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Abstract
Eukaryote cells balance production of reactive oxygen species (ROS) with levels of anti-oxidant
enzyme activity to maintain cellular redox homeostasis. Mitochondria are a major source of ROS,
while many anti-oxidant genes are regulated by the Nrf2 transcription factor. Keap1, a redox-
regulated substrate adaptor for a cullin-based ubiquitin ligase, targets Nrf2 for proteosome-mediated
degradation and represses Nrf2-dependent gene expression. We have previously identified a member
of the phosphoglycerate mutase family, PGAM5, as a Keap1-binding protein. In this report, we
demonstrate that PGAM5 is targeted to the outer membrane of mitochondria by an N-terminal
mitochondrial-localization sequence. Furthermore, we provide evidence that PGAM5 forms a ternary
complex containing both Keap1 and Nrf2, in which the dimeric Keap1 protein simultaneously binds
both PGAM5 and Nrf2 through their conserved E(S/T)GE motifs. Knockdown of either Keap1 or
PGAM5 activates Nrf2-dependent gene expression. We suggest that this ternary complex provides
a molecular framework for understanding how nuclear anti-oxidant gene expression is regulated in
response to changes in mitochondrial function(s).
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Introduction
Oxidative stress has been implicated in diverse pathophysiological processes, including cancer,
neurodegenerative diseases, and aging [1–4]. Oxidative stress is often viewed as an imbalance
between levels of reactive oxygen species (ROS) and the ability of cells to counteract ROS-
mediated oxidative damage to biological macromolecules [5]. ROS are also essential molecular
components of signal transduction pathways that control cell fate decisions and perturbation
of these pathways can contribute to the pathological consequences of oxidative stress [6].
Mitochondria are a major source of endogenous ROS production and perturbation of
mitochondrial function has been linked to increased ROS production and, ultimately, adverse
pathophysiological consequences [1–9].
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In mammals, the bZIP transcription factor Nrf2 is a major regulator of cytoprotective genes
which encode enzymes that neutralize reactive molecules, eliminate damaged macromolecules
and restore cellular redox homeostasis [10]. Nrf2-dependent gene expression is increased by
diverse stimuli, including increased mitochondrial ROS production arising from
pharmacological inhibition of electron transport complex I or II [10–13]. Conversely, Nrf2-
dependent gene expression is markedly decreased in cells that lack the DJ1 protein, a
mitochondrial protein that has been linked to familial Parkinson’s [14]. Nrf2 nullizygous mice
develop normally but several indices of oxidative damage are increased in aged female mice,
coincident with the development of symptoms that resemble systemic lupus erythromatosus
in humans [15–17]. Extensive analysis of Nrf2 nullizygous mice has demonstrated that Nrf2-
dependent genes provide protection from ROS generated by diverse cellular stresses [18].

A BTB-Kelch protein termed Keap1 is the major negative regulator of Nrf2 [19–21]. Mice that
lack Keap1 contain elevated levels of nuclear Nrf2 protein and increased levels of Nrf2-
dependent gene expression [19]. Keap1 is a substrate adaptor for an E3 ubiquitin ligase complex
that assembles around a Cul3 scaffold protein [22–25]. The N-terminal BTB and central linker
domains of Keap1 bind to Cul3 while the C-terminal Kelch domain of Keap1 binds to Nrf2
[24–27]. This E3 ubiquitin ligase complex directs the covalent attachment of ubiquitin onto
specific lysine residues within the N-terminal Neh2 domain of Nrf2 [25]. Cyclical assembly
and disassembly of this E3 ubiquitin ligase complex is required for efficient ubiquitination of
Nrf2 and repression of Nrf2-dependent gene expression [28]. Electrophilic chemicals modify
highly reactive cysteine residues within Keap1 and perturb assembly of a functional ubiquitin
ligase complex [25,29–35], resulting in decreased ubiquitination of Nrf2, increased steady-
state levels of Nrf2 and increased transcription of Nrf2-dependent genes. Other mechanisms,
including phosphorylation of Nrf2 [36], may also contribute to increased steady-state levels of
Nrf2 in cells exposed to electrophilic and reactive chemicals.

Keap1 is a cytoplasmic protein that has been reported to associate with actin filaments [20,
23,37]. Keap1 has also been localized to specialized adherens junctions and focal adhesions
[38]. Several reports have suggested that both Keap1 and Nrf2 shuttle between the nucleus and
the cytoplasm [39–42]. Different subcellular compartments have different redox potentials and
different oxidant-generating complexes are confined to discrete subcellular locations [43,44].
As Keap1 is a direct target for ROS and other electrophilic molecules, the molecular and spatial
relationship(s) between Keap1 and the subcellular locations where ROS generation occurs is
a critical unanswered question.

The human phosphoglycerate mutase family contains at least ten distinct proteins that share a
structurally conserved PGAM domain [45]. Most members of this family, including PGAM1,
PGAM2, 2,3-bisphosphoglycerate mutase (BPGM), and the four members of the 6-
phosphofructo-2-kinase/fructose-2,6-biphosphatase (PFKFB) family, are metabolic enzymes
that mediate phosphotransfer via a histidine residue located within a highly conserved motif
in the PGAM domain [45]. Several other members of this family, including STS-1, STS-2 and
PGAM5, contain a divergent catalytic motif [46]. Neither STS-1 nor STS-2 have
phosphoglycerate mutase activity, although STS-1 has phosphotransferase activity towards
other substrates [47–50]. PGAM5 was first identified as a Bcl-XL-interacting protein and
subsequently identified as a protein that bound to Keap1 [46,51]. The PGAM5 gene, located
on chromosome 12 in humans, encodes two protein isoforms, PGAM5-L (32 kDa) and
PGAM5-S (28 kDa), generated by alternative splicing of a 3′ exon. Both isoforms of PGAM5
contain a conserved N-terminal NxESGE motif that is required for binding to Keap1. This
motif bears striking resemblance to the DxETGE motif in Nrf2 that binds to a shallow pocket
located on the top face of Kelch domain of Keap1 [26,27]. Indeed, amino acids in Keap1 that
make critical contacts with the DxETGE motif from Nrf2 are also required for binding PGAM5
[46].
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In this report, we demonstrate that PGAM5 contains an N-terminal mitochondrial targeting
sequence that is necessary and sufficient for localization of PGAM5 to the outer membrane of
mitochondria. Co-immunoprecipitation and co-localization experiments revealed the presence
of a ternary complex containing Nrf2, Keap1 and PGAM5 that is localized to mitochondria.
This ternary complex of PGAM5, Keap1 and Nrf2 contributes to repression of Nrf2-dependent
gene expression, as siRNA-mediated knockdown of PGAM5 increased expression of an Nrf2-
dependent reporter gene. PGAM5, by anchoring the Keap1-Nrf2 complex to outer membrane
of mitochondria, may facilitate coordination between mitochondrial function and regulation
of Nrf2-dependent anti-oxidant gene expression.

Materials and Methods
Construction of recombinant DNA molecules

The PGAM5-L cDNA (Accession number BG030775), the PGAM5-S cDNA (Accession
number BC008196) and mutant PGAM5-L-E79A/S80A cDNA have been described
previously [46]. The deletion mutants in PGAM5-L and PGAM5-S lacking codons 2 to 25
were constructed in pcDNA3 and in pCMV-Tag4A using standard recombinant DNA
techniques. The expression vectors for GFP fusion proteins containing N-terminal PGAM5-
derived sequences were constructed by cloning PCR-generated fragments into the XhoI/
BamHI sites of pEGFP-N1. Plasmid expression vectors for both wt and mutant Keap1 and Nrf2
have been previously described [26]. The Mito-GFP expression vector was a gift from Dr.
Seamus J. Martin. The pEGFP-N1 empty vector was a gift from Dr. Marc C. Johnson. All the
genes used in this study were sequenced in the context of the expression vectors used for the
experiments.

Cell culture, transfections, and reporter gene assays
COS1, HeLa, MDA-MB-231, HEK-293T cells were purchased from ATCC. Cells were
maintained in either Dulbecco’s modified Eagle’s medium (DMEM) or Eagle’s minimal
essential medium (EMEM) in the presence of 10% fetal bovine serum (FBS). Transfections of
plasmid DNA were performed with Lipofectamine 2000 or Lipofectamine Plus (Invitrogen)
according to the manufacturer’s instruction. Transfections of small interfering RNA (siRNA)
nucleotides were performed with Oligofectamine (Invitrogen) according to the manufacturer’s
instructions. All siRNA nucleotides used in this study were obtained from Dharmacon as
purified and annealed duplexes. The antioxidant response element (ARE) TATA-Inr luciferase
reporter plasmid pARE-Luc and a control plasmid encoding Renilla luciferase for transfection
efficiency have been previously described [28]. Reporter gene assays were performed using a
Promega dual-light assay system.

Antibodies, immunoprecipitation and immunoblot analysis
The PGAM domain (codons 89 to 289) of PGAM5-L protein was expressed in Escherichia
coli as a His6-tagged protein and purified by metal–chelate chromatography. Care was taken
to maintain reducing conditions during all stages of the purification and subsequent use of the
purified PGAM domain of PGAM5 protein. Antibodies were generated in chickens against the
PGAM domain by Alpha Diagnostics (San Antonio, TX) and affinity-purified over a column
containing immobilized His-PGAM5 (89–289) protein with reagents obtained from Pierce.
Specificity of the anti-PGAM5 (89–289) antibodies was confirmed by immunoblotting,
immunoprecipitation, and immunocytochemistry techniques. The affinity-purified anti-
PGAM5 antibodies were able to bind both native and denatured PGAM5 isoforms. The affinity-
purified anti-Keap1 antibody has been described previously [34]. Antibodies against
Cytochrome c (6H2.B4, BD Pharmingen), COXIV (10G8, Molecular Probes), TOM20
(FL-145, Santa Cruz), Tubulin (TU-02, Santa Cruz), the chitin binding domain (New England
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Biolabs), the FLAG epitope (Sigma), the HA epitope (Covance), and Nrf2 (H-300, Santa Cruz)
were purchased from commercial sources.

For detection of protein expression in total cell lysates, cells were lysed in sample buffer (50
mM Tris-HCl [pH 6.8], 2% SDS, 10% Glycerol, 100 mM DTT, 0.1% bromophenol blue) at
24 to 48 hr post-transfection. For immunoprecipitation assays, cell extracts were prepared in
RIPA buffer (10 mM sodium phosphate [pH 8.0], 150 mM NaCl, 1% Triton X-100, 1% sodium
deoxycholate, 0.2% SDS) containing 1mM dithiothreitol (DTT), 1mM phenylmethylsulfonyl
fluoride (PMSF) and protease inhibitor cocktail (Sigma). Soluble cell lysates were incubated
with either antibodies immobilized to agarose beads or with affinity-purified antibodies for 2
hr at 4°C, followed by incubation at 4°C with protein A-agarose beads (Sigma) or with anti-
chicken IgY-agarose (gallus Immunotech Inc.) for two hours. Unbound proteins were removed
by washing four times with lysis buffer. The immunoprecipitated proteins were eluted in
sample buffer by boiling for 5 minutes, electrophoresed through SDS-polyacrylamide gels,
transferred to nitrocellulose membranes and subjected to immunoblot analysis.

Immunofluorescence assays
Cells were grown on glass coverslips on 35-mm-diameter plates. Cells were either non-
tranfected or transfected with 1.0 μg of the empty vector, or the indicated expression vectors.
Cells were fixed with 3.7% formaldehyde in culture media at 37ºC for 15 min and incubated
with 0.1 M glycine in phosphate buffered saline (10 mM sodium phosphate [pH 8.0] and 150
mM NaCl) at room temperature for 5 min to quench autofluorescence. Cells were
permeabilized in 0.2% Triton X-100 in phosphate buffered saline at room temperature for 10
min. Fixed cells were incubated at room temperature for 60 min with affinity-purified primary
antibodies as indicated in phosphate buffered saline containing 10% (vol/vol) FBS. Coverslips
were washed and incubated with anti-chicken, anti-mouse, or anti-rabbit antibodies conjugated
with either Alexa Fluor 488 or Alexa Fluor 568 (Molecular Probes), and with Hoechst 33258
for another 60 min. GFP expression was visualized by direct fluorescence. Coverslips were
washed and mounted in ProLong Gold (Molecular Probes) on glass slides. Images were
obtained with a Zeiss Meta NLO 2-photon laser scanning confocal microscopy system at the
MU Cytology Core. The images were captured with LSM 510 META, and transferred to Adobe
Photoshop for construction of the figure.

In vivo ubiquitination assays
For detection of ubiquitinated PGAM5 proteins in vivo, cells were lysed by boiling and
sonication in a buffer containing 2% SDS, 10 mM N-ethylmaleimide (NEM), 150 mM NaCl
and 10 mM Tris-HCl pH [8.0]. This rapid lysis procedure inactivates cellular ubiquitin
hydrolases and preserves ubiquitin-substrate protein conjugates present in cells prior to lysis.
Protein-protein interactions, including association of Keap1 with PGAM5-FLAG, are also
disrupted by this lysis procedure. Lysates were diluted with 4 volumes of a buffer containing
150 mM NaCl, 10 mM Tris-HCl pH [8.0], 1 mM DTT and 1% Triton X-100 prior to
immunoprecipitation. The diluted lysates were pre-cleared with protein A-agarose beads
(Sigma) and incubated with anti-FLAG M2 agarose (Sigma). HA-ubiquitin conjugates in
immunoprecipitated PGAM5-L-FLAG proteins were analyzed by immunoblot analysis with
antibodies against the HA epitope.

Subcellular fractionation and proteinase K protection assays
A mitochondrial-enriched subcellular fraction was obtained using a digitonin-permabilization
protocol essentially as described [52,53]. A range of digitonin concentrations (20 to 200 μg/
ml) was first tested to identify the optimal digitonin concentration (20 μg/ml) that minimized
loss of both PGAM5 and Bcl-XL into the cytosolic fraction. HeLa cells were permeabilized in
250 mM sucrose, 70 mM KCl, 137 mM NaCl, 4.3 mM Na2HPO4 [ph 7.2], 1.4 mM KH2PO4
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([ph 7.2) containing 20 μg/ml digitonin. Cell lysates were centrifuged at 1,000 × g for five
minutes at 4°C to obtain cytosolic (supernatant) and a mitochondria-enriched heavy membrane
(pellet) fraction. The pellet was resuspended in permeabilization buffer and incubated with
proteinase K for 30 minutes on ice. The reactions were boiled in SDS-PAGE sample buffer
and cell equivalents of the cytosol and heavy membrane fractions were analyzed by SDS-PAGE
and immunoblotting. In some experiments, the heavy membrane was resuspended in
permeabilization buffer containing 0.2% Triton X-100 and 0.3% NP-40 followed by
centrifugation at 10,000 × g to obtain heavy membrane (soluble) and pellet (insoluble)
fractions.

Results
PGAM5 is a nuclear-encoded mitochondria-resident protein

The PGAM5 gene encodes two distinct protein isoforms that differ at their C-termini due to
alternative splicing of a 3′ exon (Fig. 1A). A polyclonal antibody generated against amino acids
89–289 of the PGAM5-L protein was used to characterize expression and subcellular
localization of the endogenous PGAM5 proteins. As expected, the affinity-purified antibody
recognized PGAM5-L and PGAM5-S proteins (Fig. 1B, lanes 3–6). In cell lysates from several
different cultured cell lines, the affinity-purified antibody recognized an endogenous protein
of 32kDa that co-migrated with the ectopic PGAM5-L isoform (Fig. 1B, lanes 1 and 2, data
not shown). This 32 kDa endogenous protein was not recognized by pre-immune antisera (data
not shown). The subcellular localization of the endogenous PGAM5-L protein in COS1 cells
was determined by indirect immunofluorescence using the affinity-purified anti-PGAM5
antibody. No staining was observed with the pre-immune antisera, while a reticular-tubular
pattern of cytoplasmic staining was observed with the anti-PGAM5 antibody (Fig. 1C, compare
panels b and e). Pre-incubation of the purified anti-PGAM5 antibody with PGAM5 protein
abolished the reticular-tubular staining pattern, confirming the specificity of the antibody
(Supplemental Figure 1). Confocal microscopy analysis revealed that PGAM5-L co-localized
with several different mitochondrial resident proteins, including cytochrome c (Fig. 1C, panels
d–f; data not shown). No colocalization was observed with the endoplasmic reticulum marker,
protein disulphide isomerase (data not shown). Colocalization of PGAM5-L with cytochrome
c was observed in HeLa, HEK293T, and MDA-MB-231 cells (Fig. 1C, panels g–l, and data
not shown).

Examination of the amino acid sequence of PGAM5 by MITOPRED revealed a potential
mitochondrial targeting sequence, including the presence of a short stretch of amino acids with
the potential of forming a transmembrane α-helix (amino acids 9–29) and a candidate matrix
processing peptidase (MPP) cleavage site (between amino acids 33 and 34) (Fig. 1A) [54,55].
The subcellular localization of a mutant PGAM5 protein (PGAM5-L-Δ2–25), containing a
deletion of amino acids 2 to 25, was determined by confocal microscopy using reduced laser
intensity so that only the strong signal from the ectopic PGAM5-L-Δ2–25 and Mito-GFP
proteins was detected (Fig. 1D, compare panels a, b, d and e). The PGAM5-L-Δ2–25 protein
displayed diffuse cytoplasmic staining while the Mito-GFP protein was efficiently targeted to
mitochondria (Fig. 1D; panels a–c). Fusion of either the first 35 or 45 amino acids of PGAM5
onto GFP was sufficient to target GFP to mitochondria, while a GFP fusion protein containing
the first 25 amino acids of PGAM5 was diffusely localized in the cytoplasm and nucleus (Fig.
1E; panels d–l). Taken together, these results demonstrate that the N-terminal 35 amino acids
of PGAM5, including the putative transmembrane α-helix (amino acids 9–29), function as a
mitochondrial targeting sequence.

The subcellular localization of PGAM5-L was also determined by subcellular fractionation.
In agreement with the immunofluorescence data, the majority of the endogenous PGAM5-L
protein was present in a mitochondrial-enriched subcellular fraction, with trace amounts of
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PGAM5-L present in the soluble cytosolic fraction (Fig. 2A, compare lanes 1 and 2). Addition
of proteinase K to this mitochondrial-enriched subcellular fraction resulted in complete
digestion of the endogenous PGAM5-L protein (Fig. 2A, lanes 2–4). TOM20, an outer
membrane protein, was also susceptible to proteinase K digestion (Fig. 2A, lanes 2–4). In
contrast, VDAC (a integral protein of the mitochondrial outer membrane), cytochrome c and
AIF (proteins located in the intermembrane space) and COXIV (a mitochondrial inner
membrane protein) were all resistant to proteinase K digestion (Fig. 2A, lanes 2–4), confirming
that mitochondrial integrity was preserved during fractionation and proteinase K treatment.

To determine if the mitochondrial localization sequence in PGAM5 is cleaved, the mobility of
wild-type and mutant PGAM5 proteins were compared using SDS-PAGE. Both PGAM5-L
and PGAM5-S migrated as a tight doublet during SDS-PAGE, with the predominant species
of the wild-type isoforms migrating slower than the corresponding PGAM5-Δ2–25 deletion
mutants (Fig. 2B). Mass spectrometry of tryptic peptides derived from endogenous PGAM5
protein purified from MDA-MB-231 cells identified a peptide that corresponding to amino
acids 5–32 of PGAM5 (Table 1). Taken together, the immunolocalization, subcellular
fractionation and mass spectrometric data indicate that PGAM5 contains a non-cleaved N-
terminal mitochondrial targeting sequence that targets PGAM5 to the cytosolic side of the outer
mitochondrial membrane.

Mitochondrial morphology is altered by overexpression of PGAM5 isoforms
Ectopic expression of either PGAM5 isoform revealed that both PGAM5-S and PGAM5-L
colocalized with cytochrome c oxidase IV (COXIV) (Fig. 3A). However, profound differences
in the morphology of mitochondria were observed in the transfected cells expressing either of
the two PGAM5 isoforms. In particular, while mitochondria in mock-transfected COS1 cells
displayed a typical reticular-tubular morphology (Fig. 1C), ectopic expression of the PGAM5-
S protein resulted in the formation of disconnected punctuate mitochondria distributed
throughout the cytoplasm (Fig. 3A, panels a–c). In contrast, ectopic expression of the PGAM5-
L protein resulted in the clustering of mitochondria around the nucleus (Fig. 3A, panels d–f).
Confocal analysis of COXIV and TOM20 localization in PGAM5-L-expressing cells revealed
that the perinuclear mitochondrial aggregates are not giant fused mitochondria but are
aggregates of individual mitochondria (Fig. 3B, panels a–f). Similar perturbations of
mitochondrial morphology were observed in Hela cells transfected with expression vectors for
PGAM5-S or PGAM5-L (data not shown).

These dramatic alterations in mitochondrial morphology caused by overexpression of the
PGAM5 isoforms were quantified in COS1 cells transiently transfected with the Mito-GFP
expression vector along with expression vectors for either of the PGAM5 isoforms. The co-
transfected cells were scored for their mitochondrial morphology as being either tubular,
intermediate (both tubular and fragmented), fragmented or aggregated (see Fig. 3C for
representative images of each morphology). More than 95% of COS1 cells that only expressed
the Mito-GFP protein displayed either tubular or intermediate mitochondria (Fig. 3D). In
contrast, more than 80% of the cells that expressed the PGAM5-S protein displayed exclusively
fragmented mitochondria, while more than 80% of the cells that expressed the PGAM5-L
protein displayed perinuclear aggregates of mitochondria (Fig. 3D). Using siRNA molecules
that reduced steady-state levels of the endogenous PGAM5 protein by approximately 50%,
increased numbers of cells with an intermediate (both tubular and fragmented) morphology
was observed (data not shown). Despite these alterations in mitochondrial morphology
resulting from increased or decreased expression of the PGAM5 proteins, mitochondrial
membrane potential is preserved and cytochrome c is not released (data not shown). We suggest
that the PGAM5 isoforms may be novel regulators of mitochondrial dynamics, a possibility
that is currently under active investigation.
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PGAM5 tethers Keap1 to mitochondria
We have previously characterized PGAM5 as a Keap1-interacting protein and a candidate
substrate for a Keap1-dependent E3 ubiquitin ligase complex [46]. To confirm physical
interactions between the endogenous Keap1 and PGAM5 proteins, anti-Keap1
immunoprecipitates from HeLa cell lysates were subjected to immunoblot analysis with anti-
PGAM5 antibodies. The endogenous PGAM5 protein was present in anti-Keap
immunoprecipitates but not in parallel immunoprecipitates performed with pre-immune rabbit
sera (Fig. 4A, lanes 1 and 2). Likewise, the endogenous Keap1 protein was specifically detected
in anti-PGAM5 immunoprecipitates from HEK293T cell lysates (Fig. 4A, lanes 3 and 4).
Confocal microscopy analysis of HeLa cells using anti-Keap1 antibodies revealed a reticulo-
tubular staining pattern that colocalized with both cytochrome c and PGAM5 (Fig. 4B, panels
d and h). Large punctate bodies that did not co-localize with mitochondria or PGAM5 were
also observed with the anti-Keap1 antibody (Fig. 4B, panels d and h). Taken together, the co-
immunoprecipitation and co-localization experiments indicate that a significant fraction of the
endogenous Keap1 protein co-localizes with the endogenous PGAM5-L protein at
mitochondria.

PGAM5 contains a conserved NxESGE motif (amino acids 77–82) that is required for binding
to Keap1 (Fig. 1A) [46]. To determine if localization of Keap1 to mitochondria requires binding
to PGAM5, the localization of Keap1 in the absence or presence of either wt or mutant PGAM5-
L proteins was determined. Ectopic Keap1 was diffusely localized throughout the cytoplasm
but was completely relocalized to perinuclear mitochondria clusters when co-expressed with
the PGAM5-L protein (Fig. 4C, panel a–f). In contrast, Keap1 remains distributed throughout
the cytoplasm when co-expressed with the mutant PGAM5-L-E79A/S80A protein that is
localized to mitochondria but is defective in binding to Keap1 (Fig. 4C, panels g–l).

To determine if Keap1 is able to direct ubiquitination onto PGAM5 at mitochondria, an in vivo
ubiquitinatin analysis was performed, in which COS1 cells were transfected with expression
vectors for HA-ubiquitin, Keap1, and C-terminal FLAG-tagged PGAM5-L. The C-terminal
FLAG-tagged PGAM5-L protein, like the untagged PGAM5-L protein, was localized to
mitochondria (data not shown). Ubiquitin conjugation onto the wt PGAM5-L protein was
observed in the presence of co-expressed Keap1 (Fig. 4D, lane 3). However, co-expression of
Keap1 did not reduce steady-state levels of the wt PGAM5-L protein (Fig. 4E, lane 2). In
contrast, steady-state abundance of the cytosolic PGAM5-L-Δ2–25 protein, which was also a
substrate for Keap1-dependent ubiquitination (Fig. 4D, lane 6), was markedly reduced by co-
expression of Keap1 (Fig. 4E, lane 4). Similar results were obtained with the untagged wt and
mutant PGAM5-L proteins (data not shown). Taken together, these results demonstrate that
mitochondrial-localized PGAM5 is a substrate for a Keap1-dependent ubiquitin ligase complex
but is not efficiently targeted for proteosome-dependent degradation.

Keap1 mediates assembly of a mitochondria complex that contains both PGAM5 and Nrf2
Keap1 is a BTB-Kelch protein, and has been shown to form a homo-dimeric complex through
its N-terminal BTB domain [56–58]. Crystallographic analysis has demonstrated that an
isolated Kelch domain can bind an Nrf2-derived peptide containing the DxETGE motif [26,
27]. Mutational analysis has confirmed the functional importance of amino acid contacts
observed in the crystal structure for Keap1 and Nrf2 interactions in vivo [26]. A Keap1 dimer
is able to bind two different Nrf2 molecules at the same time, consistent with a 2:2 stoichiometry
for the Keap1:Nrf2 complex [26]. However, Nrf2 has also been reported to form a 2:1 complex
with Keap1, using both the DLG motif (amino acid residues 17–32) and the DxETGE motif
(amino acids 77–82) to bind to Keap1 [58–60].
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We first determined if PGAM5-L, like Nrf2, is able to bind to a Keap1 heterodimer containing
one functional and one mutant Kelch domain. A chitin-binding domain (CBD) was appended
onto the C-terminus of mutant and wt Keap1 proteins. The presence of the CBD tag did not
perturb formation of a heterodimeric complex with untagged wt Keap1 (Fig. 5A, lane 7). Two
mutant Keap1 proteins (Y334A and Q337A) containing single amino acid substitutions were
used in this experiment, only one of which (Y334A) is impaired in binding to PGAM5-L (Fig.
5A, compare lanes 2, 4 and 6). Co-expression of the untagged wild-type Keap1 protein with
the mutant CBD-tagged Keap1-Y334A protein markedly increased the level of the PGAM5-
L protein that was pulled down with chitin beads (Fig. 5A, lanes 2 and 3). Thus PGAM5-L,
like Nrf2, binds to a dimeric Keap1 complex.

As both Nrf2 and PGAM5 utilize similar E(S/T)GE-containing motifs to bind the Kelch domain
of Keap1, we considered the possibility that a Keap1 dimer might bind both Nrf2 and PGAM5
to form a ternary complex. To examine this possibility, HA-Nrf2 was expressed in COS1 cells
along with PGAM5 and Keap1, and the presence of PGAM5 and Keap1 in anti-HA
immunoprecipitates was determined. Both PGAM5 and Keap1 were readily detected in anti-
HA immunoprecipitates following ectopic expression of all three proteins (Fig. 5B, lane 6).
PGAM5 was also detected, albeit at reduced levels, in anti-HA immunoprecipitates in the
absence of ectopic Keap1, presumably due to ability of endogenous Keap1 to bridge HA-Nrf2
and PGAM5 (Fig. 5B, lane 5). Taken together, these results demonstrate that PGAM5, Keap1
and Nrf2 can assemble into a ternary complex.

To determine if the ternary complex of Keap1, PGAM5 and Nrf2 is localized to mitochondria,
COS1 cells were transfected with different combinations of expression vectors for Keap1,
PGAM5-L and Nrf2 and the subcellular localization of the proteins was determined by confocal
microscopy. Mitochondria were visualized by co-expression of Mito-GFP, and nuclei were
visualized by DAPI staining. The HA-Nrf2 protein, when expressed alone, was predominantly
nuclear and was shifted to the cytoplasm by co-expression of Keap1 (Fig. 5C, panels a–f). Co-
expression of HA-Nrf2 and PGAM5-L did not alter either the predominant nuclear localization
of HA-Nrf2 or the localization of PGAM5-L to perinuclear clusters of mitochondria (Fig. 5C,
panels g–i). However, coexpression of Keap1 with both PGAM5-L and HA-Nrf2 dramatically
shifted the localization of HA-Nrf2 from the nucleus to perinuclear mitochondrial clusters (Fig.
5C, panels j–l). Taken together, these results indicate that PGAM5-L, Keap1 and Nrf2 form a
ternary complex at mitochondria.

The formation of a ternary complex containing PGAM5-L, Keap1 and Nrf2 at mitochondria
was confirmed by subcellular fractionation. COS1 cells transfected with expression vectors
for the indicated proteins were fractionated into cytosol and a mitochondria-containing heavy
membrane fraction. The mitochondrial pellet was further fractionated into Triton X-100 soluble
and insoluble fractions. As expected, tubulin was present only in the cytosolic fraction, while
COXIV was present in the Triton X-100 soluble heavy membrane fraction (Fig. 5D). TOM20
was present in both the Triton X-100 soluble and insoluble fractions, consistent with a previous
reports indicating the presence of Triton X-100 soluble and insoluble mitochondrial
compartments [61–65]. In the absence of PGAM5-L, both Keap1 and Nrf2 were found
predominantly in the cytosolic fraction (Fig. 5D, lane 1). However, in the presence of co-
expressed PGAM5-L, both Keap1 and Nrf2 were found predominantly in the Triton X-100
insoluble fraction (Fig. 5D, lane 6). As expected, PGAM5, Keap1 and Nrf2 were accessible to
Proteinase K in either the absence or presence of Triton X-100, consistent with their localization
to the cytosolic face of the mitochondrial outer membrane (data not shown). In contrast, both
COXIV and AIF were only digested by proteinase K in the presence of Triton X-100,
confirming that the mitochondrial membrane remained intact during the fractionation and
proteinase K digestion (data not shown).
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To confirm the presence of an endogenous complex containing both PGAM5 and Nrf2, anti-
Nrf2 immunoprecipitates or control immunoprecipitates were subjected to immunoblot
analysis using affinity-purified antibodies against PGAM5. The endogenous PGAM5-L
protein was present in anti-Nrf2 immunoprecipitates but not control immunoprecipitates (Fig.
6A, lanes 1 and 2). Reporter gene assays were performed to determine if PGAM5 participates
in regulation of Nrf2-dependent gene expression. A luciferase reporter gene controlled by a
minimal promoter containing four copies of an ARE was transfected into Hela cells in which
expression of endogenous Nrf2, Keap1, or PGAM5 were individually reduced by siRNA
molecules. Three different siRNAs against PGAM5 were used, each of which reduced steady-
state levels of the endogenous PGAM5 protein by 40–60% (data not shown). A low level of
ARE-dependent reporter gene expression was observed in cells transfected with only the
reporter construct, which was further reduced by siRNA against Nrf2. As expected, reporter
gene expression was increased by an anti-Keap1 siRNA (Fig. 6B). Reporter gene expression
was also increased by any of three different anti-PGAM5 siRNA molecules (Fig. 6B and data
not shown). Cotransfection of siRNA against both Nrf2 and PGAM5 reduced reporter gene
expression to baseline levels, confirming that Nrf2 is responsible for activation of ARE-
dependent gene expression following siRNA-mediated knockdown of PGAM5 (Fig. 6B).
Taken together, these results demonstrate that PGAM5 contributes to repression of Nrf2-
dependent gene expression.

Discussion
Mitochondria are a major source of ROS, particularly when efficient transfer of electrons to
oxygen during oxidative phosphorylation is disrupted [8,9]. Disruption of mitochondrial
function and subsequent generation of ROS has been implicated in both cancer and
neurodegenerative diseases [2,66,67]. For example, mutations in either DJ1 or PINK, both of
which are mitochondrial proteins, are responsible for two different monogenic forms of
Parkinson’s [2]. Complex I inhibitors such as rotenone or 1-methyl-4-phenyl-1,2,5,6-
tetrahydropyridine (MPP+) are widely used in animal models of Parkinson’s and oxidative
damage to complex 1 has been demonstrated in Parkinson’s [68–70]. Inhibition of complex I
has been associated with activation of Nrf2-dependent anti-oxidant genes [12], while loss of
DJ1 results in decreased steady-state levels of Nrf2 and reduced Nrf2-dependent gene
expression [14]. In this report, we have demonstrated the existence of a ternary complex
containing PGAM5, Keap1 and Nrf2 that is localized to mitochondria. We suggest that this
ternary complex provides a molecular framework for understanding how nuclear anti-oxidant
gene expression is regulated in response to changes in mitochondrial function(s).

Keap1 is generally regarded as a critical molecular sensor for ROS and electrophilic chemicals.
However, the molecular and spatial relationships between the endogenous Keap1 protein and
subcellular locations of ROS generation are poorly understood. In our experiments, we find
that there are two distinct pools of the endogenous Keap1 protein; one pool that is tethered to
the outer membrane of mitochondria through a physical association with PGAM5 and another
pool that is localized to punctate cytoplasmic dots. In our hands, treatment of HeLa cells with
leptomycin B (LMB), an inhibitor of protein export from the nucleus, does not perturb the
mitochondrial pool of Keap1, but results in the translocation of the cytoplasmic Keap1-
containing dots into the nucleus (data not shown). Our observation that a portion of the
endogenous Keap1 protein undergoes LMB-dependent nuclear accumulation is in agreement
with several recent reports that ectopically expressed Keap1 and Nrf2 are shifted to the nucleus
in LMB-treated cells [39–42]. However, nuclear-cytoplasmic shuttling of Keap1 and Nrf2 may
be cell-type dependent, as one recent report indicates that the endogenous Keap1 protein does
not undergo nuclear-cytoplasmic shuttling in either mouse embryonic fibroblasts or primary
liver cells [37]. In other cell types, the endogenous Keap1 protein has been localized to
peripheral focal adhesions and specialized adherens junctions [38,71]. Nrf2 is activated in
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many different cell types and in response to a diverse array of cellular stresses [18]. We suggest
that the presence of distinct pools of Keap1 at multiple subcellular locations enables activation
of Nrf2 in response to different types of cellular stress.

Although the ability of Keap1 to dimerize via its N-terminal BTB domain has been established
[56–58], the importance of Keap1 dimerization for binding of Nrf2 and repression of Nrf2-
dependent gene expression remains controversial. Structural analyses of complexes between
the Kelch domain of Keap1 and several different Nrf2-derived peptides have demonstrated
that the two glutamic acid residues within the NxETGE motif of Nrf2 form multiple contacts
with positively charged residues in a shallow binding pocket located on the top face of the
Kelch domain [26,27]. The importance of these amino acid contacts for binding of Nrf2 to
Keap1 has been confirmed in a detailed mutagenesis study involving more than 30 single and
multiple amino acid substitutions in both Keap1 and Nrf2 [26]. Biophysical studies have
suggested the existence of a second motif in Nrf2 that also binds to the Kelch domain of Keap1,
leading to a model in which the Keap1 dimer binds a single molecule of Nrf2, resulting in a
Keap1-Nrf2 complex with a 2:1 stoichiometry [58–60]. However, a Keap1 dimer can bind two
different Nrf2 molecules at the same time, giving rise to a Keap1-Nrf2 complex with a 2:2
stoichiometry [26]. Our previous identification of PGAM5 as a Keap1-binding protein revealed
the existence of a conserved DxESGE motif in PGAM5 that binds to Keap1 in a manner very
similar to that previously described for the NxETGE motif in Nrf2 [46]. In our present
experiments, we demonstrate, by both colocalization and co-immunoprecipitation techniques,
that Keap1 forms a bridge between PGAM5 and Nrf2 to form a ternary complex. The ability
of Keap1 to bridge PGAM5 and Nrf2 is a critical determinant for localization of Nrf2 to
mitochondria. It is possible that Keap1 may utilize different binding modes to regulate Nrf2 at
other subcellular locations. Several other candidate substrates for Keap1, including
prothymosin-α and FAC1 [39,72], have been identified and these proteins may form similar
ternary complexes with Keap1 and Nrf2 that contribute to regulation of Nrf2-dependent gene
expression.

Dimerization of substrate adaptor proteins for cullin-based ubiquitin ligases appears to be a
general phenomenon, as several different substrate adaptors for both Cul1 (Cdc4, Fbw7 and
Skp2) and Cul3 (Keap1, KLHL9 and KLHL13) form homodimeric or heterodimeric complexes
[26,56–58,73–77]. Formation of dimeric substrate adaptor complexes may facilitate efficient
ubiquitination of a single substrate [74,76]. An alternative possibility, as suggested by our
results, is that the dimeric substrate adaptor may bind two different substrate molecules. As
many substrate adaptors have several different substrate proteins, ternary complex formation
between a dimeric substrate adaptor and two different substrates may be a general property of
cullin-based ubiquitin ligases.

Mitochondria are highly dynamic organelles that are capable of undergoing cycles of fission
and fusion as well as intracellular movement along microtubules. In this report, we demonstrate
that ectopic expression of the two PGAM5 isoforms results in dramatic alterations in
mitochondrial morphology. Specifically, while ectopic expression of PGAM5-L results in
perinuclear clustering of mitochondria, ectopic expression of PGAM5-S results in the
dispersion of small mitochondria throughout the cell. Although it is possible that ectopic
expression of the PGAM5 isoforms interferes with fission/fusion cycles, close examination of
the PGAM5-L-induced perinuclear clusters indicates that these clusters are composed of
discrete mitochondria rather than giant fused mitochondria. The PGAM5-induced changes in
mitochondrial morphology are reminiscent of similar changes caused by ectopic expression of
other proteins, such as the atypical GTPase Miro, that have been implicated in mitochondrial
movement [78–80]. Mitochondria have critical roles in several aspects of cellular physiology,
including ATP generation and regulation of programmed cell death [7,52]. A better
understanding of how PGAM5 regulates mitochondrial morphology may provide novel
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insights into the functional relationship(s) between mitochondrial fission and fusion,
mitochondrial movement and transport, and cellular physiology.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig.1.
An N-terminal sequence targets PGAM5 to mitochondria. (A) The two PGAM5 isoforms are
depicted. Relevant landmarks include a putative transmembrane helix (amino acids 9–29), a
conserved NxESGE motif that binds Keap1 (amino acids 77–82) and the PGAM domain
(beginning at amino acid 98). The two isoforms have different C-terminal sequences beginning
at amino acid 239. The amino acid sequence of the N-terminus of PGAM5 is shown, along
with the amino acids used to make several GFP fusion proteins and the region deleted in the
PGAM5-Δ2–25 protein. (B) Hela cells were transfected with an empty vector (lanes 1 and 2),
or expression vectors for either of the untagged PGAM5 isoforms as indicated (lanes 3–6).
Total lysates were analyzed by immunoblot with affinity-purified anti-PGAM5 antibodies. The
relative positions of the PGAM5-L and PGAM5-S proteins are indicated by the arrows on the
right side. Two different exposures of the same immunoblot are shown. (C) The cellular
localization of the endogenous PGAM5 protein in COS1 (a–f), HeLa (g–i), or HEK-293T (j–
l) was determined by indirect immunofluorescence using pre-immune (panel b) or affinity-
purified anti-PGAM5 antibodies (panels e, h and k). Mitochondria were visualized with anti-
cytochrome c antibodies (panels a, d, g and j). Nuclei were visualized by staining with Hoechst
33258. Merged images are shown on the right (panels c, f, i and l). (D) COS1 cells growing
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on coverslips were transfected with an expression vector for Mito-GFP along with either an
empty vector (bottom panels) or an expression vector for PGAM5-L-Δ2–25 (top panels). The
cellular localization of the PGAM5-L-Δ2–25 mutant protein was determined by indirect
immunofluorescence with affinity-purified anti-PGAM5 antibodies (panels a and d).
Mitochondria were visualized by Mito-GFP fluorescence (panels b and e). The laser intensity
of the confocal microscope was reduced in these experiments so that only the strong signal
from the ectopically expressed proteins was detected. Nuclei were stained with Hoechst 33258.
Merged images were shown on the right (panels c and f). (E) COS1 cells were transfected with
an expression vector for GFP (panels ac), or with expression vectors for the indicated GFP
fusion proteins (panels d–l). The cellular localization of GFP and the GFP fusion proteins was
determined by direct fluorescence. Mitochondria were visualized by indirect
immunofluorescence with anti-cytochrome c antibodies (panels b, e, h and k). Nuclei were
stained with Hoechst 33258 (all panels). Merged images were shown on the right (panels c, f,
i, and l). White bars = 10 microns.
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Fig. 2.
PGAM5 is targeted to the cytoplasmic side of the mitochondrial outer membrane. (A) Hela
cells were fractionated into cytosolic (lane 1) and heavy membrane (mostly mitochondria) (lane
2) fractions as described [52,53]. The heavy membrane fractions were either left untreated
(lane 2) or treated with 50 or 200 μg/ml of Proteinase K for 30 minutes on ice. Digestions were
terminated by the addition of 2 mM PMSF followed by boiling. Samples were analyzed by
immunoblot using antibodies against the indicated proteins. (B) Cell lysates from COS1 cells
either mock-transfected (lane 1) or transfected with expression vectors for the indicated
proteins (lanes 2–5) were analyzed by immunoblot with anti-PGAM5 antibodies. The wt and
mutant PGAM5 proteins are indicated by the arrows on the right side.
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Fig. 3.
Ectopic expression of PGAM5 isoforms alter mitochondrial morphology. (A) COS1 were
transfected with expression vectors for PGAM5-S or PGAM5-L as indicated. The cellular
localization of the overexpressed PGAM5 proteins was determined by indirect
immunofluorescence using anti-PGAM5 antibodies (panels b, e and h). Mitochondria were
visualized by indirect immunofluorescence with anti-COXIV antibodies (panels a, d and g).
Nuclei were stained with Hoechst 33258. Merged images were shown on the right (panels c,
f and i). The region within the white squares in panels d–f are shown under higher magnification
in panels g–i. (B) Spatial relation between inner mitochondrial membranes (IMM) and outer
mitochondrial membranes (OMM). COS1 cells transfected with an expression vector for
PGAM5-L (panels a–f) or mock transfected (panels g–l) were analyzed by double-labeled
indirect immunofluorescence with anti-COXIV and anti-TOM20 antibodies. The region within
the white squares in panels a–c and g–i are shown under higher magnification in panels d–f
and j–l, respectively. Nuclei were stained with Hoechst 33258. Merged images are shown on
the right. (C) Tubular, intermediate, fragmented and aggregated mitochondria in PGAM5-
expressing COS1 cells were shown by the distribution of Mito-GFP (panels a–d). Bright-field
microscopic images were shown in the middle (panels e–h). Merged images were shown on
the bottom (panels i–l). (D) Percentage of cells displaying each of the four different types of
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mitochondrial morphology in COS1 cells transfected with an empty vector (Mock) or
expression vectors for PGAM5-S or PGAM5-L. At least 200 cells were evaluated in each
experiment. The mean and standard deviation from the mean for three independent experiments
are shown. White bars = 10 microns.
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Fig. 4.
PGAM5 recruits Keap1 to mitochondria. (A) Anti-Keap1 immunoprecipitates from 6 mg of
Hela cell lysates (lane 2) and anti-PGAM5 immunoprecipitates from 8 mg HEK-293T cell
lysates (lane 4) were subjected to immunoblot analysis with affinity-purified anti-PGAM5 (top
panel) and anti-Keap1 antibodies (bottom panel). Pre-immune rabbit and chicken serum were
used as negative controls for the anti-Keap1 and anti-PGAM5 antibodies, respectively (lanes
1 and 3). The asterik indicates the presence of rabbit IgG in lanes 1 and 2. (B) Hela cells were
grown on coverslips in 24-well plates. The cellular localization of the endogenous Keap1
protein was determined by indirect immunofluorescence with affinity-purified anti-Keap1
antibodies against the full-length Keap1 (panels a and e). Mitochondria were visualized by
indirect immunofluorescence using anti-Cytochrome c antibodies (panel b). PGAM5 was
detected by indirect immunofluorescence using affinity-purified anti-PGAM5 antibodies
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(panel f). Nuclei were stained with Hoechst 33258. Merged images were shown on the right
(panels d and h). (C) COS1 cells were transfected with expression vectors for Keap1, untagged
wild-type PGAM5-L, mutant PGAM5-L-E79A/S80A and Mito-GFP as indicated. The cellular
localization of the ectopic Keap1 and PGAM5-L proteins was determined by indirect
immunofluorescence with anti-Keap1 (panels a, d, and g) and anti-PGAM5 antibodies (panels
b, e, h and k). Mito-GFP was visualized by direct fluorescence (panel j). Nuclei were stained
with Hoechst 33258. Merged images are shown on the right (panels c, f, i and l). (D) COS1
cells were transfected with expression vectors for HA-Ub (0.4 μg), Keap1 (0.4 μg), and C-
terminal FLAG-tagged wild-type or mutant PGAM5-L proteins (0.2 μg) as indicated. Anti-
FLAG immunoprecipitates (IP) were analyzed by immunoblot with anti-HA antibodies (top
panel). Total lysates were analyzed by immunoblot with anti-FLAG and anti-Keap1 antibodies
(bottom two panels). (E) Hela cells were transfected with expression vectors for Keap1 (0.5
μg), and C-terminal FLAG-tagged wild-type or mutant PGAM5-L proteins (0.5 μg) as
indicated. Total lysates were analyzed by immunoblot with anti-FLAG, anti-Keap1, and anti-
Tubulin antibodies. White bars = 10 microns.
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Fig. 5.
Nrf2, Keap1 and PGAM5 form a ternary complex at mitochondria. (A) HEK-293T cells were
transfected with expression vectors for PGAM5-L (0.2 μg), untagged wild-type Keap1 (0.4
μg), and wild-type or mutant Keap1-CBD proteins (0.4 μg) as indicated. Cell lysates were
incubated with chitin beads and proteins that remained bound after extensive washing were
subjected to immunoblot analysis with anti-PGAM5 and anti-Keap1 antibodies (top two
panels). Total cell lysates were analyzed by immunoblot with anti-PGAM5 and anti-Keap1
antibodies (bottom two panels). (B) COS1 cells were transfected with expression vectors for
HA-Nrf2 (1.6 μg), Keap1 (1.6 μg), and PGAM5-L (0.8 μg) as indicated. The transfected cells
were treated with 10 μM MG132 or DMSO (0.1%) for 5 h prior to lysis. Anti-HA
immunoprecipitates (IP) were analyzed by immunoblot with anti-PGAM5 and anti-Keap1
antibodies (top two panels). Total lysates were analyzed by immunoblot with anti-HA, anti-
Keap1, and anti-PGAM5 antibodies (bottom three panels). IgG bands from the
immunoprecipitation are indicated by the asterik (second panel from top), while a non-specific
band in the anti-Keap1 immunoblot (second panel from bottom) is indicated as NS. (C) COS1
cells were transfected with an expression vector for Mito-GFP (0.15 μg), along with expression
vectors for HA-Nrf2 (0.3 μg), Keap1 (0.3 μg), and PGAM5-L (0.15 μg) as indicated. The
cellular localization of HA-Nrf2 was determined by indirect immunofluorescence with anti-
HA antibodies (panels b, e, h and k). Mitochondria were visualized by distribution of Mito-
GFP (panels a, d, g and j). Nuclei were stained with Hoechst 33258. Merged images are shown
on the right (panels c, f, i and l). (D) COS1 cells transfected with expression vectors for the
indicated proteins were fractionated into cytosol and heavy membrane fractions. The heavy
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membrane fraction was further fractionated into a Triton X-100 soluble and insoluble fractions.
These subcellular fractions were analyzed for the indicated proteins by immunoblot.
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Fig. 6.
PGAM5 contributes to repression of Nrf2-dependent gene expression. (A) Anti-Nrf2
immunoprecipitates from 9.5 mg of HEK-293T cell lysates (lane 2) were subjected to
immunoblot analysis with anti-PGAM5 (top panel) and anti-Nrf2 antibodies (bottom panel).
(B) Hela cells were transfected an ARE-dependent firefly luciferase reporter gene construct
(0.1 μg) and with siRNA nucleotides (300 nM) against Nrf2, Keap1, or PGAM5 as indicated.
A plasmid encoding Renilla luciferase (0.01 μg) was included as a control for transfection
efficiency. The data shown are the mean and standard deviation from the mean of three
independent experiments.
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Table 1

Position and sequence of PGAM5 peptidesa Mr (calculated)b Mr (measured)c

5–32 QALQLAACGLAGGSAAVLFSAVAVGKPR 2682.46 2682.50
65–74 REPLSLINVR 1195.70 1195.73
66–74 EPLSLINVR 1039.60 1039.63
99–104 HIFLIR 797.49 797.51
105–116 HSQYHVDGSLEK 1398.65 1398.70
119–125 TLTPLGR 756.45 756.46
126–134 EQAELTGLR 1015.53 1015.56
135–141 LASLGLK 700.45 700.46
153–169 AIETTDIISRHLPGVCK 1909.01 1908.93
163–169 HLPGVCK 809.42 809.51
170–176 VSTDLLR 802.45 802.48
204–209 IEAAFR 705.38 705.39
219–235 QEEDSYEIFICHANVIR 2121.98 2122.04

a
: The position and sequence of PGAM5-derived peptides identified by MALDI-TOF MS. The MOWSE score in this experiment was 74, with a statistical

significance cut-off of 63.

b
: The calculated mass of the indicated PGAM5-derived peptides.

c
: The observed mass of the indicated PGAM5-derived peptides by mass spectrometry.
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