mol. Biol. 1993, 229, 909–916. [CrossRef]

30. Fiori, A.; Perez-Martinez, X.; Fox, T.D. Overexpression of the COX2 translational activator, Pet111p, prevents
translation of COX1 mRNA and cytochrome c oxidase assembly in mitochondria of Saccharomyces cerevisiae.
Mol. Microbiol. 2005, 56, 1689–1704. [CrossRef]

31. Perez-Martinez, X.; Broadley, S.A.; Fox, T.D. Mss51p promotes mitochondrial Cox1p synthesis and interacts
with newly synthesized Cox1p. EMBO J. 2003, 22, 5951–5961. [CrossRef] [PubMed]

32. Schagger, H.; Pfeiffer, K. Supercomplexes in the respiratory chains of yeast and mammalian mitochondria.
EMBO J. 2000, 19, 1777–1783. [CrossRef] [PubMed]

33. Ostojic, J.; Panozzo, C.; Bourand-Plantefol, A.; Herbert, C.J.; Dujardin, G.; Bonnefoy, N. Ribosome recycling
defects modify the balance between the synthesis and assembly of specific subunits of the oxidative
phosphorylation complexes in yeast mitochondria. Nucleic Acids Res. 2016, 44, 5785–5797. [CrossRef]
[PubMed]

34. Rudler, D.L.; Hughes, L.A.; Perks, K.L.; Richman, T.R.; Kuznetsova, I.; Ermer, J.A.; Abudulai, L.N.;
Shearwood, A.J.; Viola, H.M.; Hool, L.C.; et al. Fidelity of translation initiation is required for coordinated
respiratory complex assembly. Sci. Adv. 2019, 5, eaay2118. [CrossRef] [PubMed]

35. Chicherin, I.V.; Baleva, M.V.; Levitskii, S.A.; Dashinimaev, E.B.; Krasheninnikov, I.A.; Kamenski, P. Initiation
factor 3 is dispensable for mitochondrial translation in cultured human cells. Sci. Rep. 2020, 10, 7110.
[CrossRef]

36. Ghaemmaghami, S.; Huh, W.K.; Bower, K.; Howson, R.W.; Belle, A.; Dephoure, N.; O’Shea, E.K.; Weissman, J.S.
Global analysis of protein expression in yeast. Nature 2003, 425, 737–741. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.bbamcr.2012.03.007
http://dx.doi.org/10.1007/BF00387768
http://dx.doi.org/10.1007/BF00328059
http://dx.doi.org/10.1128/MCB.21.7.2359-2372.2001
http://dx.doi.org/10.1007/PL00008646
http://www.ncbi.nlm.nih.gov/pubmed/10660064
http://dx.doi.org/10.1083/jcb.201103132
http://www.ncbi.nlm.nih.gov/pubmed/21670217
http://dx.doi.org/10.1073/pnas.93.16.8496
http://www.ncbi.nlm.nih.gov/pubmed/8710898
http://dx.doi.org/10.1074/jbc.RA118.005355
http://www.ncbi.nlm.nih.gov/pubmed/30910813
http://dx.doi.org/10.1016/0003-2697(82)90113-0
http://dx.doi.org/10.1038/340245a0
http://dx.doi.org/10.1007/BF00324676
http://dx.doi.org/10.1006/jmbi.1993.1095
http://dx.doi.org/10.1111/j.1365-2958.2005.04658.x
http://dx.doi.org/10.1093/emboj/cdg566
http://www.ncbi.nlm.nih.gov/pubmed/14592991
http://dx.doi.org/10.1093/emboj/19.8.1777
http://www.ncbi.nlm.nih.gov/pubmed/10775262
http://dx.doi.org/10.1093/nar/gkw490
http://www.ncbi.nlm.nih.gov/pubmed/27257059
http://dx.doi.org/10.1126/sciadv.aay2118
http://www.ncbi.nlm.nih.gov/pubmed/31903419
http://dx.doi.org/10.1038/s41598-020-64139-5
http://dx.doi.org/10.1038/nature02046
http://www.ncbi.nlm.nih.gov/pubmed/14562106


Int. J. Mol. Sci. 2020, 21, 3414 18 of 18

37. Kehrein, K.; Schilling, R.; Moller-Hergt, B.V.; Wurm, C.A.; Jakobs, S.; Lamkemeyer, T.; Langer, T.; Ott, M.
Organization of mitochondrial gene expression in two distinct ribosome-containing assemblies. Cell Rep.
2015, 10, 843–853. [CrossRef]

38. Krause, K.; Lopes de Souza, R.; Roberts, D.G.; Dieckmann, C.L. The mitochondrial message-specific mRNA
protectors Cbp1 and Pet309 are associated in a high-molecular weight complex. Mol. Biol. Cell 2004, 15,
2674–2683. [CrossRef]

39. Juergens, H.; Varela, J.A.; de Vries, A.R.G.; Perli, T.; Gast, V.J.M.; Gyurchev, N.Y.; Rajkumar, A.S.;
Mans, R.; Pronk, J.T.; Morrissey, J.P.; et al. Genome editing in Kluyveromyces and Ogataea yeasts using
a broad-host-range Cas9/gRNA co-expression plasmid. FEMS Yeast Res. 2018, 18, foy012. [CrossRef]

40. Gietz, R.D.; Sugino, A. New yeast—Escherichia coli shuttle vectors constructed with in vitro mutagenized
yeast genes lacking six-base pair restriction sites. Gene 1988, 74, 527–534. [CrossRef]

41. Harper, J.W.; Adami, G.R.; Wei, N.; Keyomarsi, K.; Elledge, S.J. The p21 Cdk-interacting protein Cip1 is
a potent inhibitor of G1 cyclin-dependent kinases. Cell 1993, 75, 805–816. [CrossRef]

42. Fromont-Racine, M.; Rain, J.C.; Legrain, P. Toward a functional analysis of the yeast genome through
exhaustive two-hybrid screens. Nat. Genet. 1997, 16, 277–282. [CrossRef]

43. Bernstein, D.S.; Buter, N.; Stumpf, C.; Wickens, M. Analyzing mRNA-protein complexes using a yeast
three-hybrid system. Methods 2002, 26, 123–141. [CrossRef]

44. Berndsen, C.E.; Wolberger, C. A spectrophotometric assay for conjugation of ubiquitin and ubiquitin-like
proteins. Anal. Biochem. 2011, 418, 102–110. [CrossRef] [PubMed]

45. Wood, W.B. Host specificity of DNA produced by Escherichia coli: Bacterial mutations affecting the restriction
and modification of DNA. J. Mol. Biol. 1966, 16, 118–133. [CrossRef]

46. Gietz, R.D.; Woods, R.A. Yeast transformation by the LiAc/SS Carrier DNA/PEG method. Methods Mol. Biol.
2006, 313, 107–120.

47. Anderson, S.L.; Lin, A.P.; McAlister-Henn, L. Analysis of interactions with mitochondrial mRNA using
mutant forms of yeast NAD(+)-specific isocitrate dehydrogenase. Biochemistry 2005, 44, 16776–16784.
[CrossRef]

48. Gregg, C.; Kyryakov, P.; Titorenko, V.I. Purification of mitochondria from yeast cells. J. Vis. Exp. 2009, 30, 1–2.
[CrossRef]

49. Wittig, I.; Braun, H.P.; Schagger, H. Blue native PAGE. Nat. Protoc. 2006, 1, 418–428. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.celrep.2015.01.012
http://dx.doi.org/10.1091/mbc.e04-02-0126
http://dx.doi.org/10.1093/femsyr/foy012
http://dx.doi.org/10.1016/0378-1119(88)90185-0
http://dx.doi.org/10.1016/0092-8674(93)90499-G
http://dx.doi.org/10.1038/ng0797-277
http://dx.doi.org/10.1016/S1046-2023(02)00015-4
http://dx.doi.org/10.1016/j.ab.2011.06.034
http://www.ncbi.nlm.nih.gov/pubmed/21771579
http://dx.doi.org/10.1016/S0022-2836(66)80267-X
http://dx.doi.org/10.1021/bi0515568
http://dx.doi.org/10.3791/1417
http://dx.doi.org/10.1038/nprot.2006.62
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Aim23p Ensures COX2 mRNA Translation via Its UTRs 
	Aim23p Physical Interaction with COX2 mRNA 5'-UTR Is Detectable Neither in Vitro Nor in Vivo 
	Aim23p Physically Interacts with Pet111p and Enhances Its Interaction with COX2 mRNA 5'-UTR 
	The Increased Amount of Pet111p May Compensate for Aim23p Absence in the Process of COX2 mRNA Translation 

	Discussion 
	Materials and Methods 
	Plasmids, Strains, Oligonucleotides 
	Yeast Procedures 
	Gene Deletions 
	Construction of YEplac195-Derivative Plasmids 
	Yeast Two- and Three-Hybrid Systems 
	Expression and Purification of Recombinant Proteins 
	Gel-Shift Assay 
	Mitochondrial Translation Analysis 
	Mitochondria Isolation 
	Blue Native Polyacrylamide Gel Electrophoresis (PAGE) 

	References

