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Abstract

Recessive mutations in XPNPEP3, encoding a mitochondrial x-prolyl aminopeptidase, have been identified in families with a
rare hereditary tubulointerstitial kidney disease. The yeast ortholog of XPNPEP3, Icp55p, participates in the proteolytic
processing and stabilization of mitochondrial proteins and its deletion accelerates the degradation of its protein targets. We
used icp55 deletion strains of S. cerevisiae to model loss of XPNPEP3 enzymatic function and study its phenotypic
consequences on mitochondrial function. We found that Icp55p is not required for respiratory competence; however,
compared to controls deletion strains had reduced mitochondrial oxygen consumption when grown in glucose containing
media. The reduced mitochondrial respiration of icp55 deletion strains in glucose media requires the mitochondrial peptide
transporter, Mdl1p, and was corrected by Tor1p inhibition with rapamycin. Under similar growth conditions the abundance
of the mitochondrial ATP synthase complex was decreased in the icp55 deletion strain and was corrected by concurrent
deletion of tor1. The icp55 deletion strain demonstrated an increased chronological lifespan and decreased reactive oxygen
species. These changes were additive to similar changes known to occur in tor1 deletion strains suggesting independent
mechanisms. Together, these results demonstrate that loss of Icp55p function reduces mitochondrial oxygen consumption
and ATP synthase complex assembly in glucose media, while also promoting stress resistance, decreasing reactive oxygen
species and increasing chronological lifespan through mechanisms that are distinct from decreased Tor1p activity.
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Introduction

We have recently identified mutations in the mitochondrial x-

prolyl aminopeptidase, XPNPEP3, in families that have a rare

autosomal recessive form of renal failure [1]. The renal histopa-

thology includes interstitial fibrosis, tubular atrophy and tubular

basement membrane disruption. XPNPEP3 is conserved through

evolution and its enzymatic function is inferred from studies

performed with the E. coli ortholog, showing that it cleaves the

amino-terminal residue of a peptide chain when proline appears in

the second position [2]. Subsequent studies with the S. cerevisiae

ortholog, intermediate cleaving peptidase 55 (Icp55p), confirmed

that it has an aminopeptidase function, but the presence of proline

in the second position of the peptide chain was not invariably

required for cleavage of the amino-terminal residue [3,4].

Both, XPNPEP3 in the human and Icp55p in yeast have been

localized to the mitochondria [1,3–6]. The large majority of

mitochondrial proteins are encoded by nuclear genes, which is the

case for XPNPEP3/ICP55. After translation in the cytosol many of

these proteins are designated for mitochondrial import by an

amino-terminal mitochondrial targeting signal. Following mito-

chondrial import, the mitochondrial targeting signal is removed by

the mitochondrial processing peptidase (MPP) leaving a nascent

amino-terminal residue [7]. Icp55p has recently been shown to

contribute to the regulation of the half-life of its substrate

mitochondrial proteins [4]. Deletion of icp55 in S. cerevisiae

increases the proteolytic rate of its substrate proteins through a

protein degradation pathway characterized by the N-end rule

[8,9]. This proteolytic pathway utilizes the amino-terminal residue

of a protein as a critical determinant of its degradation rate. Some

amino acid residues facilitate the entry of proteins into the N-end

protein degradation pathway when they appear at the amino-

terminus and are known as destabilizing, others do not and are

stabilizing. Peptide fragments resulting from the proteolysis of

mitochondrial proteins may exit the mitochondria through a

peptide transporter. Mdl1p is an ATP-binding cassette (ABC)

transporter localized to the inner mitochondrial membrane of S.

cerevisiae and has been shown to transport peptide fragments of

degraded proteins from the mitochondrial matrix to the cytosol

[10].

Mutations in many nuclear and mitochondrial genes have been

implicated in the pathogenesis of mitochondrial diseases. A

significant fraction lead to decrements in oxidative phosphoryla-

tion; however, most cases do not have a kidney phenotype and
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where renal involvement does occur, it is most often characterized

by proximal tubular dysfunction [11]. While a defect in the

respiratory chain did occur in one kindred in the original

description of XPNPEP3 mutations, this was not an invariant

feature [1]. A proteomic study [4] has identified 38 targets of

Icp55p that have diverse functional roles in the mitochondria.

Deletion strains of icp55 are viable, but do not grow on non-

fermentable carbon substrates at 37uC. However, little else is

known about the phenotypic impact of icp55 deletion on

mitochondrial function. The study of mitochondrial function in

S. cerevisiae is facilitated by its ability to adapt its energy metabolism

to the carbon substrate available in the culture media. S. cerevisiae

utilize glucose in preference to most other fermentable carbon

substrates (e.g., raffinose), and prefers fermentable over non-

fermentable carbon substrates (e.g., glycerol) [12]. Fermentable

carbon substrates can be metabolized in the absence of oxygen;

whereas, non fermentable carbon substrates require the presence

of oxygen and a functional mitochondrial respiratory chain.

Therefore, S. cerevisiae cultured in glucose will metabolize glucose

to ethanol through aerobic fermentation until glucose is depleted,

then its metabolism is altered to consume ethanol through aerobic

respiration in the mitochondria. Alternatively, when presented

with a non-fermentable carbon substrate, such as glycerol, S.

cerevisiae is forced to utilize aerobic respiration for cellular energy

production. In addition, there is a precedent for using S. cerevisiae as

a model organism for the study of human diseases with

dysregulated protein homeostasis, most notably neurodegenerative

disease [13]; therefore, we decided to use the yeast as a simple in

vivo model to further characterize the functional role of the yeast

ortholog of XPNPEP3.

Materials and Methods

Strains and reagents
Icp55 deletion strains in the BY4741 (MATa his3D1 leu2D0

met15D0 ura3D0) and BY4742 (MATa his3D1 leu2D0 lys2D0

ura3D0) backgrounds were obtained (Open Biosystems) and

deletions were confirmed with antibiotic selection and PCR based

sequence confirmation. tor1 and mdl1 deletions in the BY4741 and

tor1 deletion BY4742 backgrounds with and without Icp55 deletion

were generated by replacing the ORF with a hygromycin

resistance cassette, as previously described [14]. Plasmids for the

generation of the targeted replacement cassettes were obtained

from EUROSCARF [14]. All reagents were obtained from Fisher

chemicals unless otherwise indicated and were of the highest purity

available.

Mitochondrial Oxygen consumption
YPG (1% yeast extract, 2% peptone, 2% glycerol) starter

cultures were inoculated from independent single colonies and

grown overnight at 30uC with shaking at 250 rpm. Batch cultures

of the desired growth media were inoculated from these

respiratory competent starter cultures with equivalent cell number

as determined by OD600 and grown to late log phase at 30uC with

shaking at 250 rpm. Cells were collected, wet weight of cell pellet

was determined and resuspended in fresh growth media at

200 mg/ml and maintained at 30uC prior to sampling for

determination of mitochondrial oxygen consumption. A baseline

determination of oxygen concentration was made of 450 ml of

fresh, air-saturated growth media equilibrated to 30uC in a

thermostatically controlled Clark-type oxygen electrode (Qubit

Systems Inc.) with constant stirring. After the addition of 50 ml

(10 mg wet weight of yeast cells) the rate of oxygen consumption

was recorded, 10 ml of 1 M sodium azide was then added to

inhibit all mitochondrial oxygen consumption and mitochondrial-

independent oxygen consumption rates were obtained. Finally,

50 ml of freshly prepared 1 M sodium dithionite was added to

consume the remaining oxygen in the chamber and obtain the

scale of measurement.

Mitochondrial Isolation
For each replicate a YPG starter culture was inoculated from a

single independent yeast colony. The starter culture was used to

inoculate a 750 ml of YPD in a 2 L flask to an OD600 of 0.05 and

incubated at 30uC with shaking at 250 rpm to late log phase

(18 hours). Cells were harvested and mitochondria isolated using

differential centrifugation yielding a crude mitochondrial fraction

followed by density gradient centrifugation to obtain a pure

mitochondrial fraction as described [15].

Blue Native Gel Electrophoresis
The protein concentration of crude mitochondrial preparations

were determined with DC protein assay kit (BioRad) and

solubilized with digitonin (Sigma) using previously described

detergent:protein ratios [16]. Mitochondrial proteins were sepa-

rated on a NativePage 4–16% Bis-tris gel (Invitrogen) using native

page buffer system according to manufacturer’s instructions.

Native Mark Unstained protein standards (Invitrogen) were used

for protein size estimation. For Coomassie staining, gels were fixed

by immersion in 100 ml fix solution (40% methanol, 10% acetic

acid), heated on highest setting for 45 seconds in 1.55 kW

microwave oven, followed by 15 minute room temperature

incubation on orbital shaker. Fix solution was replaced with fresh

solution and heating and incubation steps were repeated. Fix

solution was replaced with stain solution (0.02% Coomassie R-

250, 30% methanol, 10% acetic acid), heated in microwave 45

seconds and incubated with shaking at room temperature for 15

minutes. Stain solution was replaced with destain (8% acetic acid),

heated for 45 seconds in microwave and incubated on orbital

shaker. Destain was repeated twice. Images were captured as TIFF

files and band densities were determined using ImageJ software

available from the National Institutes of Health (http://rsb.info.

nih.gov/ij/).

In-gel Respiratory Complex Activity Assays: Crude mitochondria

isolated from parental strain BY4741 were prepared and separated

with blue-native gel electrophoresis as described above. In-gel

activity of respiratory complex V was determined on freshly run

gels as previously described [17]. Briefly, gels were then incubated

overnight in solution to detect complex V (35 mM Tris, 270 mM

glycine, 14 mM MgSO4, 0.2% Pb(NO3)2, 8 mM ATP, pH = 7.8).

After overnight incubation gels were briefly rinsed in deionized

water and imaged as TIFF files and band densities were

determined using ImageJ software available from the National

Institutes of Health (http://rsb.info.nih.gov/ij/).

Rapamycin resistance assay
Starter cultures, 10 mL YPG pH = 5, were inoculated from

plates, and grown overnight at 30uC. These cultures were then

used to inoculate 30 mL YPD cultures at a concentration of

106 cells/mL. These cultures were grown to late phase. Each

culture was adjusted to 107 cells/mL, 10-fold serial dilutions were

prepared and plated onto YPD plates containing 10 nM

rapamycin (Sigma), from a 1 mg/ml stock solution, and control

YPD plates prepared with an equal volume of vehicle (ethanol).

Plates were incubated at 30uC for 48 hours.

Mitochondrial Aminopeptidase Deletion
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Flow Cytometry to determine reactive oxygen species
For each replicate starter cultures (synthetic minimal media with

2% dextrose) were inoculated from a single independent yeast

colony and grown 24 hours. Batch cultures 25 ml of synthetic

minimal media 2% dextrose were inoculated with 106 cells from

each starter cultures and grown overnight 30uC, 250 rpm to

equivalent cell densities as determined by OD600. Dihydroethi-

dium (DHE) staining was performed as previously described [18]

as follows, cells (26106) from each culture were prepared by

resuspending in 100 mL of PBS with 50 mM DHE (Molecular

Probes), and incubated at 30uC for 10 minutes. Cells were washed

once in 1 mL PBS, and resuspended to a final volume of 400 ml

PBS. An equivalent number of dead control cells, prepared by

heating at 90uC for 10 minutes, were stained and analyzed in

parallel with live cells. Flow cytometry was carried out on a

Becton-Dickinson FACSCalibur model flow cytometer. DHE

fluorescence was the direct output of the FL3 (red fluorescence-

detecting) channel without compensation.

Chronological Lifespan (CLS)
CLS experiments were performed using the yeast strain,

BY4742 (MATa his3D1 leu2D0 lys2D0 ura3D0) to maximize the

accuracy of the comparisons since it is relatively short-lived strain,

as previously described [18]. Briefly, for each replicate, starter

cultures (synthetic minimal media with 2% dextrose) were

inoculated from a single independent yeast colony and grown

overnight. Batch cultures 50 ml of synthetic minimal media 2%

dextrose supplemented with histidine, leucine, lysine, and uracil

were inoculated to obtain a starting cell density of cultures at

56105 cells/ml. Cultures were maintained at 30uC, while shaking

at 250 rpm and cell density was measured daily by OD600 with a

Beckman Coulter DU 800 spectrophotometer. Cell viability was

determined daily on an aliquot sterilely removed from each culture

by staining with 0.4% Trypan blue stain in a 1:1 volume of cells to

stain solution then incubated at 30uC for 5 minutes to distinguish

live dead status and cell counting with a hemocytometer. These

results were corroborated by plating serial dilutions to ensure that

results were qualitatively similar to the live/dead cell counts. The

experiment was carried out over a period of 6 days.

Assays for Resistance to Hydrogen Peroxide
Methods for assessing resistance to hydrogen peroxide were

adapted from published methods [18]. For each replicate starter

cultures of YPG (pH = 5) were inoculated from a single

independent yeast colony and grown 24 hours. Starter cultures

were used to inoculate 50 mL of synthetic minimal media with 2%

dextrose at a density of 106 cells/ml. After 24 hours 5 mL aliquots

were removed from each cultures, and 100 mL were set aside for

serial dilution and plating, while H2O2 was added to the

remaining aliquot at 25 mM final concentration, and incubated

for 2.5 hours. The serial dilutions of cells collected before and after

H2O2 addition were plated on SD agar plates for viability

comparison in addition to assessing cell viability with trypan blue

staining as described above. These procedures were repeated after

strains were cultured for 48 hours.

Results

Growth Fitness
We began phenotyping the Icp55 deletion (icp55D) strain by

comparing its growth in media containing fermentable and non-

fermentable carbon substrates with the haploid strain from which

it was derived, BY4741. When grown in culture media containing

fermentable carbon substrates S. cerevisiae utilize a combination of

glycolysis and oxidative phosphorylation for energy production.

When grown in non-fermentable carbon substrates S. cerevisiae is

restricted to reliance on oxidative phosphorylation to supply

cellular energy requirements. We found no difference in their

growth curves when these strains were grown in glucose, a

fermentable carbon substrate (Figure 1A). When grown in

glycerol a non-fermentable carbon substrate we observed that

icp55D strains reached stationary phase at a lower optical density

(Figure 1B).

Respiration
Since a central function of mitochondria is the generation of

cellular energy we measured the rate of mitochondrial oxygen

consumption in the icp55D strain compared to its parental haploid

strain, BY4741. We found that the rates of mitochondrial oxygen

consumption in both strains were comparable when energy

production was limited to oxidative phosphorylation by supplying

a single non-fermentable carbon substrate (i.e., glycerol) in the

growth media (Figure 1D). Unexpectedly, the rate of mitochon-

drial oxygen consumption was reduced in the icp55D strain

compared to the parental strain when glucose, a fermentable

carbon substrate, was supplied as the sole carbon source in the

growth media (Figure 1C).

Blue Native Gel Electrophoresis and in-gel complex V
activity assay

We next examined isolated mitochondria from icp55D and

parental strains grown in glucose containing media for differences

in the assembled respiratory complexes and supercomplexes using

blue-native gel electrophoresis. The solubilization of isolated

Figure 1. Growth rates and mitochondrial oxygen consumption
of the icp55D strain with fermentable and non-fermentable
carbon substrates. The growth rate of the icp55D strain was
compared to BY4741 the parental strain from which it was derived in
glucose (A), a fermentable carbon substrate, and glycerol (B), a non
fermentable carbon substrate. Mitochondrial oxygen consumption was
measured in the icp55D and BY4741 strains grown to late log phase in
glucose (C) and glycerol (D) containing growth media. Growth curves
were generated from five cultures inoculated from independent
colonies. Assays of mitochondrial oxygen consumption were generated
from cells collected from 6 independent cultures. Error bars represent
standard deviation and p-values were calculated from two-tailed
student t-test.
doi:10.1371/journal.pone.0077234.g001
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mitochondria with the mild detergent, digitonin, allows the

respiratory complexes to remain associated in supercomplexes

which can then be separated under non-denaturing conditions

with blue-native gel electrophoresis. The highest molecular weight

supercomplexes isolated from the mitochondria of S. cerevisiae are

complex V dimers (V2), complex III dimer with Complex IV

dimer (III2/IV2), complex III dimer with a single complex IV

(III2/IV), and complex V monomers [19]. Separation of digitonin

solubilized mitochondria isolated from icp55D and BY4741 yeast

demonstrate a significant reduction in two of these high molecular

weight complexes (Figure 2A and 2B), that represent the ATP

synthase dimer (band 1) and the ATP synthase monomer (band 3).

Band densitometry shows that band 1 and band 3 are significantly

reduced in the icp55D strain compared to the parental BY4741

strain when cultured in glucose containing media (Figure 2B).

When grown in glycerol containing media the respiratory

complexes were comparable in icp55D and BY4741 strains

(Supporting Information, Figure S1), which is consistent

with the similarity in mitochondrial oxygen consumption under

these growth conditions (Figure 1D). Since loss of Tor1p function

has been shown to increase mitochondrial oxygen consumption

and respiration through the increased synthesis of components of

the respiratory chain [20,21], we speculated that deletion of tor1

would be sufficient to correct the reduction in ATP synthase

complexes noted in the icp55D strain. We found that combined

deletion of icp55 and tor1 restored the ATP synthase monomers

and dimers that were decreased in the strain with icp55 deletion

alone (Figure 2A and 2B). In-gel complex V activity assays

(Figure 2C) were done to confirm that bands 1 and 3 (Figure 2A
and 2B) are complex V dimers and monomers, respectively.

Complex V in gel activity assays confirmed that the activity of

complex V dimer was reduced in icp55D strains compared to the

parental strain BY4741 (Figure 2C). The reduction of activity

was expressed as a percentage of activity in each deletion strain

compared to the parental strain with 95% confidence intervals

(Figure 2D), The combined deletion strain, icp55D/tor1D, also

restored complex V activity to levels comparable to the parental

strain (Figure 2C and 2D).

Tor1p inhibition increases mitochondrial oxygen
consumption

Since deletion of tor1 corrected the loss of ATP synthase

complexes in the icp55D strain and is known to increase cellular

oxygen consumption [20], we sought to determine if Tor1p

inhibition would rescue the defect in oxygen consumption

observed in the icp55D strain. Cells were grown to late log phase

in glucose containing media, an aliquot was removed for

determination of mitochondrial oxygen consumption and the

remainder cultured four additional hours with rapamycin, an

inhibitor of Tor1p, and prior to a final determination of

mitochondrial oxygen consumption. As expected, the icp55D
strain demonstrated a significantly reduced rate of mitochondrial

oxygen consumption compared to the parental BY4741 strain

prior to treatment with rapamycin (Figure 3A). However, after

rapamycin was added to the same cultures and allowed to grow

four more hours the rate of mitochondrial oxygen consumption in

the icp55D strain increased and was comparable to that of the

parental strain (Figure 3A). To determine if the icp55D strain had

an increased Tor1p activity that may contribute to the repression

of mitochondrial oxygen consumption we tested its resistance to

rapamycin. We found that the icp55D strain demonstrated

increased resistance to rapamycin in growth media compared to

the parental strain (Figure 3B), consistent with the idea that icp55

deletion increases Tor1p activity.

Reduced mitochondrial oxygen consumption of the
icp55D strain is corrected by mdl1 deletion

Since the reduction in mitochondrial oxygen consumption only

occurred in glucose containing media and was correctable with

Tor1p inhibition we reasoned that loss of Icp55p function was

sensed by the cell and enhanced the glucose repression of

mitochondrial oxygen consumption. We hypothesized that loss

of Icp55p function would increase mitochondrial protein degra-

dation, and the efflux of degraded peptide fragments from the

mitochondria to the cytosol may be the signal mediating this

effects. The mitochondria of S. cerevisiae contain an ATP-binding

cassette (ABC) protein that is known to transport peptides from the

mitochondria, Mdl1p [10]. When we deleted mdl1 alone there was

no effect on the rate of mitochondrial oxygen consumption;

however, when combined with icp55 deletion, the decrement in

mitochondrial oxygen consumption of the icp55D strain was

corrected (Figure 4A). We suspected that peptides exported from

the mitochondria through Mdl1p may stimulate Tor1p activity in

the icp55D strain; thereby, mediating the increased rapamycin

resistance observed in this strain (Figure 3B). We expected that

the combined deletion of mdl1 with icp55 would reduce the

rapamycin resistance of the icp55D strain to the level observed in

the parental strain. However, we found that rapamycin resistance

in the combined deletion of mdl1 with icp55 was comparable to the

icp55D strain (Figure 4B), suggesting that the increased Tor1p

activity in the icp55D strain is not mediated by efflux of peptide

fragments through Mdl1p.

Chronological lifespan extension
The repression of TOR activity is well known to increase

lifespan in many species from mice to yeast [22]. Chronological

lifespan (CLS) is a measure of the length of time that yeast cells

remain viable in culture after reaching stationary phase and are no

longer dividing. Maneuvers that impair mitochondrial respiratory

metabolism also inhibit the CLS extension observed in Tor1

deletion strains [20,21] and its downstream target, Sch9p, a

functional ortholog of the S6 kinase 1 in mammals [23]. We

anticipated that the icp55D strain would have a reduced CLS and

therefore, measured the CLS of icp55 deletion in comparison to

tor1 deletion and the short-lived parental yeast strain, BY4742.

However, we found that the icp55D strain had an increased CLS

compared to the parental strain (Figure 5A). The CLS extension

observed in icp55D strains was comparable to that of tor1D strains,

which is known to extend CLS (Figure 5B). In addition, we found

that the combined deletion of tor1 and icp55 resulted in an additive

increase in CLS beyond that observed when either gene was

deleted alone (Figure 5B).

Reactive oxygen species production and hydrogen
peroxide resistance

In stationary phase tor1 deletion has been reported to increase

resistance to hydrogen peroxide and decrease reactive oxygen

species production [20]. We speculated that loss of Icp55p

function may activate stress response pathways, increasing

resistance to reactive oxygen species (ROS). We found that ROS

measured by flow cytometry in the icp55D strain was comparable

to the tor1 deletion strain (Figure 5C) and the combined deletion

of icp55 and tor1 led to an additive reduction in ROS. Similarly,

the deletion of either icp55 or tor1 increased resistance to hydrogen

peroxide and their combined deletion (data not shown) led to an

increase in resistance beyond that observed for either gene alone.

Mitochondrial Aminopeptidase Deletion
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Discussion

ICP55 is the yeast ortholog of XPNPEP3 a gene mutated in a

rare hereditary kidney disease resembling nephronophthisis with

renal histopathology including tubular atrophy, tubular basement

disruption and interstitial fibrosis. The gene product of ICP55/

XPNPEP3 is an aminopeptidase [2–4] that is localized to the

mitochondria [1,3–6]. Icp55p has been implicated in the post-

translational processing of proteins imported into the mitochon-

dria contributing to their protein half-life determination via the N-

end rule protein degradation pathway [4]. In this report, we have

utilized S. cerevisiae as a simple model organism to characterize the

phenotype of the icp55 deletion (icp55D) strain and gain insight into

the pathogenetic mechanisms that contribute to the progressive

kidney disease observed in the setting of XPNPEP3 mutations.

We first examined the effect of icp55 deletion on mitochondrial

respiration by taking advantage of the fact that S. cerevisiae will

adapt its energy metabolism to the carbon substrate available in

the culture media as discussed in the introduction. We found that

the icp55D strain is viable, and Icp55p function is not required for

the proper assembly and function of the respiratory chain,

demonstrated by the similar rates of mitochondrial oxygen

consumption in icp55D strains and parental strains when cultured

in glycerol, a non-fermentable carbon substrate that limits cellular

energy production to mitochondrial respiration (Figure 1D).

However, we did observe reduced mitochondrial respiration in

icp55D compared to the parental strain when cultured in glucose

media (Figure 1C). This reduction in mitochondrial oxygen

consumption was accompanied by a decrease in the abundance

and activity of ATP synthase (complex V of the respiratory chain)

in isolated mitochondria of the icp55D strain compared to the

parental strain (Figure 2A and B). The delta (Atp16p) and

gamma (Atp3p) subunits of the F1 component of ATP synthase

(complex V) and Atp11p a chaperone for the assembly of the F1

component have previously been identified as substrates of Icp55p

[4]. As substrates, their protein half-life in the mitochondria should

be shorter and may contribute to the decreased oxygen

consumption and complex V abundance observed in icp55D
strains grown in glucose containing media. Many genetic

constituents of ATP synthase are subject to glucose repression

[24] and we suspect that icp55 deletion combined with glucose

repression may be responsible for the decreased abundance of

ATP synthase in the icp55D strain.

Since the deletion of tor1 is known to increase the expression of

respiratory chain proteins and increase mitochondrial respiration

[20,21], we speculated that tor1 deletion may restore complex V

activity and mitochondrial respiration in the icp55D strain. The

combined deletion of icp55 and tor1 corrected the decreased

abundance and activity of complex V in the icp55D strain

(Figure 2). We also showed that rapamycin inhibition of Tor1p

corrected the decrease in mitochondrial oxygen consumption in

the icp55D strain and the icp55D strain demonstrated increased

resistance to rapamycin (Figure 3). These results are consistent

with the hypothesis that loss of Icp55p function stimulates Tor1p

activity in S. cerevisiae.

As others have shown that icp55 deletion increased mitochon-

drial protein degradation [3,4], we speculated that peptide

fragments transported from the mitochondria to the cytosol may

serve as a signal to stimulate Tor1p activity in the setting of icp55

deletion. Supporting this hypothesis, we demonstrated that

deletion of mdl1, a mitochondrial peptide transporter, with icp55

corrected the decrease of mitochondrial oxygen consumption

Figure 2. Decreased complex V abundance and activity in digitonin-solubilized mitochondria from the icp55D strain. Digitonin-
solubilized mitochondria were separated on a 4–16% bis-tris gel using blue native gel electrophoresis (A). First lane contains size standards followed
by equivalent amounts of mitochondrial protein. High molecular weight bands were quantitated (B) and average band density (n = 3) is reported in
arbitrary units. Error bars represent standard error. P-values calculated from two-tailed student t-test brackets indicate pair-wise comparisons, asterisk
p,0.05, number sign p,0.01, ns not significant. In-gel respiratory complex activity assays for complex V (CV), were performed on digitonin
solubilized mitochondria (C) to confirm the identity of bands 1 (complex V dimer) and 3 (complex V monomer) shown in (A). These bands were
quantitated to judge complex V activity and expressed as percent activity relative to the parental control and the 95% confidence interval is shown in
parentheses below the normalized value.
doi:10.1371/journal.pone.0077234.g002

Mitochondrial Aminopeptidase Deletion

PLOS ONE | www.plosone.org 5 October 2013 | Volume 8 | Issue 10 | e77234



observed in the icp55D strain (Figure 4A). However, the persistent

rapamycin resistance of the icp55D strain in spite of concurrent

mdl1 deletion (Figure 4B) suggests that Tor1p is not activated by

peptide efflux through Mdl1p in the icp55D strain, but through an

alternative mechanism.

The reduction of mitochondrial respiration in glucose contain-

ing media is a complex phenotype. Our results show that it can be

corrected by the deletion of either tor1 or mdl1 in combination with

icp55, suggesting that several mechanisms are capable of attenu-

ating this phenotype in the icp55D strain and emphasizing the

complexity of this phenotype. The mechanism underlying this

phenotype in the icp55D strain remains uncertain, and possibilities

include increased glucose repression of respiratory metabolism,

improper assembly or accelerated degradation of the respiratory

chain. In addition, we do not believe that this mitochondrial

respiratory defect is likely to be the central mechanism mediating

progression of XPNPEP3-related kidney damage for several

reasons. First, a defect in mitochondrial respiratory function was

not an invariant feature in the setting of XPNPEP3 mutation [1].

Second, there are many examples of genetic mitochondriopathies

impairing respiratory chain function that do not have a renal

phenotype [11]. Third, whereas Tor1p activity decreases mito-

chondrial respiration in S. cerevisiae [20,21] by suppressing the

synthesis of respiratory chain components, mTOR signaling

increases mitochondrial respiration in mammalian cells [25–27].

Therefore, we suspect that a more likely contributor to disease

pathogenesis may be related to mTOR activation. The upregula-

tion of Tor1p/mTORC1 activity has been associated with several

kidney pathologies including acute kidney injury, diabetic

nephropathy and cystic kidney diseases [28].

Since these results suggest an increased Tor1p activity in the

icp55D strain and inhibition of Tor1p activity or deletion of tor1

has been shown to increase the chronological lifespan (CLS) of

yeast, we anticipated that the icp55D strain would have a decreased

CLS. We were surprised to find that compared to the parental

wild-type strain the icp55D strain had an increase in CLS,

comparable to that observed for the tor1D strain. However, when

icp55 and tor1 were deleted in combination the increase in CLS

was additive, suggesting that the mechanism for CLS extension

due to each gene is independent. Similarly, the tor1D strain had

Figure 3. Inhibition of Tor1p corrects the reduction of
mitochondrial oxygen consumption observed in the icp55D
strain that has increased resistance to rapamycin. The parental
BY4741 and icp55D strains were grown to late log phase in YPD (2%
dextrose) (n = 25) an aliquot was removed from each culture and
mitochondrial oxygen consumption rates were determined (A).
Rapamycin was then added and cultures incubated an additional
4 hours followed by repeat determination of the mitochondrial oxygen
consumption. Error bars represent standard error, p-values calculated
with student’s two tailed t-test. P-value before rapamycin represented
by asterisk, 2.361027, after rapamycin addition p-value was not
significant (ns), 0.49. Cultures of BY4741, icp55D, tor1D, and icp55D/
tor1D were grown to late log phase and serial dilutions were plated (B)
on YPD with vehicle or YPD with 10 nM rapamycin and grown at 30uC
for 48 hours.
doi:10.1371/journal.pone.0077234.g003

Figure 4. Deletion of mitochondrial peptide transporter corrects decreased mitochondrial oxygen consumption of the icp55D
strain. Mitochondrial oxygen consumption was assayed in strains with deletion of icp55, mdl1 and both together compared to the parental BY4741
strain (A). The rate of oxygen consumption was decreased in the icp55D strain compared to BY4741, mdl1D and icp55D/mdl1D with p-values of 0.054
(#) and ,0.01 (*), all other comparisons were not significant. The bar graph depicts the average of three experiments determining the rate of oxygen
consumption for each strain. Error bars depict standard error. P-values were calculated using a two-tailed student’s t-test. Cultures of BY4741, icp55D,
tor1D, icp55D/tor1D, mdl1D,and icp55D/mdl1D were grown to late log phase and serial dilutions were plated (B) on YPD with vehicle or YPD with
10 nM rapamycin and grown at 30uC for 48 hours.
doi:10.1371/journal.pone.0077234.g004
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decreased reactive oxygen species (ROS) and increased resistance

to hydrogen peroxide, as previously reported [20], which was

comparable to the icp55D strain and the deletion of both icp55 and

tor1 resulted in an additive decrease of ROS and increase of H2O2

resistance, again suggesting independent, parallel mechanisms of

stress resistance.

Taken together these observations suggest that mitochondrial

signaling to the cell body in the icp55D strain is increasing Tor1p

activity and activating stress resistance pathways that are

independent of TOR. The activation of Tor1p/mTORC1 by

amino acids is well recognized from yeast to mammals [29,30],

and small GTPases have been identified as important mediators of

this activation. However, the rapamycin resistance observed in the

icp55D strain persisted with the combined deletion of icp55 with

mdl1, a transporter of peptide fragments from the mitochondrial

matrix [10], suggesting that the mechanism of Tor1p activation in

the icp55D strain is not through the efflux of peptides from the

mitochondria and remains an attractive area for future studies.

In addition to the activation of Tor1p suggested by rapamycin

resistance, the extension of chronological lifespan and reduction of

ROS suggest that loss of icp55p function initiates a mitochondrial

signal mediating these phenotypes. This type of mitochondrial

signaling may be analogous to the mitochondrial unfolded protein

response that has been best characterized in the nematode, C.

elegans, reviewed in [31], in which mitochondrial proteases and

peptide transporters have been implicated. Mitochondrial stress,

such as the unfolded protein response, may also modify the import

of proteins into the mitochondria; where peptides exported from

the mitochondria through peptide transporters decrease the

import of nuclear encoded mitochondrial proteins [32]. When

the import of mitochondrial proteins is reduced in the setting of

mitochondrial stress such as the unfolded protein response, a key

transcription factor is relocalized from the mitochondria to the

nucleus mediating the mitochondrial stress response [32]. Recent

data has also linked the uncoordinated expression of mitochon-

drial proteins encoded in the nucleus and mitochondria with a

mechanism of lifespan extension that is conserved across species

[33].

It may seem counterintuitive that the deletion of a gene

implicated in renal failure would lead to apparent benefits such as

increased stress resistance or increased chronological lifespan.

However, it should be emphasized that these apparent benefits are

occurring under specified laboratory conditions and in an

uncontrolled environment loss of Icp55p function may result in

decreased competitive fitness. Similarly, it might be imagined that

in higher organisms compensatory adaptations to environmental

or genetic stressors may lead to short-term benefits at the cost of

damage that occurs over longer time intervals. These experiments

may form the basis for further investigations in higher organisms

and provide insight into relevant mechanisms in the pathogenesis

of tubulointerstitial kidney diseases.

Supporting Information

Figure S1 Blue Native Gel Separation of mitochondrial
respiratory supercomplexes from icp55D and BY4741
yeast strains cultured in glycerol containing media. The

parental yeast strain BY4741 and the icp55D strain were cultured

in glycerol containing media restricting energy metabolism to

oxidative phosphorylation. Mitochondria were isolated with

differential centrifugation, digitonin-solubilized and separated on

a 4–16% bis-tris gel using blue native gel electrophoresis. Two

replicates of each strain were examined and demonstrated

comparable abundance of the respiratory complexes, labeled at

Figure 5. Increased chronological lifespan and decreased reactive oxygen species in the icp55D strain. The chronological lifespan of the
icp55D strain was compared to the short-lived parental strain, BY4742 (A) through measurement of percent survival by trypan blue staining (n = 3)
each strain. The chronological lifespan of the short-lived parental strain, BY4742 was compared to the strains icp55D, tor1D or icp55D/tor1D combined
by plating serial dilutions of cells maintained in culture (n = 3 for each strain) on sequential days (B), representative pictures. Dihydroethidium staining
of live cells grown to early stationary phase in glucose media was measured with flow cytometry (n = 3 for each strain) to evaluate superoxide
production (C). Error bars (A and C) represent standard deviation; p-values (C) were calculated using student’s two-tailed t-test.
doi:10.1371/journal.pone.0077234.g005

Mitochondrial Aminopeptidase Deletion

PLOS ONE | www.plosone.org 7 October 2013 | Volume 8 | Issue 10 | e77234



the right-hand side of the second gel (arrowheads designate bands

containing complex V components and asterisks designate

complex III dimers with complex IV monomers or dimers) (A).

The migration pattern of respiratory complexes from digitonin

solubilized mitochondria of the parental strain (BY4741) were

characterized by separation on a 4–16% bis-tris gel with molecular

weight standards (Stand) and coomassie staining (B). In-gel activity

assays of complex IV (CIV) labeled the complex III dimers with

complex IV monomers or dimers with a pale brown precipitate,

indicated by asterisks (B). In-gel activity assays of complex V on a

light background (CV light) and dark background (CV dark)

labeled complex V dimers and monomers with a white precipitate,

indicated by arrowheads (B).
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