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Coenzyme Q (CoQ) is a redox-active lipid molecule that acts
as an electron carrier in the mitochondrial electron transport
chain. In Saccharomyces cerevisiae, CoQ is synthesized in the
mitochondrial matrix by a multisubunit protein–lipid complex
termed the CoQ synthome, the spatial positioning of which is
coordinated by the endoplasmic reticulum-mitochondria
encounter structure (ERMES). The MDM12 gene encoding
the cytosolic subunit of ERMES is coexpressed with COQ10,
which encodes the putative CoQ chaperone Coq10, via a
shared bidirectional promoter. Deletion of COQ10 results in
respiratory deficiency, impaired CoQ biosynthesis, and reduced
spatial coordination between ERMES and the CoQ synthome.
While Coq10 protein content is maintained upon deletion of
MDM12, we show that deletion of COQ10 by replacement with
a HIS3 marker results in diminished Mdm12 protein content.
Since deletion of individual ERMES subunits prevents ERMES
formation, we asked whether some or all of the phenotypes
associated with COQ10 deletion result from ERMES dysfunc-
tion. To identify the phenotypes resulting solely due to the loss
of Coq10, we constructed strains expressing a functionally
impaired (coq10-L96S) or truncated (coq10-R147*) Coq10 iso-
form using CRISPR-Cas9. We show that both coq10 mutants
preserve Mdm12 protein content and exhibit impaired respi-
ratory capacity like the coq10D mutant, indicating that Coq10’s
function is vital for respiration regardless of ERMES integrity.
Moreover, the maintenance of CoQ synthome stability and
efficient CoQ biosynthesis observed for the coq10-R147*
mutant suggests these deleterious phenotypes in the coq10D
mutant result from ERMES disruption. Overall, this study
clarifies the role of Coq10 in modulating CoQ biosynthesis.

Coenzyme Q (ubiquinone or CoQ) is an essential redox-
active lipid molecule found in the plasma membranes and
endomembranes of all eukaryotic species (1, 2). Proper local-
ization of CoQ is dependent on its hydrophobic tail, which
enables CoQ to anchor itself into the midplane of lipid bilayers
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and is comprised of a species-specific number of isoprene units
(indicated by n in CoQn) (3). The fully substituted benzoqui-
none head group imparts its characteristic redox activity,
enabling CoQ to perform its most well-known function as an
electron and proton carrier within the mitochondrial electron
transport chain (1, 2). Other processes that rely on CoQ’s
ability to act as electron acceptor include sulfide detoxification,
proline catabolism, and choline degradation (1, 2). Addition-
ally, the fully reduced form CoQH2 (ubiquinol) serves as a vital
lipid-soluble antioxidant capable of ameliorating peroxidation
of lipids in cellular membranes (1, 4).

In Saccharomyces cerevisiae (yeast), biosynthesis of CoQ6

(the CoQ isoform synthesized by yeast) requires 14 nuclear-
encoded proteins: Coq1-Coq11, Yah1, Arh1, and Hfd1 (2, 5).
Of the Coq polypeptides, Coq1 synthesizes hex-
aprenyldiphosphate, which is subsequently attached to the C3
position of the ring precursor 4-hydroxybenzoic acid or para-
aminobenzoic acid (pABA), by Coq2 (2, 5). The remaining
headgroup modifications are then carried out by several other
Coq polypeptides to generate the final product, CoQ6/CoQ6H2

(Fig. 1A). Efficient CoQ6 biosynthesis requires many of the
aforementioned Coq polypeptides (Coq3-Coq9 and Coq11) to
localize to the matrix side of the inner mitochondrial mem-
brane where they assemble into a high-molecular-weight
complex termed the CoQ synthome (2, 5). Individual dele-
tion of genes encoding Coq1-Coq9 results in abolished CoQ6

biosynthesis and an inability to respire, as these Coq poly-
peptides are required for catalytic steps within the CoQ
biosynthetic pathway and/or structural stability of the CoQ
synthome (6, 7).

Unlike most yeast coq mutants, the COQ10 deletion
(coq10D) mutant contains near WT amounts of CoQ6 in the
stationary phase, yet still displays a respiratory-deficient
growth phenotype, impaired de novo CoQ6 biosynthesis dur-
ing log phase growth, and a destabilized CoQ synthome
(8–11). The NMR structure of the Caulobacter crescentus
Coq10 ortholog, CC1736, revealed the presence of a ste-
roidogenic acute regulatory protein-related lipid transfer
(START) domain (12), shown to be capable of binding CoQ
and its late-stage quinone intermediates in vitro (13). Addi-
tionally, Coq10 isolated from either S. cerevisiae or the fission
yeast, Schizosaccharomyces pombe, were shown to copurify
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Figure 1. CoQ biosynthesis in yeast requires the CoQ synthome to assemble adjacent to ERMES contact sites. A, the proposed CoQ biosynthetic
pathway in Saccharomyces cerevisiae. B, schematic depicting the CoQ synthome positioned adjacent to the ERMES complex. CoQ synthome members are
represented in purple and ERMES components are highlighted in turquoise. Coq1, Coq2, and Coq10 (gray) are not members of the CoQ synthome but are
still required to observe efficient CoQ6 biosynthesis. This image was generated using BioRender.com. CoQ, coenzyme Q; ERMES, endoplasmic reticulum-
mitochondria encounter structure.

Nonfunctional coq10 mutants reveal COQ10 KO phenotypes
with CoQ6 or CoQ10, respectively (9, 10). Yeast coq10 mutants
respond to antimycin treatment but not myxothiazol, sug-
gesting that Coq10 may function in the delivery of CoQ6 to its
proper site in the bc1 complex (14). Furthermore, photoaffinity
labeling experiments using a synthetic photoreactive CoQ
probe with the purified S. pombe Coq10 polypeptide revealed
that Coq10 binds the headgroup of CoQ, at a region located
within the hydrophobic tunnel formed by its START domain
(15). These studies have led to the hypothesis that Coq10
functions as a CoQ chaperone, directing CoQ from its sites of
synthesis to its sites of function at the respiratory complexes
(8, 14). A role for Coq10 as a CoQ chaperone in respiratory
electron transport is further supported by its binding to both
the oxidized and reduced forms of the photoreactive azido-
quinone probe (15).

In several fungal species, Coq10 and Coq11 evolved as
fusion proteins, suggesting a possible functional relationship
between these two polypeptides (16). This hypothesis is sup-
ported by the observation that subsequent deletion of COQ11
ameliorates many of the defects of the coq10D mutant,
including restored respiratory growth and CoQ synthome
formation (17). These data suggest the Coq11 polypeptide may
2 J. Biol. Chem. (2024) 300(11) 107820
act as a negative modulator of CoQ biosynthesis and the CoQ
synthome (17).

Recent studies have suggested that proper assembly and
stability of the yeast CoQ synthome also relies on the presence
of the endoplasmic reticulum-mitochondria encounter struc-
ture (ERMES) (18, 19) (Fig. 1B). ERMES is a multisubunit
complex composed of four main proteins (Mmm1, Mdm10,
Mdm12, and Mdm34) that tethers the ER to the mitochondria
and is essential for biosynthesis and transport of phospholipids
between these organelles (20). In addition to its most well-
studied role in shuttling phospholipids between the ER and
mitochondria, ERMES is proposed to act as a platform for
recruiting proteins and other small molecules to the mito-
chondria based on the needs of the cell (20–22). Furthermore,
yeast lacking individual ERMES constituents (ERMESD)
exhibit distorted mitochondrial morphology, increased loss of
mitochondrial DNA, and respiratory deficiency (20, 23–25).
Recently, members of the CoQ synthome were shown to
selectively localize into puncta (termed “CoQ domains”) that
colocalize with ER-mitochondria contact sites marked by
ERMES. Deletion or mutation of individual ERMES subunits
results in a loss of CoQ domains, indicating destabilization of
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Nonfunctional coq10 mutants reveal COQ10 KO phenotypes
the CoQ synthome (18, 19). In accordance with this observa-
tion, ERMESD mutants were found to accumulate steady-state
and de novo synthesized CoQ6 intermediates. These data
demonstrate proper CoQ synthome assembly and efficient
CoQ6 production rely on ERMES complex formation.

In addition to the aforementioned defects attributed to the
coq10Dmutant, deletion of COQ10 results in loss of the spatial
relationship between the CoQ domains and ERMES (19).
MDM12, which encodes the cytosolic subunit of ERMES, is
coexpressed with COQ10 via a bidirectional promoter, sug-
gesting a functional relationship and/or physical interaction
between their gene products (8, 26, 27). While a previous study
confirmed that deletion of MDM12 does not significantly
diminish Coq10 protein content (19), it has yet to be deter-
mined whether deletion of COQ10 negatively impactsMDM12
expression.

In this study, we show that deletion of COQ10 by replace-
ment of the ORF with the HIS3 marker (coq10D) results in
diminished Mdm12 protein content. To identify the pheno-
types resulting from deletion of the COQ10 ORF versus phe-
notypes that may be a consequence of disrupted MDM12
expression and subsequent ERMES dysfunction, we con-
structed nonfunctional coq10 mutants that maintain Mdm12
protein content (coq10-L96S and coq10-R147*) through the
introduction of chromosomal mutations in the COQ10 ORF.
While strains expressing either of the functionally impaired
coq10 mutants phenocopied the respiratory growth defect of
the coq10D mutant, we found that the coq10-R147* mutant,
which encodes an unstable truncated Coq10 isoform, main-
tained a stable CoQ synthome and efficient CoQ6 biosynthesis.
Based on these data, we propose that the destabilized CoQ
synthome and resultant defects in de novo CoQ6 production
observed for the coq10D mutant are the result of disrupted
MDM12 expression, and therefore ERMES dysfunction, rather
than from the loss of the Coq10 polypeptide.
Results

Mdm12 protein content is diminished in the yeast coq10D
mutant

Steady-state levels of the Coq10 polypeptide were previously
ascertained in ERMESD mutants, including the mdm12D
mutant, and were found to be similar to that of WT control
cells, suggesting that deletion of MDM12 does not disrupt the
expression of COQ10 despite their coexpression from a bidi-
rectional promoter (19). However, relative protein content of
each ERMES component in the coq10D mutant was not
investigated, and it remained uncertain if deletion of COQ10
impacted Mdm12 protein levels. To this end, we quantified the
steady-state levels of Mmm1, Mdm10, and Mdm12 in the
coq10D, coq11D, and coq10Dcoq11Dmutants. For this analysis,
we used crude mitochondria to retain the endogenous protein
tethers, such as ERMES, that may be lost during the prepa-
ration of gradient-purified mitochondria.

Despite the preservation of Coq10 protein content previ-
ously observed for ERMESDmutants, yeast lacking COQ10 had
dramatically reduced amounts of Mdm12 and Mmm1 (Fig. 2).
The reduction in Mmm1 protein levels is consistent with
previous work that showed the presence of Mdm12 is required
for stable expression of Mmm1, and vice versa (28). Mdm10
levels were preserved across all mutants, likely due to the
involvement of Mdm10 in other mitochondrial import ma-
chinery, such as translocase of the outer mitochondrial mem-
brane and sorting and assembly machinery complex biogenesis
and function (29). Regardless, the depletion or loss of a single
ERMES subunit results in an inability to form the ERMES
complex (20), raising concern that some or all of the pheno-
types ascribed to the coq10Dmutant could be a consequence of
ERMES dysfunction due to diminished MDM12 expression.
Chromosomal mutations in the COQ10 ORF preserve Mdm12
and Mmm1 protein levels

To distinguish phenotypes that result solely from the
absence of the Coq10 polypeptide from those that could be the
result of disrupted MDM12 expression, two separate muta-
tions were introduced into the yeast genome using CRISPR-
Cas9 as described in Experimental procedures (30, 31). The
first mutation, L96S, is located within the hydrophobic tunnel
formed by the Coq10 START domain and is predicted to
disrupt ligand binding (Fig. 3, A and B). Structural and
biochemical evidence using Coq10 orthologs from
C. crescentus (12, 13), S. pombe (9), and humans (8) have
shown its START domain can directly bind CoQ and its late-
stage quinone-containing intermediates. Moreover, expression
of the coq10-L96S mutant from an integrative locus or a high-
copy plasmid in coq10D yeast fail to rescue respiratory defects,
indicating L96 is an important residue for Coq10 function (11).
The second mutation, R147*/N149*, encodes a truncated iso-
form of Coq10 where two stop codons were introduced at
residues 147 and 149 (hereafter referred to as coq10-R147*)
(Fig. 3, A and B). We rationalized both mutations should be
downstream enough from the portion of the MDM12 pro-
moter region located within the COQ10 ORF to allow for
preservation of MDM12 expression (Fig. 3C).

Upon successful genomic integration of the coq10-L96S and
coq10-R147* mutations, we examined the steady-state levels of
Coq10 in addition to select ERMES subunits (Mmm1, Mdm10,
and Mdm12) (Fig. 4). All ERMES components, including
Mdm12, were present at levels similar to that of the WT
control in strains harboring either the coq10-L96S or coq10-
R147* mutation (Fig. 4, A–D). This observation supports the
conclusion that introduction of the selected mutations does
not disrupt the promoter region, and therefore expression, of
MDM12. Additionally, no band corresponding to the Coq10
polypeptide was detected in mitochondria isolated from strains
expressing the coq10-R147* mutant (Fig. 4, E and F).

Given the lack of Coq10 polypeptide in the coq10-R147*
mutant, it seemed possible the mRNA produced in the coq10-
R147* mutant may be degraded through nonsense-mediated
decay due to the presence of the premature stop codons. To
address this possibility, we analyzed COQ10 mRNA content in
WT and in the coq10 mutant strains using Nanopore
sequencing as described in Experimental procedures. The use
J. Biol. Chem. (2024) 300(11) 107820 3
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Figure 2. The Mdm12 and Mmm1 polypeptides are depleted in yeast coq10D mutants. A, aliquots of crude mitochondria (25 mg) from WT, coq10D,
coq11D, and coq10Dcoq11D yeast strains were subjected to 10% Tris-glycine SDS-PAGE. Immunoblotting was performed with antisera against the indicated
ERMES subunits (Mmm1, Mdm10, and Mdm12), and yeast harboring the corresponding deletions were used as negative controls (ERMESD). Malate de-
hydrogenase (Mdh1) was used as a loading control. Data are representative of three biological replicates. B–D, ImageJ was used to quantify triplicate band
intensities of select ERMES subunits. Band intensities were normalized to Mdh1 and plotted as percentage of the WT control. The data depict the mean ± SD
of three biological replicates. The statistical significance compared with WT is represented by the red asterisks; *, p < 0.05 and ****, p < 0.0001. ERMES,
endoplasmic reticulum-mitochondria encounter structure.

Nonfunctional coq10 mutants reveal COQ10 KO phenotypes
of Nanopore sequencing allowed us to not only quantitate
transcript levels, but also to identify and understand any
changes in transcript architecture that might have been caused
by the introduction of any of the coq10 mutations described
above. As expected, the coq10D mutation abolished expression
of the COQ10 mRNA (Fig. 5A). While the COQ10 mRNA
content in the coq10-L96S mutant was not significantly
different from that of the WT control, COQ10 mRNA content
was decreased by approximately two-fold in the coq10-R147*
mutant compared to WT (Fig. 5A). Based on this result, it is
unlikely that the absence of the Coq10 polypeptide in the
coq10-R147* mutant is solely due to the small quantitative
difference in mRNA expression. Rather we speculate that the
truncated polypeptide expressed in the coq10-R147* mutant
might be unfolded and unstable, which would promote its
rapid degradation and lack of detection in this strain.

Our nanopore sequencing approach also allowed us to
analyze MDM12 mRNA content in the coq10 mutants. In
contrast to the changes observed for COQ10, MDM12 mRNA
4 J. Biol. Chem. (2024) 300(11) 107820
content in each of the coq10 mutants, including the coq10D
mutant, was not significantly different as compared to the WT
control (Fig. 5B). However, inspection of the Nanopore
sequencing reads revealed that the insertion of the HIS3
marker cassette used to replace the COQ10 ORF in the coq10D
mutant resulted in aberrant transcription from the HIS3 gene
into the neighboring MDM12 gene, producing a large number
of transcripts overlapping with the MDM12 promoter and
translation initiation codon, and terminating shortly thereafter
(Fig. 5C). These HIS3-generated transcripts overlapping with
the MDM12 promoter and ORF are likely to repress MDM12
expression through a combination of transcriptional interfer-
ence and translational repression, as described recently (32).
This interference may explain the decreased production of the
Mdm12 polypeptide in the coq10D strain (Fig. 4A). Indeed,
such cassette-induced off-target effects have been shown to
influence transcription and expression of gene neighbors for
select ORFs targeted in the yeast deletion collection (32). In
summary, we conclude that the effects observed in the coq10D
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Figure 3. Structural prediction of Saccharomyces cerevisiae Coq10 and multiple sequence alignment with human COQ10 orthologs highlight
residues targeted for mutagenesis. A, multiple sequence alignment of S. cerevisiae Coq10 (residues 31–207) with the Coq10-L96S and Coq10-R147*
mutant polypeptides constructed in this study and the human homologs COQ10A (residues 73–244)/COQ10B (residues 64–235). The yeast Coq10 poly-
peptide and orthologous human sequences were obtained from Universal Protein Knowledgebase (UniProtKB). The multiple sequence alignment was
constructed using the ClustalW package of Clustal Omega (59) and visualized in JalView2 (60). Conservation of each residue is indicated by degree of
shading, which represents 80%, 60% and 40% percent sequence identity from darkest to lightest shade, respectively. Residues targeted for mutagenesis in
this study are indicated with an inverted triangle, and asterisks indicate residues deemed critical for ligand binding in previous studies (11). B, location of the
Coq10 residues targeted for mutagenesis by CRISPR-Cas9 (shown in green) within the context of the COQ10 ORF (top) and the AlphaFold predicted structure
for S. cerevisiae Coq10 (bottom, AF-Q08058-F1). The region shown in gray represents the truncation that results from introducing the coq10-R147*/N149*
double mutation. C, schematic depicting the head-to-head positioning of COQ10 (purple) and MDM12 (gray) within the context of S. cerevisiae chromosome
XV (green). Notably, these two genes are separated by only 173 bps, suggesting deletion of one gene could impact the expression of the other, and vice
versa.

Nonfunctional coq10 mutants reveal COQ10 KO phenotypes
mutant on Mdm12 polypeptide content are likely to be due to
the repression of MDM12 through interference from the HIS3
marker used in the knockout strain. Therefore, using the
coq10-R147* mutant provides the best experimental approach
for determining which phenotypes are solely due to loss of
Coq10 activity, as this mutant maintains protein levels of each
ERMES component in the absence of the Coq10 polypeptide.

It is of note that significantly reduced levels of the Coq10-
L96S polypeptide were detected when compared with the
WT control (Fig. 4, E and F). The decreased content of the
Coq10-L96S polypeptide may confound the assignment of
phenotypes as ones that result solely from loss of Coq10
function. However, we decided to proceed with the charac-
terization of both mutant constructs given Mdm12 and
Mmm1 are stably expressed in strains harboring either the
coq10-L96S or coq10-R147* mutation, including those con-
taining a subsequent deletion of COQ11 (Fig. 4, A–D).

The coq10 point mutants display impaired respiratory growth
similar to the coq10D mutant

Given protein levels of ERMES constituents are preserved in
strains harboring the coq10-L96S or coq10-R147* mutation, we
proceeded to reassess phenotypes associated with loss of
Coq10 function. The Coq10 polypeptide is required for
respiration in yeast (9, 10). As such, yeast coq10D mutants
display impaired growth on medium containing a non-
fermentable carbon source, such as yeast extract-peptone-
glycerol (YPG). As expected, the coq10D mutant had poor
growth on YPG that was phenocopied by the coq10-R147*
mutant across two different genetic backgrounds (Fig. 6). In
line with a previous study, the coq10-L96S mutant displayed
anemic growth on nonfermentable medium that was only
slightly improved when compared with the coq10D and coq10-
R147* mutants (11) (Fig. 6). The poor respiratory growth of
both the coq10-R147* and coq10-L96S mutants indicates the
lipid-binding function of Coq10 is necessary for viability on
nonfermentable medium, thus supporting the previous
conclusion that Coq10 is required for respiration in yeast.

As many defects associated with the deletion of COQ10
were shown to be alleviated by subsequent deletion of COQ11
(17), we also sought to reassess this phenotype in coq11D
strains expressing each of the mutant Coq10 isoforms. Like the
coq10Dcoq11D mutant, loss of COQ11 rescued the respiratory
growth defect of both the coq10-R147* and coq10-L96S
J. Biol. Chem. (2024) 300(11) 107820 5
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Figure 4. Mdm12 and Mmm1 protein content is preserved in strains expressing either the Coq10-L96S or Coq10-R147* mutant polypeptide. A,
aliquots of crude mitochondria (25 mg) from the indicated yeast strains were subjected to 10% Tris-glycine SDS-PAGE. Immunoblotting was performed with
antisera against the indicated ERMES subunits (Mmm1, Mdm10, and Mdm12), and mitochondria from yeast harboring the corresponding deletions were
used as negative controls (ERMESD). Malate dehydrogenase (Mdh1) was used as a loading control. Data are representative of three biological replicates. B–
D, ImageJ was used to quantify triplicate band intensities of the indicated ERMES proteins. Band intensities were normalized to Mdh1 and plotted as
percentage of the WT control. The data depict mean ± SD of three biological replicates, and the statistical significance compared with WT is represented by
the red asterisks *, p < 0.05 in panel B, or by the stated p value in D. E, 12.5 mg of crude mitochondria were separated on 12% Tris-glycine SDS-PAGE and
immunoblotting was performed using Coq10 antisera. An aliquot of mitochondria from the coq10D yeast was used as a negative control. F, ImageJ was
used to quantify triplicate band intensities for the Coq10 polypeptide. Band intensities were normalized to Mdh1 and plotted as percentage of the WT
control. The data depict the mean ± SD of three biological replicates. The statistical significance compared with WT is represented by the red asterisks; ****,
p < 0.0001. ERMES, endoplasmic reticulum-mitochondria encounter structure.

Nonfunctional coq10 mutants reveal COQ10 KO phenotypes
mutants in two different yeast genetic backgrounds (Fig. 6).
This suggests that deletion of COQ11 is capable of rescuing
the respiratory growth defect of the coq10D mutant irre-
spective of the presence of ERMES.

The coq10-R147* mutant maintains efficient CoQ6

biosynthesis
Like most coq mutants that display respiratory growth de-

fects, the coq10D mutant exhibits impaired CoQ6 biosynthesis
6 J. Biol. Chem. (2024) 300(11) 107820
during log phase growth (6–8, 13). To determine whether this
defect in CoQ6 biosynthesis can be solely attributed to loss of
Coq10, we evaluated de novo CoQ6 biosynthesis in yeast
expressing the mutant Coq10 isoforms by treating yeast cul-
tures of each strain with the isotopically labeled ring precursor,
13C6-pABA, or ethanol as a vehicle control. Additionally, in
accordance with previous work (8, 16, 17), we performed these
analyses in both dextrose- and galactose-containing medium
to determine carbon source-dependent changes in
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Figure 5. Insertion of the HIS3 marker at the COQ10 locus causes aberrant transcription into the neighboring MDM12 gene. The bar graphs show
normalized read counts for A, COQ10 and B, MDM12 mRNAs based on reads obtained with Oxford Nanopore sequencing using a complementary DNA
approach for three replicates per strain (see Experimental procedures). DESeq2 was used to quantify changes in gene expression of the different strains and
for normalizing counts to library size. The p-adjusted is used to indicate significance. The data depict the mean ± SD of three biological replicates, and the
statistical significance of COQ10 read counts compared with WT is represented by the red asterisks, **, p < 0.01; and ****, p < 0.0001. No significant
differences were observed for the MDM12 read counts. C, nanopore sequencing reads detected in the COQ10 and MDM12 regions for the indicated strains.
Each sequencing read is represented by a horizontal gray line. No reads were detected for the COQ10 ORF in the coq10D mutant because of the
replacement of the COQ10 ORF by the HIS3 marker. Since the reads were aligned to the WT genome, reads corresponding to the HIS3 gene are not shown.
The HIS3 marker is oriented in a way that positions the HIS3 promoter adjacent to the 30 UTR of the deleted COQ10 ORF.

Nonfunctional coq10 mutants reveal COQ10 KO phenotypes
biosynthetic efficiency. It is important to note only a small
percentage (0.2–3%) of CoQ is required for efficient growth on
nonfermentable plate medium (5). As such, growth on non-
fermentable medium is not always indicative of CoQ biosyn-
thetic efficiency.
Figure 6. The coq10-L96S and coq10-R147* mutants display impaired res
deletion of COQ11. Overnight cultures of the indicated yeast strains were di
fermentable (YPDextrose, YPD) or respiratory (YPGlycerol, YPG) medium. Pla
representative of three biological replicates.
Consistent with previous studies performed in yeast extract-
peptone-galactose (YPGal) medium (17), the coq10D mutant
produced less de novo synthesized 13C6-CoQ6 and had
decreased total CoQ6 content (determined by the sum of 13C6-
CoQ6 and unlabeled 12C-CoQ6) when compared with the
piratory growth similar to the coq10D mutant that can be restored by
luted to an A600 = 0.2, and 2 ml of 5-fold serial dilutions were spotted onto
tes were incubated at 30 �C for 2 or 3 days prior to imaging. Data are

J. Biol. Chem. (2024) 300(11) 107820 7
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W303 WT control (Fig. 7). The coq10-L96S mutant produced
similar amounts of de novo synthesized 13C6-CoQ6 but had
decreased total CoQ6 content in YPGal when compared with
the coq10D mutant (Fig. 7). Further analyses of key CoQ6-in-
termediates revealed the coq10-L96S mutant accumulated the
early-stage intermediate 13C6-hexaprenylaminobenzoic acid
(13C6-HAB) and had decreased amounts of the late-stage in-
termediate 13C6-demethoxy-Q6 (

13C6-DMQ6) when compared
with the coq10D mutant (Fig. 8). These data indicate that the
CoQ biosynthetic pathway is less efficient in the coq10-L96S
mutant when compared to the coq10D mutant.

In contrast, the coq10-R147* mutant produced elevated
amounts of de novo–synthesized 13C6-CoQ6 and total CoQ6

relative to the coq10D mutant when cultured in YPGal (Fig. 7).
As previously reported (17), changing the carbon source in the
medium from galactose to dextrose decreased the CoQ6

content across all the coq10 single mutants, however the
coq10-R147* mutant still produced the highest amounts of
12C-CoQ6 and de novo–synthesized 13C6-CoQ6 when
compared to the coq10D mutant (Fig. S1). The elevated CoQ6

content and slight decrease in the amount of de novo–syn-
thesized 13C6-HAB as well as total HAB content in the coq10-
R147* mutant (Fig. 8) suggests that Coq10 is not required to
observe efficient CoQ6 biosynthesis.

Mutants lacking both COQ10 and COQ11 have decreased
total CoQ6 content similar to the coq10D mutant (17). In line
with this observation, the coq10-R147* and coq10-L96S mu-
tants harboring a subsequent deletion of COQ11 had
decreased amounts of 12C-CoQ6 and de novo–synthesized
13C6-CoQ6 like the coq10D mutant (Fig. 7, A and B). Similarly,
both double mutants had elevated 13C6-HAB and 13C6-DMQ6

content, suggesting CoQ biosynthesis is still impaired in the
absence of Coq11 (Fig. 8). Taken together, these data support
the conclusion that the status of ERMES does not influence the
functional relationship between Coq10 and Coq11.

The coq10-R147* mutant has diminished Coq protein content
while still maintaining a stable CoQ synthome

To observe efficient CoQ6 biosynthesis in yeast, several Coq
polypeptides must assemble into a high-molecular-mass
A B

Figure 7. The coq10-R147*mutant retains the ability to efficiently synthesi
�0.6 with 8 mg/ml 13C6-pABA or ethanol as a vehicle control. Fifteen milliliters o
MS/MS. A, unlabeled 12C-CoQ6; B, labeled

13C6-CoQ6; C, total amount of CoQ6
depict the mean ± SD. The statistical significance as compared with the coq10D
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complex termed the CoQ synthome (5). Diminished levels of
several Coq polypeptides and a destabilized CoQ synthome are
observed in the coq10Dmutant (6, 7). In line with our previous
findings, the coq10-R147* mutant phenocopied the coq10D
mutant with respect to having decreased amounts of Coq3,
Coq4, Coq6, Coq7, and Coq9 when compared with the WT
control (Fig. 9, A and B). Notably, the coq10-L96S mutant
contained significantly less Coq7 and Coq9 than the coq10D
mutant (Fig. 9, A and B). Both the coq10-R147* and coq10-
L96S mutant displayed elevated Coq11 protein content
similar to the coq10D mutant (Fig. 10).

While deletion of ERMES subunits does not perturb steady-
state levels of the Coq polypeptides, CoQ synthome stability is
abolished in the absence of ERMES (19). Given the diminished
levels of Mdm12 and Mmm1 in the coq10D mutant, we
assessed CoQ synthome stability by 2D blue native/SDS-PAGE
(2D-BN/SDS-PAGE) using Coq9 antisera to indicate complex
formation (6) in strains expressing coq10-R147* or coq10-L96S.
The CoQ synthome in WT yeast can be observed as a large
heterogeneous high-molecular-mass complex that spans
�100 kDa to >1 MDa. The coq10-L96S mutant displayed only
a very faint signal corresponding to a CoQ synthome (Fig. 11),
likely due to its dramatically decreased abundance of several
Coq polypeptides as compared with the coq10Dmutant (Fig. 9,
A and B). This suggests that the presence of a nonfunctional
Coq10 polypeptide is more detrimental to complex stability
than its complete absence. Surprisingly, the mutant expressing
the truncated coq10-R147* isoform displayed a stable high-
molecular-mass complex similar to the WT control (Fig. 11).
This suggests that the preservation of Mdm12 levels in the
coq10-R147* mutant allows for proper ERMES formation and,
subsequently, maintenance of a stable CoQ synthome. Overall,
these observations support a model in which the destabilized
CoQ synthome, and resultant inefficient CoQ6 biosynthesis,
observed in the coq10D mutant result from loss of ERMES
rather than loss of the Coq10 polypeptide.

Subsequent deletion of COQ11 from the coq10Dmutant has
been shown to rescue CoQ synthome formation due to an
increased abundance of several Coq polypeptides (17). Like
the coq10Dcoq11D mutant, the coq10-L96S coq11D and
C
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Figure 8. The coq10-L96S mutant has impaired CoQ6 biosynthetic efficiency in comparison to coq10D. Triplicate of 25 ml cultures in YPGal were
labeled at an A600 �0.6 with 8 mg/ml 13C6-pABA or ethanol. 15 ml of each culture were harvested after 5 h, lipid extracted, and analyzed by LC-MS/MS. A,
12C-HAB (white) and 13C6-HAB (red) and B, 12C-DMQ6 (white) and

13C6-DMQ6 (red) were measured from whole-cell lipid extracts of the indicated yeast
strains. Total HAB and DMQ6 were determined from the sum of the respective labeled and unlabeled analytes. The data show mean ± SD. The statistical
significance as compared to the coq10D mutant is represented by the black asterisks; *, p < 0.05; **, p < 0.01; ***, p < 0.001; and ****, p < 0.0001. CoQ,
coenzyme Q; DMQ, demethoxy-Q; HAB, hexaprenylaminobenzoic acid; pABA, para-aminobenzoic acid; YPGal, yeast extract-peptone-galactose.

Nonfunctional coq10 mutants reveal COQ10 KO phenotypes
coq10-R147* coq11D double mutants displayed restored levels
of most Coq polypeptides and a stable CoQ synthome when
compared with the WT control (Figs. 9C and 11). Notably, the
rescued content of Coq polypeptides observed for the coq10-
L96S coq11D double mutant likely explains it’s restored CoQ
synthome formation, as indicated by the reappearance of a
high-molecular-weight signal in the coq10-L96S coq11D
mutant (Fig. 11).
Discussion

This work sought to re-evaluate phenotypes attributed to
deletion of COQ10 through introduction of chromosomal
mutations within the COQ10 ORF in S. cerevisiae. Previous
studies identified MDM12 as the top-ranked gene coexpressed
with COQ10 in S. cerevisiae (8, 26, 27) due to their head-to-
head positioning within the yeast genome (Fig. 3). MDM12
encodes the cytosolic component of the ERMES complex,
which acts as a bridge connecting the ER-residing subunit of
ERMES, Mmm1, with its mitochondrial components, Mdm10
and Mdm34 (20). While the mdm12D mutant displays un-
perturbed steady-state levels of the Coq10 polypeptide (19), we
found that the replacement of the COQ10 ORF with the HIS3
marker cassette results in a significant decrease in Mdm12
protein content (Fig. 2). Prior work has shown deletion of
MDM12, and consequently loss of ERMES complex formation,
causes decreased respiration (20, 33) and inefficient CoQ6

biosynthesis as a result of a destabilized CoQ synthome (19).
Given these deleterious phenotypes are shared with yeast
harboring a deletion of COQ10 (10, 13), we sought to distin-
guish which of the coq10D phenotypes result solely from loss
of the Coq10 polypeptide as opposed to those caused by
ERMES defects. Using CRISPR-Cas9 genome editing, we
introduced mutations within the COQ10 ORF that resulted in
loss of Coq10 function (coq10-L96S) or loss of the Coq10
polypeptide (coq10-R147*) while still preserving Mdm12 pro-
tein content (Fig. 4D). Our characterization of these mutants
demonstrates that while the Coq10 polypeptide is required for
respiration (Fig. 6), it is not essential for efficient CoQ6

biosynthesis or formation of the CoQ synthome (Figs. 7
and 11).

The function of Coq10 is widely conserved across several
organisms, including C. crescentus (12, 13), S. pombe (9, 15),
and humans (8). Notably, the NMR structure of a Coq10
ortholog from C. crescentus, CC1736, revealed the presence of
a START domain capable of binding CoQ with variable pol-
yisoprenoid chain lengths and its late-stage quinone in-
termediates (12, 13). Additionally, Coq10 polypeptides from
S. cerevisiae and S. pombe were found to copurify with CoQ6

and CoQ10, respectively, leading to the hypothesis that Coq10
functions as a CoQ chaperone (9, 10). This hypothesis is
further supported by studies showing yeast Coq10 and its
orthologs are required for respiration and efficient de novo
CoQ biosynthesis (8, 14). Surprisingly, the introduction of the
L96S mutation within the START domain resulted in more
pronounced defects in CoQ6 biosynthetic efficiency, Coq
J. Biol. Chem. (2024) 300(11) 107820 9
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Figure 9. Decreased abundance of several Coq polypeptides in the coq10-L96S and coq10-R147* mutants can be rescued by deletion of COQ11. A,
aliquots of crude mitochondria (12.5 mg) from the indicated yeast strains were subjected to 10% or 12% Tris-glycine SDS-PAGE. Crude mitochondria from
coq3D-coq9D mutants were included as negative controls for Western blotting using antisera against each of the Coq polypeptides. Mitochondrial malate
dehydrogenase (Mdh1) was included as a loading control. Data are representative of three biological replicates. B, ImageJ was used to quantify triplicate
band intensities for each of the Coq polypeptides. Band intensities were normalized to Mdh1 and plotted as percentage of the WT control. The data depict
the mean ± SD of three biological replicates. The statistical significance as compared with WT (red asterisks) or the coq10D mutant (black asterisks) are
represented by, *, p < 0.05; **, p < 0.01; ***, p < 0.001; and ****, p < 0.0001. C, blots were quantified as in B. The data depict the mean ± SD of three
biological replicates, and the statistical significance as compared with WT (red asterisks) or the coq10Dcoq11Dmutant (black asterisks) are represented by ns,
no significance; and *, p < 0.05.

Nonfunctional coq10 mutants reveal COQ10 KO phenotypes
polypeptide abundance, and CoQ synthome stability despite
the slightly improved respiratory capacity of this mutant when
compared to the coq10D control (Figs. 6, 7, 9, and 11). We
posit that the abrogated lipid-binding function of this mutant
is compounded by its decreased expression (Fig. 4E), resulting
A

Figure 10. Relative Coq11 protein abundance is significantly increased i
(12.5 mg) from the indicated yeast strains were subjected to 10% Tris-glycine
included as a negative control for Western blotting against the Coq11 polypep
control. The Mdh1 blot is replicated from Fig. 9A as the same sets of samples w
the individual Coq polypeptides. Data are representative of three biological repli
to Coq11. Band intensities were normalized to Mdh1 and plotted as percent
replicates. The statistical significance compared with WT is represented by the
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in a dominant negative effect. In contrast, the phenotypes
displayed by the coq10-R147* mutant manifest solely from loss
of the Coq10 polypeptide as opposed to the unforeseen defects
that resulted when we expressed the unstable, nonfunctional
Coq10-L96S mutant polypeptide. This conclusion is supported
B

n strains harboring coq10 mutations. A, aliquots of crude mitochondria
SDS-PAGE. An aliquot of crude mitochondria from the coq11D mutant was
tide. Mitochondrial malate dehydrogenase (Mdh1) was included as a loading
ere used across all biological replicates when quantifying protein content for
cates. B, ImageJ was used to quantify triplicate band intensities corresponding
age of the WT control. The data depict the mean ± SD of three biological
red asterisks; *, p < 0.05; **, p < 0.01; ***, p < 0.001.



Figure 11. The coq10-R147* mutant maintains a stable CoQ synthome similar to the WT control. Aliquots (75 mg) of crude mitochondria isolated from
WT, coq10D, coq11D, coq10Dcoq11D, coq10-L96S, coq10-L96S coq11D, coq10-R147*, and coq10-R147* coq11D yeast were solubilized with digitonin and
separated by 2D BN/SDS-PAGE. Proteins were transferred to polyvinylidene fluoride membranes, and the CoQ synthome was visualized using antisera
against Coq9. Aliquots (25 mg) of intact crude mitochondria from each strain (M) and coq9D (9D) yeast were included as a loading control and negative
control, respectively. BN, blue native; CoQ, coenzyme Q.

Nonfunctional coq10 mutants reveal COQ10 KO phenotypes
by the observation that the coq10-R147* mutant did not
exhibit augmented deleterious phenotypes when compared
with the coq10D control.

Stable formation of the CoQ synthome requires the pres-
ence of both CoQ and prenylated CoQ-intermediates (7, 34,
35). Studies have shown that bypassing defective steps of the
CoQ biosynthetic pathway with appropriate substrate analogs
can restore the appearance of CoQ domains, indicating that
the late-stage CoQ intermediates are required for CoQ syn-
thome assembly (18, 36). In accordance with these observa-
tions, the coq10D mutant, which produces higher amounts of
early-stage intermediates and lower amounts of late-stage in-
termediates, displays a destabilized CoQ synthome (8, 13, 17).
Strikingly, we found that the coq10-R147* mutant, which lacks
the Coq10 polypeptide, retained the ability to synthesize CoQ6

efficiently and was capable of forming a CoQ synthome similar
to that of the WT control (Figs. 7 and 11). Despite its elevated
total CoQ6 content, the coq10-R147* mutant had defective
respiratory growth similar to the coq10D mutant (Fig. 6). This
suggests that the CoQ chaperone function of Coq10 is
required mainly for respiration, and is not essential for CoQ
biosynthesis and, subsequently, stable formation of the CoQ
synthome. We attribute the clear demarcation between res-
piratory capacity and CoQ synthome stability observed for the
coq10-R147* mutant to the preservation of Mdm12 protein
content (Fig. 4D), thus allowing us to separate phenotypes
caused by loss of Coq10 from those that result due to ERMES
dysfunction.

Humans possess two distinct Coq10 orthologs, COQ10A
and COQ10B (8). Complementation of the yeast coq10D
mutant with either human isoform was shown to rescue de-
fects in respiratory growth on nonfermentable plate medium,
supporting the hypothesis that the function of Coq10 as a CoQ
chaperone is conserved across organisms. Our data corrobo-
rates this conclusion in that both coq10 mutants constructed
in this study display defective respiratory growth on medium
containing a nonfermentable carbon source (Fig. 6). In
contrast, complementation of the yeast coq10D mutant with
either human Coq10 ortholog failed to fully restore both
efficient CoQ6 biosynthesis and CoQ synthome formation (8).
Our data suggest the negligible effect on CoQ synthome sta-
bilization and CoQ6 biosynthesis observed when expressing
either COQ10A or COQ10B is a consequence of disrupted
ERMES formation in the yeast coq10D mutant rather than an
incompatibility between the human Coq10 orthologs and yeast
CoQ biosynthesis.

Coq10 and Coq11 exist as a fusion protein in several Usti-
laginaceae species, indicating the presence of a functional
relationship between these two polypeptides (16). Previous
studies have shown that while the coq11D mutant does not
display defects in respiratory growth, it does have decreased de
novo 13C6-CoQ6 production. Despite its impairment in CoQ6

biosynthesis, the coq11D mutant displays a more stable CoQ
synthome as a result of increased Coq polypeptide abundance
(16, 17). As such, the Coq11 polypeptide is proposed to play a
regulatory role in CoQ6 biosynthesis through its function as a
negative modulator of CoQ synthome formation (17). This
hypothesized function of Coq11 is supported by the observa-
tion that deletion of COQ11 in tandem with COQ10 rescues
the respiratory defect of the coq10D mutant likely due to
increased protein content for several Coq polypeptides and
subsequent stabilization of the CoQ synthome (17). Similarly,
our coq10 mutants that harbor a subsequent deletion of
COQ11 displayed restored growth on a nonfermentable me-
dium when compared with the coq10D mutant (Fig. 6).
Furthermore, the coq10-R147* coq11D and coq10-L96S coq11D
J. Biol. Chem. (2024) 300(11) 107820 11
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double mutants also had decreased de novo CoQ6 production
and restored protein content for several Coq polypeptides like
the coq10Dcoq11D mutant (Figs. 7 and 9). This suggests the
mechanism by which deletion of COQ11 rescues the sickly
coq10D phenotypes is independent of ERMES. Elevated Coq11
protein content in all the coq10 mutants regardless of the type
of mutation or its effect on ERMES supports this conclusion
(Fig. 10). It is tempting to speculate that the Coq10 poly-
peptide may negatively regulate Coq11.

A fundamental feature of membrane contact sites is their
ability to spatially coordinate cellular processes such that
contact sites can serve as nucleation sites for specific pathways
depending on the needs of the cell. Previous studies have
shown the spatial positioning of the CoQ synthome is medi-
ated by ER-mitochondrial contacts established by ERMES, as
evidenced by colocalization of the CoQ domain marker, Coq9-
yEGFP, with the ERMES marker, and Mdm34-mCherry (19).
Deletion of COQ10 by its replacement with the HIS3 marker
cassette resulted in significantly less colocalization between the
CoQ domains and ERMES (19). Although it was originally
hypothesized that Coq10 may modulate the spatial coordina-
tion between ERMES and the CoQ domains, our results sug-
gest this is instead the result of disrupted ERMES formation
via attenuated Mdm12 and Mmm1 protein content in the
coq10D mutant (Fig. 2). While we were able to preserve
ERMES protein content in our coq10 point mutants (Fig. 4, A–
D), it remains unclear if the spatial coordination between
ERMES and the CoQ domains is maintained. It is possible that
despite the formation of a CoQ synthome in the coq10-R147*
mutant (Fig. 11), the Coq10 polypeptide may still be required
to mediate the localization of the CoQ synthome alongside
ERMES.

Since the initial characterization of the ERMES complex
(20), several other ER-mitochondrial contact sites have been
discovered (37). The viability of yeast lacking individual
ERMES constituents suggests that ERMES-related functions
can be compensated for by auxiliary contact sites. In support
of this, CoQ domains have been shown to also colocalize with
puncta marked by Ltc1 (18), the ER-residing component of an
auxiliary ER-mitochondrial tether (38). This suggests it is more
important CoQ domains localize to any given ER-
mitochondrial contact site rather than contact sites estab-
lished specifically by ERMES. However, we postulate that there
is a unique regulatory relationship between Coq10 and ERMES
given the positioning of the COQ10 and MDM12 genes within
the yeast genome (Fig. 3C). Commonly, bidirectional pro-
moters couple two divergent protein-encoding genes involved
in related processes to allow for their tight regulation (39, 40).
It is possible that coexpression of COQ10 and MDM12 via
their shared bidirectional promoter allows for the coupling of
CoQ biosynthesis with a transport mechanism capable of
distributing CoQ to other cellular membranes. Three ERMES
subunits (Mmm1, Mdm12, and Mdm34) possess a
synaptotagmin-like mitochondrial lipid binding protein
domain shown to facilitate the transport of phospholipids
between the ER and mitochondria (20, 21, 33). Structural
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characterization of ERMES using cryo-correlative light and
electron microscopy has shown that these synaptotagmin-like
mitochondrial lipid binding protein domains align to form a
channel for lipid transport (22).

It is tempting to speculate that ERMES could serve as a
platform for the mitochondrial distribution of CoQ in yeast
following its synthesis. However, the transport pathway of
CoQ from its site of biosynthesis in the inner mitochondrial
membrane to the outer membrane and perhaps ERMES is still
poorly described. Recent studies identified the Cqd1 and Cqd2
polypeptides to function in the transport of CoQ6 to and from
the mitochondria, respectively (41). Both Cqd1 and Cqd2 are
inner mitochondrial membrane proteins that face the inter-
membrane space (41), potentially bridging the gap between the
CoQ synthome and ERMES. Intriguingly, Cqd1 participates in
a contact site between the outer and inner mitochondrial
membranes, and overexpression of Cqd1 and Cqd2 elicits
contact sites between the ER and mitochondria (42). Taken
together, these studies suggest that membrane contact sites
likely play significant roles in the trafficking of yeast CoQ6 (43).

Despite the absence of a direct human homolog for ERMES,
the prevalence of ER-mitochondrial contact sites in humans
indicates that spatial regulation of mitochondrial processes via
contact sites is conserved. For example, knockdown of the
gene encoding the mitofusin (MFN) 2 ortholog, Mfn2, in mice
results in CoQ deficiency and decreased respiratory capacity
(44). MFN2 is most commonly known for its role in mito-
chondrial fusion, but its dual localization to ER and outer
mitochondrial membranes enables it to form a physical tether
between the two organelles via its homodimerization (45). In
contrast, MFN1 localizes solely to outer mitochondrial mem-
branes where it can form a heterodimeric tether with ER-
localized MFN2 (40, 46). Notably, mice with knockdown of
Mfn1 retain the ability to synthesize CoQ (40). This suggests
the CoQ deficiency observed in Mfn2 knockdown mice is not
due to loss of MFN2 function in mitochondrial fusion, but
rather results from the loss of MFN2-mediated tethering be-
tween the ER and mitochondria. Our work reinforces the
finding that ER-mitochondrial contacts can specifically regu-
late CoQ biosynthesis in that the preservation of ERMES in the
coq10-R147*mutant results in de novo CoQ production similar
to the WT control (Fig. 7).

In summary, this work revealed that previously reported
phenotypes attributed to deletion of COQ10 in S. cerevisiae
were conflated with those caused by significantly attenuated
Mdm12 protein content in the coq10D mutant. To disentangle
these phenotypes, we generated two separate coq10 point
mutants using CRISPR-Cas9 genome editing that maintain
Mdm12 protein content and ERMES complex formation.
Through our characterization of these mutants, we demon-
strate that Coq10 is required for respiration but not efficient
CoQ6 biosynthesis or formation of the CoQ synthome. Taken
together, these results support a model in which Coq10
functions mainly as a CoQ chaperone responsible for directing
CoQ from its sites of synthesis to its sites of function at the
respiratory complexes.
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Experimental procedures

All reagents were obtained commercially from Thermo
Fisher Scientific, unless specified otherwise.

Yeast strains and growth medium

Saccharomyces cerevisiae strains were derived from W303
(47) or S288C (48). Yeast strains used in this study are listed
in Table 1. In the S288C genetic background, the complete
COQ10 ORF was replaced with the KanMX4 selection marker
and was generated by the Saccharomyces genome KO con-
sortium (see Table 1). In the W303 genetic background, the
COQ10 ORF was replaced with the HIS3 gene (Table 1). In
the latter case, the COQ10 gene deletion extends from −4
to +6 bp 30 of the COQ10 TGA stop codon, corresponding to
a deletion of sequence from 310308 to 310941 of chromo-
some XV.

Growth media were prepared as described (49) and included
YPD (1% yeast extract, 2% peptone, 2% dextrose), YPG (1%
yeast extract, 2% peptone, 3% glycerol), and YPGal (1% yeast
extract, 2% peptone, 2% galactose, 0.1% dextrose). Plate me-
dium contained 2% bacto-agar.

Introduction of guide sequences into pCAS by PCR

Guide sequences for introduction of coq10 point mutations
via CRISPR-Cas9 genome editing were cloned into the pCAS
single-guide RNA cassette as previously described (30, 31).
Briefly, point mutations within 20 bp of a Protospace Adjacent
Table 1
Genotype and source of yeast strains

Strain

W303 1B MAT a leu2-3,-112; his3-11,-15; tr
BY4742 MAT a his3D0 leu2D0 met15D0 u
JM6 MAT a his-4 r0
JM8 MAT a ade-1 r0
W303a coq2D MAT a, ade2-1 can1-100 his3-11,1
W303 1B coq3D MAT a leu2-3,-112; his3-11,-15; tr
W303a coq4D MAT a leu2-3,-112; his3-11,-15; tr
W303 1B coq5D MAT a leu2-3,-112; his3-11,-15; tr
W303a coq6D MAT a leu2-3,-112; his3-11,-15; tr
W303 1B coq7D MAT a leu2-3,-112; his3-11,-15; tr
W303a coq8D MAT a leu2-3,-112; his3-11,-15; tr
W303 1B coq9D MAT a leu2-3,-112; his3-11,-15; tr
W303a coq10D MAT a leu2-3,-112; his3-11,-15; tr
W303 1B coq11D MAT a leu2-3,-112; his3-11,-15; tr
W303 1B coq10Dcoq11D MAT a leu2-3,-112; his3-11,-15; tr

coq11::LEU2
W303a mmm1D MAT a leu2-3,-112; his3-11,-15; tr
W303a mdm10D MAT a leu2-3,-112; his3-11,-15; tr
W303a mdm12D MAT a leu2-3,-112; his3-11,-15; tr
W303 1B coq10-L96S MAT a leu2-3,-112; his3-11,-15; tr
W303 1B coq10-L96S coq11D MAT a leu2-3,-112; his3-11,-15; tr

coq11::LEU2
W303 1B coq10-R147* MAT a leu2-3,-112; his3-11,-15; tr
W303 1B coq10-R147* coq11D MAT a leu2-3,-112; his3-11,-15; tr

coq11::LEU2
BY4741 coq2D MAT a his3D0 leu2D0 met15D0 u
BY4742 coq10D MAT a his3D0 leu2D0 met15D0 u
BY4742 coq11D MAT a his3D0 leu2D0 met15D0 u
BY4742 coq10Dcoq11D MAT a his3D0 leu2D0 met15D0 u
BY4742 coq10-L96S MAT a his3D0 leu2D0 met15D0 u
BY4742 coq10-L96S coq11D MAT a his3D0 leu2D0 met15D0 u
BY4742 coq10-R147* MAT a his3D0 leu2D0 met15D0 u
BY4742 coq10-R147* coq11D MAT a his3D0 leu2D0 met15D0 u

CoQ, coenzyme Q.
a Dr. Rodney Rothstein, Department of Human Genetics, Columbia University.
b Dr. Joan E. McEwen.
Motif (PAM) site and that were located at least halfway in the
COQ10 ORF to avoid disruption of the endogenous MDM12
promoter were selected for mutagenesis. Guide efficiency was
evaluated using theCRISPRdesign tool inBenchling (Benchling,
Inc). Primers for introduction of guide sequences into the pCAS
plasmid (Addgene, plasmid #60847) via PCR were designed
according to Armaleo et al. (31), including one mutagenic
primer per guide sequence containing the 20-bp guide sequence
flanked on either side by 20-bp sequences homologous to the
parental pCAS plasmid and a short 20-bp primer whose 50 end is
immediately adjacent to the 50 end of the mutagenic primer. All
primers were 50 phosphorylated according to standard protocols
prior to use. PCR reactions for cloning the guide sequences into
the pCAS plasmid were carried out according to the modified
protocol described by Armaleo et al. (31) and the linear PCR
products were blunt-end-ligated using a Quick Ligation Kit
(New England Biolabs). The resultant plasmids were trans-
formed into competent Escherichia coli DH5a cells (New En-
gland Biolabs) and plated on LB + kanamycin (50 mg/ml)
medium. Plasmids were isolated from transformants, and cor-
rect integration of the guide sequence was verified by Sanger
sequencing (Table 2). All primers utilized in pCAS plasmid
construction are listed in Table S1.
Use of CRISPR-Cas9 to generate coq10-L96S and coq10-R147*

The coq10 point mutations were introduced chromosomally
using CRISPR-Cas9 as previously described (30, 31). Briefly,
Genotype Source

p1-1; ura3-1; ade2-1; can1-100 R. Rothsteina

ra3D0 (48)
J. E. McEwenb

J. E. McEwenb

5 leu2-3,112 trp1-1 ura3-1 coq2::HIS3 (61)
p1-1; ura3-1; ade2-1; can1-100 coq3::LEU2 (62)
p1-1; ura3-1; ade2-1; can1-100 coq4::TRP1 (63)
p1-1; ura3-1; ade2-1; can1-100 coq5::HIS3 (64)
p1-1; ura3-1; ade2-1; can1-100 coq6::LEU2 (65)
p1-1; ura3-1; ade2-1; can1-100 coq7::LEU2 (66)
p1-1; ura3-1; ade2-1; can1-100 coq8::HIS3 (63)
p1-1; ura3-1; ade2-1; can1-100 coq9::URA3 (67)
p1-1; ura3-1; ade2-1; can1-100 coq10::HIS3 (10)
p1-1; ura3-1; ade2-1; can1-100 coq11::LEU2 (17)
p1-1; ura3-1; ade2-1; can1-100 coq10::HIS3 (17)

p1-1; ura3-1; ade2-1; can1-100 mmm1::KanMX (33)
p1-1; ura3-1; ade2-1; can1-100 mdm10::HIS3 (33)
p1-1; ura3-1; ade2-1; can1-100 mdm12::HIS3 (33)
p1-1; ura3-1; ade2-1; can1-100 coq10-L96S This work
p1-1; ura3-1; ade2-1; can1-100 coq10-L96S This work

p1-1; ura3-1; ade2-1; can1-100 coq10-R147* This work
p1-1; ura3-1; ade2-1; can1-100 coq10-R147* This work

ra3D0 coq2::KanMX4 (68)
ra3D0 coq10::KanMX4 (68)
ra3D0 coq11::LEU2 (17)
ra3D0 coq10::HIS3 coq11::LEU2 (17)
ra3D0 coq10-L96S This work
ra3D0 coq10-L96S coq11::LEU2 This work
ra3D0 coq10-R147* This work
ra3D0 coq10-R147* coq11::LEU2 This work
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Table 2
Plasmids used in this study

Plasmid Construct description Source

pCAS Expresses Streptococcus pyogenes Cas9 plus an HDV ribozyme-sgRNA for genome
editing in yeast

(30)

pCAS_C10-L96 pCAS backbone with modified sgRNA-targeting L96 of yeast Coq10 This work
pCAS_C10-R147 pCAS backbone with modified sgRNA-targeting R147 of yeast Coq10 This work

CoQ, coenzyme Q; HDV, hepatitis delta virus; sgRNA, single-guide RNA.
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complementary 60-mer oligonucleotides containing the
desired point mutation were designed to serve as the dsDNA
repair template (Table S1). The previously designed pCAS
plasmids and their corresponding donor oligonucleotides were
cotransformed into competent W303 1B or W303 coq11D
yeast cells according to standard yeast transformation pro-
tocols (50). Competent yeast cells were prepared according to
Ryan et al. (30). For each cotransformation, 90 ml competent
cells were combined with 1.0 mg pCAS plasmid and 5.0 mg of
each complementary donor oligonucleotide. Transformants
were selected on YPD + G148 (0.2 mg/ml) plates incubated at
37 �C for three days. Successful transformants were isolated on
fresh YPD + G418 plates incubated at 30 �C for two days.
Isolated strains were cultured in 5 ml YPD without G418 for
22 h to confer loss of the pCAS plasmid. Cultures were sub-
sequently plated for single colonies onto YPD medium. To
confirm the desired mutations, genomic DNA was extracted
using the Promega Wizard Genomic DNA Purification Kit
(Promega) and the COQ10 ORF was amplified by PCR and
verified by Sanger sequencing (Tables 1 and S1).

Drop dilution plate assays

Yeast strains were grown overnight in 5 ml of YPD. The
following day, cultures were diluted to an A600 = 0.2 with sterile
PBS and 2 ml of 5-fold serial dilutions were spotted onto YPD
and YPG plate medium, corresponding to a final A600 = 0.2,
0.04, 0.008, 0.0016, and 0.00032. Plates were incubated at 30 �C
and pictures were taken after two or three days.

Analysis of de novo CoQ and CoQ-intermediates by stable
isotope labeling

Cells were grown overnight in 5 ml of YPGal at 30 �C with
shaking. The pre-cultures were then back diluted to an A600 �
0.1 in 25 ml of fresh YPGal and allowed to further expand to
midlog phase (A600 � 0.6). For analysis of de novo CoQ
biosynthesis, cultures were treated with 8 mg/ml of 13C6-pABA
(Sigma-Aldrich) or ethanol as a vehicle control for 5 h. All
cultures were harvested by centrifugation and cell pellets were
stored at −20 �C until use.

To prepare for lipid extraction, cell pellets were resus-
pended in PBS. An aliquot of each cell suspension was added
to 2 ml of methanol and cells were lysed by vortexing in the
presence of glass beads. Lipids were extracted twice in the
presence of the internal standard CoQ4 (Sigma-Aldrich) with
the addition of 2 ml petroleum ether followed by vortexing
each time. A standard curve was constructed by preparing and
extracting standards with known amounts of CoQ6 (Avanti
Polar Lipids) and the internal standard CoQ4 alongside the
14 J. Biol. Chem. (2024) 300(11) 107820
experimental samples. Extracted lipids were dried under N2

gas and reconstituted prior to analysis.
Lipid content was analyzed by LC-MS/MS as previously

described (8). Briefly, lipids were reconstituted in 200 ml of 1mg/
ml benzoquinone prepared in ethanol and 20 ml of each sample
was injected into an API4000 linear tandem mass spectrometer
(Applied Biosystems). The instrument’s corresponding analysis
software, Analyst version 1.4.2 (https://sciex.com/products/
software/analyst-software), was used for data acquisition and
processing. CoQ6 content was determined by normalizing the
peak using the aforementioned standard curve. Relative levels of
CoQ-intermediates are represented as peak areas normalized to
the internal standard. A one-way ANOVA with multiple com-
parisons corrected for using Dunnett’s test was performed using
GraphPad Prism 10 (https://www.graphpad.com).

Isolation of crude mitochondria

Yeast strains were cultured overnight in 30 or 50 ml of YPD at
30 �Cwith shaking. PrecultureswerebackdilutedwithYPGal and
grownwith shaking (30 �C, 250 rpm) until cell density reached an
A600 � 4. Spheroplasts were prepared with Zymolyase-20T (MP
Biomedicals), and subsequent fractionation steps were carried
out as previously described (51). Briefly, spheroplasts were lysed
using dounce homogenization and the resulting homogenate was
subjected to centrifugation at 1500g to pellet large cellular debris
and membranes. The supernatant was collected and centrifuged
at 12,000g to pellet mitochondria. The mitochondrial pellet was
washed and centrifuged again at 1500g to remove unwanted
impurities. The final centrifugation step was conducted at
12,500g, and the resultant crude mitochondrial pellet was resus-
pended in Hepes sorbitol buffer (0.6 M sorbitol, 20 mM Hepes,
pH 7.4). Aliquots of crude mitochondria were flash-frozen in
liquid nitrogen and stored at −80 �C until further use. All frac-
tionation steps were completed in the presence of EDTA-free
protease inhibitor cocktail tablets (Roche), phosphatase inhibi-
tor cocktail set I (Sigma-Aldrich), phosphatase inhibitor cocktail
set II (Sigma-Aldrich), and PMSF (Thermo Fisher Scientific), and
all centrifugations were conducted at 4 �C. Protein concentration
of crude extracts was determined by the bicinchoninic acid assay
(Thermo Fisher Scientific). Mitochondria from yeast ERMESD
mutants were prepared in the same manner with the exception
that cultures were expanded in YPG to ensure retention of
mitochondrial DNA.

SDS-PAGE and immunoblot analysis of steady-state protein
expression

Crude mitochondria (12.5 or 25 mg) were resuspended in
SDS sample buffer (50 mM Tris, pH 6.8, 10% glycerol, 2% SDS,

https://sciex.com/products/software/analyst-software
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0.1% bromophenol blue, and 1.33% b-mercaptoethanol) and
separated by gel electrophoresis on 10 or 12% Tris-glycine
polyacrylamide gels. Proteins were transferred to 0.45 mm
polyvinylidene fluoride membranes (Millipore) and blocked
with blocking buffer (5% milk and 0.1% Tween-20 in
phosphate-buffered saline). CoQ polypeptides, ERMES sub-
units, and mitochondrial protein loading control Mdh1 were
detected using rabbit polyclonal antibodies prepared in 0.5%
bovine serum albumin or 5% milk at the dilutions listed in
Table 3. IRDye 680LT IgG secondary antibodies (LiCOR) were
used at a dilution of 1:20,000. Proteins were visualized using
the LiCOR Odyssey Infrared Scanner (LiCOR), and immuno-
blots were quantified by hand using ImageJ software (https://
imagej.net; National Institutes of Health, Bethesda, MD). A
one-way analysis of variance with multiple comparisons cor-
rected for using Dunnett’s test was performed using GraphPad
Prism 10 was used to compare band intensities.

Generation of antibodies against yeast Coq10 and Coq11

To generate antibodies against Coq10, a 0.594 kb fragment
of DNA containing the mature COQ10 ORF (F31 → P207) was
amplified from genomic yeast DNA by PCR with the forward
primer Nde1_tCoq10_FP (50 GGCCCATATGTTTTTT
GGTTTGAGCGG 30), encoding an initiator Met codon in
frame to the mature F31 codon of the COQ10 ORF and adja-
cent coding sequence (+91 to +107). The reverse primer,
BamH1_tCoq10_RP (50GGCCGGATCCTCAGTGATGATGG
TGATGGTGACCACTAGCAGAACCGGAACCCTGAAAA-
TAGAGATTTTCCCCCGGAGAGCCTTCTTT 30), encodes
five carboxy-terminal residues of Coq10, (bold underline
designates +207 to +193 of the COQ10 ORF). The interceding
sequence corresponds to a tobacco etch virus protease site
(dotted underline), linkers, and the 6 × His-tag (dashed un-
derline). The amplified DNA was digested with Nde1
(underlined) and BamH1 (double underlined). The digested
DNA fragment was ligated into the Nde1 and BamH1 sites of
the expression vector pET-15b. The resulting plasmid
pET15b_tCoq10, expressed yeast Coq10 with a 6 × His-tag at
its C terminus. The resulting 23 kDa fusion protein was
overexpressed in the E. coli BL21 (DE3) strain (New England
Table 3
Description and source of antibodies

Antibody Working dilution Source

Coq3 1:200 (69)
Coq4 1:2000 (70)
Coq5 1:5000 (71)
Coq6 1:200 (65)
Coq7 1:500 (72)
Coq8 Affinity-purified, 1:30 (6)
Coq9 1:1000 (6)
Coq10 Affinity-purified, 1:400 (52)
Coq11 1:500 (54)
Mdh1 1:10,000 Lee McAlister-Henna

Mdm10 1:250 (29)
Mdm12 1:200 (29)
Mmm1 1:500 (29)

CoQ, coenzyme Q; Mdh1, mitochondrial malate dehydrogenase.
a Dr. Lee McAlister-Henn, Department of Molecular Biophysics and Biochemistry,
University of Texas Health Sciences Center.
Biolabs). Cell pellets were harvested by centrifugation and
approximately 30 g of cells were resuspended in lysis buffer
(50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole pH 8.0,
5 mM b-mercaptoethanol, 5% glycerol, and 0.4% dodecyl
maltoside). One tablet of Roche EDTA-free protease inhibitor
was added per 80 ml lysis buffer and the cell density was
approximately 37% weight/volume. Cells were disrupted with
a microfluidizer and the cell lysate was clarified by centrifu-
gation at 12,000g for 5 min at 4 �C. The fusion protein in the
resultant supernatant was then purified with Ni-NTA
Superflow resin (Qiagen) as previously described (52). The
eluted protein was concentrated with a 10 kDa Amicon filter,
and then subjected to size-exclusion chromatography using a
Superdex 200 10/300 GL column. The purified Coq10-His6-
tagged protein was used to raise polyclonal antisera in rabbits
by a standard immunization protocol (Cocalico Biologicals,
Inc). The specificity of the polyclonal antisera was determined
by immunoblotting with crude or gradient-purified mito-
chondria from WT and coq10D mutant yeast (52). When
necessary, the antisera were affinity purified as described (53).

To generate antibodies against Coq11, a synthetic peptide
antigen specific to the COQ11 ORF (K116-F130; KKSKKEQE-
KANQRSF) was conjugated to keyhole limpet hemocyanin and
used to elicit an immune response in rabbits by standard
protocols (Cocalico Biologicals).

The specificities of the polyclonal antisera were determined
by immunoblotting with crude or gradient-purified mito-
chondria from WT and coq11D null mutant yeast (54).
RNA isolation

Overnight cultures of WT (W303 1B), W303a coq10D,
W303 1B coq10-L96S, and W303 1B coq10-R147* yeast in
YPGal medium were back-diluted with 30 ml fresh YPGal
medium to A600 = 0.2, and grown to A600 = 1 (log phase).
Cells were harvested by centrifugation at 1950g for 5 min,
washed with 10 ml sterile water, and transferred to 2 ml
screw-cap tubes. Cell pellets were flash-frozen in liquid ni-
trogen and stored at −80 �C until RNA extractions were
carried out.

To frozen cell pellets, 500 ml of phenol-chloroform (phenol:
chloroform: isoamyl alcohol 25:24:1, pH 8.0, Thermo Fisher
Scientific), 500 ml of RNA-SDS buffer (50 mM Tris–HCl, pH
7.5, 100 mM NaCl, 10 mM EDTA, and 2% SDS w/v), and acid-
washed glass beads were added and vortexed for 1 min.
Samples were heated at 65 �C for 6 min, vortexed for another
min, and subjected to centrifugation at 12,000g for 5 min to
allow phase separation. The top aqueous layer was transferred
to a new Eppendorf tube with 450 ml of fresh phenol-
chloroform before vortexing and centrifugation as before.
The top aqueous layer was transferred again to a new tube
with 1 ml of ethanol and 40 ml of 3 M sodium acetate, pH 5.2
and cooled to −80 �C to facilitate RNA precipitation. Samples
were subjected to centrifugation (12,000g), and the resulting
RNA pellets were washed with 70% ethanol and treated with
DNase I (New England Biolabs) before the final resuspension
in nuclease-free water.
J. Biol. Chem. (2024) 300(11) 107820 15
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Nanopore sequencing and analyses of mRNA content

RNA libraries were prepared from 500 ng of total RNAs
using the PCR-complementary DNA barcoding kit from
Oxford Nanopore (ONT, catalog #: SQK-PCB114.24) as per
the manufacturer’s instructions. Sequencing was performed
using R10.4.1 flow cells on a MinION Mk1B device and
sequenced for 48 h. Base calling was performed using the
built in Dorado basecaller in Minknow (Dorado version:
7.4.12; https://github.com/nanoporetech/dorado/releases).
Reads were then mapped to the Saccharomyces cerevisiae
genome (S288C_reference_sequence_R64-3-1) using Mini-
map 2 (Version 2.17-r941; https://github.com/lh3/minimap2).
Reads were visualized using IGV (Version 2.12.3; https://igv.
org). For read counts we calculated the number of reads
mapping to each gene using featureCounts (55). DESeq2
(https://bioconductor.org) was used to quantify changes in
gene expression of the different strains and for normalizing
counts to library size (56).

2D BN/SDS-PAGE of high-molecular-mass complexes

2D-BN/SDS-PAGE was performed as described previously
(57, 58). Crudemitochondria (300 mg) were solubilized for 1 h on
ice with 16 mg/ml digitonin (Biosynth) in the presence of the
protease and phosphatase inhibitors used during mitochondrial
isolation. Solubilized protein was quantified using the bicincho-
ninic acid assay. Seventy-five micrograms of solubilized mito-
chondria were separated on Native-PAGE 4 to 16% Bis-Tris gels
(Invitrogen) and cut into strips for the second-dimension sepa-
ration.Gel stripswere then further separated on 10%Tris-glycine
polyacrylamide gels. Following the second-dimension separation,
immunoblot analyses of the CoQ synthome was performed as
described above using an antibody against Coq9. Lyophilized
protein used for the native gel high molecular weight standards
were obtained from GE Healthcare (Sigma-Aldrich).

Data availability

Nanopore sequencing data have been submitted to the GEO
repository, accession number GSE276665, to be made available
September 13, 2024. This article contains supporting infor-
mation. All study data are included in the article and/or sup-
porting information.
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