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ABSTRACT OF THE DISSERTATION

Characterization of the CoQ-Synthome proteins and binding partners, their phosphorylation
status, and alternative splicing and regulation in Saccharomyces cerevisiae
by

Agape Mamdouh Awad
Doctor of Philosophy in Biochemistry and Molecular Biology
University of California, Los Angeles, 2018
Professor Catherine F. Clarke, Chair

Coenzyme Q (also termed ubiquinone or Q) is an electron carrier in the mitochondrial
respiratory chain that functions as an essential component in energy metabolism processes. Q
transfers electrons from NADH and succinate to cytochrome c, a heme protein, and also serves
as a vital lipid soluble antioxidant via its redox activity, whereby it is able to undergo a radical
intermediate. Thus, sufficient de novo Q biosynthesis is crucial for proper health maintenance in
humans. Patients with deficiencies in Q suffer from a wide spectrum of health disorders,
including kidney disease, neurodegenerative diseases, ataxia, and cardiovascular complications.
Additionally, decreased Q levels have been linked to aging.
Saccharomyces cerevisiae (baker’s yeast) serves as an excellent model for studies on Q
because of its powerful molecular genetics and its close homology to human Q biosynthesis and
function. Q biosynthesis in S. cerevisiae (which makes Q6 with six isoprene units, versus
humans whose Q10 has ten isoprene units) takes place in the mitochondria. Fourteen known
ii

mitochondrial proteins are responsible for facilitating this process—Coq1-Coq11 (Coq11 being
recently discovered and, renamed from YLR290C, by Allan and Awad), Yah1 (ferredoxin), Arh1
(ferredoxin reductase), and Hfd1 (aldehyde dehydrogenase). Null coq1-coq9 mutants lack Q6,
are respiratory impaired, and sensitive to lipid autoxidation stress by polyunsaturated fatty acids.
Also, many of the proteins necessary for the biosynthesis of Q6 are associated in a high
molecular weight complex that localizes in the inner mitochondrial membrane, as part of what
has been termed the ‘CoQ-Synthome’.
Chapter 2 investigates potential additional protein partners of the CoQ-Synthome. Via
tandem affinity purification and proteomic and mass spectrometry analysis—facilitated by dualtagged Coq polypeptides—YLR290C was identified as a CoQ-Synthome binding partner. This
protein of unknown function co-purified with Coq4, Coq5, and Coq7 and was verified via
Immunoblotting and proteomic analysis. Additionally, yeast null mutants for ylr290c showed
impaired 12C-Q6 and 13C6-Q6 levels, indicating that this novel binding partner was needed for
efficient Q biosynthesis. Altogether, the entirety of the data supported YLR290C as a novel Coq
polypeptide, and hence it was renamed “Coq11”. Additionally, previous work elucidated that the
stability of the CoQ-Synthome relied on the presence of the Coq8 protein, the putative kinase of
the system, which was not previously shown to be a member of the complex. Moreover, several
Coq polypeptides—namely Coq3, Coq5, and Coq7—are phosphorylated in a Coq8-dependent
manner. Chapter 2 demonstrates the novel finding that Coq8 was captured in association with
Coq6, a known member of the high molecular-weight complex, hence asserting a physical
association between Coq8 and Coq6. Thus, it is now believed that Coq8 is a novel member of
the CoQ-Synthome.
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Given the findings contained in Chapter 2 related to the association of Coq6 with the
putative kinase of the system, Coq8, the question now remains whether Coq6 is a phosphorylated
Coq polypeptide, similar to Coq3, Coq5, and Coq7. Chapter 3 further investigates this potential
for phosphorylation as it related to Coq6. In fact, 2-Dimensional Isoelectric Focusing Assays
conducted on dual-tagged Coq6 showed that indeed it is a phosphorylated polypeptide. With this
novel information regarding Coq6, purified dual-tagged Coq6 was subjected to
phosphoproteomic analysis, the results of which proved inconclusive. Hence, predictive
software and algorithms were employed to assist in the elucidation of potential sites of
phosphorylation on Coq6. Additionally, a putative model of Coq6 was generated using the
predictive software PHYRE2. Using this information, site-directed mutagenesis of Coq6 was
conducted in order to investigate the phenotypes of particular sites that were predicted to be
“high potential for phosphorylation sites” based on the predictive algorithms and the Coq6
model.
Chapter 4 details the extensive story of alternative splicing in yeast, and in particular, as
it relates to the Coenzyme Q biosynthetic pathway. Previous findings from another collaborating
laboratory showed that Coq7 contained several phosphorylated residues that were regulatory in
terms of Q biosynthesis. Namely, when three particular residues were mutated to be
constitutively nonphosphorylatable, Q levels were dramatically higher compared to the WT. In
addition, the phosphatase responsible for the dephosphorylation of Coq7 was identified as Ptc7, a
known mitochondrial phosphatase. Chapter 4 highlights the alternative splicing of PTC7, which
results in two distinct and functional isoforms of this gene: Ptc7s (spliced) and Ptc7ns
(nonspliced). Particularly, it is the spliced form which was previously cited as the mitochondrial
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phosphatase; the nonspliced form is, indeed, a novel protein of unknown function. Chapter 5
will further delve into the potential function of Ptc7ns. In addition to highlighting a rare case of
alternative splicing in yeast, and particularly that of a gene (PTC7) involved in Q biosynthesis,
Chapter 4 also uncovers the gene that is responsible for this alternative splicing event. In
particular, SNF2, which stands for sucrose-nonfermentable, is a nutrient sensing gene that
modulates the splicing of PTC7 and is, thereby, able to control Q-biosynthesis in yeast.
Moreover, Chapter 4 highlights how SNF2 is necessary for the metabolic shift from fermentation
to respiration in yeast, and how nonconsensus splicing is initiated when SNF2 becomes absent
from the cell.
Chapter 5 provides insight and perspectives on the current projects at hand and suggests
future directions for each portion of the thesis projects. Additional experimental techniques and
approaches are highlighted and ideas regarding how to advance each project further are
proposed.
Finally, the Appendix contains the recent publication that elucidates kaempherol as a
novel coenzyme Q biosynthetic precursor. When tested in comparison to various polyphenolic
compounds, kaempherol supplementation showed the greatest effect on increasing Q content in
mammalian cell lines. The data, overall, suggests that kaempherol is able to be metabolized into
a novel ring precursor for coenzyme Q biosynthesis.
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Introduction
Flavin-dependent monooxygenase Coq6 has long been known to be required for a hydroxylation
step in the biosynthesis of coenzyme Q when 4-hydroxybenzoic acid (4-HB) is given as the ring
precursor (Gin, P. et al., 2003). In fact, in order for Coq6 to catalyze this hydroxylation,
particularly, the C5-hydroxylation step, the presence of Yah1 and Arh1, ferredoxin and
ferredoxin reductase, respectively, is absolutely necessary to complete the monooxygenase
activity of Coq6 (Ozeir. M. et al., 2011). The conserved catalytic domains of Coq6 include the
ADP binding fingerprint, the NAD(P)H/FAD recognition site, and the ribityl binding motif (Gin,
P. et al., 2003). Additionally, yeast Coq6 was shown to co-immunoprecipitate with a bound
FAD and has been modeled to show a flavin-dependent substrate channel, whereby 3hexaprenyl-4-hydroxyphenol (4-HP6) is able to dock in the catalytic site of Coq6 in a “tunnel”
specific to this CoQ intermediate (Ismail, A. et al., 2016).
However, most recently, Coq6 was also found to be required for the deamination of carbon 4
when para-aminobenzoic acid (pABA) is supplied as the ring precursor, working alongside
another coenzyme Q-related polypeptide—Coq9—to deaminate the benzoquinone head-group,
in order to provide the final QH2 product (Ozeir. M. et al., 2015; He, C.H., et al., 2015). In fact,
the catalytic function of Coq6 to deaminate at the C4 position involves dioxygen in the
replacement of the amino group with a hydroxyl group, as demonstrated through labeling assays
using isotopically labeled molecular oxygen, 18O2 (Ozeir, M. et al., 2015). This rather novel
function of Coq6 elucidates its ability to hydroxylate two positions on two different aromatic
ring precursors, 4-HB and pABA, in yeast.
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In terms of localization, Coq6 has been shown to be peripherally associated with the inner
mitochondrial membrane, situated on the matrix side; additionally, yeast Coq6 polypeptide is
part of the high-molecular weight Coenzyme Q biosynthetic complex, termed the “CoQSynthome” (Gin, P. et al., 2003; Allan, C.M. et al., 2015). In fact, most interestingly, is the
newly discovered physical association of Coq6 with Coq8, the putative kinase of the system
(Allan, C.M. et al., 2015). Previous reports of the CoQ-Synthome prior to 2015 had not shown
Coq8 to be a member of the complex, yet after careful tandem-affinity purification of the
complex under native conditions, co-immunoprecipitation showed a physical interaction of Coq6
with Coq8, (Allan, C.M. et al., 2015). This became an avenue of great interest, particularly
because Coq8 was previously shown to be required for the phosphorylation of Coq3, Coq5, and
Coq7, although it was not shown to be the direct kinase that phosphorylates these Coq
polypeptides (Xie, L.X. et al., 2011; He, C.H., et al., 2014). Nonetheless, whether Coq8 is
actually an atypical protein or lipid kinase, or if it is a sort of kinase-recruiting polypeptide, the
physical association of Coq6 with Coq8—even if it is one of a ‘transient’ nature—is extremely
compelling, in terms of phosphorylation. In other words, can we show that Coq6 is also a
phosphorylated Coq polypeptide and include it in the group of phosphorylated Coq proteins,
alongside Coq3, Coq5, and Coq7?
Results
Previously, Coq3, Coq5, and Coq7 were shown to be phosphorylated in vivo using 2Dimensional Isoelectric Focusing (2D-IEF) and the phosphorylation was shown to be Coq8dependent (Xie, L.X. et al., 2011). Namely, using gradient-purified mitochondria from WT and
various coq8 mutant strains, samples were separated in the first dimension using a pH gradient
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gel, followed by separation on an SDS-PAGE gel for the second dimension. Immunoblotted
against Coq3, Coq5, and Coq7, these polypeptides showed the classical indications of
phosphorylation and the abolishment of this phosphorylation (collapse and shift of spots to a
higher pH) when samples were treated with λ-phosphatase (Xie, L.X. et al., 2011). Hence, we
sought out to investigate whether Coq6—which we suspect to be a potentially phosphorylated,
given the physical association between it and Coq8, the putative kinase or kinase-recruiting
enzyme—was indeed phosphorylated. Using methods described in Xie L.X. et al. (2011), 2DIEF was conducted on gradient-purified mitochondria from yeast expressing Coq6 fused to the
CNAP (Consecutive Non-denaturing Affinity Purification) tag, hereafter called ‘CNAP6’
(Figure 1). The CNAP6 strain used was in the W303-1A background (Mat a ade2-1 his3-1,15
leu2-3,112 trp1-1 ura3-1 COQ6::COQ6-CNAP-HIS3). The isoelectric point (pI) of CNAP6 was
calculated using ExPASy, whereby the mature Coq6 polypeptide sequence (not containing the
first 22 amino-terminal amino acids, which comprise the predicted mitochondrial targeting
sequence) resulted in a predicted pI of 5.78. Comparing CNAP6 samples and samples that were
treated with λ-phosphatase, indeed the indications of phosphorylation forms of CNAP6 were
detected (Figure 2). The CNAP6 sample (blotted against the anti-protein C epitope of the
CNAP tag) shows a more acidic accumulation of multiple spots (Figure 2A), however, upon
treatment with phosphatase, these spots collapse into fewer spots, and shift to the right,
indicating a removal of phosphates consistent with an overall higher pH (Figure 2B). Anti-Coq5
antibody was used as a control to validate the 2D-IEF results (Figures 2C and 2D), since it was
previously published that Coq5 is phosphorylated using the same assay by Xie, L.X. et al. in
2011. The blots published in that work are consistent with the phosphorylation phenotype shown
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in Figures 2C and 2D, which both show a similar collapse of multiple spots into fewer, and a
rightward shift to a higher pH of the Coq5 polypeptide (Xie, L.X. et al., 2011). Hence, these 2DIEF experiments validated our hypothesis: that indeed the Coq6 polypeptide is phosphorylated in
vivo.
In addition to the 2D-IEF immunoblots, total protein SYPRO-Ruby stain was conducted after the
2D-IEF assay to show all the proteins of the WT only and WT + λ-phosphatase samples (Figure
3). Indeed, when analyzing the gel of the WT CNAP6 sample, we see a collection of various
spots (Figure 3A). However, comparing this with the phosphatase treated samples, we see a
disappearance of several of the spots which indicate a particular phosphorylated protein (Figure
3B). Several spots present in the WT only blot and absent in the phosphatase treated blot are
highlighted in yellow, green, blue, and red circles, as an example (Figure 3). These SYPRORuby stains highlight the efficacy and successful function of the phosphatase treatment in the
removal of phosphorylation of select proteins from our samples. If desired, these spots from the
gel can be excised by a micro-tweezer apparatus and sent for mass spectrometry analysis to
identify these phosphorylated proteins. However, since this was not in the scope of this Coq6
phosphorylation project, this step was not initiated, although in the future this may be something
of interest: to identify potentially phosphorylated proteins that are present in a CNAP-tagged
Coq6 mitochondrial sample.
Since our analysis successfully showed, for the first time, that Coq6 was indeed a phosphorylated
member of the CoQ-Synthome, we now wished to identify the sites of phosphorylation. It is
noteworthy to mention that whether this phosphorylation is Coq8-dependent or not was not yet
tested. First, we wanted to explore the option of phospho-proteomic analysis on purified CNAP41

tagged Coq6 mitochondria and elucidate the residues of phosphorylation. Hence, CNAP6 yeast
mitochondria were purified as described by Glick, B. S., and Pon, L. A. (1995). Approximately
70 mg of mitochondria were gradient purified. In order to verify the mitochondria prepared,
samples taken from two rounds of large-scale mitochondria preparations (7.2 Liters each) were
immunoblotted against the Protein C epitope, showing the predicted size of CNAP6 at ~51kD
(Figure 4A). Additionally, to verify the stability of the mitochondria, samples were also
immunoblotted against the Coq4 polypeptide, which is a marker for the stability of the entire
CoQ-Synthome, showing a band at ~ 36kD (Figure 4B). Finally, immunoblotting against Atp2,
a marker for mitochondria, was conducted, as a control, showing a band at ~ 45kD (Figure 4C).
Subsequently, digitonin-solubilized mitochondria were tandem affinity purified under native
conditions using the His-tag and the Protein C epitope of the CNAP tag, as described by Allan,
C.M. et al. (2015) and verified by Immunoblotting also against the Protein C epitope, against the
Coq4 polypeptide, and against Atp2, to verify successful purification (Figure 5). Directly
preceding any phosphorylation analysis by mass spectrometry, the purified pooled eluates
needed to undergo chloroform-methanol extraction in order to remove any residual digitonin
from the samples, which was incompatible with the phospho-proteomic mass spectrometry
analysis. Hence, the chloroform-methanol precipitate was recovered and also verified by
immunoblotting against the Protein C epitope, showing the correct size of CNAP6 at ~51kD
(Figure 6).
The chloroform-methanol precipitate was then given to our collaborators for the following steps:
in-solution tryptic digestion, immobilized metal-affinity chromatography (IMAC) for enrichment
of phosphorylated peptides, desalting, and finally HPLC MS/MS, as described by Lu, N.T. et al
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in 2016. Unfortunately, our samples did not yield any data, in terms of phosphorylation site
detection, and the error was attributed to a potential PEG contamination that caused a large
distortion of the data for what are otherwise very low abundance peptides. We attempted to
generate another round of purified mitochondria, then CNAP-tagged eluate, then chloroformmethanol precipitate twice more, however these samples, too, did not yield any phosphorylation
data. At this point in the project, an alternate method of phosphorylation analysis on Coq6
needed to be sought out, since it was highly time-consuming to continue generating samples for
which a low abundance of the Coq6 polypeptide was present. Thus, we decided to proceed with
a different route: predictive analysis and algorithms.
In 2011, the Santos-Ocaña group (Department of Physiology, Anatomy and Cellular Biology,
Universidad Pablo de Olavide) successfully published that another member of the CoQSynthome, Coq7, a hydroxylase responsible for catalyzing the penultimate step of the
biosynthetic pathway, was regulated by phosphorylation status (Martin-Montalvo, A. et al.,
2011). In fact, the entirety of their work as it relates to phosphorylation sites on Coq7 was all
completed through predictive algorithms. In particular, they found that three residues on Coq7
appeared to be phosphorylated: Serine20, Serine28, and Threonine32 (Martin-Montalvo, A. et al.,
2011). When they created a phosphomimetic version, substituting these three residues with
Aspartate, Glutamate, and Aspartate (DED), respectively vs. a nonphosphorylatable version
containing all Alanines (AAA), they found that the amount of Q generated by these strains to be
very different. Namely, the constitutively phosphorylated mutant had 57% Q levels, as
compared to WT, whereas the nonphosphorylatable mutant had 256% the Q levels, as compared
to WT. In other words, phosphorylation appeared to negatively affect Coq7 function (which is to
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catalyze the penultimate step of the Q biosynthetic pathway), and the abolishment of the
phosphorylation allowed Q biosynthesis to ensue (Martin-Montalvo, A. et al., 2011). This
finding was astonishing for two reasons. For one, historically it has been very difficult to find
phosphorylated residues on the Coq polypeptides, since they are such low abundance proteins;
what mass spectrometry could not elucidate, predictive algorithms successfully implicated.
Secondly, not only were the sites of phosphorylation mildly regulatory, they were very
dramatically regulatory, in terms of influence on the ultimate levels of Q production. The only
point of contention that experts in this field brought up was the fact that the predicted
mitochondrial targeting sequence (MTS) of Coq7 is believed to be the first 23 amino acids. If
this is the case, a mutation in Serine20 might be affecting Coq7 import into the mitochondria. To
answer this point, more research must be conducted on the topic of import of the Coq7 phosphomutants into the mitochondria.
However, since predictive algorithms were highly successful in implicating particular residues
for phosphorylation in Coq7, perhaps the same can be done for Coq6. Thus, several prediction
methods were employed in this pursuit. Firstly, NetPhosYeast was used in order to predict
which residues on Coq6 have a potential for phosphorylation. NetPhosYeast is a yeast specific
database that provides a quantitative putative phosphorylation potential value for every Serine or
Threonine in a yeast polypeptide primary sequence. The reason why Tyrosines were not
accounted for is for the reason that there are no known Tyrosine kinases present in yeast,
although speculation exists that dual-specificity kinases do exist and may function to modify
tyrosine residues (Miller, T.W., 2013). Hence, this program only searches for Serines or
Threonines with a potential for phosphorylation. The algorithm incorporated into the program is
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able to determine and identify yeast-specific phosphorylation substrate motifs, based on primary
sequence. A value of 0.5 or higher translates to a high potential for phosphorylation for that
particular residue. The NetPhosYeast program was developed by two experimentally identified
mass spectrometry led studies, which led to the development of this predictive program (Gruhler,
A. et al., 2005; Ficarro, S.B. et al. 2002). Overall, the mass spectrometry-based development of
the algorithm used by NetPhosYeast placed this program superior to other competing databases
for phosphorylation prediction, such as KinasePhos, NetPhosK, NetPhos, Scansite by having a
complex specificity and optimized sensitivity, as measured by independent data sets. Hence, this
particular software was employed for the Coq6 project.
After algorithmic analysis of the full Coq6 primary amino acid sequence, NetPhosYeast
predicted 16 Serines and 2 Threonines to have a “high potential for phosphorylation”; in other
words, these 18 residues scored a phosphorylation potential of 0.5 or higher (Figure 7). Hence,
there appears to be 18 potential sites for phospho-mutagenesis, in a manner similar to what was
done by Martin-Montalvo et al. for the Coq7 polypeptide. However, in order to narrow down the
mutations that need to be made in the first round of mutagenesis, residues that were contained in
the three catalytic domains of Coq6—the ADP binding fingerprint, the NAD(P)H/FAD
recognition site, and the ribityl binding motif—were not chosen for mutagenesis, to prevent
potentially compromising the catalytic activity of Coq6, entirely (Figure 8, previously published
by Gin, P. et al., 2003). This eliminated Serine45 and Serine49 (which reside in the ADP binding
portion) and Serine205 (which resides in the NAD(P)H/FAD domain). Furthermore, to prevent
potentially inhibition of mitochondrial import of Coq6, we also decided to retain the Serine22,
since the first 22 amino acids are predicted to be part of the MTS that belongs to Coq6. Thus,
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there are 14 remaining residues with a high potential for phosphorylation that we may target for
mutagenesis.
Next, we wanted to determine which residues would be most accessible to a kinase for
phosphorylation; namely, which residues are closer to the surface of the folded Coq6 polypeptide
and accessible to a modification enzyme, and which residues are hidden in the core of the protein
and most likely not accessible to a kinase. Since there are no crystallized structures of
Saccharomyces cerevisiae Coq6, PHYRE2 was used to model the mature polypeptide. PHYRE2
is a predictive modeling software that models a sequence based on sequence homology to other
proteins of known structure (Kelly, L. A. et al., 2015). Using intensive modeling mode, which
will provide a more thorough analysis of the primary sequence, Coq6 was modeled, as shown in
Figure 9. This polypeptide was modeled to a 27% identity to PDB structure 4K22, which is the
structure of a C-terminal truncated E. coli hydroxylase UbiI, which is responsible for the carbon
5 hydroxylation of an intermediate of Q8 biosynthesis. The color schemes used in this model are
as follows: the pink colored region represents the ADP binding fingerprint, the purple region
depicts the NAD(P)H/FAD recognition site, and the orange region shows the ribityl binding
motif (Figure 9). Additionally, to show the accessibility of a kinase to the 18 NetPhosYeast
predicted residues, the 16 Serines are annotated in light blue and the 2 Threonines are annotated
in navy blue (Figure 9).
After analysis of the putative Coq6 model, the following residues were selected for mutagenesis:
Threonine102, Serine110, Threonine124, Threonine 322, Threonine328, Serine413, and Serine414. It is
important to note that none of the Threonines selected included the two predicted by
NetPhosYeast; in fact, these came from the mass spectrometry study by Allan, C.M. et al., 2015,
46

which detected several phosphorylated peptides by mass spectrometry, following in-gel tryptic
digest (not shown in the paper). These phosphorylated peptides are highlighted in yellow in
Figure 10. The residues that could be phosphorylated in these peptides and that were deemed
“accessible” by a kinase using the PHYRE2 model were the Threonines chosen for mutagenesis.
Additionally, since our collaborators from the lab of Dr. Chandra Srinivasan utilized the
QuikChange Site-Directed Mutagenesis kit, double mutants could be made as long as residues
were no farther than 8 amino acids apart. Hence, in order to analyze several residues at once, 4
pairs of mutations were made: Threonine102/Serine110 double mutant, Threonine124 single mutant,
Threonine322/Threonine328 double mutant, Serine413/Serine414 double mutant. Each of these was
mutated into the phosphomimetic version, switching the Serines and Threonines to Aspartates
and Glutamates, respectively, and the corresponding non-phosphorylatable mutant, which
contained Alanine residues. We supplied Dr. Srinivasan’s students with the proper COQ6 lowcopy plasmid, the mutagenesis primers for each of these 8 total mutations, and Ampicillin
antibiotic plates for selection. Upon receiving the mutated plasmids, we sequenced them to
validate the proper location of the mutation and to confirm that no other off-target amino acids
were affected. All four locations were successfully mutated into corresponding phosphomimetic and nonphosphorylatable mutants, except for the Threonine322/Threonine328 double
mutant. Hence, there were a total of 6 successful mutations at 3 different regions of the Coq6
sequence. The successful Coq6 mutants were then transformed by us in to W303-1A∆coq6 and
BY4741∆coq6 yeast.
The constructed mutants can undergo several different experiments in order to detect if indeed
one of these residues is either positively or negatively affected by phosphorylation or the absence
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of it. Moreover, the possibility of regulation by phosphorylation can be explored by analyzing Q
and Q-intermediate content in these mutants via mass spectrometry. Firstly, though, phenotypic
studies were conducted on the mutants using fermentable (synthetic-dextrose without uracil, as a
marker) and nonfermentable carbon sources (glycerol). Spot plate assays showed no discernable
phenotypic difference between the three mutants’ phosphomimetic version vs. the
nonphosphorylatable version (Figure 11). Upon closer analysis, it may appear that the
Alanine413/Alanine414 double mutant is growing slightly more robustly on glycerol, as compared
to its Aspartate413/Aspartate414 counterpart, however the phenotype is very subtle (Figure 11B).
However, previous analyses showed that yeast only need ~10% the normal Q levels to grow
comparably on a plate; hence, in order to more quantitatively and precisely access variances in Q
and Q-intermediate levels, mass spectrometry must be conducted on these phosphomutants.
Discussion
Novel to this field of research related to Coenzyme Q is the recent discovery that Coq6 is indeed
another phosphorylated member of the CoQ-Synthome, as shown by 2D-IEF assays on gradient
purified mitochondria from CNAP-tagged Coq6 (CNAP6) yeast strains (Figure 2). Although
large-scale purification and phosphoenrichment of CNAP6 is feasible, it did not show much data,
as it relates to elucidating bona fide sites of modifications. Hence, the predictive algorithm route
was employed, similar to what was conducted on Coq7 in previous studies (Martin-Montalvo, A.
et al., 2011; Martin-Montalvo, A. et al., 2013). Through these predictive algorithms, a putative
model for the structure of Coq6 was made, which was employed in order to select which of the
predicted residues for phosphorylation to mutate in the first round of mutagenesis. Subsequent
to the mutations, spot plate phenotypic assays were conducted using fermentable and
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nonfermentable carbon sources. The non-phosphorylatable version of the Serine413/Serine414
region (which contained two Alanines, rather than the Serines) showed slightly more robust
growth on the nonfermentable carbon source, as compared to the phosphomimetic mutant (which
contained two Aspartates, rather than the Serines) (Figure 11B).
The future of this project can proceed in several distinct avenues. Firstly, HPLC-Tandem mass
spectrometry should be conducted on the phosphomutants of Coq6, in order to quantitatively
assess steady state and de novo Q and Q-intermediate levels and biosynthesis, respectively. In
addition, more rounds of mutations can be made using Site-directed mutagenesis techniques,
such as the QuikChange kit previously employed. Furthermore, with more advanced techniques
and more sensitive assays now available, it would be worthwhile to attempt to elucidate the bona
fide sites of modification on Coq6 via phospho-mass spectrometry. Perhaps with more advanced
techniques in phospho-peptide enrichment and more sensitive mass spectrometry detection by
experts in the field, such as Dr. Julian Whitelegge and Dr. James Wohlschlegel at UCLA,
phosphorylated residues on Coq6 can be identified. If not, perhaps further elucidation of
phosphorylated peptides post tryptic digest can provide more Serines and Threonines to target
for mutagenesis, which may then lead to interesting results.
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Figure 1. CNAP tag construct. Tag used to tandem purify Coenzyme Q biosynthetic complex,
using native (non-denaturing) conditions. The tag consists of two epitope domains, a 10Histidine repeat and a 12-amino acid Protein C motif. Coq3, Coq6, Coq9, and Coq11 were all
tagged using the CNAP tag to generate CNAP3, CNAP6, CNAP9, CNAP11, respectively. The
tag was determined to not be inhibitory to the localization or the stability of each of the
polypeptides, using Western blotting (Allan, C.M. et al. 2015).
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A.
B.

C.
D.

Figure 2. Two-dimensional isoelectric focusing of CNAP6 mitochondria. (A) CNAP-tagged
Coq6 (CNAP6) gradient-purified mitochondria immunoblotted against the protein C epitope.
Multiple spots are observed. (B) CNAP6 mitochondria treated with lambda-phosphatase, also
immunoblotted against the protein C epitope, showed a collapse of multiple spots into a single
spot and a higher pH shift, indicative of the removal of acidic phosphates. (C) & (D) CNAP6
untreated and treated with lambda-phosphatase, respectively, are immunoblotted against the antiCoq5 polypeptide as a control. A nearly identical phenotype is shown as published by Xie, L.X.
et al. in 2011, which is the first published report on yeast Coq5 phosphorylation by 2D-IEF. A
similar collapse of multiple spots into fewer and a rightward (higher) pH shift is shown.
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A.

B.

Figure 3. SYPRO-Ruby total protein stain of CNAP6 mitochondria, untreated and treated
with lambda-phosphatase, respectively. (A) Multiple spots are observed in the CNAP6
mitochondria untreated with lambda-phosphatase. However, the identical spots are abolished in
samples treated with lambda-phosphatase (B). The SYPRP-Ruby total protein stain validates the
results of the 2D-IEF images, hereby showing a different representation of the effect of the
phosphatase treatment on Coq6, shedding light on the fact that Coq6 is indeed a phosphorylated
polypeptide.
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A.

C.

B.

Figure 4: CNAP6 mitochondria for phospho-mass spectrometry analysis. (A) Two rounds of
CNAP6 mitochondrial purification are shown. Immunoblotting against the protein C epitope
show the presence of the proper CNAP-tagged Coq6 polypeptide (~51kD). (B) Immunoblotting
against the Coq4 antibody displays the robustness and stability of the Coq4 polypeptide, a
marker for the stability of the entire CoQ-Synthome. (C) Immunoblotting against Atp2, a
mitochondrial marker, will later validate the purity of the tandem-affinity purified samples,
which should not contain any mitochondrial components (Figure 5).
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A.

C.

B.

Figure 5. Tandem-affinity purified CNAP6 mitochondria. Post-purification, all eluates were
pooled into one sample. (A) Immunoblotting against the protein C epitope confirmed the
presence of the Coq6. (B) Immunoblotting against Coq4 also confirmed the stability of this
central-organizer polypeptide or the CoQ-Synthome, implying that the entire complex is,
thereby, stable, as well. Indeed, this is the goal of purifying under native conditions. (C) AntiAtp2 immunoblotting confirmed the absence of mitochondrial components and the success of the
native purification process in removing mitochondrial waste.
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Figure 6. Chloroform-methanol precipitation of CNAP6 purified pooled eluate. In
preparation for phospho-enrichment and mass spectrometry, the CNAP6 tandem-affinity purified
pooled eluate was subjected to chloroform-methanol precipitation to remove all detergents used
in the purification process, namely digitonin. Immunoblotting against the protein C epitope
confirmed the presence of the CNAP6 protein in the chloroform-methanol precipitate, which was
then saved for phospho-enrichment prior to mass spectrometry analysis.
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Figure 7. NetPhosYeast algorithmic output chart for high-potential for phosphorylation
residues on Coq6. NetPhosYeast was used as a yeast-specific predictive program to elucidate
potential sites of phosphorylation on Saccharomyces cerevisiae Coq6. A score of 0.5 or higher
(marked by the horizontal threshold at the mid-plane of the graph) translates to a predicted
phosphorylated residue. Overall, 16 Serines and 2 Threonines were predicted to be potentially
phosphorylated by a relevant and catalytically active kinase (which is still unknown, but
hypothesized to be Coq8, the putative kinase of the Q-biosynthetic system).
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Figure 8: Catalytic domains of yeast Coq6 and homologs (adapted from, Gin, P. et al., 2003).
The catalytic domains of Coq6 (and related homologs), as previously annotated and published by
Gin, P. et al. in 2003 are the ADP binding fingerprint, the NAD(P)H/FAD recognition site, and
the Ribityl binding motif. These three regions (as well as the predicted mitochondrial targeting
sequence of Coq6, believed to be the N-terminal amino acids 1-22) were all avoided when
considering potentially phosphorylated residues to mutate, in order to maintain the integrity of
the catalytic function of Coq6 and its import into the mitochondria, respectively.
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Figure 9. PHYRE2 predicted model for Saccharomyces cerevisiae Coq6. PHYRE2 was used
as the modeling software to construct a putative model for yeast Coq6. Modeling is completed
based on sequence homology of the respective protein with other proteins of known and
published structure. A 27% identity model to PDB structure 4K22 was recovered. PDB
identifier 4K22 is the structure of a c-terminal truncated E. coli hydroxylase UbiI, an enzyme
responsible for the C5-hydroxylation of an intermediate of Q8 biosynthesis in E. coli. The color
coding used in this model are as follows: the pink colored region identifies the ADP binding
fingerprint, the purple region depicts the NAD(P)H/FAD recognition site, and the orange region
shows the ribityl binding motif. Additionally, to approximate the accessibility of a relevant in
vivo kinase to reach the 18 NetPhosYeast predicted residues, the 16 Serines are annotated in light
blue and the 2 Threonines are annotated in navy blue.
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1 MFFSKVMLTR RILVRGLATA KSSAPKLTDV LIVGGGPAGL TLAASIKNSP QLKDLKTTLV
61 DMVDLKDKLS DFYNSPPDYF TNRIVSVTPR SIHFLENNAG ATLMHDRIQS YDGLYVTDGC
121 SKATLDLARD SMLCMIEIIN IQASLYNRIS QYDSKKDSID IIDNTKVVNI KHSDPNDPLS
181 WPLVTLSNGE VYKTRLLVGA DGFNSPTRRF SQIPSRGWMY NAYGVVASMK LEYPPFKLRG
241 WQRFLPTGPI AHLPMPENNA TLVWSSSERL SRLLLSLPPE SFTALINAAF VLEDADMNYY
301 YRTLEDGSMD TDKLIEDIKF RTEEIYATLK DESDIDEIYP PRVVSIIDKT RARFPLKLTH
361 ADRYCTDRVA LVGDAAHTTH PLAGQGLNMG QTDVHGLVYA LEKAMERGLD IGSSLSLEPF
421 WAERYPSNNV LLGMADKLFK LYHTNFPPVV ALRTFGLNLT NKIGPVKNMI IDTLGGNEK*

Figure 10. Highlighted peptides from the Coq6 previously detected by mass spectrometry
analysis to contain phosphorylated residues. The high-throughput mass spectrometry analysis
conducted in the Allan, C.M. et al. study in 2015 resulted in four peptides believed to contain
phosphorylated residues. These four peptide regions are shown in yellow in the primary amino
acid sequence of Coq6. Highlighted in green are the Serine or Threonine residues in those
peptide locations, which are the only residues that are capable of being phosphorylated in yeast
(it is believed that Tyrosines are incapable of becoming phosphorylated in yeast, for the lack of
any active Tyrosine kinases in the yeast genome) (Miller, T.W. et al., 2012).
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A.

B.

Figure 11. Phenotypic assays on fermentable and non-fermentable carbon sources on plates
for phosphomimetic and non-phosphorylatable mutants of Coq6. (A) Synthetic-dextrose
without uracil (as a selection marker for the plasmid) show no discernable difference between the
various phosphomimetic and non-phosphorylatable mutants of Coq6. (B) Growth on glycerol
also does not show a clear phenotype for any of the mutants, except for perhaps a slightly weaker
growth for the Asp413/Asp414 mutant, as compared to its corresponding Ala413/Ala414 nonphosphorylatable mutation.

60

Additional Phosphorylation Information
NetPhosYeast was also utilized as a resource to investigate potential phosphorylation sites on all
of the Coq polypeptides (Coq1-Coq11). Analyzing the full primary sequence of all eleven Coq
polypeptides, it was determined that there were several “high-potential for phosphorylation”
residues on all of the Coq proteins. The following NetPhosYeast data identify residues of each
Coq polypeptide that has a high potential to be phosphorylated by a relevant kinase, as well as
the phosphorylation potential score (Figure 12):

61

Figure 12. Potentially phosphorylated residues and algorithmic score for each Coq
polypeptide.

Additionally, the following are the NetPhosYeast schematics related to each Coq polypeptide:
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Figure 13: Coq1p: Hexaprenyl diphosphate synthase

Figure 14: Coq2p: Para-hydroxybenzoate polyprenyl transferase
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Figure 15: Coq3p: O-methyltransferase

Figure 16: Coq4p: unknown function (possibly functioning in stabilization of Coq7p)

64

Figure 17: Coq5p: 2-hexaprenyl-6-methoxy-1,4-benzoquinone methyltransferase

Figure 18: Coq6p: Putative flavin-dependent monooxygenase
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Figure 19: Coq7p: di-iron-dependent hydroxylase

Figure 20: Coq8p: Putative kinase
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Figure 21: Coq9p: unknown function

Figure 22: Coq10p: putative Coenzyme Q chaperone
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Figure 23: Coq11p: unknown function, formerly YLR290C, contains Rossmann fold
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CHAPTER 5

Perspectives and Future Directions
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The work conducted through the research in Chapter 2 of this thesis describes progress
made in characterizing a novel binding partner to the CoQ-Synthome, an open-reading frame
once termed ‘YLR290C’, now renamed Coq11. In Chapter 2, the biochemical techniques by
which Coq11 was demonstrated to be a participating protein in Q biosynthesis are shown, as well
as lipid analyses showing impaired de novo Q biosynthesis in the absence of Coq11.
Additionally, immunoblotting and mass spectrometry analysis showed that Coq11 is not only a
novel Q-biosynthetic enzyme, but that it is also associated with the high-molecular weight
complex, termed the CoQ-Synthome. In our work, we characterized a novel protein involved in
Q-biosynthesis, showed the deleterious effects on Q biosynthesis when this protein is absent
from the system, elucidated the binding location of Coq11 by immunoblotting, with respect to its
association with Coq4, Coq5, and Coq7 in the CoQ-Synthome, and confirmed its presence by
mass spectrometry. Furthermore, bioinformatics studies were conducted, in order to elucidate a
putative function for Coq11. Sequence analysis of Coq11-like proteins showed that Coq11 is
situated in a protein cluster alongside other fungal sequences of close homology, some of which
are fused to Coq10. Coq10, needed for efficient Q biosynthesis, is currently postulated to be a
chaperone-like protein, responsible in shuttling Q inside the mitochondrial inner membrane
(Busso, C. et al., 2010). Hence, Coq10 is likely a Q and Q-intermediate binding protein via a
hydrophobic START domain, although it has not yet been shown to be a member of the CoQSynthome (Allan, C.M. et al., 2013; Cui, T.Z. & Kawamukai, M., 2009; Murai, M. et al., 2014).
Yet, bioinformatics analysis has shown it to be fused to Coq11 in some fungal species—such as
Ustilago maydis— yet this has not yet been demonstrated to be true for Saccharomyces
cerevisiae.
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Currently, what is known of Coq11 is that it is part of the short-chain dehydrogenase/reductase
(SDR) superfamily and contains a particular sequence motif termed a ‘Rossmann fold’. This
conserved domain is usually attributed with binding to cofactors that contain nucleotide
components, such as NAD, NADP, FAD, and FMN (Rossmannn, M.G. et al., 1974). SDR-type
proteins containing a Rossmann-fold domain are known to be involved in catalyzing
decarboxylation reactions, as well as isomerization reactions (Marchler-Bauer, A. et al., 2013).
The crystal structure of UbiX, an enzyme that is responsible for the decarboxylation step in the
Q-biosynthetic pathway of the prokaryotic organism Pseudomonas aeruginosa, reveals a
conserved Rossmann fold domain that was crystalized with a bound FMN (Kopec, J. et al.,
2011). Also, Pad1, an Escherichia coli decarboxylase in the Q-biosynthetic pathway which is a
paralog to UbiX (with a 51% identity), also revealed a conserved Rossmann fold with a bound
FMN in its solved crystal structure (Rangarajan, E.S. et al., 2004). Hence, it seems reasonable to
postulate that perhaps Coq11 may serve as the elusive decarboxylase in the S. cerevisiae Q
biosynthetic pathway, as well. It is important to note that yeast null mutants for coq11 do show
small amounts of Q still produced; this may suggest a possible redundant decarboxylase that is
able to act in place of Coq11, but in a less efficient manner. This observation was shown to be
true in E. coli¸ where UbiD and UbiX act as decarboxylase enzymes. Additionally, E. coli null
mutants for ubiX expressing yeast PAD1 showed restoration of Q levels, demonstrating how a
differential decarboxylase can rescue such a null mutant (Gulmezian, M. et al., 2007). Finally, S.
cerevisiae Fdc1 was shown to be a homolog to E. coli UbiD, once again elucidating possible
functional homologs capable of acting as redundant decarboxylases. Hence, perhaps Pad1 and/or
Fdc1 are capable of functionally mimicking the catalysis of Coq11, if indeed it is a
decarboxylase enzyme. Such studies are currently underway, where mutants for coq11, fdc1,
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and pad1 are being constructed and analyzed for lipid accumulation or reduction, as it relates to
Q and Q-intermediates. Additionally, using purified recombinant Coq11, in vitro decarboxylase
assays can be conducted on farnesylated analogs to access whether Coq11 can indeed act as a
decarboxylase enzyme.
Additionally, it would be interesting to study the potential function of Coq11 to act as a Q
or Q-intermediate binding protein. There is no structural evidence to suggest that Coq11 acts as
a lipid binding molecule, such as containing a hydrophobic pocket similar to what Coq10 is
believed to contain. However, the fusion of Coq11 to Coq10 in ancient fungal species eludes to
a possible related functionality between both proteins. Perhaps Coq11 is able to serve as a
chaperone, in some way, to Q intermediates, or to toxic intermediates that must be removed. In
order to study this, it would be ideal to solve a crystal structure and access whether Coq11
crystallized with any unique lipid structures. Additionally, in vitro binding assays may be
conducted on purified Coq11 to test if it is capable of acting as a lipid binding protein, in any
way.
The CNAP-tagged protein experiments in Chapter 2 proved to be vital in the
identification of novel interactions in the CoQ-Synthome which were previously undetected.
Indeed, the native purification of the complex was significant in the identification of an
interaction of Coq6—a known member of the complex—with Coq8, the putative kinase of the
system and previously characterized as a significant enzyme for Q production, but not part of the
complex. Using the CNAP tag, the significant discovery was made that Coq8 is in fact
associated, and co-immunoprecipitated, with Coq6. Never before was any type of interaction—
whether physical or transient, in nature—detected between Coq8 and any of the complex92

associated Coq proteins. However, this interaction was clearly elucidated from the purified
eluate immunoblots conducted in Chapter 2. However, several questions remain unanswered, as
it relates to this novel Coq6-Coq8 interaction. Namely, is this interaction physical, or transient in
nature, and is Coq6 phosphorylated in a Coq8-dependent manner?
Regarding the question of the nature of the Coq6-Coq8 interaction, surface plasmon
resonance (SPR) can be used to identify the kinetic parameters of this interaction. Namely, one
must purify native Coq6 and Coq8 from S. cerevisiae, in order to capture any endogenous
modifications that would be important for the interaction of these two proteins. It would be
preferential to purify dissimilar tagged versions of these two polypeptides, such as Coq6-CNAP
and Coq8-GST. After validating the presence of the tag and the stability of each of the Coq
proteins with the tag, one may then immobilize either of these proteins on the dextran surface of
the SPR chip. Then, one would pass the other protein over the chip in varying concentrations, in
order to obtain binding affinity and associate rate data for both proteins to access the strength of
the interaction. In addition, if for any reason SPR is found to be sub-optimal, perhaps for
problems involving tag integration, one may use FRET (Förster Resonance Energy Transfer) or
ITC (isothermal titration calorimetry) as means to characterize this interaction.
Regarding the question of whether the phosphorylation of Coq6—which was determined
to be present via 2D-IEF, as shown in Chapter 3—is Coq8-dependent, one may study mutated
Coq8 in the context of Coq6. Mainly, one would use tagged-Coq6 in a yeast null coq8 strain,
and subsequently transform this strain with plasmids expressing point mutants for Coq8.
Subsequently, using gradient-purified mitochondria, one would assess whether the interaction
between both polypeptides is still present, and then conduct 2D-IEF assays to compare with WT.
93

Thus, one would be able to elucidate if the phosphorylation profile detected previously by 2DIEF and SYPRO-Ruby total protein staining is in fact due to the presence of interacting Coq8.
The contents of Chapter 4 provided novel insight into a rare instance of alternative
splicing in yeast. It was previously shown that Ptc7 is a mitochondrial-localized phosphatase
that is a key regulator of the Q biosynthetic pathway in yeast, particularly through its action on
Coq7, which catalyzes the penultimate step of the pathway. Namely, Ptc7 acts to
dephosphorylate Coq7, allowing Coq7 to have increased activity in catalyzing the demethoxy-Q6
to demethyl-Q6 step (Martin-Montalvo, A. et al., 2011; Martin-Montalvo, A. et al., 2013).
However, it was also discovered by the lab of Dr. Ronald W. Davis that PTC7 RNA is capable
of being spliced into two viable functional proteins (Juneau, K. et al., 2009). In Chapter 4, we
called these two isoforms Ptc7s and Ptc7ns, for spliced and nonspliced, respectively. Indeed, we
found that the mitochondrial phosphatase that previous literature cited as acting on Coq7 is the
‘Ptc7s’ version, whereby yeast expressing only this isoform vs. only the nonspliced isoform
showed much higher levels of de novo Q production. In addition, we discovered the gene that
modulates the splicing ratio of PTC7, which is a gene by the name of SNF2, a nutrient-sensing
gene in yeast. Indeed, SNF2 is able to control the amount of spliced vs. nonspliced PTC7
depending on when the cell is shifting from fermentation to a primarily respiratory mode of
metabolism. Hence, Ptc7s transcript become elevated, and higher Q levels are detected, in later
stage growth.
However, the question now remains: what is Ptc7ns doing? It is believed that this
nonspliced isoform resides in the nuclear membrane and spans the membrane once, via its bona
fide transmembrane domain, which is modeled at over 90% identity, as compared to other
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transmembrane domains. However, what is Ptc7ns doing in the nuclear membrane and is it
contributing to the Q biosynthetic pathway in the mitochondria, in any way? It was previously
reported that when Ptc7ns is absent from cells, these particular strains showed increased
sensitivity to treatment with latrunculin A, a known actin-polymerization inhibitor and stabilizer
of monomeric actin (Juneau, K. et al., 2009). Hence, it is postulated that perhaps the nonspliced
version of Ptc7 acts in some way to stabilize or promote actin-filament formation. It will be
interesting to continue in the investigation of Ptc7ns, which is (for now) an unknown and
uncharacterized protein, but one with bona fide expression levels, controlled by SNF2.
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APPENDIX

Kaempferol increases levels of coenzyme Q in kidney cells and serves as a biosynthetic ring
precursor
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