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Mitochondrial Targeted AFG3 Abolishment Triggers
Higher Mitochondrial Membrane Potential (∆Ψm) in
Young Yeast
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Abstract

Yeast AFG3 gene is homologous to human AFG3L2 and

SPG7 genes whose encoded proteins interact with each

other on the mitochondrial inner membrane to form the

m-AAA metalloproteinase complex. Mutations associated

with the gene SPG7 cause autosomal recessive disease

spastic paraplegia and a type of ataxia in human but the

mitochondrial activity in terms of mitochondrial

membrane potential was not investigated previously. In

our earlier study, we characterized AFG3 gene deletion

yeast mutant and found this mutant gained altered

mitochondrial morphology and functions such as

mitochondrial aggregation, absence of ROS, less ATP etc.

In this current study, we further investigated the effect of

AFG3 deletion on mitochondrial health and activation in

yeast models. To do so, the rate of oxygen consumption

was measured and found that afg3Δ consumed less

amount of oxygen compared to wild type (WT). In

addition, mitochondrial membrane potential was

measured and found that young afg3Δ gained

significantly higher membrane potential (doubled)

compared to WT. As Afg3 degrades unassembled or

unfolded proteins, we also analyzed mitochondrial

unfolded protein response (UPRmt) signal and found

inactivated indicating mitochondrial proteostatic

balance was any how managed and augmentation of
∆Ψm may play role here. Physical interaction with AFG3

were sorted out and classified in order to find out how

the interactive network may hamper due to abolishment

of the Afg3 protein function. Thus this investigation in

yeast (Saccharomyces cerevisiae) model may provide

additional information in the study of human spastic

paraplegia.
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Introduction

Inside mitochondrial respiratory chain, electrons from reduced
substrates are passed through electron transport chain (ETC)
complexes (I, II, III and IV) to oxygen, forming water and causing
protons to be pumped across the mitochondrial inner membrane
(Hulbert et al., 2007). This activity of the ETC drives the synthesis of
ATP and also generates the electrochemical potential or
mitochondrial membrane potential (∆Ψm) that is utilized to power
the transport of biosynthetic precursors out of the mitochondriaand
into the cytoplasm (Jazwinski, 2004). Some of these precursors are the
intermediates in the TCA cycle.
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When yeast cells (Saccharomyces cerevisiae) are fermenting glucose,
the bulk of the ATP is generated at the substrate level through
glycolysis. This generated ATP is used for maintaining ∆Ψm through
the exchange of mitochondrial ADP for ATP with the help of ADP–
ATP translocator present in the inner mitochondrial membrane
(Jazwinski, 2013). ∆Ψm and the processes it supports may play a
crucial role in mitochondrial functionality and affects mitochondrial
integrity. However, the loss of ∆Ψm leads to mitochondrial
dysfunction (Jazwinski, 2013; Wright, 2004).

In fact yeast has been used as a single cell eukaryotic model
organism for more than 50 years to study the molecular biology of the
cell. This model is a rapid and powerful tool that has enabled a better
understanding of human biology and many diseases hence it possesses
23% homologous genes to human (Liu et al., 2017). Yeast
mitochondrial metabolism gene, AFG3 (YER017C), is an ATPase
family gene. Its protein product, Afg3, acts as a component of the m-
AAA protease which is basically an ATP-dependent metalloprotease.
Afg3 mediates the degradation of misfolded or unassembled inner
membrane proteins of mitochondria (Arlt et al., 1996). This protein is
necessary for the correct assembly of mitochondrial respiratory chain
and ATPase complexes (Arlt et al., 1998; Di Bella et al., 2010). Thus
AFG3 is known to play an important role in regulating electron
transport chain complexes (Nolden et al., 2005).

AFG3 is homologous to human AFG3L2 and SPG7. In human they
interact with each other on the mitochondrial inner membrane to
form the m-AAA metalloproteinase complex (Arlt et al., 1996, 1998).
The SPG7 gene that is located on human chromosome 16, encodes a
protein called paraplegin (Casari et al., 1998; De Michele et al., 1998)
and point mutations associated with this gene cause autosomal
recessive spastic paraplegia, a neurodegenerative disorder that is
characterized by a slow, gradual, progressive weakness and spasticity
of the lower limbs. SPG7 mutations have also been associated with
other undiagnosed ataxia (Pfeffer et al., 2015; Warnecke et al., 2010).
Furthermore, SPG7 deficiency with null mutation is associated with
impaired respiratory activities and mitochondrial functions
(Warnecke et al., 2010). So yeast AFG3 gene and its deletion mutant
afg3Δ has been used to study the molecular biology of spinocerebellar
ataxia type 28 and hereditary spastic paraplegia in yeast model (Arlt et
al., 1996, 1998). Delaney et al., 2013 also found that this mutant is
unable to use non-fermentable carbon sources indicating an impaired
mitochondrial function exists in this mutant.

Indeed, impaired mitochondrial function or, mitochondrial
dysfunction is intimately connected to protein aggregation and
protein folding disorders (Callegari and Dennerlein, 2018) and
mitochondrial defects have recently been shown to lead to genome
instability (Veatch et al., 2009) . In response to a mitochondrial
perturbation there exists a stress response mechanism that is
communicated to the nucleus to increase the expression of
mitochondrial associated protein chaperones referred to as the
mitochondria-specific unfolded protein response (UPRmt) (Benedetti
et al., 2006). Thus mitochondrial unfolded protein response (UPRmt)
is considered as mitochondrial proteostasis pathway (Jovaisaite et al.,
2014). UPRmt is activated when protein balance in mitochondria is
disturbed. This occurs, for instance, upon accumulation of misfolded
or unfolded proteins (Haynes & Ron, 2010). This incident then

triggers a mitochondria-to-nuclear stress-signal which induces the
transcription of nDNA-encoded mitochondrial molecular chaperones,
such as mtHSP60 (Durieux et al., 2011).

Houtkooper et al., 2013 reported that mitochondrial ribosomal
protein S5 (Mrps5) and other mitochondrial ribosomal proteins as
metabolic regulators. Mrp knockdown triggers mitonuclear protein
imbalance, reducing mitochondrial respiration and activating the
mitochondrial unfolded protein response. UPRmt is also induced
induced by mitochondrial stress, subsequently activating a nuclear
transcriptional response, inducing the chaperone HSP-60 to restore
mitochondrial proteostasis (Haynes & Ron, 2010).

As human spastic paraplegia causing genes AFG3L2 and SPG7 are
related to yeast AFG3 that regulates ETC complex and mitochondrial
proteostasis, we assumed that the null mutation of AFG3 might affect
mitochondrial health and function. So in the present investigation we
aimed to test the effect of AFG3 gene deletion on mitochondrial health
and activity by analysing mitochondrial membrane potential and
mitochondrial unfolded protein response.

Methods

Yeast strain and culture
Wild-type (WT) strain of yeast BY4743 (mat a/α his3Δ1 / his3Δ1

leu2Δ0 / leu2Δ0 LYS2 / lys2Δ0 met15Δ0 / MET15 ura3Δ0 / ura3Δ0)
and the genetic background isogenic deletion mutant afg3Δ were
obtained from EUROSCARF and used in the current study. Both WT
and the mutant cells were grown in 30°C in solid and liquid YPD
broth (1% yeast extract, 2% Peptone, 2% Dextrose and 2% Agar). The
concentrations of the yeast cells according to the experimental
conditions (optical density) at 600 nm wavelength (OD600) were
measured using a spectrophotometer.

Separation of young and old yeast cells
Logarithmically growing cells were considered as young cells since

there is only a very small fraction of old cells present in an
exponentially growing population. Thus, young yeast cells were
obtained by growing them in fresh 2% YPD growth medium for 6
hours at 30ºC while aged (20-generation old) cells were isolated by
using an elutriation system (High speed centrifuge, Beckman Coulter
Avanti J-26 XP). Overnight cultures of the cells were loaded into the
separation chamber of that elutriation system with a flow rate of 40
ml/min at 2500 rpm. Then the centrifugation speed was reduced to
1000 rpm with a flow rate 30 ml/min to isolate cells larger than 15 µm
(≤20 generation old cells). The resulting old cells were collected and
stored at -80ºC until they were analyzed.

Oxygen consumption assay
WT and the mutant strain afg3Δ were grown in 5 ml YPD liquid

culture media for overnight at 30ºC and then 100 µl were transferred
into 200 ml fresh YPD liquid media to obtain logarithmic phase cells.
The culture was incubated until OD600 reached to 0.8. Cells were
washed with distilled water (dH2O), suspended in glycerol media
(YPG) and incubated at 30°C for 30 min. To make a control sample,
the same amount of fresh YPG without cells was incubated at the
same time. Hanna Instrument H12400 logging DO meter was used to
measure the dissolved oxygen levels. The polarization and calibration
procedure was performed using electrolyte fluid followed by the
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instrumental protocol. The percent of dissolved oxygen read by the
probe (H176407/2) for each case was subtracted from the control
(only liquid YPG) value. Triplicate measurements were done for each
of the three biological replicas.

Measurement of mitochondrial membrane potential
MitoProbe™ JC-1 Assay kit (Molecular Probes) was used for

measuring mitochondrial membrane potential. Briefly, overnight YPD
grown yeast strains were diluted and grown for 3 hours. OD600 values
were adjusted to 0.7. Cells were pelleted and resuspended in 250μl of
YPD containing JC-1 dye. Control cells were resuspended in YPD
without the dye. Cells were incubated at 30°C for 30 min and were
washed twice with PBS. After resuspension of the cells in PBS,
red/green fluorescence ratio (535/595) of the cells was analyzed using
a fluorescent spectrometer (Thermo Scientific Varioscan). Triplicate
measurements were done for each of the three biological replicas.
Statistical analysis was done by the Student's t-test.

Real-time PCR analysis of UPRmt signal gene HSP60
The expression of HSP60 gene was analyzed through a qPCR (Bio-

Rad-iQ50) approach. The primers were designed as forward
TAGTGGTCCAAAGGAAGCTATTC and reverse
CAAACGCTCTTGCAGTTTCTC. Βeta-actin gene was used for
normalization. Total RNA was isolated and purified from 30 million
cells for each strain by using an RNA isolation kit (Ambion
Technology). Nano drop was used for quantification. DNAse 1
treatment was performed before the synthesis of cDNA. cDNA was
made with the help of first strand cDNA sntehsis kit (Thermo
scientific). 100 ng DNA in a 25-μL reaction was set using Maxima
SYBR green /ROX qPCR master mix(2X) kit (Thermo Scientific) with
50 nmol forward and reverse primers. PCR was run as 95˚C for 10
min and 40 cycles of 60˚C for 15 sec, 60˚C for 30 sec and 72˚C for 30
sec. CT values were normalized and relative expression of that signal
gene measured through 2-ΔΔCT method. Triplicate measurements
were done for each of the three biological replicas.

Interaction analysis
The proteins that interact with Afg3 were identified with the help of

Yeast genome data base and their molecular and biological functions
were identified with MIPS (Munich Information Center for Protein
Sequences) classification using the Fun-Spec analysis program.

Results and discussion

Level of oxygen consumption by AFG3 deletion mutant, afg3Δ
We previously tested whether this mutant was defective in

respiration by growing them on a glycerol-containing media.
Proliferation rates of both of the cells in glucose were normal as they
were assessed by a growth curve analysis in liquid YPD media but the
mutant was not able to utilize glycerol which indicates that afg3Δ had
respiration deficiency (Muid et al., 2019).

In this present investigation WT and afg3Δ were grown in glucose
media (YPD) at first then transferred 20 million of each strain into
YPG (glycerol) media in order to test the rate of oxygen consumption
by them. Initially both WT and afg3Δ consumed a certain level of
dissolved oxygen but the WT exhibited 3 times higher consumption
than the mutant. As times goes, the mutant did not consumed oxygen

more while WT showed a linear increase (Fig. 1) which also supports
that the mutant has impaired respiration status.

The decreased level of oxygen abolishes the possible oxidation of
reduced pyridine nucleotides in the respiratory chain coupled to
oxidative phosphorylation  indicating hampered of electron transport
chain (Jazwinski & Kriete, 2012). The loss of the electron transport
chain can prevent the utilization of the TCA cycle for production of
biosynthetic intermediates. But cells can grow readily by generating
ATP through glycolysis, however, they need a source of biosynthetic
intermediates (Mullen et al., 2012).

S. cerevisiae, are well known by their capability of producing acetic
acid under both aerobic and anaerobic or oxygen-limiting conditions.
In S. cerevisiae, the further metabolism of acetic acid through acetyl–
CoA synthetase (encoded by ACS1 and ACS2 genes) is the only source
of cytosolic acetyl–CoA, an imperative building block of fatty acid
biosynthesis (Flikweert et al., 1996; Van Den Berg & Steensma, 1995).

It has recently been shown that in yeast, the glyoxylate cycle can be
induced. This allows acetyl-coenzyme A (acetyl-CoA) to be used for
the synthesis of the TCA cycle metabolites citrate and malate (Muid et
al., 2019). This, in turn, allows the first three reactions of the TCA
cycle to proceed with the synthesis of α-ketoglutarate, which can be
converted to glutamate, the ultimate source of nitrogen in
biosynthesis. Thus taken together with these data, we think a
metabolic remodeling of the biochemical pathways in afg3Δ took
place. This metabolic remodeling may affect the electrochemical
potential within the mitochondrial membrane.

Mitochondrial membrane potential (∆Ψm) in afg3Δ:
The mitochondrial membrane potential affects mitochondrial

integrity during the life span, and it is important in driving the
transport of biochemical precursors across the mitochondrial inner
membrane (Hughes & Gottschling, 2012). To better evaluate the
mitochondrial activation state of this afg3Δ cell, mitochondrial
membrane potential was analyzed. It was found that ∆Ψm values were
about the same for young and old wild-type cells. However, the
mutant cells had higher (about doubled) ∆Ψm values (hyperpolarized)
in the young stage (replicative stage) when compared to wild-type
(p<0.05); interestingly when the mutant cells become replicatively old
(senescent) it retains its ∆Ψm parallel to wild type cells (Fig.2).

In addition to loss of respiration, the loss of mtDNA in mammalian
(Jazayeri et al., 2003) or yeast cells (Dunn & Jensen, 2003) results in a
reduction of ΔΨm. This potential is required for the transport of
proteins through the mitochondrial matrix in all cells. In respiring
cells the ΔΨ is normally generated through the reactions of electron
transport and oxidative phosphorylation (Dunn & Jensen, 2003).
Hughes & Gottschling, 2012 hypothesized that reduction in the ΔΨm
contributed to the crisis after loss of mtDNA. In our previuos
observation, we tested this idea by examining mitochondrial DNA
copy number with the help of qPCR and found that young afg3Δ had
less mtDNA while in senescent mutant cells had completely lost
mtDNA (Muid et al., 2019).
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Table 1ǀ AFG3 interaction and their molecular and biological functions were identified and grouped with MIPS (Munich Information
Center for Protein Sequences) classification using the Fun-Spec web based analysis program. The p-values represent the probability that the
intersection of a given list with any given functional category occurs by chance.

Category p-value In Category from Cluster k f

Protein/peptide degradation [14.13] 3.346e-08 AFG3 PHB1 YTA12 YME1 4 47

ATP binding [16.19.03] 0.0004468 AFG3 YTA12 YME1 3 191

Assembly of protein complexes [14.10] 0.0005043 AFG3 YTA12 YME1 3 199

Mitochondrial transport [20.09.04] 0.003537 AFG3 YTA12 2 104

Protein transport [20.01.10] 0.00642 AFG3 YTA12 2 141

Mitochondrion [42.16] 0.009234 MRPL32 YME1 2 170

k: number of genes from the input cluster in given category; f: number of genes total in given category.

Figure 4ǀ AFG3 interaction network: The proteins that physically
interact with Afg3 protein were analyzed with the help of Yeast genome
data base. Yta12, Phb1, Puf3 and Mrpl32 were found to have network
with Afg3.

Figure 3ǀ Analysis of HSP60 gene expression: The
expression of HSP60 gene was analyzed through a
realtime PCR (Bio-Rad-iQ50). Significant difference
was not observed between WT and afg3Δ (p ≥ 0.05)
thus UPRmt was thought not activated in this mutant.

Figure 2ǀ Mitochondrial membrane potential (ΔΨm) comparison:
MitoProbe™ JC-1 Assay kit (Molecular Probes) was used to measure
mitochondrial membrane potential both in young and old cells of WT
and afg3Δ. Significant difference was observed between young WT and
young afg3Δ (*p ≤ 0.05). When the mutant cell became senescent
(replicatively old), the ΔΨm was decreased compared to its own young (p
≤ 0.05) but the level was maintained parallel to WT (p ≥ 0.05).

Figure 1ǀ Oxygen consumption levels in WT and
afg3Δ. The arrow indicates the linear increase of the
oxygen consumption rate by the WT cells while the
mutant afg3Δ rendered less amount of oxygen
consumption (p ≤ 0.05).
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Interestingly following mtDNA  reduction could not hamper in
maintaining the mitochondrial membrane potential in our studied
afg3Δ mutant. The maintenance of the mitochondrial membrane
potential by electron transport is critical to proper function of the
organelle, and therefore, the cell. Maintenance of the essential ΔΨm in
cells lacking sufficient mtDNA depends on electrogenic exchange of
ATP4− generated by glycolysis for ADP3− produced by hydrolytic
activity of the ATP synthase F1 sector in the mitochondrial matrix
(Chen & Clark-Walker, 1999).

Deletion of the protein phosphatases raise ΔΨm and one potential
mechanism of ΔΨm augmentation might be transcriptional up-
regulation of a different ATP hydrolase residing in the mitochondrial
matrix or a change in ion mobility and distribution across the
mitochondrial inner membrane (Garipler et al., 2014). (Muid et al.,
2019) published that afg3Δ has 40% increased replicative life span
indicating better replicative performance. However, there was a
gradual loss of ΔΨm as afg3Δ replicatively aged (Fig. 2).

Mitochondrial unfolded protein response (UPRmt) in afg3Δ:
Houtkooper et al., 2013 showed that mitochondrial ribosomal

protein MRP knockdown triggers mitonuclear protein imbalance,
reducing mitochondrial respiration and activating the mitochondrial
unfolded protein response in C. elegans. The authors also stated that
UPRmt is induced by mitochondrial stress, subsequently activating a
nuclear transcriptional response, inducing the chaperones HSP-6
(HSP-70 in mammals) and HSP-60 (in Yeast) to restore mitochondrial
proteostasis. Muid et al., 2019 proposed that retrograde signal may
play role for the longevity of afg3Δ but how they maintain protein
balance is still unclear.

In the present study, we predicted the similar UPRmt hence the
deletion of mitochondrial metabolism gene AFG3 were shown to
interact with mitochondrial translation system and electron transport
system (Fig. 4) that harbor impaired respiration by means of oxygen
depletion (Fig. 1). Thus the cells may fall under a kind of stress
condition leading to mitochondrial homeostatic imbalance. To test
this hypothesis, we analyzed the expression of the key gene HSP60 of
UPRmt pathway in a realtime PCR. Significant difference was not
observed between WT and afg3Δ (Fig. 3), suggesting that UPRmt is
not activated in this deletion strain. Further investigation is highly
required to find out how proteostasis is maintained in AFG3 deletion
mutant.

Interaction with AFG3
AFG3 was found to interact with YTA12, PHB1, PUF3 and MRPL32

physically (Fig. 4). Protein protein interaction and their molecular
and biological functions were identified with MIPS (Munich
Information Center for Protein Sequences) classification using the
Fun-Spec software (Table 1). Gerdes et al. 2012 stated that m- AAA
proteases play an important role in the maintenance of mitochondrial
proteostasis. He also mentioned that in human, mutations in AFG3L2
have distinct and more severe phenotypes as they affect all m-AAA
protease isoenzymes and lead to a drastic reduction of the overall m-
AAA protease activity. However, in our studied yeast, m-AAA
proteases are the hetero-oligomers of two subunits, Yta10 (Afg3) and
Yta12. Whereas Yta11 (Yme1) is a catalytic subunit of i-AAA protease

complex that also involves in protein import, folding and maturation
(Schreiner et al., 2012). From our bioinformaticanalysis we found that
Afg3 interacts with Puf3 and both have interactive networks with
Yta12, Phb1 and Mrpl32 (Fig. 4). Lapointe et al., 2018 reported that
Puf3 directly linked to mitochondrial movement and promotes
degradation of mRNAs for selecting mitochondria targeted nuclear
proteins. Mrpl32 that interacts with Afg3, is the mitochondrial
ribosomal protein of the large subunit, mediates translation in the
mitochondria (Amunts et al., 2014). Another found interactive
partner and regulator is Phb1 which is a subunit of prohibitin
complex, an inner mitochondrial membrane chaperone. Schlei et al.,
2013 published that Phb1 stabilizes newly synthesized proteins  but
deficiency or disturbance induces UPRmt. However we did not find
UPRmt due to Afg3 deficiency (Fig. 3).

Conclusion

In the present investigation we analyzed the mitochondrial targeted
AFG3 gene deletion mutant in order to observe the effect of Afg3
abolishment on mitochondrial health and activity in yeast model. Due
to absence of Afg3 protein function, oxygen consumption was
reduced but the mutant cell were able to promote higher membrane
potential at the young stage. We hypothesized that the augmentation
of ΔΨm may facilitate protein balance in mitochondria. Hence Yta12
and afg3 double mutation is linked to human spastic paraplegia and
ataxia, further study in mammalian model is highly required.
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