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ABSTRACT Located in the central protuberance region of the mitoribosome and mitospe-
cific mL38 proteins display homology to PEBP (Phosphatidylethanolamine Binding Protein)
proteins, a diverse family of proteins reported to bind anionic substrates/ligands and impli-
cated in cellular signaling and differentiation pathways. In this study, we have performed a
mutational analysis of the yeast mitoribosomal protein MrpL35/mL38 and demonstrate that
mutation of the PEBP-invariant ligand binding residues Asp(D)232 and Arg(R)288 impacted
MrpL35/mL38's ability to support OXPHOS-based growth of the cell. Furthermore, our data
indicate these residues exist in a functionally important charged microenvironment, which
also includes Asp(D)167 of MrpL35/mL38 and Arg(R)127 of the neighboring Mrp7/bL27m
protein. We report that mutation of each of these charged residues resulted in a strong re-
duction in OXPHOS complex levels that was not attributed to a corresponding inhibition of
the mitochondrial translation process. Rather, our findings indicate that a disconnect exists in
these mutants between the processes of mitochondrial protein translation and the events
required to ensure the competency and/or availability of the newly synthesized proteins to
assemble into OXPHOS enzymes. Based on our findings, we postulate that the PEBP-homol-
ogy domain of MrpL35/mL38, together with its partner Mrp7/bL27m, form a key regulatory
region of the mitoribosome.

SIGNIFICANCE STATEMENT

e The functional significance of the conserved phosphatidylethanolamine binding protein (PEBP)
domain found in all mitochondrial ribosomal mL38 protein family members, is currently unknown.

* Mutations of PEBP-invariant ligand binding residues in the yeast MrpL35/mL38 protein impact its
ability to support OXPHOS-based cellular growth. The authors present evidence that mutations did
not inhibit the process of mitoprotein synthesis but impacted the competency of resulting proteins
to assemble into stable OXPHOS complexes.

e The findings suggest the mL38 proteins may serve to prime and regulate the mitoribosome,
optimizing it to contribute to the posttranslational fate of newly synthesized proteins.
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INTRODUCTION

The mitochondrial oxidative phosphorylation (OXPHOS) enzymes
are oligomeric complexes and mosaics in genetic origin. While the
majority of the proteins that comprise the OXPHOS complexes are
encoded by nuclear genes and synthesized on cytosolic ribosomes,
the remainder, a small number of enzymatically key OXPHOS sub-
units, is encoded by the mitochondrial genome (the mtDNA). In the
yeast Saccharomyces cerevisiae (S. cerevisiae), the mtDNA en-
coded OXPHOS subunits include cytochrome b (Cytb) of the cyto-
chrome bcy enzyme, cytochrome c¢ oxidase (COX) subunits 1, 2,
and 3 (Cox1, Cox2, and Cox3, respectively) and subunits Atpé,
Atp8, and Atp9 of the F1F,-ATP synthase (Borst and Grivell, 1978).
These mtDNA encoded OXPHOS proteins are synthesized on mito-
chondrial ribosomes (mitoribosomes) within the mitochondrial ma-
trix and are cotranslationally inserted into the inner membrane via
the Oxa1 translocase (He and Fox, 1997; Hell et al., 1997, 1998,
2001; Jia et al., 2003, 2009; Gruschke et al., 2010; Haque et al.,
2010; Ott and Herrmann, 2010; Itoh et al., 2021). Assembly of mi-
toribosomal synthesized proteins into the multisubunit OXPHOS
complexes is favored when the process of mitochondrial protein
synthesis is carefully coordinated with the availability of imported,
nuclear encoded OXPHOS partner subunits, a process promoted in
yeast when grown under respiratory-based conditions (Mick et al.,
2011; Dennerlein and Rehling, 2015; Dennerlein et al., 2017,
Anderson et al., 2022). Defects in the mitoribosome function (e.g.,
in overall translational capacity, fidelity, and/or rate of translation)
can potentially lead to a reduction in the levels of nascent chains
produced and/or in their competency to assemble into productive
OXPHOS complexes. Newly synthesized mtDNA encoded proteins
that fail to assemble into OXPHOS complexes are proteolytically
turned over, a process favored under glucose fermentation growth
in yeast. The expression of nuclear encoded OXPHOS partner sub-
units is largely repressed in the presence of glucose, whereas the
process of mitochondrial translation still proceeds. Once uncou-
pled from OXPHOS assembly in this manner, the proteolytic turn-
over of the resulting mitoribosomal synthesized proteins is pro-
moted (Anderson et al., 2022).

Mitoribosomes are distinct entities from their cytosolic counter-
parts, composed of rRNA (encoded by the mtDNA) and protein
components, which, with the exception of one protein in the yeast
S. cerevisiae, the Var1 protein, are encoded by nuclear genes. In
accordance with the endosymbiotic origin of mitochondria, mitori-
bosomes evolved from bacterial ancestors. In addition to their evo-
lutionarily conserved bacterial features, mitoribosomes have ac-
quired novel protein features, so called “mitospecific” elements
(novel proteins or domains/extensions on otherwise conserved pro-
teins) not found in their bacterial relatives (Amunts et al., 2014,
2015; Brown et al., 2014, 2017; Greber et al., 2014; Desai et al.,
2017, Santos et al., 2022). CryoEM analysis of mitoribosomes from
several species have highlighted that the central protuberance (CP)
and the membrane protuberance region represent areas of the
large ribosomal subunit enriched in these mitospecific elements
(Amunts et al., 2014; Brown et al., 2014).

Interfacing with the small ribosomal subunit, the mitoribosomal
CP region also contains protein elements that extend to the peptidyl
transferase center (PTC) of the ribosome, giving it the potential to
influence intersubunit communication and/or the fidelity of the
translational process. The CP is thus considered a key regulatory
area of the mitoribosome, leading to the speculation that the mito-
specific elements enriched in the CP may be molecularly involved in
this regulation (Brown et al., 2014). The core architecture of the
mitochondrial CP region is supported by the mitospecific mL38
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protein and through interactions with other CP proteins (and
MtRNAY? or mtRNAPe in mammalian mitoribosomes) mL38 anchors
the CP region to the rRNA core of the central structure of the large
ribosomal subunit (Amunts et al., 2014; Brown et al., 2014; Greber
et al., 2014; Chrzanowska-Lightowlers et al., 2017). In the yeast
S. cerevisiae, the model organism of this study, the mitoribosomal
CP region is composed of three mitospecific proteins MrpL35/mL38,
MrpL28/mL40, MrpL17/mL46, and of proteins which have bacterial
homologues but have evolved to contain C-terminal mitospecific
extension sequences, such as the MrpL36/bL31m, MrpL7/uL5m,
and Mrp7/bL27m proteins (Amunts et al., 2014; Box et al., 2017,
Desai et al., 2017; Anderson et al., 2022). While the mL38, mL40,
mL46, and bL27m proteins are common components of mitoribo-
somal CP structures across a diverse range of species, the mamma-
lian mitoribosomes display several protein compositional differences
from the fungal CP regions, including the presence of the MRPL58/
ICT1 (a peptidyl-tRNA hydrolase) protein, which physically partners
the mL38 protein on the external surface of the mitoribosome
(Richter et al., 2010; Brown et al., 2014; Aibara et al., 2020).

The mL38 mitoribosomal protein family forms a subgroup of a
larger, diverse family of proteins known as the PEBP (Phosphatidyl-
ethanolamine Binding Protein) protein family, composed largely of
nonmitochondrial, nonribosomal protein members (Serre et al.,
1998, 2001; Tsoy and Mushegian, 2022; Susila and Purwestri, 2023).
PEBP proteins are found in many bacteria, archaea and broadly in
eukaryotes, and include proteins such as the Raf-kinase inhibitor
protein (RKIP) in mammals, and the flowering locus T (FT) protein in
plants (Banfield and Brady, 2000; Chautard et al., 2004; Faure et al.,
2007; Shemon et al., 2010). Involved in diverse cell signaling path-
ways, often underpinning cellular proliferation and differentiation
events, the PEBP proteins were originally named for their proposed
ability to bind the lipid phosphatidylethanolamine (PE) in vitro. The
functional relevance of binding of PE has not been demonstrated
for any PEBP family member to date however (Tsoy and Mushegian,
2022). Rather, the PEBP proteins broadly have been proposed to be
involved in small molecule metabolism, functioning possibly in the
production, conjugation and/or removal of small anionic ligand me-
tabolites (Tsoy and Mushegian, 2022). Crystal structures of PEBP
proteins from plants and mammalian sources indicate that PEBP
family members share a largely B-fold conformation with a con-
served small cavity, a charged ligand binding pocket, close to the
surface of the protein (Serre et al., 1998, 2001; Banfield and Brady,
2000; Tsoy and Mushegian, 2022). CryoEM analyses of yeast and
mammalian mitoribosomes have indicated the characteristic PEBP
B-fold conformation is a conserved feature among the mitoribo-
somal mL38 family members (Amunts et al., 2014, 2015; Brown
et al., 2014). The PEBP domain of the mL38 proteins is exposed to
the external surface of the mitoribosome, raising the possibility that
it may form a binding site within the mitoribosomal CP region for
external ligands or metabolite signaling molecules. Initial evidence
for the potential importance of the PEBP domain in the mL38 pro-
tein family was provided with the isolation of a temperature sensi-
tive yeast MrpL35/mL38 mutant harboring a mutation in a highly
conserved residue within the PEBP domain (Tyr[Y]275 of MrpL35/
mL38; Box et al., 2017).

In this present study we have adopted a mutational approach to
explore the importance of putative ligand-binding domain residues
and other conserved residues within the PEBP-homology domain
for the function of the S. cerevisiae MrpL35/mL38 protein. Our find-
ings demonstrate the functional importance of the putative ligand-
binding pocket for MrpL35/mL38's ability to support respiratory
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FIGURE 1: Identification and mutation of mL38/PEBP conserved residues in MrpL35/mL38.
A) Multiple sequence alignment of select mL38 and PEBP family members was performed with
CLUSTAL O, with amino acid residue numbers indicated. Sequences used and their UniProt

identifiers are: Sc mL38, S. cerevisiae MRPL35/mL38 [Q06678], KI mL38

MRPL35/mL38 [AOASP2UAF8]; Hs mL38, Homo sapiens (human) MRPL38/mL38 [Q96DV4]; Bt

mL38, Bos taurus (bovine) MRPL38/mL38, [Q3ZBF3]; Hs PEBP1, human

PEBP1 bovine PEBP1 [P13696]. Residues corresponding to the bovine PEBP1 CR1 and CR2
regions with their conserved DPDxP.H and GxHR motifs, respectively, and the C-helix region,
are indicated by boxes. Black-shaded, white-type represent residues conserved (*) among all
proteins analyzed, while gray-shaded area indicates conservation between groups of residues

with strongly similar properties (as indicated by the CLUSTAL symbol “:

symbol indicates conservation between residues of weakly similar properties. Residues in red

type in the Sc mL38 sequence indicate those targeted for mutagenesis.
cerevisiae MrpL35/mL38 protein (from PDB 5MRC), with residues targe
indicated in yellow (nonphenotypic) and blue (phenotypic).

growth and highlight a close relationship between MrpL35/mL38
and the C-terminal mitospecific domain of Mrp7/bL27m in this re-
spect. While mutation of conserved features of the PEBP-homology
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pocket is surface exposed and formed by
the C-terminal helix domain (C-helix) and
two strand-connecting regions termed CR1
and CR2, regions of notable sequence con-
servation amongst PEBP family members
(Figure 1A). Furthermore, the PEBP ligand
binding pocket has been reported to con-
tain five “nearly invariant” polar residues,
highly conserved throughout members of
the PEBP protein family (Serre et al., 1998,
2001; Tsoy and Mushegian, 2022). Follow-
ing the bovine PEPB1 protein numbering,
these nearly invariant polar residues corre-

spond to Asp(D)69, Asp(D)71, His(H)85,
His(H)117, and Arg(R)118 (Figure 1A,
Supplemental Table S1). Evolutionary

substitutions in these residues are consid-
ered exceedingly rare among PEBP pro-
teins but have been noted to occur in the
clade of mL38 family members (Tsoy and
Mushegian, 2022). For example, PEBP
nearly invariant residues His(H)85 and
His(H)117 are not found in the fungal
MrpL35/mL38 proteins analyzed yet are
conserved in the mammalian mL38 pro-
teins. A cysteine residue (Cys[C]246) and
glutamine (GIn[Q]287) are present at these
locations in the S. cerevisiae MrpL35/mL38
instead. PEBP nearly invariant residue
Asp(D)69 is not conserved among the mito-
chondrial mL38 members, being replaced by an asparagine residue
Asn(N)230 in S. cerevisiae MrpL35/mL38. The remaining two nearly
invariant PEBP residues, Asp(D)71 and Arg(R)118 (bovine PEBP1

, Kluyveromyces lactis

PEBP1 [P30086]; Bt

"). The CLUSTAL “.”

B) PyMol image of S.
ted for mutagenesis
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numbering) however are fully conserved among the mL38 family
members analyzed and they correspond to residues Asp(D)232 and
Arg(R)288 of S. cerevisiae MrpL35/mL38 (Figure 1A; Supplemental
Table S1). In addition, a number of apolar residues neighboring the
PEBP-signature invariant polar residues are also characteristically
conserved among PEBP members and include (bovine PEBP1 num-
bering) Pro(P)70, Pro(P)73, and Gly(G)115 (Serre et al., 1998, 2001,
Banfield and Brady, 2000; Tsoy and Mushegian, 2022). These resi-
dues are conserved also among the fungal MrpL35/mL38 proteins
analyzed, where they correspond to Pro(P)231, Pro(P)234, and
Gly(G)285 of MrpL35/mL38, respectively. The mL38/PEBP sequence
alignment also revealed several other residues highly conserved
among the mL38/PEBP proteins analyzed (Figure 1A). These resi-
dues (using S. cerevisiae MrplL35/mL38 numbering) include
Thr(T)225, located immediately N-terminal to the CR1 region and
residues Tyr(Y)275, Pro(P)280, and Lys(K)282 within the CR2 region.
Sequence conservation among the PEBP/mL38 proteins was also
observed in the “C-helix” region, and includes residues Trp(W)339,
Trp(W)343, Asp(D)344, and Val(V)347 of S. cerevisiae MrpL35/mL38
(Figure 1A). The C-helix region has been proposed to “gate” access
to the ligand-binding pocket of PEBP proteins and the sequence
conservation highlights the potential importance of this region for
the mL38 proteins (Serre et al., 1998).

To probe the functional relevance of the PEBP-like domain in
MrpL35/mL38, several of the identified conserved residues were
targeted for PCR-based site-directed mutagenesis (Figure 1B; Sup-
plemental Table S1). Selected residues were individually mutated to
Ala(A) and the resulting mrplL35 mutant derivatives were analyzed
for their ability to complement the AmrpL35 yeast mutant, that is, to
support aerobic-based growth on the nonfermentable carbon
source, glycerol (Figure 2A; Supplemental Figure S1). The presence
of MrpL35/mL38 is essential for mitoribosomal translation and
hence for respiratory-based growth (Box et al., 2017; Zeng et al.,
2018). Individual mutation of MrpL35 residues Tyr(Y)139, Arg(R)206,
Thr(T)225, Pro(P)234, Cys(C)246, Tyr(Y)247, Asp(D)274, Pro(P)280,
Gly(G)285, Phe(F)289, Trp(W)339, and Trp(W)343 in this manner had
no major deleterious impact on MrpL35/mL38’s ability to support
aerobic-based metabolism, both at 30°C (optimal growth tempera-
ture for yeast) and under the temperature stress conditions of 37°C
(Supplemental Figure S1, A-F; Supplemental Table S1). Moreover,
double mutants mrpL35P23#AiC24A and mrpL35C246AG285A also dis-
played no discernable growth phenotype, further demonstrating
the nonessential nature of conserved residues Pro(P)234, Cys(C)246,
and Gly(G)285 for MrpL35/mL38's function (Supplemental Figure
S1F; Supplemental Table S1). The absence of a discernable growth
phenotype in these mrpL35 mutants indicates that these residues
are not essential for the function of MrpL35/mL38.

In contrast, mutation of the CR2 conserved residue Lys(K)282 to
Ala(A), that is, mrpL355%82A, resulted in a modest respiratory growth
defect at the elevated temperature of 37°C (Supplemental Figure
S1C). However, the mrpL35P%32A and mrpL35f?884 mutants, bearing
individual mutation of the two PEBP nearly invariant, polar residues
conserved in the mL38 family, that is, Asp(D)232 and Arg(R)288 of
MrplL35/mL38, resulted in an impaired OXPHOS-based growth at
37°C (Figure 2A). Growth of the mrpL35P23%A and mrpL35f2%84 mu-
tants, however, was somewhat better than the previously character-
ized temperature sensitive mrplL35'%754 mutant (Box et al., 2017)
analyzed in parallel. The double mutant mrpL35P232AR288A where
both D232 and R288 residues were mutated in the same MrpL35/
mL38 protein, exhibited a strong respiratory growth defect at 37°C,
indicating that having no charged residues in positions 232 and 288
of MrpL35/mL38 was more deleterious than retaining one or other
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of them (Figure 2A). Given that the mutation of residues Asp(D)232
and Arg(R)288 yielded the strongest impact on MrpL35/mL38'’s abil-
ity to support aerobic-based growth, we focused our next efforts on
exploring functional consequences of these two mutations for cel-
lular OXPHOS capacity and did not further pursue the analysis of
the other mrpL35 mutants at this stage.

Mitochondrial translation and OXPHOS assembly are
uncoordinated in mrpL35 Asp(D)232 and Arg(R)288 mutants
To ascertain whether the Ala(A) mutation of residues Asp(D)232 and/
or Arg(R)288 directly impacted MrpL35/mL38’s ability to support mi-
tochondrial translation per se, we analyzed mitoribosomal activity in
these mrpL35 mutants. Mitochondrial protein synthesis was moni-
tored in mutant cells grown in galactose (an OXPHOS nonrepress-
ible fermentable carbon source) at the permissive (30°C) or stress
temperatures (37°C), using an in vivo [**Smethionine-radiolabeling
approach (in the presence of cycloheximide to inhibit cytoplasmic
protein synthesis; Figure 2, B, upper panels and C). The mitotransla-
tional behavior (level and profile of newly synthesized proteins) of
the single and double Ala(A) exchange mutants, that is, mrpL35P%324,
mrpL35R%88A, and mrpl35P232AR288A - respectively, were compared
with the previously published mrplL35'%754 mutant and wild-type
(WT) MrpL35/mL38 control. Mitochondrial translation activity levels
were similar in all mrpL35 mutants relative to the WT control when
monitored at the permissive temperature of 30°C (Figure 2, B, upper
left panel and C). At the nonpermissive growth temperature of 37°C,
the mrpL35 mutants all retained their capacity to support mitotrans-
lation, as robust mitochondrial protein synthesis was recorded in
each of the mrpL35 mutants (Figure 2, B, upper right panel and C).
A partial reduction of the level of total protein synthesis was re-
corded in the mrpL357?8% mutant, similar to that observed for the
mrpL35%75A mutant, however the mitotranslation activities of the
mrpL35P%2A and double mutant mrplL35P232AR288A, resembled those
of the WT MrpL35/mL38 control (Figure 2C). Despite their retained
capacity for mitochondrial translation when grown at 37°C, a reduc-
tion cellular OXPHOS complex levels, COX (as indicated by steady
state levels of Cox2 subunit), cytochrome bcy (as indicated by Qcr7
levels), and of the F1Fo-ATP synthase (Atp? levels), was observed in
each of the mrplL35 mutants (Figure 2B, right lower panel; Supple-
mental Figure S2A). The OXPHOS complex levels were the least
impacted in the mrplL357f?%A mutant, despite its observed partial
reduction in mitotranslation output displayed at 37°C. A more pro-
nounced decrease in OXPHOS subunits was observed in both the
mrpL35P%32A and mrpL35PZ32ARZEA mytants, where no decrease in
translational outputs was observed at the elevated temperature. The
levels of OXPHOS subunits were not adversely affected in the mu-
tants when grown at the permissive temperature of 30°C (Figure 2B,
lower left panel).

Given the potential importance of the charged PEBP-invariant
Asp(D)232 and Arg(R)288 residues for supporting MrpL35/mL38's
function, we next mutated these residues (individually at first) to
ones of opposite charge. Asp(D)232 was changed to an Arg(R) resi-
due, and Arg(R)288 mutated to Asp(D). Growth of the resulting yeast
strains harboring the mrpL35P?32R and mrpL357?68° derivatives ap-
peared normal at 30°C on fermentable and nonfermentable (respi-
ratory) media (Figure 3A). A strong temperature-sensitive respiratory
growth defect was however observed with the charge reverse
mrpL35 mutants when grown at 37°C, and they resembled the pre-
viously reported mrpL357?7°P mutant analyzed in parallel (Figure 3A).

In vivo radiolabeling indicated that when cultivated in galactose
at 30°C, the overall levels of mitotranslation in the mrpL35 mutant
cells were somewhat elevated relative to the WT control cells, in
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FIGURE 2: Mutation of charged residues Asp(D)232 and Arg(R)288 to
neutral Ala(A) disturbs MrpL35/mL38's ability to support assembly of
OXPHOS complexes. A) 10-fold serial dilutions (dilutions from right to
left) of AmrpL35 strains with pRS413 plasmid containing no insert (-),
or a gene insert encoding the WT MrpL35/mL38 protein (MrpL35"T)
or a mutated mrpL35 derivative, as indicated. Strains were taken from
24 h growths on selective SD plates and spotted onto YP plates
containing either glucose (YPD; 2d) or glycerol (YPG; 3d) and
incubated at either 30 or 37°C. B and C) Indicated mrpL35 strains
adapted to galactose selective synthetic media were grown at 30 or
37°C to mid-log phase, as described in Materials and Methods.
B) Mitochondrial translation capacity was analyzed in vivo for 10 min
in the presence of cycloheximide and [**S]methionine. Cells were
isolated, solubilized, and newly synthesized proteins were analyzed by
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particular for the in the mrpL35P232R and mrplL35Y275P mutants where
a significant increase was measured (Figure 3, B, left upper panel
and C). In contrast when grown at 37°C, the level of all proteins (with
the exception of Var1) synthesized by the mitoribosomes was some-
what reduced in the mrpL35P232R and mrplL35Y%7°P mutants (Figure 3,
B, right upper panel and C). The levels of mitoribosomal translation
in the mrpL35f288D mutant grown at both 30 and 37°C however,
more resembled that of the WT MrplL35/mL38 control, indicating
the impact of the mutation of residues of Asp(D)232 and Arg(R)288
of MrpL35/mL38 did not produce a uniform phenotypic result on
the mitoribosomal capacity for protein synthesis.

Cellular steady state levels of the OXPHOS complex subunits
analyzed in the mrpL35P232R and mrpL357?88° mutant cells grown at
30°C appeared similar to the WT MrpL35/mL38 control (Figure 3B,
lower panels). Mitochondria isolated from the mutants grown at this
permissive temperature displayed normal levels of cytochrome bc;
(complex lll) and F1F,-ATP synthase (complex V) and somewhat re-
duced levels (in particular in the mrpL35P%32R mutant) of COX (com-
plex 1V), as indicated by BN-PAGE analysis (Supplemental Figure
S3). An altered ratio of the Ill,-IV:1l,-IVq supercomplex forms were
observed in the mutants (especially in the mrpL35P23® mutant)
when the analysis was performed with digitonin solubilized mito-
chondrial extracts (Supplemental Figure S3A). The reduction in lll,-
IV, species can be attributed to decreased complex IV levels relative
to complex Il levels and observed when solubilization in dodecyl-
maltoside (DDM) is performed, a detergent that separates complex
Il from IV enabling their individual analysis (Supplemental Figure
S3B). The observed reduction of COX levels in the mrpL35P232%
mutant at the permissive temperature and in contrast to the other
OXPHOS complexes analyzed suggests that COX assembly was
more susceptible to the defect(s) caused by the mrpL35 mutations,
as previously observed for the Tyr(Y)275 mutations of MrpL35/mL38
(Box etal., 2017). When grown at 37°C, a strong reduction in cellular
content of all OXPHOS complexes analyzed, that is, cytochrome
bcy, COX and F1F,-ATP synthase levels (as judged by Cox2, Qcr7
and Atp9 levels) was observed in each of the mrplL35 mutants,

SDS-PAGE and Western blotting, followed by autoradiography
(upper panels). The equivalent of ODggg 0.3 of cells were loaded on
each gel. Steady state levels of OXPHOS proteins Cox2, Qcr7, and
Atp9, and Tim44 (loading control) from these cell extracts were also
analyzed by Western blotting and immunedecoration with indicated
antibodies (lower panels). Note the exposure times for the OXPHOS
subunit decorations in the 37°C samples were approximately twice
that used for the 30°C samples, as OXPHOS assembly, in particular
the COX complex, is generally reduced in 37°C grown cells. The data
from independent Western blots were quantified and summarized in
Supplemental Figure S2A. C) The total amount of proteins
synthesized during the in vivo radiolabeling period for each yeast
strain in B) (i.e., sum of Var1, Cox1, Cox2, Cox3, Cytb, Atp6, Atp8,
and Atp9 synthesis signals) was quantified by phosphorimaging or
ImageJ analysis of resulting autoradiographs. Data from independent
experiments and autoradiographs (n = 2-6) are provided, as indicated.
The total product sum was expressed as a percentage of WT MrpL35/
mL38 WT control for each temperature. The significance between
measurements was determined by one-way ANOVA using GraphPad
Prism 9. Comparison of each mrpL35 mutant to its respective WT
control, resulted in either no significant difference (ns), orin a
significant difference and as indicated by ****, p < 0.0001;
Abbreviations: WT MrpL35/mL38; Y275A, mrpL35Y275A, D232A,
mrpL35P232A; R288A, mrpL35R?88A; D232A;R288A, mrplL35P232AR288A,
D167A, and mrpL35P1¢7A,
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FIGURE 3: Mutation of Asp(D)232 and Arg(R)288 of MrpL35/mL38
causes a disconnect between mitochondrial translation and
OXPHOS assembly. A) Growth phenotype analysis on glucose (YPD;
2d) or glycerol (YPG; 3d) of indicated strains was performed as
described in Figure 2A. B) In vivo labeling of mitochondrial
translation with [**S]methionine, followed by extraction of total
cellular proteins, SDS-PAGE analysis, Western blotting,
autoradiography. Subsequent immunedecorations with indicated
mrpL35 strains, was performed as described in Figure 2B. The
immunedecoration data from multiple independent Western blots
were quantified and summarized in Supplemental Figure S2B.

C) The sum of total radiolabeled products synthesized in each strain
analyzed in B) was quantified, as described in Figure 2C. Data from
independent experiments and autoradiographs (n = 2-5) are
provided. Comparison of each mrpL35 mutant to its respective
WTmcontrol, resulted in either no significant difference (ns), or
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including in the mrpL357?%0 mutant where the mitochondrial trans-
lation activity was not compromised and paralleled that of the WT
control (Figure 3B, lower right panel; Supplemental Figure S2B).
Furthermore, the reduction in OXPHOS content in the mrpL35P%32R
and mrpL35f?%D mutants grown at 37°C was more pronounced
than observed in the mrpL35P%32A and mrpL357?%%A mutants at this
temperature (Figure 2B; Supplemental Figure S2, A and B). We con-
clude that the introduction of a residue of opposite charge in these
positions of MrpL35/mL38 was more detrimental to function than
having no charge. Together with the Ala(A) mutation results, these
data indicate that the mutation of residues Asp(D)232 and Arg(R)288
impairs the ability of MrpL35/mL38 to support OXPHOS assembly
in particular at elevated stress temperatures, and the primary cause
of this defect does not appear to be attributed to a parallel inhibi-
tion of the mitotranslation process per se.

Residues Asp(D)232 and Arg(R)288 may function together
to ensure MrpL35/mL38’s ability to support effective
OXPHOS complex assembly

PEBP-invariant residues Asp(D)232 and Arg(R)288 of MrpL35/mL38
are located in two highly conserved aspects of PEBP proteins known
as the DPDxP and GxHR motifs of the CR1 and CR2 regions, respec-
tively, and which together form critical aspects of the putative li-
gand binding pockets of the PEBP domains (Figure 1A). Structural
analysis of mammalian and plant PEBP proteins, have shown that
the PEBP-invariant residues corresponding to MrplL35/mL38's
Asp(D)232 and Arg(R)288 residues, that is, bovine Asp(D)71 and
Arg(R)118, interact through a salt-bridge arrangement (Banfield
et al., 1998; Serre et al., 1998, 2001; Banfield and Brady, 2000;
Mima et al., 2005; Gombault et al., 2007). The available cryoEM
structures of yeast mitoribosomes (Amunts et al., 2014; Desai et al.,
2017) support that Asp(D)232 and Arg(R)288 residues of MrpL35/
mL38 are also sufficiently close to each other to be paired in a salt-
bridge formation (predicted 2.8-3.3 as As distance; Figure 4A) and
thus the elimination of a charge by an Ala(A) substitution, or the
exchange for a residue of opposite charge could adversely impact
their potential salt-bridge pairing. Whether solely present in a
paired interaction, we argued that reversing both charges, that is,
the creation of the double mutant mrpL35P232RR288D may result in a
functional  mrplL35 protein. Respiratory-based growth — of
mrplL35P232RiR2880 mytant (Figure 4B) however resembled that of the
mrpL35PZ32ARZEA mutant (Figure 2B) by exhibiting a strong growth
defect at 37°C, indicating that the double charge reverse mutant
did not fully restore MrpL35/mL38's function. After an extended in-
cubation period on glycerol at 37°C, we routinely observed the
emergence of a small number of single-cell colony, suppressor-like
strains in the mrpL35P232RiR2880 samples, which were notably absent
in the mrpL35PZ32ARZ88A samples (unpublished results). When a rep-
resentative suppressor strain was isolated and cultivated, its growth
was barely apparent at 37°C, and remained strongly reduced in
comparison to the WT MrpL35/mL38 control (Figure 4B). Although
not genetically further analyzed here, the emergence of the sup-
pressors in the mrplL35P?32RR288D mytant is indicative that the double
charge reverse may have conferred a slight functional advantage to
MrpL35/mL38 over the double Ala(A) mutant. Finally, the lack of
ability of the mrpL35P232RiR288D 1o fully restore growth to the AmrplL35

in a significant difference and as indicated by **, p < 0.01;

***% p < 0.0001. Strains: WT MrpL35/mL38; Y275D,

mrpL35Y275P, D232R; mrpL35P%32R; R288D, mrpL3572%0; D167R, and
mrpL35P167R,

Molecular Biology of the Cell



A C 30°C 37°C
¥ ¥
R S R oS
PUar & &
« 5 & &
wa & ¥ $

Var1
+ Cox1

35 e —— [ COX2
+ Cytb

25 —— + Cox3
— — [ Aipe

18.4

[o9)

B . S - AtDS
S — A 100

YPD 30°C (2d) YPG 30 °C (2d)

. N MrpL35%T

kDa __in vivo [°S]-labeling
(D mrpL350232R:RZBBD 35 Cox2
Qer7
Atp9

—_— — [ Tima4

in vivo [F°S]-labeling

L W mrpl 35P22RR28IDISUPT

mrpL350232R:R285D+EP
45

35 1 cm—— —| 120
Western blot analysis

AmrpL35 +

-—
—_—
—

—
POIIN | c— c—
— ——— —

YPD 37°C (2d)  YPG 37 °C (3d)

Western blot analysis

[ N MrpL35"T D 5, —30C 150, —1°C
. ) ~
9 mrpl.350252RR285D E ns i E ns A”S
N 5 s
g mrpl.350252RR28D/SUPT e\i 100 8100
< g g
D232R;R288D. °© S
mrpL35 +EP § 50 § 50
i mrpL 35DP232RR288D o
g 3
g o - 2o "
< P&q,?* q§§> & %‘b‘?" q:gt?
& & L
5 FOR
& RN

FIGURE 4: Residues Asp(D)232 and Arg(R)288 of MrpL35/mL38 exist in close proximity to
each other and together are required for ensuring effective assembly and stability of newly
synthesized proteins. A) PyMol image of S. cerevisiae MrpL35/mL38 (red) protein (from PDB
5MRC), illustrating proximity of residues (approximate A distances indicated) Asp(D)232 and
Arg(R)288 to each other and also to Arg(R)127 of Mrp7/bL27m (slate blue) and Asp(D)167 of
MrpL35/mL38, respectively. B) Growth phenotype analysis of indicated strains was performed
as described in Figure 2A and incubated for number of days indicated. Note independent
suppressor strains are visible in the mrpL35P232RiR28D samples after 6 d growth on YPG at 37°C
(unpublished data). One such independent suppressor isolated from the mrpL35P232RiR288D
strain after prolonged growth at 37°C was also analyzed in parallel, as indicated by
mrplL35P232RR28ED/SUPT The mrp 35P232RiR288D strain harboring the pVT100U-ADH-
mrpL35P232RR28ED plasmid (indicated by +++ mrplL35P232RiR288D) 1o constitutively overexpress the
mrplL35P232RR288D protein was also analyzed together with its control, the mrplL35P232RiR288D
strain transformed with the empty (i.e., not insert) pVT100U-ADH1 plasmid (EP), as indicated
by mrpL35P232RR288DLEP. C and D) In vivo radiolabeling of mitotranslation was monitored in
indicated mrpL35 strains grown in galactose-media at 30°C (left panels) or 37°C (right panels),
as described in Figure 2B. Cell extracts were analyzed by SDS-PAGE, Western blotting, and
autoradiography (C, upper panels). Immunedecorations were also performed (C, lower panels)
to analyze steady-state levels of indicated OXPHOS subunits and the Mrp20/uL23m (Mrp20)
protein; Tim44 and porin were used as loading controls. The OXPHOS subunit
immunedecoration data from multiple independent Western blots were quantified and
summarized in Supplemental Figure S2C. D) The sum of total radiolabeled products
synthesized during the in vivo radiolabeling assay in B) was determined, as described in Figure
2C. The analysis of two independent autoradiographs of technical replicates each from two or
three independent experiments, as indicated, was performed. The significance between
measurements was determined by one-way ANOVA using GraphPad Prism 9. Comparison of
each mrpL35 mutant to its respective WT control, resulted in either no significant difference
(ns) or in a significant difference (*, p < 0.1), as indicated. Strains: WT MrpL35/mL38;
D232A;R288A, mrplL35P232AR288A; D232R;R288D, and mrpL35P232RiR288D,

strain was not due to an indirect effect of potentially limiting levels
of the mutant mrpL35 protein because when overexpressed from a
high copy-number plasmid and under control of strong, constitutive
ADH1 promoter, the mrpL35P232RR288D protein did not rescue the

growth of the AmrpL35 mutant (Figure 4B). complexes.
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In  vivo radiolabeling analysis on
galactose-grown cells indicated that the
mrpL35P232RR288D  mutant,  like  the
mrpL35P232AR28A muytant, exhibited normal
levels of mitochondrial translation when
cultivated at 30 and 37°C, including normal
levels of Var1 synthesis (Figure 4, C and D).
Consistently, analysis of the mitochondrial
ribosome content of these mutants (as
measured by levels of Mrp20/ul23)
demonstrated that levels were not reduced
relative the WT control (Figure 4C, lower
panels) and even determined to be slightly
elevated (Mrp20/uL23m levels in both
mutants at 37°C were determined to be
~120% of WT control). Whereas a slight re-
duction in translational output was ob-
served in the mrpL35P232AR288A mytant at
the nonpermissive temperature of 37°C,
mitotranslation in the mrpl35P232RiR288D m-
tant closely resembled the WT MrplL35/
mL38 control (Figure 4, C, upper right panel
and D). Despite the robust mitochondrial
protein synthesis output of these mutants, a
strong decrease in OXPHOS complex lev-
els, as indicated by Cox2, Qcr7, and Atp?
steady-state levels, was observed in the
mrpL35P232RR288D mutant when cultivated
on galactose at 37°C, where they appeared
similar to those in the mrplL35P232AR288A
mutant (Figure 4C, right lower panels; Sup-
plemental Figure S2C). When analyzed at
the permissive temperature of 30°C, mito-
chondrial protein synthesis output in both
mutants was similar, or even slightly
elevated, from the WT control. Cellular
OXPHOS levels appeared normal also in
these mutants when grown at the permis-
sive temperature. A similar result was also
obtained when the mrpl35P232AR288A
mutant was grown in glycerol (respiratory)
medium at the permissive temperature,
illustrating the balance of protein synthesis
and OXPHOS assembly was similar in this
mutant under both fermentation (galac-
tose) and respiratory growth conditions
(Supplemental Figure S4).

In summary, as MrpL35/mL38 is essential
for normal mitoribosomal assembly and for
protein translation (Zeng et al., 2018), we
can conclude from the retention of the
translational capacity in the mrpL35 mutants
that the introduced mutations did not
render MrpL35/mL38 (or Varl) potentially
instable and thus limiting in levels for ribo-
somal translation per se. Rather, we con-
clude that when performed under elevated

temperatures, in contrast to permissive temperatures, the process
of mitochondrial protein synthesis in the mrplL35P232AR288A gnd
mrpL35PZ32RiR2880 muytants yields proteins with impaired compe-
tency and/or availability to be effectively assembled into OXPHOS
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Residues Asp(D)232 and Arg(R)288 of MrpL35 are in close
vicinity of Asp(D)167 of MrpL35/mL38 and Arg(R)127 of
Mrp7/bL27m

The inability of the double charge reversal mutant mrpl35P232RiR288D
to fully restore the function of MrpL35/mL38 to ensure mitotransla-
tion yielded assembly competent nascent chains could indicate that
Asp(D)232 and Arg(R)288 may not be exclusively present in a salt-
bridge paired relationship with each other, but that these residues
may (also) interact with other charged residues in their proximity.
Residues Asp(D)232 and Arg(R)288 of MrpL35/mL38 are located in
a "“charged” microenvironment, which includes Asp(D)167 of
MrpL35/mL38 and Arg(R)127 in the C-terminal mitospecific domain
of the neighboring Mrp7/bL27m protein (Figure 4A) The measured
distance of 2.8-3.0 A between Asp(D)232 of MrpL35/mL38 and
Arg(R)127 of Mrp7/bL27m could also indicate a possible functional
pairing between these residues. Likewise, the closeness of Arg(R)288
and Asp(D)167 residues (3.2 A measured distance) of MrplL35/mL38
could suggest that these residues may directly interact and support
each other too.

To further investigate the possible functional significance of this
charged residue arrangement, we created mutant yeast strains har-
boring either Asp(D)167 mutated derivatives of MrpL35/mL38 or
Arg(R)127 mutants of Mrp7/bL27m. We individually mutated these
residues either to neutral Ala(A) (i.e., mrpL35P1¢7A or mrp7R1274) or to
residues of opposite charge (i.e., mrpL35P17R or mrp7R'?7P), as
given the charge cluster arrangement of these residues, we antici-
pated the introduction of opposite charges may be more detrimen-
tal than introduction of a neutral Ala(A) substitution, as we had ob-
served with the Asp(D)232 and Arg(R)288 mutants.

Expression of the mrplL35P1674 derivative restored the respira-
tory-based growth defect of the AmrpL35 null mutant strain at both
30 and 37°C, as growth of the mrpL35P174 strain mirrored that of
the WT MrpL35/mL38 control (Figure 2A). While the mrplL35P167R
mutant appeared to grow normally at 30°C, a strong growth defect
was observed at the stress temperature of 37°C on glycerol, the
nonfermentable carbon source, illustrating the deleterious impact
of the introduction of a positive charge into this region of MrpL35/
mL38 (Figure 3A). Mitochondrial translation, as monitored by in vivo
radiolabeling with [¥*SJmethionine, was not compromised in the
mrpL35P1¢7A and mrpL35P1¢7R mutants grown when both at 30 and
37°C (Figures 2, B and C; 3, B and C), indicating that removal or re-
versal of the charged residues at this position did not inhibit MrpL35/
mL38’s ability to support mitochondrial translation. Despite an ob-
served elevation in level of mitochondrial protein synthesis in the
mrpL35P187R mutant when grown at 37°C, a strong decrease in cel-
lular OXPHOS enzyme content (as indicated by Cox2, Qcr7, and
Atp? levels) was observed, consistent with the impaired respiratory
growth behavior of this mutant observed at the stress temperature
(Figure 3B, right lower panel; Supplemental Figure S2B). On the
other hand, cellular OXPHOS content levels were only slightly re-
duced in the mrpL35P'¢’A mutant at 37°C (Figure 2B; Supplemental
Figure S2A), consistent with the observed ability of this mutant to
support normal respiratory-based growth at the elevated tempera-
ture (Figure 2A).

Independent mutational analysis of residue Arg(R)127 of the
neighboring Mrp7/bL27m protein, highlighted the importance of
this charged residue also (Figure 5). The presence of Mrp7/bL27m is
required for respiratory-based growth and mutation of residue
Arg(R)127 of Mrp7/bL27m to a neutral Ala(A) residue, that is,
mrp7R127A did not appear to impact Mrp7/bL27m’s ability to support
growth on the nonfermentable carbon source glycerol at 30 or 37°C
(Figure 5A). On the other hand, exchange of this residue with one of
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an opposite charge, that is, mrp7~'?’P, proved more deleterious for
Mrp7/bL27m'’s ability to support growth, as impaired growth capac-
ity was observed on glycerol medium at 37°C. The importance of
the presence of a charged residue in this position of Mrp7/bL27m
was indicated by the observation that substitution of Arg(R)127 with
another positively charged residue, Lys(K), that is, the mrp7%'?7¥, did
not negatively impact Mrp7/bL27m’s ability to support respiratory-
based growth of the result mutant (Figure 5A).

In vivo radiolabeling experiments with [**SJmethionine indicated
that the mitoribosome translational capacity appeared not to be
adversely affected through the mrp7%'27A or mrp7R127P mutations, at
30 or 37°C (Figure 5, B, upper panels and C). However, consistent
with the reduced growth at the elevated temperature, a reduction
in the steady state levels of OXPHOS complex subunits Cox2, Qcr7,
and Atp9 was measured in the mrp78127® mutant grown at 37°C
(Figure 5B, right lower panel; Supplemental Figure S2D). We there-
fore conclude that charged nature of the residue Arg(R)127 of
Mrp7/bL27m and location in close proximity to the Asp(D)167,
Asp(D)232, Arg(R)288 of MrplL35/mL38, is important for Mrp7/
bL27m’s ability to support the assembly of the OXPHOS system in
yeast mitochondria.

The impaired OXPHOS capacity of the mrpL35 mutants

is not due to a compromised Pth4 protein

In the human mitoribosome a close structural relationship has been
shown to exist between mL38 and an externally facing protein
termed MRPL58/ICT1. ICT1 is a putative peptidyl-tRNA hydrolase,
which may function to release the polypeptide from the peptidyl
tRNA from ribosomes stalled during the translational process
(Richter et al., 2010; Akabane et al., 2014; Chicherin et al., 2021;
Kummer et al., 2021). Although the yeast homologue of ICT1, Pth4,
has not been found as a structural component of the yeast mitoribo-
some (Dujeancourt et al., 2013; Amunts et al., 2014; Hoshino et al.,
2021), we cannot exclude the possibility that a transient relationship
between MrpL35/mL38 and Pth4 may exist. We therefore probed
whether the OXPHOS assembly defects observed in the mrplL35
mutants simply reflected a compromised Pth4 protein function. The
PTH4 gene was genetically knocked out in the WT MrpL35/mL38
and mrpL35P%2R mrplL35Y275P, and mrplL357%880 mutant cells and
the impact of the absence of Pth4 on cellular levels of mitochondrial
translation and OXPHOS complex assembly was then analyzed in
cells grown at 30 and 37°C (Figure 6, A and B). In WT MrpL35/mL38
cells, absence of Pth4 protein was correlated with a minor reduction
in overall mitochondrial translational levels at 37°C (Figure 6B).
Western blotting of Cox2, a representative OXPHOS subunit, indi-
cated that the absence of Pth4 did not significantly compromise the
levels of the COX complex in WT MrpL35/mL38 cells when grown at
30 or 37°C (Figure 6, A and B, lower panels). We conclude that Pth4
is not required for mitochondrial translation or the subsequent as-
sembly of nascent chains into stable OXPHOS enzymes, consistent
with previous reports (Hoshino et al., 2021). The absence of Pth4 in
the mrpL35 mutants analyzed had a similar effect as in WT cells, that
is, did not greatly impact the overall mitoribosomal translation activ-
ity levels at 30 or 37°C and resulted in a minor decrease (in the
already strongly decreased levels) of OXPHOS complexes in each of
the mrpL35 mutants grown at 37°C. Comparing the phenotypes of
the WT MrplL35;Apth4 cells (i.e., continued mitotranslation and a
minor impact on OXPHOS complex levels) versus those of the
mrpl35 mutants £ Pth4 (i.e., the continued mitotranslation, but
strongly compromised OXPHOS assembly levels), the phenotypes
of the mrplL35 mutations were significantly more deleterious than
those caused by the absence of Pth4 alone. We therefore conclude
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FIGURE 5: Residues Arg(R)127 of Mrp7/bL27m is important to
ensure mitotranslation yields products competent for OXPHOS
assembly. A) 10-fold serial dilutions of Amrp7 strains with pRS413
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the OXPHOS assembly defects observed in the mrpL35 mutants
cannot be simply attributed to an impaired Pth4 function, but rather
reflect the compromised ability of the mitoribosome to synthesize
proteins with the ability and/or opportunity to assemble into stable
OXPHOS complexes.

DISCUSSION

The mL38 proteins are mitochondrial-specific ribosomal proteins
found through diverse eukaryotic cells. Forming key components of
the CP region of the mitoribosome, mL38 proteins from diverse spe-
cies are unified by the presence of their PEBP-homology domain.
The polar nature of the “nearly invariant” PEBP residues has led to
the speculation that the ligand binding cavities of PEBP proteins
may represent catalytically active centers, rather than inert ligand-
binding sites, and that the PEBP proteins, involved in diverse signal-
ing pathways, may have enzymatic functions related to small mole-
cule (e.g., sugars or ribonucleoside moieties) metabolism (Tsoy and
Mushegian, 2022). Although the available cryoEM mitoribosomal
structures indicate that mL38 proteins are structurally similar to
PEBP proteins with their characteristic ligand binding cavities, the
mL38 proteins form a separate evolutionarily diverged clade of the
PEBP family, as several of the “nearly invariant” polar PEBP residues
characteristic of the “classical PEBP members” are not universally
preserved among the mL38 family members (Tsoy and Mushegian,
2022). This sequence divergence has led to the speculation that the
mL38 clade of PEBP proteins may have acquired a new molecular
function through evolution (Tsoy and Mushegian, 2022). Given the
structural conservation of PEBP ligand binding cavity of mL38, and
its external exposure on the surface of the CP, a key regulatory re-
gion of the mitoribosome, it is tempting to speculate that while the
mL38 proteins may not represent catalytically active PEBP mem-
bers, they may have retained the capacity to bind and respond to a
small molecule ligand or regulator through their PEBP-like domains,
possibly to modulate an aspect of the mitoribosomal translational
process.

To support that features of the PEBP ligand binding cavity are
important to MrpL35/mL38's function, our results here demonstrate
that the two PEBP “nearly invariant” polar residues conserved
among mL38 family members, and equivalent to Asp(D)232 and
Arg(R)288 of yeast MrpL35/mL38, are critical for the ability of
MrpL35/mL38 to support respiratory-based growth of the cell,

plasmid containing no insert (<), or a gene insert encoding the WT
Mrp7/bL27m protein (Mrp7*'T) or a mutated mrp7 derivatives, as
indicated. Cells were plated and grown as described in Figure 2A.

B and C) In vivo radiolabeling of mitotranslation was monitored in
indicated mrp7 strains grown in galactose medium at 30 or 37°C, as
described in Figure 2B. Cell extracts were analyzed by SDS-PAGE,
Western blotting, and autoradiography (B, upper panels), followed by
phosphorimaging C), as described in Figure 3C. Immunedecorations
were also performed (B, lower panels) to analyze the steady state
levels of indicated OXPHOS subunits in each strain; Tim44 was used
as a loading control. The OXPHOS subunit immunedecoration data
from independent Western blots were quantified and summarized in
Supplemental Figure S2D. C) Phosphorimager analysis of two
independent autoradiographs of technical replicates was performed.
The significance between measurements was determined by one-way
ANOVA using GraphPad Prism 9. Comparison of each mrp7 mutant
to its respective WT control, resulted in either no significant difference
(ns), or in a significant difference and as indicated by *, p < 0.05;

**, p<0.01. Strains: WT Mrp7/bL27m; R127A, mrp7R'?’A; R127D, and
mrp7R1270,
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Western blot analysis

OXPHOS assembly defects observed in the mrpL35 mutants
are not due to the functional absence of Pth4, the yeast ICT1 homolog.
A and B) The indicated strains were propagated in galactose medium at
30°C A) or 37°C B) and in vivo radiolabeling of mitotranslation was
monitored in the presence of [¥S]methionine and as described in
Figure 2B. Cell extracts were analyzed by SDS-PAGE, Western blotting,
and autoradiography (upper panel) and through immunedecorations
(lower panels) to analyze the steady-state levels of indicated OXPHOS
subunits; Tim44 and porin were used as loading controls. Strains: PTH4
or Apth4 indicates the presence or absence of the PTH4 gene,
respectively in the following yeast strains: WT MrpL35/mL38; Y275D,
mrpL357275P; D232R, mrpL35P%32R; R288D, and mrpL357288D,

especially under temperature-stress conditions. Mutation of the
Asp(D)232 and Arg(R)288 residues had significant impact for
MrpL35/mL38's ability to ensure normal steady state levels of
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OXPHOS complexes cytochrome bcy, COX and F1Fo-ATP synthase
at elevated growth temperatures (37°C). The corresponding invari-
ant residues in other PEBP proteins (e.g., bovine PEBP1 Asp[D]71
and Arg[R]118) have been shown to be physically associated with
each other through a salt-bridge arrangement (Banfield et al.,
1998; Serre et al., 1998, 2001; Banfield and Brady, 2000). While the
phenotypic impact of the individual mutation of either Asp(D)232
or Arg(R)288 would support a similar arrangement of these residues
in yeast MrpL35/mL38 protein, it is important to note that our find-
ings may suggest that Asp(D)232 and Arg(R)288 may not be exclu-
sively present in a salt-bridge formation. Mutation of Asp(D)232 (to
an opposite charge) appeared more deleterious in terms of sup-
porting mitochondrial translation than the corresponding charge-
reverse mutation of Arg(R)288. Second, the double Ala(A) mutant,
mrpL35P232AR288A nerformed significantly worse at supporting re-
spiratory-based growth than either of the individual single Ala(A)
mutants, and finally, the double charge reverse mutant,
mrpL35P232RR288D - did not restore function, even when overex-
pressed. The mrplL35PZ32RiR288D mytant, unlike the mrplL35P232AR2884
mutant, also yielded some spontaneous suppressor strains, which
exhibited a partial restoration of respiratory growth at elevated
growth temperatures. While Asp(D)232 and Arg(R)288 may exist in
a relationship with each other, based on our findings, we consider
it possible when one or other is mutated, or during a natural dy-
namic conformational change of the MrpL35/mL38 protein, that
other charged residues in their vicinity may also play a supportive
(and dynamic) role. Our data presented here would support that
residues Asp(D)167 of MrplL35/mL38 and Arg(R)127 of Mrp7/
bL27m are important for the function of their respective proteins
and may represent alternative partners to Asp(D)232 and Arg(R)288
of MrpL35/mL38, respectively.

It is important to note that while our data highlight the impor-
tance of the PEBP invariant residues Asp(D)232 and Arg(R)288 resi-
dues for the function of mitoribosomal MrpL35/mL38 protein to
support the respiratory activity of the cells, our in vivo labeling anal-
ysis would indicate that the primary cause of the OXPHOS defi-
ciency observed in the mrplL35 mutants cannot be attributed to a
corresponding inhibition in the mitochondrial translational process
per se. A severe respiratory growth defect and a decrease in steady
state levels of OXPHOS complexes were recorded in the
mrpL35PZ32ARZEA and mrpl 35P232RR2BED. mutants (as well as in the
corresponding single Asp(D)232 and Arg(R)288 mutants) when
grown at 37°C, yet the levels mitochondrial protein translation re-
mained largely unaffected in these cells. A similar disconnect be-
tween the process of mitochondrial protein synthesis and the op-
portunity and/or competency of newly synthesized proteins to
assemble into OXPHOS complexes, was also observed in the
mrpL35P1¢7R and mrp7R12’P mutants at the nonpermissive tempera-
ture. From the observed retention of mitochondrial translational ca-
pacity in the analyzed mrplL35 and mrp7 mutants, we can infer that
the assembly and stability of the mitoribosome, and thus MrpL35/
mL38’s interactions with other mitoribosomal proteins and/or its
own functional levels (or the content of mitoribosomal subunit Var1)
were not grossly perturbed through these mutations. We therefore
conclude that the deleterious impact of these mutations was inde-
pendent of the mitoribosomes ability to perform translational pro-
cess per se but rather resulted in a change which adversely affected
the posttranslational fate of the resulting newly synthesized
proteins.

Why do these CP mutations, which have little effect on mito-
chondrial translation in terms of translational output levels, result
in newly synthesized proteins perturbed in their assembly into
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OXPHOS complexes? Assembly of mtDNA encoded proteins to
form stable and functioning OXPHOS enzymes is a multistep pro-
cess. It requires not only the synthesis of mtDNA encoded proteins,
but also their folding, membrane insertion (with correct topology
attainment), prosthetic group/cofactor incorporation and stepwise
unification with their nuclear encoded OXPHOS partners. The fidel-
ity, rate (including possible need for pausing of translation to ensure
cotranslational membrane insertion), and the location of translation
(with respect to both membrane insertion sites and the meeting
zone for assembly with imported nuclear encoded partners) are all
critical steps in the OXPHOS complex assembly process. A failure of
the mitoribosome to effectively perform one or more of these criti-
cal steps, may not result in a protein synthesis defect per se, but
could potentially contribute to the compromised opportunity and/
or competency for the newly synthesized protein to effectively as-
semble to form an OXPHOS complex. No accumulation of the pre-
cursor species of Cox2 (pCox2) was observed in any of the mrpL37
or mrp7 mutants analyzed in this study. The pCox2 species is pro-
cessed to its mature form by the Imp1 peptidase on the intermem-
brane space side of the inner membrane (Hell et al., 1997). The ab-
sence of a pCox2 species is an indication that at least the initial
cotranslational insertion of the N-terminal region of this protein has
successfully proceeded in these mutants. It is important also to con-
sider that the reduction in OXPHOS complex content observed in
the mrplL35 mutants despite ongoing mitotranslation, could in the-
ory be attributed to compromised expression of the nuclear en-
coded OXPHOS partner subunits in these mutants. Hypothetically,
this scenario could occur if MrpL35/mL38 and/or the CP region of
the mitoribosome were to be involved in a signaling pathway to the
nucleus to influence the expression of nuclear genes that encode
mitochondrial proteins and normally repressed under non-OXPHOS
promoting conditions (e.g., glucose fermentation). Failure to en-
gage this hypothetical signaling mechanism in the mrpL35 mutants
would result in continued mitoprotein synthesis (nuclear encoded
mitoribosome and import machinery components are not encoded
by glucose-repressed genes [Morgenstern et al., 2017]) but uncou-
pled from downstream OXPHOS assembly events due to the limit-
ing levels of available nuclear encoded OXPHOS protein partners.
While we cannot rule out the possibility from our current analysis, we
noted the levels of another glucose repressed (non-OXPHOS) nu-
clear encoded protein porin was unaffected in the mrpL35 mutants
analyzed (e.g., Figures 4C and 6) suggesting that the regulated ex-
pression of nuclear encoded mitochondrial proteins may not be
globally compromised in these mrpL35 mutants. Rather, to explain
the observed reduction in OXPHOS content in the mrpL35 mutants
we favor a model where the disconnect between the processes of
mitotranslation and the OXPHOS assembly as a result of the muta-
tions of MrpL35/mL38 and Mrp7/bL27m reported here may be one
caused by impact to the fidelity, timing, and/or location of the trans-
lational process. The CP region of the mitoribosome has the poten-
tial to influence the translational process and its fidelity, as CP pro-
teins MrpL28/mL40 and Mrp7/bL27m extend via their N-termini
directly into the PTC of the ribosome, where in the human mitoribo-
some they have been shown to interact with the tRNAs at the A-
and/or P-site, respectively (Amunts et al., 2014, 2015; Brown et al.,
2014, 2017; Aibara et al., 2020). The MrpL35/mL38 protein forms
close partnership with the C-terminal domains of both MrpL28/
mL40 and Mrp7/bL27m within the CP, making it possible that con-
formational changes in mL38 for example, upon ligand binding at
its PEBP domain, could be communicated to exert an influence on
the PTC of mitoribosome, via the partner mL40 and bL27m proteins.
We observed that the newly synthesized Cox1 and Cox2 proteins

Volume 34 December 1, 2023

were more susceptible to enhanced proteolytic turnover in the
mrpL35PZ32ARZ8EA mutant (unpublished results), which would be con-
sistent with a translational fidelity or folding defect and may be a
contributing factor to the observed particular susceptibility of the
COX assembly process in the mutants. However, increased proteo-
lytic turnover of newly synthesized proteins was not the case for the
other mitoribosomal synthesized proteins (Var1, Cytb, Cox3, and
Atpb6; unpublished results). The latter class of newly synthesized pro-
teins displayed similar proteolytic turnover patterns in the
mrpL35PZ32ARZA in pulse chase experiments as their counterparts
in WT control, making it unclear whether alterations in the fidelity of
translation is the primary underlying defect in the mrpL35 mutant.

In addition to actually synthesizing the mtDNA encoded pro-
teins, we propose here that the mitoribosome may have a part in
determining the posttranslational fate of its synthesis products.
We have recently speculated that the mitoribosome is primed to
function differently under respiratory metabolic conditions when
OXPHOS assembly is promoted versus glucose-fermentation con-
ditions where proteolytic turnover of the mitotranslation products
is in contrast prioritized (Anderson et al., 2022). Our findings here
indicate that the CP region, specifically MrpL35/mL38 and its PEBP
ligand binding domain, may play a key role to ensure this differen-
tial "priming”, possibly by binding a metabolic ligand specifically
which is enriched in the mitochondrial matrix under respiratory
promoting conditions. The limited availability of this ligand under
glucose fermentation conditions (or a limited binding capacity
when the integrity of the mL38 ligand binding pocket may be per-
turbed through mutation) would favor a mitoribosome primed to
promote translation but physically uncoupled from downstream
OXPHOS assembly events. The mrpL35 PEBP mutants analyzed
here may thus function to prime the mitoribosome under stress
temperatures to operate independently from the downstream
assembly events, normally designed to optimize OXPHOS com-
plex assembly under respiratory demanding growth conditions
(Dennerlein and Rehling, 2015; Dennerlein et al., 2017; Anderson
et al., 2022).

In sum, due to the genetically mosaic nature of the mitochondrial
OXPHOS complexes, the mitochondrial ribosome, in contrast to its
bacterial ancestor, needs to have evolved regulatory mechanisms to
ensure its translational activity is coordinated with nuclear gene
expression when needed to respond to cellular needs promoting
OXPHOS complex assembly. We speculate here that mitospecific
ribosomal proteins such as mL38 may serve to differentially prime
and regulate the mitoribosome, and in doing so, contribute to
the posttranslational fate of the newly synthesized proteins. Future
experiments will address the nature of the putative ligand binding
to the PEBP homology domain of the mL38 proteins.

MATERIALS AND METHODS

Yeast strains and growth conditions

All strains used in this study are derivatives of the S. cerevisiae
haploid W303-1A genetic background (W303-1A, mat a, leu2,
trp1, his3, and ade2). They include the AmrpL35 (MRPL35::KAN)
and Amrp7 (MRP7::KAN) mutant strains, with a pRS413 plasmid
borne WT MRPL35/mL38 or MRP7/bL27m (Box et al., 2017;
Anderson et al., 2022) or mutant gene derivatives, as indicated.
The chromosomal PTH4 open reading frame was replaced
through homologous recombination in the WT MrpL35/mL38 and
indicated mrpL35 mutant yeast strains using a PCR-amplified
URAS3 cassette flanked by 5" and 3" PTH4 gene specific sequences
and confirmed through analytical PCR. All strains were cultured
using standard protocols on minimal synthetic medium (S)
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supplemented with (when appropriate) uracil, tryptophan,
leucine, adenine, or whether indicated, on full YP (Yeast extract,
peptone) media, with glucose (2%), galactose (2%), or glycerol
(3%) as carbon source, as indicated.

Generation of mrpL35 and mrp7 mutants

PCR-based site directed mutagenesis was performed to create the
indicated mrpL35 mutants using the previously cloned pRS413-
based plasmid containing WT MRPL35/mL38 open reading frame
and 5" and 3’ regulatory regions (Box et al., 2017) as the template
DNA. Mutation of targeted codon(s) was verified following se-
quencing of the entire mrplL35 gene insert and the resulting recom-
binant pRS413 plasmid was introduced into the haploid AmrplL35
yeast strain harboring the WT MRPL35 gene on a pRS316 (URA3)
plasmid (Box et al., 2017). A plasmid shuffling approach using 5-flu-
oroorotic acid (5’FOA) was used to exchange the pRS316-based
plasmid for the pRS413-mrpL35 mutant plasmid, or when indi-
cated, for a pRS413 plasmid harboring the control WT MRPL35
gene fragment or no insert, that is the pRS413 “empty” plasmid
(i.e., no insert), and as previously described (Box et al., 2017). A
similar approach was adopted to create the mrp7 Arg(R)127 mutant
yeast strains and using the Amrp7 haploid yeast strain and pRS316
and pRS413-based MRP7 and mrp7 mutant gene inserts, as previ-
ously described (Anderson et al., 2022). The use of a centromeric
plasmid (pRS413) and employment of the endogenous MRPL35 (or
MRP7) 5" and 3’ regulatory regions to drive expression of
MrpL35/mrplL35 (and Mrp7/mrp7 derivatives) was designed to
mimic the expression of the mutated protein derivatives at levels
similar to the endogenous MrpL35/mL38 and Mrp7/bL27m pro-
teins. For overexpression of the mrpL35P232RR288D derivative, the
mrpL35P232RR28ED gpen reading frame was amplified by PCR and
cloned into the pVT100U plasmid (Westermann and Neupert, 2000)
engineered to contain the strong constitutive ADH1 promoter and
terminator regions (pVT100U-ADH1).

In vivo radiolabeling of mitochondrial translation and
extraction of cellular proteins for OXPHOS subunit
steady-state analysis

Unless otherwise indicated, all yeast strains to be analyzed by in
vivo radiolabeling of mitochondrial translation and/or extraction
of total cellular protein for OXPHOS subunit steady-state analy-
sis, were first passaged and cultivated on galactose-containing
selective synthetic media plates, followed by growth and multi-
ple passaging in liquid selective synthetic medium with galac-
tose. Cells were then grown overnight (~18 h.) to mid log phase
in corresponding liquid synthetic medium at 30 or 37°C, as indi-
cated. Equivalent amounts of cells (0.6 ODgqg absorbance units)
were harvested, washed, and resuspended in 40 mM phosphate
buffer containing galactose, unless otherwise indicated. In vivo
radiolabeling of mitotranslation with [3*S]methionine was per-
formed in presence cycloheximide (0.3 mg/ml) for 10 min at 30°C
(or at 37°C when indicated), essentially as previously described
(Barrientos, 2002; Barrientos et al., 2002; Anderson et al., 2022).
Total cellular proteins were extracted and precipitated by TCA
and analyzed by SDS-PAGE and autoradiography, and when in-
dicated, also by Western blotting, immunedecoration (Anderson
et al., 2022). Quantifications of radioactive signals from in vivo
translation assays were performed by STORM phosphorimaging
and subsequent analysis in ImageQuant (Cytiva Life Sciences)
software. In some instances (and when indicated) ImageJ analysis
of resulting autoradiographs was also performed to quantify
translation levels.
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Statistics and Reproducibility

All'in vivo labeling experiments, Western blot/immunedecorations
and serial dilution phenotype assays shown are traditionally repre-
sentatives of at least three replicates. Statistical analysis was per-
formed with GraphPad Prism 9 (Graph Pad Software) and the means
and SD are provided, and when indicated, a significance analysis
(one-way ANOVA) is also provided.

Miscellaneous

Multiple sequence alignments were produced with CLUSTAL O, us-
ing the default parameters. SDS-PAGE, Western blotting and im-
munedecorations were performed as previously described (Dien-
hart and Stuart, 2008). Antibodies used were against the respective
purified yeast proteins and generated either in the Stuart lab or re-
ceived as gifts (see Acknowledgments). Antigen-antibody com-
plexes on Western blots were detected by horseradish peroxidase-
coupled secondary antibodies and chemiluminescence detection
on X-ray films or using the Amersham Imager 600. All images quan-
tified by ImageJ software. BN-PAGE analysis of digitonin (1%) or
DDM (0.6%) solubilized mitochondrial extracts (30 pg protein) was
performed using Invitrogen Nu-PAGE gradient (3-12%) gels ac-
cording to the manufacturer’s protocol, followed by Western blot-
ting and antibody decoration, as indicated.
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