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MRX8, the conserved mitochondrial YihA GTPase 
family member, is required for de novo Cox1 
synthesis at suboptimal temperatures in 
Saccharomyces cerevisiae

ABSTRACT The synthesis of Cox1, the conserved catalytic-core subunit of Complex IV, a 
multisubunit machinery of the mitochondrial oxidative phosphorylation (OXPHOS) system 
under environmental stress, has not been sufficiently addressed. In this study, we show that 
the putative YihA superfamily GTPase, Mrx8, is a bona fide mitochondrial protein required 
for Cox1 translation initiation and elongation during suboptimal growth condition at 16°C. 
Mrx8 was found in a complex with mitochondrial ribosomes, consistent with a role in protein 
synthesis. Cells expressing mutant Mrx8 predicted to be defective in guanine nucleotide 
binding and hydrolysis were compromised for robust cellular respiration. We show that the 
requirement of Pet309 and Mss51 for cellular respiration is not bypassed by overexpression 
of Mrx8 and vice versa. Consistently the ribosomal association of Mss51 is independent of 
Mrx8. Significantly, we find that GTPBP8, the human orthologue, complements the loss of 
cellular respiration in Δmrx8 cells and GTPBP8 localizes to the mitochondria in mammalian 
cells. This strongly suggests a universal role of the MRX8 family of proteins in regulating mi-
tochondrial function.

INTRODUCTION
Mitochondrial proteome is a composite of proteins encoded by its 
genome and the nuclear genome. Cells maintain at least two dis-
tinct translation systems to achieve this; one in the cytoplasm and 
one in the mitochondria. The cytosolic translation apparatus is re-

sponsible for the expression of the bulk of the mitochondrial pro-
teome, while the mitochondrial translation apparatus is required for 
expression of only a small subset of open reading frames that are 
retained in the mitochondria (Ott et al., 2016). In Saccharomyces 
cerevisiae, mitochondrial DNA (mtDNA) encodes eight polypep-
tides, of which seven are involved in oxidative phosphorylation (OX-
PHOS) and ATP synthesis and one is the component of the small ri-
bosome (Kurland and Andersson, 2000). Components that make up 
the mitochondrial translation system, including ribosomal proteins, 
are encoded by a set of nuclear genes that are separate from those 
encoding the cytosolic protein synthesis apparatus (Amunts et al., 
2014; Desai et al., 2017). These are translated in the cytosol and 
imported into the mitochondria, where they are assembled into 
macromolecular complexes in a coordinated manner to incorporate 
mitochondrially expressed rRNAs (15S and 21S) at the correct stoi-
chiometry. This allows for the tight regulation of the mitochondrial 
gene expression machinery by the nuclear genome (Couvillion 
et al., 2016).
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Coordination between the synthesis of mitochondrial partners 
and import of nuclear-encoded proteins is the hallmark for a major-
ity of multiprotein complexes required for electron transport chain 
and ATP synthesis. For example, Complex IV (COX) of the OXPHOS 
machinery that plays an essential role in energy production of aero-
bic cells has a dual genetic origin. It is composed of 11 subunits in 
yeast, three of which, COX1, COX2, and COX3, forming the cata-
lytic core are encoded by mitochondrial genome while all others are 
nuclear encoded and imported from the cytosol. Cox1, which con-
tains the two redox centers; one containing heme A and the other 
containing heme a3-CuB, is conserved in the mitochondrial genome 
of all aerobic organisms (Khalimonchuk and Rodel, 2005; Kim et al., 
2012; Timon-Gomez et al., 2018). Cox1 translation and its assembly 
into complex IV are tightly coupled and are regulated by a large 
number of nuclear-encoded factors as incorrect assembly would 
generate free radicals that are detrimental to the cell (Fontanesi 
et al., 2008). Central to this process is Mss51, which along with 
Pet309 initiates Cox1 translation and remains associated with the 
newly synthesized Cox1 until it assembles with nuclear subunits of 
the preassembly complex (Decoster et al., 1990; Manthey and McE-
wen, 1995; Perez-Martinez et al., 2003; Barrientos et al., 2004; Tava-
res-Carreon et al., 2008). This allows Cox1 translation from the mito-
chondrial genome to be regulated with the rate of assembly of 
Complex IV that requires additional independent Cox2 and Cox3 
assembly modules (McStay et al., 2013).

GTPases that belong to the family of P-loop NTPases form the 
largest class of accessory factors that regulate various aspects of ri-
bosome biogenesis and protein synthesis (Sprang, 1997; Karbstein, 
2007; Clementi and Polacek, 2010; Verstraeten et al., 2011; Witting-
hofer and Vetter, 2011; Maracci and Rodnina, 2016; Maiti et al., 
2021). Of the two families of NTPases, TRAFAC and SIMBI, the TRA-
FAC family comprises proteins that are thought to have evolved 
from an ancestral GTPase involved in translation (Leipe et al., 2002; 
Atkinson, 2015). The TRAFAC family of GTPases that function dur-
ing ribosome assembly or protein synthesis generally have exten-
sions at either their N- or C-terminus in addition to a GTPase do-
main. These proteins are hypothesized to function by a common 
mechanism whereby the energy released upon guanine nucleotide 
triphosphate hydrolysis powers protein conformational changes, al-
lowing these additional domains to carry out a mechanical process 
(Karbstein, 2007; Strunk and Karbstein, 2009). A subset of the TRA-
FAC family are the translational GTPases (trGTPases) such as IF2, 
EF-Tu, EF-G, and RF3 with well-defined roles during protein synthe-
sis (Maracci and Rodnina, 2016). All organisms in addition possess 
highly conserved GTPases classified as trGTPases, which are pre-
dicted to function during translation although their mechanism of 
action remains elusive. One such protein in S. cerevisiae is GUF1 
(GTPase of unknown function 1), which belongs to LepA family of 
trGTPases, present in mitochondria. Absence of Guf1 alters the mi-
tochondrial translation rates and assembly of cytochrome oxidase 
complex in the cell (Bauerschmitt et al., 2008).

Four members of the TRAFAC family of GTPases in addition to 
the trGTPases, namely, MTG1, MTG2, MTG3, and MSS1, regulate 
mitochondrial ribosome assembly and RNA modification in S. cere-
visiae. Among them, MTG1 and MTG2 are involved in assembly of 
the large subunit (54S) of the mitochondrial ribosome (Barrientos 
et al., 2003; Datta et al., 2005). MTG3 is involved in the biogenesis 
of the small ribosomal subunit (37S) and regulates the processing 
and assembly of the 15S rRNA precursors (Paul et al., 2012). Mss1 in 
a heterodimer with Mto1 regulates modification of mitochondrial 
(mt)-tRNA (Decoster et al., 1993; Umeda et al., 2005). Previous stud-
ies of the mitochondrial proteome (Sickmann et al., 2003), genome-

wide localization (Huh et al., 2003), phenotypic analysis of yeast 
knockout strains (Giaever et al., 2002), and genome-wide TAP puri-
fication (Gavin et al., 2002) have implicated a novel GTPase, MRX8 
(MIOREX complex component 8) encoded by YDR336w, to have a 
significant role in mitochondrial function. Mrx8 belongs to the YihA 
family of GTPases, which in bacteria regulates large ribosomal sub-
unit biogenesis/stability and is essential for cell growth (Schaefer 
et al., 2006; Cooper et al., 2009). Mrx8 is largely conserved with its 
bacterial family member YihA in the C-terminal GTPase domain with 
58% similarity. Mrx8 contains an additional 132 amino acids at its 
N-terminus besides the conserved GTPase domain that contain a 
cryptic mitochondrial targeting sequence (Claros and Vincens, 
1996). The human orthologue of MRX8 (GTPBP8-GTP binding pro-
tein 8) also contains a highly divergent N-terminal extension in addi-
tion to a conserved GTPase domain. Mrx8, which was found as a 
part of the MIOREX complex, is thus speculated to be involved in 
translation regulation (Kehrein et al., 2015).

In this study we show for the first time the role of this novel pro-
tein Mrx8 in regulating optimal Cox1 synthesis during cold stress. 
Deletion of MRX8 reduces the ability of cells to utilize carbon 
sources requiring robust cellular respiration when grown under sub-
optimal temperature. Consistent with a function during translation, 
Mrx8 peripherally localized to the inner mitochondrial membrane 
and associates with the mitochondrial ribosomes. Furthermore, 
∆mrx8 cells were substantially defective for both translation initia-
tion and elongation of Cox1, and mutations in mrx8 predicted to be 
deficient for guanine nucleotide binding were compromised for in 
vivo function. Finally, we show that the human orthologue of Mrx8 
localizes to mitochondria in mammalian cells and partially rescues a 
glycerol growth defect under cold stress in ∆mrx8 yeast cells, indi-
cating functional conservation.

RESULTS
Mrx8 is localized to the mitochondrial matrix
To determine the cellular location of Mrx8, antibodies were raised 
against peptides within the N-terminus of Mrx8 as described in 
Materials and Methods. The specificity of the antibody was estab-
lished by immunoblot analysis on isolated mitochondria from wild-
type cells and compared with that of mitochondria from ∆mrx8 cells. 
A novel band corresponding to the predicted size of Mrx8 (33.7 
kDa) was observed in wild-type mitochondria and not in ∆mrx8 mi-
tochondria although the two samples expressed equivalent levels of 
a bona fide mitochondrial protein, Mtg2 (Figure 1A and Supple-
mental Figure S1 (Datta et al., 2005). Moreover, Mrx8 was specifi-
cally enriched in mitochondrial fractions as was Cox2, an integral 
membrane protein, and not in the cytosolic fraction (Figure 1B). To 
determine the submitochondrial location of Mrx8, a series of prote-
ase digestions were performed. To test its association with the outer 
membrane, intact mitochondria were treated with the indicated 
concentration of proteinase K. Mrx8 was resistant to externally 
added proteinase K, similar to inner membrane proteins F1β and 
Cox2, which reflects the presence of Mrx8 inside the mitochondria 
(Figure 1C). To determine the presence of Mrx8 in either the inner 
membrane space or the matrix, mitoplasts were generated and 
treated with the indicated concentration of proteinase K. Mrx8 as 
F1β, a known peripherally associated inner membrane protein fac-
ing the matrix, remained protease protected, whereas Cox2 having 
epitopes facing the inner membrane space was degraded (Figure 
1D). Further, to determine whether Mrx8 is associated peripherally 
with the inner membrane or is an integral part of the membrane, 
mitochondria were treated with sodium chloride, sodium carbonate, 
and urea, which disrupt interactions between peripheral and integral 
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membrane proteins using different mechanisms (Schook et al., 
1979; Fujiki et al., 1982). Mrx8 remained in the membrane pellet as 
did Tim23, an integral membrane protein with four transmembrane 
helices (Bauer et al., 1996), upon treatment with NaCl and Na2CO3, 
while F1β was found in the supernatant fraction (Figure 1E). How-
ever, on treatment with urea Mrx8 fractionates in the supernatant as 
did F1β, while Tim23 remained in the pellet (Figure 1E), indicating 
Mrx8 to be a tightly bound peripheral membrane protein, consis-
tent with the absence of transmembrane domain(s) as shown by in 
silico analysis (https://embnet.vital-it.ch/software/TMPRED_form.
html). Taking the results together, we can conclude that Mrx8 is 
tightly attached to the inner mitochondrial membrane facing the 
matrix side.

Mrx8 is required for growth on respiratory media during 
cold stress
To determine whether Mrx8 plays an essential role in optimal mito-
chondrial activity, the ability of ∆mrx8 cells to utilize glycerol at dif-
ferent temperatures was examined, as cells require robust cellular 
respiration for its utilization. We observed that ∆mrx8 cells were not 
able to grow in media containing glycerol as efficiently as MRX8 
cells at 30°C (Figure 2, A and B). The severity of growth defect was 

significantly more pronounced when ∆mrx8 cells were grown at a 
lower temperature (16°C), indicating that Mrx8 is required for 
growth on respiratory media during cold stress (Figure 2A and 
Supplemental Figure S2). During growth in fermentative media 
(glucose), the basal level of electron transport chain activity is re-
ported (van Dijken et al., 1993). A significant up-regulation of elec-
tron transport chain components, especially those encoded by the 
mitochondrial genome, takes place when cells are shifted from fer-
mentative to respiratory media (glycerol) (Couvillion et al., 2016; 
Morgenstern et al., 2017). This indicates that there are regulatory 
proteins that maintain mitochondrial translation at a basal level dur-
ing growth in fermentative media and those that up-regulate mito-
chondrial translation during adaptation to respiratory media. We 
tested whether Mrx8 has a specific role during adaptation from fer-
mentative to respiratory media or whether it was required for both 
adaptation and growth on respiratory media in a temperature-de-
pendent manner. Wild-type and ∆mrx8 cells were either cultured in 
glucose and shifted to glycerol or cultured in glycerol before inocu-
lation in fresh glycerol medium.

MRX8 and ∆mrx8 cells show a similar growth lag when shifted 
from fermentative to respiratory media. However, ∆mrx8 cells show 
slower utilization of glycerol as indicated by a difference of doubling 
time of approximately 3 h at 30°C (Figure 2B, left). Moreover, ∆mrx8 
cells adapted to respiratory media failed to utilize glycerol as effi-
ciently as MRX8 cells (Figure 2B, right). Similar results were obtained 
when ∆mrx8 cells were constantly cultured under cold stress at 16°C 
(Supplemental Figure S2). Taken together, the results indicate that 
Mrx8 is required for optimal utilization of respiratory media.

Given that the large-scale remodeling of the mitochondrial pro-
teome takes place upon shifting cells from fermentative to respira-
tory media (Couvillion et al., 2016; Morgenstern et al., 2017), we 
examined whether Mrx8 is differentially regulated during such a 
shift. We observed no significant change in levels of Mrx8 in mito-
chondria from cells cultured under different carbon sources (Figure 
2C). MRX8 transcript levels have been shown to remain constant in 
cells when shifted from fermentative to respiratory medium 
(Couvillion et al., 2016). Overall, our results reflect that Mrx8 pro-
motes cellular adaptation to utilize a nonfermentative carbon source 
when glucose is exhausted.

De novo Cox1 synthesis is reduced in mrx8 null mutants
To examine whether Mrx8 is necessary for mitochondrial protein 
synthesis, wild-type and ∆mrx8 cells were labeled with protein 
labeling mix (35S-l-methionine and 35S-l-cysteine) in the presence 
of cycloheximide to measure de novo mitochondrial translation 
as described in Materials and Methods. In ∆mrx8 cells, no signifi-
cant reduction in de novo synthesis of mitochondrially encoded 
proteins was observed in cells cultured at 30°C (Figure 3A and 
Supplemental Figure S3A). However, when newly synthesized mi-
tochondrial proteins were labeled in cells cultured at 16°C, a se-
vere defect in Cox1 synthesis was observed (Figure 3A and Sup-
plemental Figure S3B). When ∆mrx8 cells were grown at 30°C 
and shifted to 16°C before the addition of 35S protein–labeling 
mix, reduction in Cox1 synthesis was observed after 4 h of the 
shift to 16°C (Supplemental Figure S3C). To investigate whether 
a reduced Cox1 level is a consequence of a defect in mitochon-
drial protein synthesis at 16°C in ∆mrx8 cells rather than protein 
turnover, wild-type and ∆mrx8 cells were pulse labeled at 30°C 
and chased at 16°C for different time intervals. The level, and 
therefore the stability, of the labeled proteins were comparable 
in the wild-type and ∆mrx8 cells at all time points during the 
chase at 16°C, indicating that preexisting translation products 

FIGURE 1: Mrx8 localizes to the mitochondrial inner membrane 
facing the matrix side. (A) Mitochondria were isolated from MRX8 and 
∆mrx8 cells. Equal amounts of mitochondrial protein were separated 
by SDS–PAGE and subjected to immunoblot analysis. (A larger area of 
the immunoblot is represented in Supplemental Figure S1.) (B) Yeast 
cell extract (CE) was fractionated into cytosol (C) and mitochondria 
(M). Protein fractions were separated by SDS–PAGE and subjected 
to immunoblot analysis. As control a Coomassie-stained gel is shown. 
(C) Intact mitochondria or (D) mitoplasts were treated with 
0–500 μg/ml proteinase K as indicated. The reaction was terminated 
by the addition of TCA, and proteins were separated by SDS–PAGE 
and subjected to immunoblot analysis. (E) Mitochondria were treated 
with either 1 M NaCl, 0.1 M Na2CO3, or 6 M urea as indicated. 
Soluble (S) and membrane (P) protein fractions were separated on 
SDS–PAGE and subjected to immunoblot analysis. Samples were 
analyzed using antibodies to Mrx8, Mtg2, Cox2, Tim23, and F1β.
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are equally stable (Figure 3B). Consistent with reduced de novo 
translation of Cox1 in ∆mrx8 cells at 16°C, we observed a reduc-
tion in the steady state levels of Cox1 (Figure 3C). Interestingly, 
we also observed reduced levels of Cox2 and Cox3 at 16°C at 
the steady state (Figure 3C). Given that Cox1 synthesis is tightly 
linked to Complex IV assembly, the reduction in levels of Cox2 
and Cox3 could be due to an indirect consequence of defective 
Complex IV biogenesis as has been previously reported (De Silva 
et al., 2017; Mays et al., 2019). However, the defect in Cox1 syn-
thesis due to reduced COX1 mRNA could be ruled out as levels 
of COX1 mRNA were equivalent in mitochondria from MRX8 and 
∆mrx8 cells grown at 16°C, as were COX2, COX3, and COB 
mRNA levels (Figure 3D). Taken together, our results indicate that 
Mrx8 acts to promote Cox1 protein synthesis.

MRX8 is required for translation initiation and elongation of 
Cox1
The defect in de novo Cox1 synthesis in ∆mrx8 cells could be due to 
either defective translation initiation or elongation or both. To exam-
ine this aspect, we used engineered strains XPM78a, and XPM171a 
carrying ∆mrx8 (Supplemental Figure S4). Both strains are deleted 
for the nuclear gene ARG8, which encodes an essential arginine 
biosynthetic enzyme localized to the mitochondria. XPM78a is engi-
neered to express 512 nucleotides of intronless COX1 fused to 
ARG8m under the control of the COX1 promoter (Perez-Martinez 
et al., 2003) (Supplemental Figure S4A). This allows translation to be 
scored as a function of growth on synthetic media lacking arginine 
and on YPG. In comparison to wild-type cells, ∆mrx8 cells were de-
fective for growth on synthetic media lacking arginine and also on 

FIGURE 2: Mrx8 is required for efficient cellular respiration. (A) Shown are 10-fold serial dilutions of MRX8 and ∆mrx8 
cells on glucose and glycerol plates and incubated at the indicated temperatures. (B) MRX8 and ∆mrx8 cells were 
initially cultured in either glucose (left) or glycerol (right) and then diluted into fresh glycerol media and incubated at 
30°C. Optical densities were measured at 600 nm at the indicated time, and each data point is an average value of six 
independent colonies cultured in parallel. Tables indicate doubling time for each strain. (C) Mitochondria were isolated 
from wild-type cells cultured in glucose, galactose, and ethanol medium. Equal amounts of mitochondrial protein were 
separated by SDS–PAGE and subjected to immunoblot analysis. Samples were analyzed using antibodies to Mrx8 and 
Mtg2.
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YPG at 16°C but not at 30°C (Figure 4A). Aberrant de novo Cox1 
synthesis and reduced steady state levels of Arg8m were observed in 
∆mrx8 cells in comparison to wild-type cells at 16°C (Figure 4B). 
However, we did not detect a Cox1-Arg8m fusion product. This is 
likely due to the labile nature of the Cox1-Arg8m fusion product con-
taining an internal cleavage site such that Cox1 and Arg8 can func-
tion independently (Steele et al., 1996; Perez-Martinez et al., 2003). 
XPM171a has a functional reengineered ARG8m in place of the 
COX1 open reading frame in the mtDNA. This strain is further engi-
neered such that COX1 and COX2 open reading frames are placed 
downstream of the COX2 promoter (Perez-Martinez et al., 2003) 
(Supplemental Figure S4B). The viability of this engineered strain on 

synthetic media lacking arginine allows us to score for translation 
initiation, while the viability of cells on YPG allows us to score for 
translation elongation. In comparison to cells harboring the wild-
type allele of MRX8, ∆mrx8 cells failed to grow either on synthetic 
media lacking arginine or on YPG at 16°C but not at 30°C, indicating 
the requirement of Mrx8 in Cox1 translation initiation and elonga-
tion during cold stress (Figure 4A). Consistently, both newly synthe-
sized Cox1 and steady state levels of Arg8m were reduced in ∆mrx8 
cells at 16°C in comparison to wild-type cells (Figure 4B). Further, we 
examined the consequences of introducing ∆mrx8 in RGV140, an 
engineered strain deleted for nuclear gene ARG8 carrying modified 
mtDNA, where the COX3 promoter controls Arg8m synthesis (Mays 
et al., 2019) (Supplemental Figure S5A). Growth on synthetic media 
lacking arginine or Arg8m accumulation at 16°C remained unper-
turbed in ∆mrx8 cells, indicating that Mrx8 preferentially promotes 
Cox1 synthesis (Supplemental Figure S5, B and C). Thus, taken to-
gether, these results indicate that Mrx8 governs optimal Cox1 trans-
lation initiation and elongation during cold stress.

Mrx8 requires nucleotide binding for its in vivo function
MRX8 belongs to the YihA/YsxC family of GTPases, with highly con-
served G-domains responsible for the binding and hydrolysis of 
guanine nucleotide. It is well documented among GTPases involved 
in ribosome function that nucleotide binding and GTPase activity 
often power an essential function (Verstraeten et al., 2011). There-
fore, we investigated the consequences of mutations in the G-do-
main of MRX8 that are predicted to abrogate nucleotide binding 
and hydrolysis in vivo. The choice of the residue for mutation was 
based on the bacterial YihA protein as well as other TRAFAC family 
members, which are either biochemically characterized or for which 
detailed structural information is available (Lehoux et al., 2003; Ru-
zheinikov et al., 2004).The G1 box with the GX2NXGK(S/T) consen-
sus is required for nucleotide binding, wherein the GKS motif is con-
served across species and is responsible for binding with the α and 
β phosphates of GTP or GDP (Bourne et al., 1991; Sprang, 1997). 
Mutation of the GKS motif to AAA in MRX8 is predicted to result in 
a complete loss of nucleotide binding and thus inhibit in vivo func-
tion as shown for several Obg family proteins in S. cerevisiae and 
Caulobacter crescentus (Datta et al., 2004; Fuentes et al., 2007). 
Cells expressing the mrx8GKS145-147AAA mutant protein were defective 
for growth on glycerol at 16°C, similar to ∆mrx8 cells, and de novo 
Cox1 synthesis is defective in cells expressing mrx8GKS145-147AAA at 
16°C (Figure 5, A and C). A reduced accumulation of steady state 
protein as a cause for defects observed in cells expressing mrx8GKS145-

147AAA could be ruled out, as similar levels of Mrx8 were observed in 
wild-type and mutant mitochondria (Figure 5B). Therefore, our re-
sults indicate that nucleotide binding and hydrolysis are required for 
the in vivo function of Mrx8.

Mrx8 associates with mitochondrial ribosomes
Given that MRX8 plays a role in optimal mitochondrial translation 
regulation, we examined whether Mrx8 associates with mitochon-
drial ribosomes. Mitochondrial ribosomal subunits were separated 
on sucrose gradient as described in Materials and Methods. The 
identity of individual subunits was confirmed by immunoblot anal-
ysis using the antibody to the small subunit (37S) protein Mrp13 
(Partaledis and Mason, 1988) and the large subunit (54S) protein 
Mrp7 (Fearon and Mason, 1988). In the presence of magnesium 
ions and low salt (10 mM MgOAc, 100 mM NH4Cl), Mrx8 cofrac-
tionated with both Mrp7 and Mrp13, indicating its association with 
the mitochondrial ribosomes (Figure 6A). Increasing the salt con-
centration (10 mM MgOAc, 500 mM NH4Cl) resulted in a minor 

FIGURE 3: De novo Cox1 synthesis is reduced in ∆mrx8 cells. 
(A) Newly synthesized mitochondrial protein products were labeled 
by incorporation of [35S]methionine and cysteine in the presence of 
cycloheximide to inhibit cytosolic protein synthesis in MRX8 and 
∆mrx8 cells at either 30°C or 16°C. (B) Newly synthesized 
mitochondrial protein products were labeled by incorporation of [35S]
methionine and cysteine in the presence of cycloheximide to inhibit 
cytosolic protein synthesis in MRX8 and ∆mrx8 cells at 30°C and 
chased at 16°C by the addition of casamino acid and sodium sulfate 
for the indicated time points. Mitochondria were isolated, and equal 
concentrations of mitochondrial proteins were separated on 17.5% 
SDS–PAGE, transferred onto a nitrocellulose membrane, exposed 
to BAS storage phosphor screen, and developed using 
phosphorimager. The positions of Var1, Cox1, Cox2, Cytb, and 
Cox3/Atp6 are indicated. As control a Coomassie-stained gel is 
shown. (C) Mitochondria were isolated from MRX8 and ∆mrx8 cells 
cultured at 16°C. Equivalent amounts of mitochondrial proteins were 
separated via SDS–PAGE and subjected to immunoblot analysis. 
Samples were analyzed using antibodies to Cox1, Cox2, Cox3, and 
F1β. (D) Transcript levels of mitochondrially encoded genes were 
assayed in isolated mitochondria from MRX8 and ∆mrx8 cells. RNA 
samples were subjected to RT-PCR using primers specific for COX1, 
COX2, COX3, and COB. 21s rRNA and 15s rRNA levels as detected 
by EtBr staining. Representative images of multiple trials are shown.
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pool fractionating with ribosomal proteins while the majority of the 
Mrx8 were in the low-molecular-weight protein fractions (Figure 
6B). To further test whether Mrx8 requires intact RNA–protein 
complex for migration into the sucrose gradient, we treated mito-
chondrial lysates with RNase A (100 µg/ml) before separation on a 
sucrose gradient. This led to the disruption of mitochondrial ribo-
somes and prevented migration of Mrx8 into the sucrose gradient 
(Figure 6C). Furthermore, isolation of the Mrx8-containing com-
plex by immobilized metal affinity chromatography (IMAC) from 
mitochondrial lysates expressing functional Mrx8-6xHis led to co-
purification of Mrp7 (Figure 6D). Taken together, the results indi-
cate that Mrx8 associates with the 54S subunit either as a part of 
the 74S monosome or when the 54S subunit is free from the 
monosome.

Mrx8 does not govern Mss51 cofractionation with the 
ribosomes
Cox1 translation and its assembly into Complex IV are tightly cou-
pled to a negative feedback loop involving Mss51. In addition to its 
role in Cox1 translation initiation, Mss51 also interacts with newly 
synthesized Cox1 and remains associated until Cox1 maturation and 
assembly into Complex IV is initiated (Perez-Martinez et al., 2003; 
Barrientos et al., 2004; Perez-Martinez et al., 2009). Defective as-
sembly of newly synthesized Cox1 sequesters Mss51 in a higher-or-
der Cox1 pre-assembly complex, which reduces its ability to initiate 
a fresh round of Cox1 translation (Perez-Martinez et al., 2003, 2009). 
To determine whether the absence of Mrx8 affects the Mss51-medi-
ated feedback loop, we analyzed the mobility of a functional GST-
tagged Mss51 on a sucrose density gradient in wild-type and ∆mrx8 
cells. When ribosomes from wild-type cells were fractionated on a 
sucrose gradient in the presence of magnesium ions and low salt, 
we observed that only a minor pool of Mss51 migrated with ribo-
somal marker proteins Mrp7 and Mrp13 while the majority were in 
the unbound fractions (Figure 6A). On increasing the salt concentra-
tion, the majority of Mss51 migrated with fractions containing ribo-
somal marker proteins, and minor pools migrated into deeper frac-
tions than the large subunit (Figure 6B). These results were contrary 
to the mobility of Mrx8 in a sucrose gradient. Interestingly, isolation 
of Mrx8-containing complex led to copurification with Mrp7 and 
Mss51 (Figure 6D). Taken together, the results indicate that there 
exists a pool of Mrx8, Mss51, and ribosomes in the mitochondria. 

FIGURE 4: MRX8 is essential for COX1 translation initiation and 
elongation. (A) Tenfold serial dilutions of ∆mrx8 cells in either XPM78a 
or XPM171a expressing either wild-type MRX8 or vector were 
spotted on YPD, SD-Arg. and SGly. (B) Top: Newly synthesized 
mitochondrial protein products were measured in either XPM78a or 
XPM171a with the ∆mrx8 allele in their nuclear genome expressing 
either wild-type MRX8 or vector at 16°C by incorporation of [35S]
methionine and cysteine in the presence of cycloheximide to inhibit 
cytosolic translation. Mitochondria from labeled cells were isolated, 
and proteins were separated on 17.5% SDS–PAGE. Radiolabeled 
proteins were transferred onto a nitrocellulose membrane and 
visualized by phosphoimaging. The positions of mtDNA-encoded 
proteins are indicated. As control a Coomassie-stained gel is shown. 
Representative images of multiple trials are shown. Bottom: 
Mitochondria was isolated from ∆mrx8 cells in either XPM78a or 
XPM171a expressing either wild-type MRX8 allele or vector cultured 
at 16°C. Equivalent amounts of mitochondrial proteins were 
separated via SDS–PAGE and subjected to immunoblot analysis. 
Samples were analyzed using antibodies to Arg8 and F1β.

FIGURE 5: Putative nucleotide binding/hydrolysis is essential for 
in vivo Mrx8 function. (A) Shown are 10-fold serial dilutions of 
∆mrx8 cells expressing either wild-type MRX8, empty vector, or 
the mrx8GKS145-147AAA mutant allele on YPD and YPG at 16°C. 
(B) Mitochondria from ∆mrx8 cells episomally expressing either 
wild-type MRX8 or the mrx8GKS145-147AAA mutant allele were isolated. 
Equivalent amounts of mitochondrial proteins were separated via 
SDS–PAGE and subjected to immunoblot analysis. Samples were 
analyzed using antibodies to Mrx8 and F1β. (C) Newly synthesized 
mitochondrial protein products were measured in ∆mrx8 cells 
episomally expressing either wild-type MRX8, vector, or the 
mrx8GKS145-147AAA mutant allele at 16°C by incorporation of [35S]
methionine and cysteine in the presence of cycloheximide to inhibit 
cytosolic translation. Mitochondria from labeled cells were isolated, 
and proteins were separated on 17.5% SDS–PAGE. Radiolabeled 
proteins were transferred onto a nitrocellulose membrane and 
visualized by phosphoimaging. The positions of mtDNA-encoded 
proteins are indicated. As control a Coomassie-stained gel is shown.
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Our results indicate a condition that allows us to detect Mss51 co-
fractionating with ribosomes on a sucrose density gradient in a re-
spiratory-competent cell that is not known currently. The high-salt 
condition might stabilize the hydrophobic interaction of Mss51 with 
the ribosome including the Cox1 preassembly complex. In ∆mrx8 
cells Mss51 migration with the ribosomes under low- and high-salt 
conditions remained unaltered at 16°C in comparison to wild-type 
cells (Figures 7A and 6, A and B). This indicates that the reduced 
Cox1 synthesis observed in ∆mrx8 cells is not a result of sequestra-
tion of Mss51 into a higher-order complex.

Glycerol growth defects of Δmss51 and Δpet309 are not 
bypassed by multiple copies of Mrx8 and vice versa
Mss51 and Pet309 initiate Cox1 translation by binding to its 5′UTR 
in addition to Mss51’s role during Cox1 assembly (Manthey and 
McEwen, 1995; Zamudio-Ochoa et al., 2014). Mrx8 might function 
in conjugation with Pet309 and Mss51 or might serve in a redundant 
pathway to promote Cox1 synthesis. This was examined by testing 
the ability to restore glycerol growth defect in ∆mss51 or ∆pet309 
cells upon introduction of multiple copies of MRX8 or vice versa. 
Under all circumstances, we did not observe restoration of cellular 
respiration in the deletion strains, arguing against functional redun-
dancy (Figure 7, B–E).

GTPBP8, the human homologue of MRX8, complements 
Δmrx8 cells
The closest orthologue of MRX8 in humans is a GTPase of unknown 
function annotated as GTPBP8 with nearly 45% similarity over the 

FIGURE 6: Mrx8 associates with mitochondrial ribosomes. 
Mitochondrial lysates from wild-type cells containing a functional 
MSS51-GST allele were separated by ultracentrifugation on a 5–30% 
sucrose gradient containing (A) 10 mM MgOAc, 100 mM NH4Cl, 
and (B) 10 mM MgOAc, 500 mM NH4Cl, at 135,000 × g for 4 h. 
(C) Mitochondrial lysates were incubated with RNase A before 
separation on a 5–30% sucrose gradient containing 10 mM MgOAc 
and 100 mM NH4Cl. Fractions were TCA precipitated, separated on 
SDS–PAGE, and subjected to immunoblot analysis. Antibodies used 
were against Mrx8, GST (to detect Mss51), Mrp7(bL27m), and 
Mrp13(mS44). The migration of the 37S and 54S peaks were labeled 
based on immunoblot analysis. (D) Mitochondria from cells expressing 
Mss51-GST and Mrx8-6xHis were solubilized and purified using metal 
ion chromatography. Fifteen percent of input (I), and bound protein 
(B) were separated by SDS–PAGE and subject to immunoblot analysis. 
Antibodies used were against Mrx8, GST (to detect Mss51), and 
Mrp7(bL27m).

FIGURE 7: Mss51 migration on a sucrose density is independent 
of Mrx8. (A) Mitochondria from MSS51-GST cells carrying 
the ∆mrx8 allele cultured at 16°C were lysed and separated by 
ultracentrifugation on a 5–30% sucrose gradient containing either 
(top) 10 mM MgOAc, 100 mM NH4Cl, or (bottom) 10 mM MgOAc, 
500 mM NH4Cl. Fractions were TCA precipitated, separated by 
SDS–PAGE, and subjected to immunoblot analysis. Antibodies used 
were against GST (to detect Mss51), Mrp7(bL27m), and Mrp13(mS44). 
The migration of the 37S and 54S peaks were labeled based on 
immunoblot analysis. Shown are 10-fold serial dilutions of (B) ∆pet309 
cells expressing PET309-3HA(2µ), empty vector, or MRX8(2µ), 
(C) ∆mss51 cells expressing MSS51-GST, empty vector, or MRX8(2µ), 
(D) ∆mrx8 cells expressing MRX8, empty vector, or PET309-3HA(2µ), 
and (E) ∆mrx8 cells expressing MRX8, empty vector, or MSS51-GST 
on glucose and glycerol media at either 30°C or 16°C.
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entire protein length. We tested whether functional conservation 
exists between the two orthologous proteins. Expression of GTPBP8 
in ∆mrx8 cells failed to restore the growth defect on glycerol media 
at 16°C (unpublished data). This could be either because GTPBP8 is 
not functional in yeast or because the human mitochondrial target-
ing sequence on GTPBP8 is not recognized by the mitochondrial 
import machinery in yeast. To ensure mitochondrial localization, we 
fused the cleavable mitochondrial targeting sequence of MTG3 
(amino acids 1–21) at the N-terminus of GTPBP8. Interestingly, there 
was partial restoration of growth on glycerol at 16°C by mitochon-
drially targeted GTPBP8 in ∆mrx8 cells in comparison to cells ex-
pressing wild-type MRX8 (Figure 8A). This indicates that functional 
conservation exists between yeast and the human orthologue of 
Mrx8. The ability to restore mitochondrial function in ∆mrx8 cells 
suggests that GTPBP8 is localized to the mitochondria and is in-
volved in some aspect of cellular respiration. However, this does not 
rule out a differential localization of the endogenous GTPBP8. Using 
HEK293 cells transfected with enhanced green fluorescent protein 
(EGFP)-tagged GTPBP8, we demonstrated the localization of 
GTPBP8 in the mitochondria as it overlaps with MitoTracker red 

FIGURE 8: Human MRX8 (GTPBP8) complements ∆mrx8 cells and localizes to mitochondria in 
mammalian cell lines. (A) Shown are 10-fold serial dilutions of ∆mrx8 cells expressing MRX8, empty 
vector, or MTS-tagged GTPBP8 on glucose and glycerol at 16°C. (B) Shown are representative 
confocal images of HEK293 cells transfected with either empty vector EGFP-N1 or EGFP-tagged 
GTPBP8. Scale bars: 10 μm (vector) and 5 μm (GTPBP8-EGFP). (C) Mitochondria were isolated 
from HEK293 cells transfected with EGFP-tagged GTPBP8 and empty vector EGFP-N1 as 
described in Materials and Methods. (D) HEK293 cell extracts (CE) were fractionated into cytosol 
(C) and mitochondria (M). Protein samples were separated by SDS–PAGE and subjected to 
immunoblot analysis. Antibodies used were against GFP (to detect GTPBP8), GAPDH, and COX IV.

(Figure 8B). The specificity of GTPBP8-EGFP 
was confirmed by immunoblot analysis on 
mitochondria from HEK293 cells expressing 
EGFP-tagged GTPBP8 (63.2 kDa) or pEGFP-
N1 (Figure 8C). Finally, when lysates from 
HEK293 cells expressing EGFP-tagged GT-
PBP8 were purified into cytosolic and mito-
chondrial fractions, we observed the enrich-
ment of GTPBP8 in the mitochondrial 
fraction similar to COX IV, a bona fide mito-
chondrial protein, while GAPDH was en-
riched in the cytosolic fraction (Figure 8D). 
This shows that the endogenous GTPBP8 is 
localized to the mitochondria in mammalian 
cells and this function of mitochondria con-
trolled by Mrx8 is conserved between yeast 
and humans. This is the first demonstration 
of conservation of this function of MRX8 to 
the best of our knowledge.

DISCUSSION
Translation regulation in response to chang-
ing environmental signals such as tempera-
ture or nutrient availability is well docu-
mented in yeast as well as in bacteria. The 
process of mitochondrial translation is 
uniquely distinct from bacteria and cytosolic 
translation. Although mitochondrial transla-
tion is understood in some detail (Fox, 
2012; Ott et al., 2016), the adaptation of the 
translational machinery to changing envi-
ronmental conditions that might alter the 
spatiotemporal requirement for the expres-
sion of various genes is not clear.

Herein, we show that MRX8, a protein 
belonging to the YihA subfamily of GTPases, 
promotes Cox1 synthesis during cold stress. 
The only prior report showing temperature-
dependent regulation of mitochondrially 
encoded Complex IV subunits and their 
subsequent assembly is in the case of ∆guf1 
cells (Bauerschmitt et al., 2008). We ob-

served that ∆mrx8 cells failed to utilize glycerol at the same rate as 
wild-type cells specifically at 16°C, indicating defective cellular res-
piration. The predicted mitochondrial localization (60% probability) 
(Claros and Vincens, 1996) and isolation of Mrx8 as a part of the 
MIOREX complex (Kehrein et al., 2015) strongly indicates that Mrx8 
is likely to be a mitochondrial protein. Consistently we found Mrx8 
to be peripherally associated with the mitochondrial inner mem-
brane. It is well documented that the mitochondrial inner membrane 
serves as a platform for mitochondrial gene expression involving 
steps of DNA replication, repair, transcription, RNA processing/
modification, RNA degradation, ribosome biogenesis, and mRNA 
turnover and translation (Ott et al., 2016; Singh et al., 2020). Thus, 
not surprisingly, in ∆mrx8 cells at 16°C we observed that de novo 
Cox1 synthesis and steady state accumulation were significantly re-
duced, without a reduction in Cox1 transcript levels, indicating a 
requirement of Mrx8 for proper Cox1 translation (Figure 3). Mito-
chondrial transcripts are recognized by specific activator proteins 
that interact directly with the 5′ UTR and aid its association with mi-
tochondrial ribosomes to initiate translation (Fox, 2012). Regulation 
of mitochondrial translation occurs by two different mechanisms. 
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The first is by regulating the availability of nuclear-encoded transla-
tion activators in mitochondria, which in turn modulate rates of poly-
peptide formation from target mRNA (Fiori et al., 2005; Couvillion 
et al., 2016). Second, the regulation of mitochondrial translation is 
achieved by tightly coupling it to OXPHOS subunit assembly. If as-
sembly fails, synthesis of key subunits expressed form mtDNA is also 
down-regulated (Fox, 2012). Thus, could the reduction observed in 
Cox1 synthesis in ∆mrx8 cells be due to a direct role of Mrx8 in pro-
moting Cox1 translation or a secondary consequence of sequestra-
tion of Mss51 in a higher-order complex, or a combination of both? 
Our results support a model whereby Mrx8 promotes Cox1 transla-
tion. First, we found Mrx8 to be associated with the ribosomes likely 
as a part of the 74S monosome. Second, using the Arg8m reporter 
system, we observed that Mrx8 is required for both translation initia-
tion and elongation of Cox1 during growth under the suboptimal 
temperature of 16°C. Although this indicates that Mrx8 can act on 
UTRs and coding sequence (CDS) of Cox1 mRNA, further investiga-
tion is required to determine a direct binding of Cox1 mRNA with 
Mrx8. Moreover, Mss51 sequestration in a higher-order complex is 
not observed in ∆mrx8 cells, arguing that reduction in Cox1 synthe-
sis is not due to Mss51 limitation. Interestingly, we found Mrx8 to be 
in a complex containing Mss51 and the ribosome. However, overex-
pression of MRX8 did not rescue the defective cellular respiration in 
∆mss51 or ∆pet309 or vice versa. Taken together, these results indi-
cate that although there might be a complex within the mitochon-
dria containing both Mrx8 and Mss51 in association with the ribo-
some, however they act independently to promote Cox1 synthesis.

Nuclear-encoded GTPases have been shown to regulate various 
aspects of ribosome assembly and protein translation in mitochon-
dria presumably by utilization of energy released upon GTP hydro-
lysis to power a mechanistic step (Karbstein, 2007; Strunk and Karb-
stein, 2009; Maracci and Rodnina, 2016). Cells expressing mutant 
Mrx8 predicted to be compromised for nucleotide binding were 
defective in cellular respiration including Cox1 protein synthesis. 
One would wonder what the rationale would be for the cell to have 
a putatitve GTPase specifially promoting Cox1 synthesis especially 
during cold stress. An answer might lie in the way Mrx8 utilizes nu-
cleotide binding/hydrolysis to carry out its in vivo function. This as-
pect is under investigation.

A mitochondrial gene-expression system, especially that of the 
mitochondrial ribosome, is the best example of diversity in the mi-
tochondrial proteome (Desmond et al., 2011; Amunts et al., 2014). 
Mitochondrial ribosomal proteins, assembly factors, and regulatory 
proteins required for mitochondrial gene expression in S. cerevisiae 
can be classified in four categories: those that have orthologues 
1) in prokaryotes and all eukaryotes, 2) only in eukaryotes, 3) in pro-
karyotes and in some eukaryotic lineages but not all, and 4) in a 
narrow, lineage-specific manner such as lower eukaryotes only and 
absent in higher eukaryotes sequenced (Kurland and Andersson, 
2000; Szklarczyk and Huynen, 2010; Gray, 2015). MRX8 represents 
the third class, that is, it has orthologues in bacteria, in single cell 
eukaryotes such as S. cerevisiae, and in vertebrates including 
humans but in no other kingdom of life sequenced so far. Mss51 and 

Pet309, which are essential for Cox1 translational activation and as-
sembly, are only yeast specific and no clear orthologues have been 
identified in metazoans (Perez-Martinez et al., 2003; Barrientos 
et al., 2004; Zamudio-Ochoa et al., 2014; Dennerlein and Rehling, 
2015). Thus, in order to maintain the synthesis of COX1 in humans, 
a different mechanism must exist. Significantly, we found that target-
ing of GTPBP8 to the mitochondria of ∆mrx8 cells is able to largely 
restore growth at a reduced temperature on media requiring cellular 
respiration. Consistent with functional conservation, we found GT-
PBP8 to localize to the mitochondria in mammalian cells. Thus, it 
appears that MRX8 represents a conserved pathway that has been 
retained during mitochondrial evolution in certain eukaryotic life 
forms. We are currently examining whether COX1 translation in hu-
mans is governed by GTPBP8 and whether it has a similar role in 
linking optimal translation with cold stress.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Yeast strains and media
Yeast strains used in this study are listed in Table 1. Complete media 
used were YEP (1% yeast extract, 2% peptone) containing 2% glu-
cose (YPD) or 3% glycerol (YPG) as the carbon source. Synthetic 
minimal media (0.67% yeast nitrogen base) containing 2% glucose 
(SD), 3% glycerol (SGly) 2% galactose (SGal), 2% glucose and 0.1% 
5-fluoroorotic acid (5′FOAD), and 2% glucose and 0.006% canavan-
ine sulfate (SCAN) were supplemented with appropriate amino ac-
ids when required, as described in Guthrie and Fink (1991). Semi-
synthetic lactate medium (0.3% yeast extract, 0.05% glucose, 0.05% 
CaCl2, 0.05% NaCl, 0.06% MgCl2, 0.1% KH2PO4, 0.1% NH4Cl, 2% 
ᴅl-lactic acid, 0.8% NaOH, pH 5.5) was prepared as described (Glick 
and Pon, 1995).

Plasmid and strain construction
Isolation of yeast genomic DNA and yeast transformation were 
done as described previously (Guthrie and Fink, 1991). The MRX8 
gene along with 1 kb upstream and 1 kb downstream sequences 
was amplified from genomic DNA of the CRY1 strain using primers 
5′TCAAATGACTGAAGAAATTT3′ and 5′CCGCATCATTCAATCC-
TAGT3′. The resulting 2945-base-pair PCR product was cloned in 
pCR 2.1-TOPO to generate pDP2 (KD290) and confirmed by se-
quencing from both ends. This 2945-base-pair gene product was 
subcloned in pRS316 (CEN, URA3) and pRS426 (2µ, URA3) as an 
EcoRI fragment to generate pDP8 (KD337) and pYV31(KD1598), 
respectively.

To generate MRX8-6xHis, the MRX8 ORF without stop codon 
was PCR amplified using primers 5′CATGCCATGGTGGAACAACT-
GTGTAAG3′ and 5′CCGGAATTCGCTAAAATCAAACCACAGCT3′. 
The 945-base-pair PCR product was cloned into the pGEMT-Easy 
vector to generate pDP21 (KD466). MRX8 from pDP21 was shuttled 
into pET-28a as a NcoI-EcoRI fragment, resulting in pDP25 (KD546). 
To clone MRX8-6xHis under the CYC1 promoter, the 2242-base-pair 
gene product along with a downstream sequence from pET-28a was 

Gene Sense primer Antisense primer

COX1 5′GCTCTAATCCATGGTGGTTCAATTAGATTAGCACTACC3′ 5′GAAAATGTCCCACCACGTAGTAAGT3′

COX2 5′AAAGTTGATGCTACTCCTGGTAGA3′ 5′TGCTTCGATCTTAATTGGCA3′

COX3 5′TATGGTTCAGTATTCTATGC3′ 5′TTAGACTCCTCATCAGTAGA3′

COB 5′TACTGATAGAAGTGTAGTAA3′ 5′TTATTTATTAACTCTACCGA3′

TABLE 2: Primers used to quantify mRNA levels using RT-PCR.

https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e20-07-0457
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cloned into p413CYC1 (CEN, HIS3) as XbaI and SmaI fragments, 
resulting in pDP33 (KD686).

To express GTPBP8 (GTPBP8) in yeast, RNA isolated from a HeLa 
cell line was used to generate cDNA using the AMV First Strand 
cDNA Synthesis Kit (NEB,USA). The cDNA was then used to amplify 
the GTPBP8 gene fragment using primers 5′GATATCATGGCGGC-
GCCCGGGCTGCGG3′ and 5′CCCATCGATTTAGTCAAGA CTTCC-
TGTTAC3′. The resulting 855-base-pair PCR product was cloned in 
pGEMT-Easy (Promega) to generate pDP55 (KD754). The 855-base-
pair PCR product was also directly cloned in p413CYC1 as an 
EcoRV-ClaI fragment, resulting in pDP52 (KD751), which was con-
firmed by sequencing from both ends. MTS-GTPBP8 containing a 
cleavable mitochondrial targeting sequence from MTG3 upstream 
of GTPBP8 was generated by a two-step PCR with overlapping for-
ward primers P1: 5′ATGTTGAATCTGTGTCATGCTCTTCGAGG-
CGTACGTCAGTTTTCCTGTTC3′, P2: 5′GTACGTCAGTTTTCCT-
GTTCTGTGATTGTGAAAATGGCGGCGCCCGGGCTGCG3′, and 
hYDR336wClaIdown: 5′CCCATCGATTTAGTCAAGACTTCCTGT-
TAC3′. Briefly, the first PCR amplification step used primers P2 and 
hYDR336wClaIdown to amplify the 855-base-pair GTPBP8 from 
pDP55. A second PCR, using the 855-base-pair PCR product ob-
tained above as template was performed using primers P1 and hY-
DR336wClaIdown. The 906-base-pair PCR product obtained was 
cloned in p413CYC1 as a SpeI-ClaI fragment to generate pDP64. To 
create an GTPBP8 fused with GFP, the GTPBP8 gene product was 
amplified from pDP52 using primers 5′ACGCGTCGACATGGCG-
GCGCCCGGGCTGCG3′ and 5′CGGGGTACCCCGTCAAGACTT-
CCTGTTAC3′. The 855-base-pair PCR product was cloned in pEGFP 
N1 (Clontech) as a SalI-KpnI fragment to generate pDP77 (KD986).

Cell deleted for MRX8 were generated in a XPM171a, XPM78a, 
and RGV 140. Disruption of MRX8 was carried out by using a PCR-
based gene replacement approach, where either KanMx or TRP1 
(amplified from pFA6a-kanMX or pFA6a-TRP1) was placed between 
the upstream and downstream regions of MRX8 by PCR using prim-
ers MRX8F1: 5′ATATTCCCTAATATTTTAGCGAATAGGAACCATTG-
GCACGGATCCCCGGGTTAATTAA3′ and MRX8R1: 5′AGCTGAAA-
TGCAATCAGCAATATATAGATACATATTGTGAGAATTCGAGCTC-
GTTTAAAC3′. The linear PCR product was transformed into 
XPM171a, XPM78a, and RGV 140 and selected for insertion of the 
marker allele in place of MRX8 to generate KD1512, KD1562, and 
KD1516, respectively.

Cells expressing MSS51-GST from its chromosomal loci was gen-
erated by transforming BY4742 with a linear PCR product obtained 
from pFA6a-GST-kanMX6 using primers MSS51F2: 5′CGGTT-
CAGAGGTAAAAGGTACCATACAATCAAGAGACAACGGAT-
CCCCGGGTTAA TTAA3′ and MSS51R1: 5′TATATTATAAGATGAA-
GTTGGGCATGGCCTCCCGATAAGAATTCGAGCTCGTTTAAAC3′. 
Insertion of GST at the correct chromosomal position was verified by 
PCR using MSS51XbaIup: 5′GCTCTAGAATGACCGTGCTATATGC-
TCCT3′ and MSS51R1 to generate KD1532. KD1532 (MSS51-GST) 
was crossed with KD1516ρ0 (∆mrx8). Diploids were sporulated, and 
∆mrx8 haploid spores carrying MSS51-GST were selected to gener-
ate KD1567.

To generate the ∆mss51 strain, XPM76aρ0 was crossed with 
CRY1. Diploids were sporulated, and ∆mss51ρ+ haploid spores were 
selected to generate KD1608. To episomally express MSS51-GST 
from a strong constitutive promoter, MSS51-GST was amplified 
from KD1532 using primers MSS51XbaIup: 5′GCTCTAGAATGAC-
CGTGCTATATGCTCCT3′ and GSTClaIDown: 5′CCATCGATGGT-
CAACGCGGAACCAGATCCG3′. The 1968-base-pair PCR product 
was cloned in p416TEF (Mumberg et al., 1995) at the XbaI-ClaI sites 
to generate pYV29 (KD1596).

The mrx8GKS145-147AAA mutant allele was generated using 
QuikChange (Stratagene) according to the manufacturer’s instruc-
tions with variations described in Fuentes et al. (2007). The primers 
5′TTTCTCGGAGGAACTAATGTGGCTGCAGCATCTATCTTGAA-
CAACATAACC3′ and 5′GGTTATGTTGTTCAAGATAGATGCTGCA-
GCCACATTAGTTCCTCCGAGAAA3′ were used to incorporate spe-
cific mutation(s) in the GTPase domain of MRX8 to generate pDP67 
(KD975).

Subcellular localization of MRX8
Mitochondria were isolated as described previously (Datta et al., 
2005), except that cells were incubated with LongLife Zymolyase 
(2.5 mg/g of dry cell weight) in 1.2 M sorbitol, 20 mM potassium 
phosphate, pH 7.4, at 30°C for 2 h to produce spheroplasts. Mi-
tochondria were subjected to extraction as described previously 
with sodium chloride or sodium carbonate (Fujiki et al., 1982) or 
urea (Schook et al., 1979). Soluble fractions containing peripher-
ally associated membrane proteins were separated by centrifu-
gation at 150,000 × g for 1 h in a Beckman 70Ti rotor from inte-
gral membrane proteins. Mitoplasts were generated by 
subjecting mitochondria to osmotic shock as described previ-
ously (Datta et al., 2005). Intact mitochondria or mitoplasts were 
treated with 0–500 µg/ml proteinase K and incubated on ice for 
30 min. Proteinase K was inactivated by the addition of trichloro-
acetic acid (TCA) to 15%.

Separation of mitochondrial ribosome
Mitochondrial ribosomes were separated by sucrose density gradi-
ent as previously described (Fearon and Mason, 1992; Datta et al., 
2005) with slight modification. Mitochondria were lysed by the addi-
tion of 10 mM Tris-Cl, pH 7.4, 10 mM MgOAc,100 mM NH4Cl, 7 mM 
β-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride (PMSF), 2% 
NP-40. Lysates were clarified by centrifugation at 40,000 × g for 
25 min at 4°C. Where indicated, lysates were incubated with 200 U/
ml RNase A at room temperature for 30 min to disrupt RNA–protein 
complexes as described in Ott et al. (2006). Mitochondrial ribo-
somes were separated on a 5–30% sucrose density gradient contain-
ing 10 mM Tris-Cl, pH 7.4, 10 mM MgOAc, 7 mM β-mercaptoethanol, 
0.1% NP-40, and 100 or 500 mM NH4Cl, as indicated, by ultracentri-
fugation at 135,000 × g for 4 h in a Beckman SW 41 Ti rotor (Datta 
et al., 2005). Equivalent fractions were collected, and proteins sam-
ples were precipitated by the addition of TCA to 15%.

Analysis of mitochondrial translation products
Mitochondrial translation products were labeled as previously 
described with slight modifications (Fox et al., 1991). Cells were 
grown in SGal lacking methionine at 30°C or 16°C to an OD600 of 
1. Mitochondrial translation products were labeled by the addi-
tion of 0.1 mCi [35S]methionine and cysteine (Easy Tag Express35S 
protein labeling mix, Perkin Elmer NEG77200 [specific activity: 
1175 Ci/mmol]) in the presence of 0.1 mg/ml cycloheximide to 
inhibit cytosolic protein synthesis at either 30°C or 16°C for 30 
min (Fox et al., 1991). Labeled cells were chased by the addition 
of chase solution (1% casamino acids and 2 mg/ml sodium sul-
fate) for 10 min or as indicated, and mitochondria were isolated. 
The mitochondrial protein concentration was estimated by the 
Bradford method (Bradford, 1976). Equal amounts of mitochon-
drial proteins were separated on 17.5% SDS–PAGE and trans-
ferred onto a nitrocellulose membrane. The membrane was ex-
posed to BAS storage phosphor screen (GE Healthcare Life 
Sciences) and developed using FUJIFILM FLA9000 phosphroim-
ager (GE Healthcare Life Sciences).
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Purification of Mrx8-6xHis using metal ion chromatography
Mitochondria (4 mg), isolated from cells expressing Mrx8-6xHis 
were lysed in buffer containing 50 mM Na2HPO4, 300 mM NaCl, 
0.5 mM PMSF, 5 mM imidazole, pH 8.0, 1% Triton X-100, and 0.6% 
n-dodecyl-β-d-maltoside (DDM) for 30 min on ice. The lysate was 
clarified by centrifugation at 40,000 × g for 30 min. Clarified lysate 
was incubated with 75 µl of precalibrated Co-NTA resin (Cat 
#786932; G-Biosciences) for 2 h at 4°C. Subsequently, to remove 
unbound protein, beads were incubated with buffer containing 
50 mM Na2HPO4, 300 mM NaCl, 0.5 mM PMSF, 10 mM imidazole, 
pH 8.0, for 5 min, and this step was repeated five times. Proteins 
bound to beads were eluted using buffer containing 50 mM 
Na2HPO4, 300 mM NaCl, 0.5 mM PMSF, 400 mM imidazole, pH 8.0. 
Eluted protein was concentrated by the addition of TCA to 15%, 
separated by SDS–PAGE, and subjected to immunoblot analysis.

Mitochondrial RNA isolation and RT-PCR analysis
Mitochondria were isolated from cells that were incubated with 
LongLife Zymolyase (2.5 mg/g of dry cell weight) in SB3 buffer 
(50 mM Tris-Cl, pH 8.0, 10 mM MgCl2, 3 mM dithiothreitol, and 1 M 
sorbitol) at 37°C for 2 h to produce spheroplasts. The cells were fur-
ther lysed using 30–50 stokes of tight-fitting pestle in a Dounce 
homogenizer and centrifuged to remove any insoluble debris. Mito-
chondrial RNA was isolated from intact mitochondria using phenol 
chloroform as described previously (Turk and Caprara, 2010). Random 
hexamers as primers were used to generate cDNA using the Rever-
tAid First Strand cDNA Synthesis Kit (Thermo Scientific). For reverse 
transcript PCR (RT-PCR), sense and antisense primers specific to 
COX1, COX2, COX3, and COB are shown in Table 2. Equal amounts 
of total mitochondrial RNA were mixed with high-molecular-weight 
(HMW) RNA loading dye (95% formamide, 0.025% SDS, 0.1 µg/µl 
ethidium bromide, 0.5 mM EDTA, 1.25× MOPS buffer, 0.25% bromo-
phenol blue, and 0.25% xylene cyanol) and separated on a 1.5% aga-
rose formaldehyde denaturing gel. HMW RNA gel loading dye was 
prepared as described previously (Bhardwaj et al., 2012).

Isolation of mitochondrial fractions from HEK293 cells
HEK293 cells were transfected with either pDP77 (GTPBP8-EGFP) or 
vector alone using Lipofectamine 2000 (Thermo Scientific) accord-
ing to the manufacturer’s protocol. Five 100 mm culture dishes of 
transfected cells with approximately 100% confluency were used to 
isolate mitochondria. Cells were scraped and lysed by being passed 
through a narrow 25-guage needle 15 times. Cells were washed and 
lysed in mitochondrial lysis buffer containing 250 mM sucrose, 50 
mM Tris-Cl, pH 7.4, 150 mM NaCl, 0.5 mM EDTA, 10 mM MgCl2, 1 
mM PMSF, protease inhibitor cocktail, and phosphatase inhibitor. 
Mitochondrial enriched fractions were obtained using a differential 
centrifugation method described previously (Zhao et al., 2019).

Fluorescence microscopy
HEK293 cells were transfected using Lipofectamine 2000 (Thermo 
Scientific) with either pDP77 (GTPBP8-GFP) or vector alone. Cells 
were fixed and stained with MitoTracker Red CMXRos (Invitrogen) 
and 4′,6-diamidino-2-phenylindole (DAPI) (Roche) according to the 
manufacturer’s protocol. Images were captured using a Zeiss LSM 
880 confocal laser-scanning microscope and analyzed using ZEN 
software.

Antibodies used for immunoblot analysis
Mrx8-specific polyclonal antibodies (Link Biotech) were raised in 
rabbits against epitopes ALKKKLNSRPKERLPNWLK and YEKPSNS-
DINKVNRFFNK, which correspond to amino acids 45–63 and 72–89, 

respectively, within the N-terminus, and used at a dilution of 1:500. 
The peptide sequence chosen were based on the likelihood of be-
ing after a cleavable mitochondrial targeting sequence. Antibodies 
used in this study, Mtg2 (1:2000) (Datta et al., 2005); Cox2 (1:50) 
(Pinkham et al., 1994); F1β (1:5000) (Emtage and Jensen, 1993); 
Tim23 (1:5000) (Emtage and Jensen, 1993); Cox1 (1:1000): mouse 
monoclonal (11D8B7), Cox3 (1:1000): mouse monoclonal (DA5BC4) 
and COX IV (1:5000): mouse monoclonal (20E8C12) from Abcam; 
GFP (1:2000): mouse monoclonal (sc-9996), GAPDH (1:4000): 
mouse monoclonal (sc-32233) from Santa Cruz Biotechnology; GST 
(1:5000): mouse monoclonal (GST.B6) from Epitope Biotech. Pro-
teins were separated on either 10% or 12.5% SDS–PAGE and pro-
cessed for immunoblot as described previously (Lin et al., 2004).
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