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Mitochondria are organelles indispensable for maintenance
of cellular energy homeostasis. Most mitochondrial proteins are
nuclearly encoded and are imported into the matrix compart-
ment where they are properly folded. This process is facilitated
by the mitochondrial heat shock protein 70 (mtHsp70), a chap-
erone contributing to mitochondrial protein quality control.
The affinity of mtHsp70 for its protein clients and its chaperone
function are regulated by binding of ATP/ADP to mtHsp70’s
nucleotide-binding domain. Nucleotide exchange factors
(NEFs) play a crucial role in exchanging ADP for ATP
at mtHsp70’s nucleotide-binding domain, thereby modulat-
ing mtHsp70’s chaperone activity. A single NEF, Mge1, regu-
lates mtHsp70’s chaperone activity in lower eukaryotes, but
the mammalian orthologs are unknown. Here, we report
that two putative NEF orthologs, GrpE-like 1 (GrpEL1) and
GrpEL2, modulate mtHsp70’s function in human cells. We
found that both GrpEL1 and GrpEL2 associate with mtHsp70
as a hetero-oligomeric subcomplex and regulate mtHsp70
function. The formation of this subcomplex was critical for
conferring stability to the NEFs, helped fine-tune mitochon-
drial protein quality control, and regulated crucial mtHsp70
functions, such as import of preproteins and biogenesis of
Fe–S clusters. Our results also suggested that GrpEL2 has
evolved as a possible stress resistance protein in higher ver-
tebrates to maintain chaperone activity under stress condi-
tions. In conclusion, our findings support the idea that
GrpEL1 has a role as a stress modulator in mammalian cells

and highlight that multiple NEFs are involved in controlling
protein quality in mammalian mitochondria.

Mitochondria are essential organelles involved in multiple
aspects of physiological functions, including energy metabo-
lism, redox homeostasis, apoptosis, and metabolic switch. The
constitutive functions of mitochondria are regulated by a pleth-
ora of proteins, acting together to maintain cellular and organ-
ellar homeostasis. Although mitochondria contain their own
genome, most of the mitochondrial proteins are nuclearly
encoded and translocated inside the organelle through dedi-
cated translocases present on the outer and inner membranes
(1– 6). The inner membrane translocase, also known as pre-
sequence translocase, comprises TIM23-core complex and
matrix-directed import motor subunit. The mtHsp70 forms the
core of the import motor, which translocates matrix-targeted
proteins with the assistance of J-proteins and nucleotide
exchange factors (NEFs)4 followed by subsequent folding into
their native conformation, and thus maintains proteostasis and
organellar health (4, 5, 7, 8).

The import motor functions through a regulated cycling of
mtHsp70 at the import channel, and its chaperoning activity is
modulated by the presence of J-proteins and NEFs (7, 9, 10).
During the import process, binding and release of polypeptides
occurs at the mtHsp70 substrate-binding domain in a cyclic
manner, which is governed by the sequestration of ADP or ATP
at the N-terminal nucleotide-binding pocket (7, 8, 11–13). In
the ATP-bound state, mtHsp70 has low affinity for the sub-
strate with higher association rate (Kon). Subsequent hydrolysis
of bound ATP to ADP triggered by peptide binding and J-pro-
teins transforms the substrate-binding domain into its high-
affinity state with lower dissociation rate (Koff) (13–18). The
NEF functions by exchanging ADP with ATP at the nucleotide-
binding pocket. This promotes release of substrate and makes
the chaperone ready for the next phase of the substrate binding-
release cycle (13, 19 –22). Through the transformation of high/
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low-affinity states, which depends upon cyclic hydrolysis of
ATP, mtHsp70 vectorially pulls the polypeptide into the matrix.
This highlights the important synergistic action of J-proteins
and NEFs in the import process and overall mitochondrial
function (12, 18, 21, 23–25).

Recent discoveries highlight moonlighting functions for var-
ious components of the mitochondrial protein transport
machinery. Differential expression of DnaJC15, a cochaperone
of mtHsp70 at the import motor, is responsible for altering the
sensitivity of patients to chemotherapeutic drugs. A recent
report has linked it as a modulator of cell death pathways
through regulation of mitochondrial permeability transition
(26, 27). DnaJC15 also regulates mitochondrial respiration as an
inhibitor of respiratory complex I (28). Its paralog, DnaJC19,
which has housekeeping functions in protein import, indepen-
dently forms a complex with prohibitins to maintain cardioli-
pin metabolism in mitochondrial membranes (29 –31). Mag-
mas, which regulates mtHsp70’s activity at the import channel,
additionally functions as a reactive oxygen species (ROS) regu-
lator and assists in maintenance of redox homeostasis (30, 32).
Interestingly, preliminary reports in yeast have shown that
activity of the NEF Mge1 is sensitive to oxidative stress (33).
This further supports the view of high involvement of human
NEFs in multiple pathways with potential moonlighting func-
tions in mitochondria.

Previous in vitro reconstitution studies have shown that
GrpEL1 functions as a nucleotide exchange factor for mtHsp70
in humans that could replace ADP with ATP and promote
mtHsp70 chaperone activity (34). Interestingly, in silico and
experimental evidence from the mammalian system reveals the
existence of a second mitochondrial NEF, GrpEL2 (35). This is
an intriguing observation because other species except mam-
mals encode for a single NEF for the mitochondrial function.
Despite having two NEFs as cochaperones for mtHsp70
machinery, their specific role in fine-tuning import and folding
pathways in the maintenance of organellar homeostasis in
humans is still elusive.

The current studies highlight the nucleotide exchange abili-
ties of two NEFs, EL1 and EL2, in regulating human mtHsp70’s
function. The human NEFs showed significant difference in
their complex organization as compared with the yeast NEF
Mge1. Human NEFs EL1 and EL2 function as a heterosubcom-
plex at the import channel by stabilizing the aggregation-prone
individual homo-oligomers. Strikingly, our findings reveal
that EL2 has evolved as a stress resistance protein in higher
vertebrates to regulate threshold mtHsp70 activity and thus
modulates overall organellar function under stress condi-
tions. Together, we propose that the interplay between the
two human NEFs is utilized by the cell to regulate mitochon-
drial functions.

Results

EL1 and EL2 regulate human mtHsp70’s functions

The nucleotide exchange ability of EL1 for human mtHsp70
has been documented previously using purified proteins (34,
35). A sequence alignment utilizing the UniProt database also
proposed the existence of two NEF paralogs, EL1 and EL2, in

human mitochondria in contrast to a single yeast ortholog,
Mge1 (Fig. 1A). Sequence alignment of NEF homologs revealed
that yeast Mge1 shares 39% identity with EL1 and 33% identity
with EL2, whereas EL1 and EL2 share 45% sequence identity
with each other (Fig. 1A). Foremost, to establish the physiolog-
ical relevance of two NEF paralogs, the precise subcellular loca-
tion of EL1 and EL2 in human cells was determined by micro-
scopic analysis. Both EL1 and EL2 fused with C-terminal GFP
tags were expressed separately in HeLa cells. The cells were
cotransfected with mitochondrially targeted mtDsRed to coun-
terstain the organelle. An overlap of GFP-EL1 fluorescence
with mtDsRed marker establishes its mitochondrial localiza-
tion (Fig. 1B). Similarly, the GFP-EL2 overlapped with red fluo-
rescence of mtDsRed, indicating mitochondrial distribution of
the protein (Fig. 1C). The cellular localization of EL1 and EL2
was further confirmed by an alternative approach using subcel-
lular fractionation analysis. The mitochondrially enriched frac-
tion was isolated, and the relative distribution of EL1 and EL2
was determined through Western blotting using protein-spe-
cific antibodies. The blot was probed with antibodies specific
for different mitochondrial, nuclear, and cytosolic markers.
Both EL1 and EL2 were enriched in the mitochondrial fraction
along with another organelle-specific marker (Tim23), thereby
confirming the mitochondrial localization of EL1 and EL2 (Fig.
1D). As negative controls, the blot was probed for marker pro-
teins such as anti-GAPDH (cytosol), anti-cathepsin D (lyso-
some), anti-catalase (peroxisome), and anti-MCM3 antibody
(nucleus) (Fig. 1D). To further establish the submitochondrial
location of EL1 and EL2, the membrane and matrix fractions of
mitochondria were separated using ultracentrifugation and
immunoblotted using specific antibodies. Both EL1 and EL2
were separated in the matrix fraction similarly to Hep1, which
served as control for matrix-targeted proteins, and membrane
proteins Tim23 and Tim44 were probed as controls for inner
membrane-associated proteins (Fig. 1E).

The nucleotide exchange activity of NEF is dependent on a
physical interaction with Hsp70 (22). To establish this, His6-
GrpEL1 and His6-GrpEL2 proteins were affinity-purified to
homogeneity using Ni-NTA chromatography (Fig. 1F). The
purified proteins were also used to generate protein-specific
antibodies. The specificity of the respective antibodies was fur-
ther confirmed in the mitochondrial lysate, which showed a
single band corresponding to protein EL1 or EL2 (Fig. 1G). To
determine physical interaction between mtHsp70 and EL1 or
EL2, in vitro coimmunoprecipitation (coIP) analysis was per-
formed using purified EL1/EL2 and mtHsp70. Indeed, equimo-
lar mixtures of EL1/EL2 and mtHsp70 resulted in coimmuno-
precipitation of mtHsp70 with antibody specific for EL1 or EL2,
thus indicating that both NEFs physically associate with
mtHsp70 (Fig. 2, A and B). The relative affinity of interaction of
EL1 and EL2 with mtHsp70 was estimated through biolayer
interferometry. Both EL1 and EL2 interacted robustly with
mtHsp70. The affinity of EL1 for mtHsp70 (KD � 39 nM) was
comparable with the affinity of bacterial GrpE for DnaK (KD �
30 nM) (36). However, EL2 showed a 5-fold lower affinity for
mtHsp70 (KD � 190 nM) (Fig. 2, C–E). The reduced affinity of
EL2 is mainly attributed to an �4-fold slower dissociation rate
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Figure 1. A, sequence alignment. Predicted amino acid sequences of NEF orthologs from yeast (Mge1) and human (GrpEL1 and GrpEL2) are aligned using the
ClustalW2 program. The identical and similar amino acid residues are highlighted. An asterisk (*) represents positions having fully conserved residue. A colon
(:) represents conservation between group of residues with strongly similar properties. A period (.) represents conservation between group of residues with
weakly similar properties. B–D, cellular localization of EL1/EL2. Confocal microscopic images of HeLa cells expressing EL1-GFP (B) and EL2-GFP (C) green
fluorescence (left panels) and mitochondria labeled with red fluorescence cotransfected with mtDsRed marker (middle panels) are shown. Colocalization of
green and red fluorescence is indicated in the merged panels. Scale bar, 10 �m. Similarly, 50 �g of protein from total cell lysate and lysates prepared from
purified mitochondria were separated by SDS-PAGE and subjected to Western blot analysis using organelle-specific markers. Anti-catalase (60 kDa) for
peroxisomes, -GAPDH (37 kDa) and -cathepsin D (33 kDa) for the cytosolic fraction, and -MCM3 (100 kDa) for the nuclear fraction were used as negative controls.
Tim23 (23 kDa) was probed as a positive mitochondrial control. The enrichment of EL1/EL2 in mitochondria was probed using anti-GrpEL1 and -GrpEL2
antibodies (D). E, submitochondrial fractionation. Mitochondria isolated from HEK293T cells were subjected to fractionation analysis. The pellet, supernatant
(Sup), and intact mitochondria (Mito) were resolved by SDS-PAGE followed by immunodecoration with specific antibodies. Mitochondrial protein Hep1 (18
kDa) was probed as a matrix control, and anti-Tim23 (23 kDa) and -Tim44 (44 kDa) antibodies were used as controls for mitochondrial inner membrane proteins.
The separation of EL1/EL2 in the supernatant matrix fraction was probed using anti-GrpEL1 and -GrpEL2 antibodies. F and G, protein (EL1 and EL2) purity
analysis by SDS-PAGE and Western blotting. Ni-NTA affinity-purified EL1 and EL2 were separated by SDS-PAGE, which shows the presence of single bands
corresponding to their respective molecular weights (F). Mitochondria were isolated from HEK293T cells, and the lysate was used to analyze specificity of
anti-GrpEL1 and anti-GrpEL2 antibodies. The Western blot analysis followed by immunodecoration with protein-specific antibodies indicates specificity of
anti-GrpEL1 and -GrpEL2 antibodies (G). For all Western blots and SDS-PAGE, Precision Plus dual-color protein standard from Bio-Rad was used as standard
molecular mass markers.
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Figure 2. A–E, in vitro interaction analysis. A and B, in vitro coimmunoprecipitation of purified EL1/EL2 with purified mtHsp70 using anti-EL1 (A) and anti-EL2 (B)
antibodies. 50% input served as a loading control. Affinity of mtHsp70 for EL1 (C) and EL2 (D) was determined through biolayer interferometry using increasing
concentrations of mtHsp70 analyte (1, 5 �M; 2, 2.5 �M; 3, 1.25 �M; 4, 0.625 �M; 5, 0.3125 �M; 6, 0.156 �M) as a function of time. E, the affinity constant (KD),
association constant (Kon), and dissociation constant (Koff) for the EL1/EL2 interaction with mtHsp70 was calculated by fitting the data from the biolayer
interferometry experiment using Forte Bio BioOctate software. F and G, coimmunoprecipitation. The recruitment of EL1 and EL2 to the mitochondrial import
motor was analyzed by immunoprecipitation using anti-Tim44 antibody in the isolated mitochondrial lysates in the presence of 2 mM ATP (�ATP) or in the
presence of 5 mM EDTA (�ATP). The blots were immunodetected using the indicated import motor subunit-specific antibodies. Anti-peroxiredoxin 3 (Prx3)
antibody was used as a negative control to probe non-import motor-related protein (F). Co-recruitment of EL1 (HA tag) and EL2 (FLAG tag) at the import motor
was analyzed through immunoprecipitation in isolated mitochondria using an anti-HA antibody in the presence or absence of ATP. The blot was probed with
anti-HA, anti-FLAG, anti-Tim44, and anti-mtHsp70 antibodies (G). H–J, copurification of EL1-EL2 complex and in vitro interaction analysis. Coexpressed EL1-EL2
complex was purified from E. coli by Ni-NTA chromatography, and the eluate was analyzed by SDS-PAGE to check the purity (H). The EL1-EL2 complex was
further resolved by native PAGE (I) and 2D SDS-PAGE (J) followed by immunoblotting with anti-His (tagging GrpEL2) and anti-HA (tagging GrpEL1) antibodies.
The positions of standard molecular mass markers are indicated. K, direct interaction between EL1 and EL2 was determined by biolayer interferometry using
increasing concentrations (1, 5 �M; 2, 2.5 �M) of GrpEL2 analyte as a function of time.
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(Koff) and �21-fold slower association rate (Kon) as compared
with EL1 (Fig. 2, C–E).

Regulation of human mitochondrial import by EL1-EL2
hetero-oligomeric complex

The mitochondrial import motor consists of chaperone
mtHsp70 as the core component together with a heterodimer
of cochaperones J-proteins/J-like proteins, NEF, and scaffold
protein Tim44. Optimum activity of the mitochondrial import
motor for the efficient translocation of precursor proteins
requires synchronized recruitment of ATP-mtHsp70 and NEF
on the Tim44 scaffold (23, 37, 38). The presence of two NEFs in
human mitochondria raises an important question, whether
both NEF paralogs are recruited to the import site through
interaction with mtHsp70, which is tethered to Tim23 channel
via Tim44 scaffold. The mode of association of NEFs with the
import channel was first assessed by testing whether the NEFs
are recruited to the channel individually or as a heteromeric
complex. To assess their recruitment to the import channel, a
coIP analysis was performed using an anti-Tim44 antibody in
the purified mitochondrial lysates. CoIP analysis of EL1/EL2
together with mtHsp70 and Tim44 suggested the recruitment
of both NEFs to the mitochondrial import motor. Because
interaction of NEF-mtHsp70-Tim44 complex is known to be
ATP-sensitive in nature, the coIP was performed in the pres-
ence of 2 mM ATP. None of the import motor components were
immunoprecipitated in the presence of hydrolyzable nucleo-
tides (ATP), suggesting that co-recruitment of EL1-EL2 is very
specific at the import channel. Peroxiredoxin 3, a mitochon-
drial matrix protein that is not a component of the human
import motor, was probed as a negative control (Fig. 2F).

The association of both EL1 and EL2 with the import channel
suggests that both NEF paralogs are co-recruited to the import
motor as homo- or heterosubcomplexes. To analyze the nature
of their association, coIP was performed in the mitochondrial
lysates by coexpressing hemagglutinin (HA)-tagged EL1 (EL1-
HA) and FLAG-tagged EL2 (EL2-FLAG) at the C terminus. The
coIP analysis was performed using an anti-HA antibody that
showed the presence of both EL1-HA and EL2-FLAG together
with mtHsp70 and Tim44. Addition of ATP in the immunopre-
cipitates resulted in the dissociation of mtHsp70 and Tim44,
but the EL1-EL2 subcomplex remained stable, indicating that
in humans the NEF paralogs associate with the import motor as
a heterosubcomplex (Fig. 2G). To further validate the direct
association between these two NEFs, EL1-HA and N-terminal
His6-tagged EL2 (His6-EL2) were cloned in a bicistronic vector,
pRSFduet, and expressed in Escherichia coli. The complex was
purified from bacterial lysate using Ni-NTA chromatography
followed by an ATP wash to remove any bacterial DnaK con-
tamination. The EL1-EL2 complex was copurified to homoge-
neity as determined by SDS-PAGE, which showed the pres-
ence of a single band corresponding to �25 kDa (Fig. 2H). The
complex was further resolved by native PAGE followed by
Western blot analysis. Probing with anti-HA and anti-His anti-
bodies resulted in detection of both EL1 and EL2 at a molecular
size higher than that of their heterodimer or individual
homodimer (Fig. 2I). Conversely, separation of the observed
complex on a second dimension denaturing gel revealed the

existence of both EL1 and EL2 as a part of a single subcomplex,
which potentially existed in a higher-order oligomeric complex
(Fig. 2J). In His tag-dependent affinity chromatography, the
detection of HA tag is possible if the two proteins are physically
interacting with each other. A direct physical interaction
between EL1 and EL2, resulting from the formation of hetero-
complex, was further established by biolayer interferometry
using biotinylated EL1 as a ligand on a sensor chip. A robust
interaction was observed as a function of time upon using two
concentrations of EL2 as analyte (Fig. 2K). The oligomeric state
of human NEFs was determined by size exclusion chromatog-
raphy of purified proteins. The size exclusion experiment was
performed in the presence of ATP to rule out any possible inter-
ference of residual bacterial DnaK. The purified individual pro-
teins EL1 and EL2 and EL1-EL2 heterosubcomplex eluted as a
higher molecular mass oligomeric complex (150 –160 kDa),
which is consistent with native and 2D SDS-PAGE results
(Fig. 3A).

The recruitment of EL1 and EL2 as a hetero-oligomer raises
an important question, whether the heterosubcomplex retains
the ability to function as an NEF in the chaperone cycle. The
major function of NEFs is to replenish ATP by exchanging it
with ADP at the nucleotide-binding site of mtHsp70 in a chap-
erone cycle. Therefore, the nucleotide exchange ability of EL1,
EL2, and EL1-EL2 complex was assessed by monitoring the rate
of ATP hydrolysis using radiolabeled [�-32P]ATP-mtHsp70
complex under single turnover conditions. The inhibition of
the [�-32P]ATP hydrolysis rate due to exchange with unlabeled
cold ATP was measured as the exchange activity of NEFs (34).
In the presence of cold ATP, both EL1 and EL2 showed similar
exchange activity and inhibited ATP hydrolysis at saturating
concentrations (Fig. 3, B and C). However, at equivalent con-
centrations, EL1 retained better exchange activity as compared
with EL2 due to its higher affinity for mtHsp70. Stoichiometric
association of both NEFs as a heterosubcomplex retained
robust exchange activity across the range of concentrations
tested (Fig. 3D). This indicates the ability of the EL1-EL2 het-
erosubcomplex to efficiently perform the cochaperoning func-
tion during the import as well as the folding of proteins across
the mitochondrial matrix.

To address the cellular relevance of functional EL1-EL2 het-
erosubcomplex at the import channel, the biochemical prop-
erty of the subcomplex was assessed by measuring the stability
using protein aggregation through in-gel analysis and spectro-
photometry. The individual proteins (EL1 or EL2) or hetero-
subcomplex (EL1-EL2) was incubated at physiological temper-
ature (37 °C). The reaction mixture was then subjected to
centrifugation to separate soluble and pellet fractions and ana-
lyzed by SDS-PAGE. In-gel analysis showed accumulation of
aggregates over a period of time for both EL1 and EL2 alone in
pellet fractions. However, the aggregation propensity of EL2
was found to be 1.5-fold lower than that of EL1 (Fig. 4, A and B,
compare pellet fractions). In contrast, the EL1-EL2 heterosub-
complex remained in the soluble fraction throughout the
experimental condition, indicating that the hetero-oligomeric
state enhances the stability of both proteins (Fig. 4C and com-
pare pellet fractions of B and C). The importance of the hetero-
subcomplex in maintaining the stability of individual NEFs was
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further validated by measuring the formation of protein aggre-
gates spectrophotometrically at 320 nm. Similar to our in-gel
analysis, an increase in the aggregation (as a measure of absor-
bance at 320 nm) was observed upon incubating the individual
protein, EL1 or EL2, alone at 37 °C. At the same time, the asso-
ciation of both NEFs enhanced the stability of the heterosub-
complex with no apparent detection of protein aggregates
(Fig. 4D).

Complementary function of EL1 and EL2 in mitochondrial
homeostasis

To determine the specific role of EL1 and EL2 in the mainte-
nance of mitochondrial function, EL1 and EL2 were down-reg-
ulated individually or together in HEK293T cells using siRNA
(Fig. 4E). Interestingly, an enhancement in the expression level
of EL1 was observed when EL2 was down-regulated and vice
versa (Fig. 4E), suggesting the possible complementation of
import functions. To confirm that compensatory up-regulation
of EL1 upon down-regulation of EL2 and vice versa is not due
to changes in overall import motor composition, the blots
were probed with anti-Tim44 and anti-mtHsp70 antibodies.
No apparent change in the expression level of these other
import motor components was observed, thus further sup-
porting the idea of complementarity in the functions of both
NEFs.

As NEFs assist mtHsp70 in its different cellular functions, the
requirement of EL1 and EL2 in two physiological roles of
mtHsp70 was assessed using mitochondria with reduced
expression of EL1, EL2, or both. The two functions of mtHsp70
utilized for analysis are 1) Fe–S cluster biogenesis and 2) mito-
chondrial import. To evaluate the effect of EL1-EL2 down-reg-
ulation on Fe–S cluster biogenesis, the activity of respiratory
complex I in mitochondria was measured. As the mtHsp70

chaperone together with J-protein and NEFs aids in transfer of
Fe–S cluster for the formation of active holoenzyme, any defect
in Fe–S cluster biogenesis will lead to loss of complex I activity.
As shown in Fig. 4F, an �30% reduction in the activity of com-
plex I was observed upon down-regulation of either EL1 or EL2,
whereas a complete loss of activity was observed when both
NEFs were depleted, thereby highlighting their importance in
Fe–S cluster biogenesis.

The role of EL1 and EL2 in mitochondrial import was
assessed by measuring in vitro protein import kinetics. The rel-
ative import rates in isolated mitochondria were measured
using model precursor substrates dihydrofolate reductase
(DHFR) conjugated with the 167-amino acid-long signal
sequence of cytochrome b2 (Cytb2(167�19)-DHFR) and DHFR
conjugated with the 47-amino acid-long signal sequence of
cytochrome b2 (Cytb2(47)-DHFR). As indicated in Fig. 4, G–J,
reductions up to �20 or �40% in overall import efficiency were
observed when the expression level of either EL2 or EL1,
respectively, was depleted. However, import of the precursors
was significantly impaired (up to �90%) in cells in which EL1
and EL2 were down-regulated together. These results highlight
that the presence of either of the NEFs at threshold levels is
necessary for the optimum import of mitochondrial precursor
proteins into the organelle, and both NEFs complement each
other’s import function in the mtHsp70-mediated chaperone
cycle.

To further assess whether the perceived import activity is
due to the ability of both NEFs to be individually recruited to
the import motor, coIP was performed using the anti-Tim44
antibody in mitochondria isolated from cells depleted either for
EL1 alone, EL2 alone, or EL1 and EL2 together. It was observed
that, in the case of EL1 down-regulation, only EL2 was immu-

Figure 3. A, analyses of oligomeric nature of NEFs by gel filtration chromatography. Equimolar concentrations of purified GrpEL1 alone (left panel), GrpEL2
alone (middle panel), and EL1-EL2 heterosubcomplex (right panel) were resolved by gel filtration chromatography. Fractions corresponding to elution volumes
11.5–17.5 ml were subjected to SDS-PAGE, and the maximum amount of protein was detected at 13.5-ml elution volume in all the samples as indicated. B–D,
measurement of nucleotide exchange activity of NEFs. Preformed radiolabeled mtHsp70-ATP (2 �M) complex was incubated with the indicated different molar
ratios of either EL1 alone (B), EL2 alone (C), or EL1-EL2 complex (D), and the rate of ATP hydrolysis was monitored under single-turnover conditions. The
percentage of ATP to ADP conversion is plotted against different time intervals. Error bars are derived from three independent sets of experiments and are
represented as mean 	 S.E. p (two-tailed) 
 0.0001.
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Figure 4. A–D, stability analysis of NEFs. 2.5 �M EL1 alone (A), EL2 alone (B), or EL1-EL2 complex (C) was incubated at 37 °C at the indicated time intervals and
subjected to centrifugation to separate supernatant and pellet fractions followed by SDS-PAGE analysis. The reduced aggregation propensity of the above
proteins was analyzed spectrophotometrically under similar experimental conditions by measuring the absorbance at 320 nm as a function of time (D). Data
are represented as mean 	 S.E. (n � 3). Error bars represents S.E. p (two-tailed) 
 0.001. E, silencing of NEFs by siRNA. Western blot of HEK293T cells in which EL1,
EL2, or EL1-EL2 was down-regulated by siRNA. Untransfected (UT) cells and non-targeting siRNA (NT) were used as negative controls for siRNA-mediated
down-regulation. Anti-Tim23 antibody was used as a loading control. The blots were probed for import motor components (Tim44 and mtHsp70) as positive
controls. F, activity of electron transport chain complex I in mitochondria isolated after down-regulation of NEFs. Student’s t test was used to compare the rate
in cells with down-regulated EL1 (EL12), EL2 (EL22), or EL1-EL2 together (EL1�22) with that in untransfected cells. Data are represented as mean 	 S.E. (n �
3). Error bars represents S.E. ***, p (two-tailed) 
 0.0001; **, p (two-tailed) 
 0.05. G–J, in vitro protein import kinetics. Import activity in the isolated intact
mitochondria from untransfected cells (UT), cells transfected with non-targeting siRNA (NT) (left panels), and cells showing down-regulation (2) for either EL1
alone, EL2 alone (middle panels), or EL1-EL2 together (right panels) was measured at the indicated time intervals using mitochondrion-specific substrates
Cytb2(47)-DHFR (G) and Cytb2(167�19)-DHFR (I). Precursor protein of 39.7 kDa and mature protein of 21 kDa are represented as “p” and “m.” “c” represents
control. Blots were developed with identical exposure, quantitated by densitometry, and represented graphically as percentage of import by setting the
highest import point as 100% in each case (H and J). Data represented as mean 	 S.E. (n � 3). Error bars represents S.E. p (two-tailed) 
 0.0001.
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noprecipitated with Tim44. In contrast, down-regulation of
EL2 did not have any effect on the association of EL1 with the
import channel (Fig. 5, A and B). This result supports the pre-
vious observation that down-regulation of either of the NEFs
does not translate into a significant import defect because a
depleted amount of one protein is compensated by the recruit-
ment of the other NEF to the import motor.

Because both proteins were recruited to the import motor as
a heterosubcomplex, the oligomeric status of the individual

NEFs was further assessed under silenced condition. Mito-
chondrial lysate isolated from HEK293T cells after down-regu-
lation of either of the NEFs was resolved by blue native PAGE.
The Western blot analysis indicated the ability of both EL1
and EL2 to exist individually in oligomeric states similar to
that of the EL1-EL2 heterosubcomplex. The oligomeric
homosubcomplex was further separated by second dimen-
sion SDS-PAGE, resulting in the detection of a single NEF
paralog under knockdown condition of the other (Fig. 5, C
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and D). These findings indicate that although both NEFs
possess an ability to form a homosubcomplex the EL1-EL2
heterosubcomplex is preferred physiologically at the import
channel.

Together, these experiments provide compelling evidence
that the presence of either EL1 or EL2 is sufficient to maintain
the threshold mtHsp70 function due to up-regulation and that
one NEF is recruited as a compensatory response to depletion
of the other NEF. However, import of preproteins and Fe–S
cluster biogenesis are compromised when levels of both pro-
teins are reduced.

Evolution of stress-resistant EL2 for maintenance of protein
import

In yeast, a single NEF, Mge1, assists in the function of Ssc1
(mtHsp70) for mitochondrial import of precursor proteins
(39). Although our results suggest the existence of two NEFs in
the mammalian system for the constitutive functions, the addi-
tional importance of two NEFs in mitochondrial homeostasis
was further explored. Apart from many vital functions, mito-
chondria are a major hub of reactive oxygen species production
and cellular redox maintenance (40). Initial evidence suggested
that yeast Mge1 was sensitive to increased cellular peroxides
(33). Considering the functional similarity of EL1 and EL2 with
yeast Mge1 in import of mitochondrial protein, we analyzed the
possible role of EL1 and EL2 in cellular redox homeostasis.
HEK293T cells were treated with 100 �M NaAsO2 to induce
oxidative stress and analyzed for the effect of oxidative damage
on NEF levels. Interestingly, a �50% reduction in EL1 expres-
sion was observed in cells exposed to oxidative stress with no
apparent change in the expression levels of EL2 (Fig. 5, E and F).
To understand the physiological relevance of oxidative stress-
mediated reduction in EL1 expression, the EL1 protein levels in
stressed cells were restored by exogenously expressing EL1
under a constitutive promoter (Fig. 5G). Importantly, upon oxi-
dative stress, an enhanced accumulation of cellular ROS levels
was observed in the cells where the EL1 expression level was
exogenously maintained as compared with cells showing
intrinsically lower levels of EL1 (Fig. 5H). Because mitochon-
dria are the major source of cellular ROS production, the oxi-
dative environment of the cell and mitochondrial biogenesis are

intricately balanced. As an adaptive mechanism, cells exposed
to oxidative stress are usually associated with alterations in the
mitochondrial volume. Therefore, the total mitochondrial vol-
ume was measured through nonyl acridine orange (NAO)
staining using flow cytometry analysis (41, 42). A reduction in
the mitochondrial volume was observed after the treatment
with NaAsO2 that was concomitant with a decline in EL1
expression levels. However, restoration of EL1 expression
prevented the stress-dependent reduction in the mitochon-
drial content, which was observed to be comparable with
that of untreated cells even in the presence of oxidative stress
(Fig. 5I).

To establish a correlation between mitochondrial biogenesis
and import, the effect of oxidative stress on recruitment of EL1
or EL2 at the import channel was analyzed. Through coIP anal-
ysis using the anti-Tim44 antibody, a reduced association of
EL1 was observed with the import channel in cells exposed to
oxidative stress as compared with untreated controls (Fig. 5J).
However, the reduced recruitment of EL1 did not translate into
a decreased import rate as revealed by in vitro import kinetics
using Cytb2(167�19)-DHFR as a substrate. As indicated in Fig.
5K, there is no impairment in the import of precursor proteins
upon oxidative stress as compared with untreated control, pos-
sibly due to complementation of EL1 function by EL2 in the
maintenance of protein import. To validate this hypothesis,
EL2 was down-regulated using siRNA in cells treated with
NaAsO2. A marked defect in import of Cytb2(167�19)-DHFR
was observed under the condition of reduced EL2 (caused by
siRNA mediated down-regulation) and EL1 (caused by oxi-
dative stress) as compared with control (Fig. 5L). In conclu-
sion, these results suggest that EL2 maintains the basal
import activity in cells during the stress-induced reduction
in EL1 expression.

In summary, it can be inferred that, in the mammalian sys-
tem, the mitochondrial Hsp70 machinery is more evolved to
utilize an oxidative stress-resistant EL2 to maintain the import
of mitochondrially targeted proteins under stress condition. At
the same time, EL1 is required for the maintenance of redox
homeostasis by altering the mass of mitochondria, which are
major ROS-producing organelles.

Figure 5. A and B, coimmunoprecipitation. Immunoprecipitation was performed in isolated mitochondria from HEK293T cells silenced for EL2 (A) and EL1 (B)
in the presence of 2 mM ATP (�ATP) or in the presence of 5 mM EDTA (�ATP) using anti-Tim44 antibody, separated by SDS-PAGE, and immunodecorated with
the indicated specific antibodies. 50% of the sample served as input control. C and D, analyses of the oligomeric nature of NEFs in mitochondria. Mitochondrial
lysates prepared from untransfected cells (UT) or cells treated with siRNA to down-regulate (2) EL1 and EL2 were separated by blue native PAGE (C) and 2D
SDS-PAGE (D) and immunodetected by anti-GrpEL1 and -GrpEL2 antibodies. The second dimension direction for SDS-PAGE is marked by an arrow, and the
positions of molecular mass markers are indicated. E–G, expression of NEFs under oxidative stress. Mitochondrial lysates prepared from untreated (UT) cells or
cells treated (T) with 100 �M NaAsO2 were analyzed by SDS-PAGE followed by immunodetection using anti-GrpEL1 and -GrpEL2 antibodies (E). The blots were
quantitated by densitometry and are presented as a bar chart. Student’s t test was used to compare the expression of EL1, EL2, or Tim23 between untreated and
treated samples. Data are represented as mean 	 S.E. (n � 3). ***, p (two-tailed) 
 0.0001; **, p (two-tailed) 
 0.05 (F). Similarly, mitochondrial lysates prepared
from untransfected cells (UT) or cells treated with 100 �M NaAsO2 in the absence (T) or presence of exogenously overexpressed (1) GrpEL1 were separated by
SDS-PAGE and subjected to immunoblotting with the indicated antibodies (G). H and I, ROS and mitochondrial mass measurements. Generation of total ROS
and mitochondrial mass were measured in untransfected cells (UT) or cells treated with 100 �M NaAsO2 (T) or in the presence of exogenously overexpressed
(1) GrpEL1 by DCFDA dye (H) and NAO staining (I) using flow cytometry. The increment in total cellular ROS levels is presented in terms of mean fluorescence
intensity (MFI) over untransfected HEK293T cells (UT). Two sets of data (UT with T and UT with T � EL11) were compared using Student’s t test. Data are
represented as mean 	 S.E. (n � 3). Error bars represents S.E. ***, p (two-tailed) 
 0.0001 (panel H); **, p (two-tailed) 
 0.001; *, p (two-tailed) 
 0.01 (panel I). J–L,
coimmunoprecipitation and protein import under oxidative stress. Immunoprecipitation using anti-Tim44 antibody was performed in the mitochondrial
lysates prepared from untreated HEK293T cells (UT) or HEK293T cells treated with 100 �M NaAsO2 followed by SDS-PAGE and immunoblotting using the
indicated specific antibodies (J). 50% of the sample served as input control. The protein import kinetics was measured in the isolated intact mitochondria from
untransfected cells (UT) or cells treated with 100 �M NaAsO2 (T) alone or together with EL2 down-regulation (T � EL22) using Cytb2(167�19)-DHFR as
precursor protein (K). Blots were developed with identical exposure and quantitated by densitometry and are represented graphically as percentage of import
by setting the highest import point as 100% in each case (L). Data are represented as mean 	 S.E. (n � 3). Error bars represents S.E. p (two-tailed) 
 0.0001.
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EL1 elicits evolutionarily conserved function in yeast

It is evident from our results that during evolution a single
NEF from lower eukaryotes diversified in humans into two
NEFs, EL1 and EL2, that share a common function in protein
transport with a supplemental role of EL1 in ROS sensing.
Given the comparable sequence similarity between human and
yeast NEFs, an attempt was made to delineate whether EL1 and

EL2 are able to retain their evolutionarily conserved function in
the yeast system. Deletion of Mge1 gene is lethal in Saccharo-
myces cerevisiae (39). The functional complementation of
Mge1 was tested by transforming pRS414 plasmid containing
ORFs for EL1 and EL2 in �mge1 yeast cells. The transformants
were selected on a minimal medium lacking tryptophan and
counterselected on 5-fluoroorotic acid (5-FOA) plates against
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wild-type MGE1 under a URA marker. Interestingly, yeast cells
transformed with EL1 could complement the inviability of
�mge1 on 5-FOA medium, but at the same time cells harboring
EL2 were inviable (Fig. 6A), suggesting that EL1 could rescue
the evolutionarily conserved function of Mge1 in yeast. To
investigate whether the observed cellular lethality in EL2-trans-
formed cells is due to insufficient protein levels, cellular expres-
sion of EL1 and EL2 was measured after transformation. A
comparable protein level was observed upon Western blot
analysis, thereby further revealing that the inability of func-
tional complementation of �mge1 cells by EL2 is not the con-
sequence of its expression levels (Fig. 6B).

Drop dilution analysis of cells expressing EL1 showed an
identical growth pattern on YPD medium compared with Mge1
at all temperatures except 25 °C at which a slightly slower
growth was observed (Fig. 6C). To validate the functional com-
plementation of Mge1 by EL1, mitochondrion-specific func-
tional parameters such as mitochondrial mass (by NAO
staining), membrane potential (by MitoTracker� Deep Red
staining), and relative leakage of free oxygen radicals (by
MitoSOXTM and DCFDA staining) were measured (Fig. 6,
D–G). No significant differences were observed for mitochon-
drial functional parameters between cells expressing Mge1 and
EL1. Together, these results highlight a functional overlap
between EL1 and its yeast ortholog Mge1, thereby suggesting
EL1 to be evolutionarily more closely related to Mge1 and that
the specialized function of EL2 is limited to the mammalian
system. This idea was further supported by in silico phyloge-
netic reconstruction of NEF diversification across primitive
prokaryotes to advanced multicellular organisms. Although
proteins similar to Mge1 largely constitute the unicellular
organisms (such as yeast) and recent land plants, EL1 is con-
served across all metazoans and phylogenetically closer to
Mge1, thus supporting its ability to rescue �mge1 yeast. How-
ever, during chordate evolution, the EL1 lineage branched into
a separate clade, EL2, which evolved in parallel across higher
vertebrates. Hence, the vertebrate-specific evolution of GrpEL2
differentiates the NEF-dependent regulation in mammals from
that in lower organisms (Fig. 6, H and I).

Discussion

Mitochondria play an essential role in regulation of cellular
metabolic and stress conditions. To adapt in a complex cellular
environment in a mammalian system, mitochondria have
diversified their protein import machinery (4, 5, 43). It is quite
well known that relative distribution of certain molecules in the
organelle reprograms mitochondrial functions as a part of

homeostatic mechanisms within the cell (4, 43– 45). Because
the majority of these proteins localize in the mitochondrial
matrix, regulated functioning of mtHsp70 as a core component
of the import motor is critical. Evidently, the functional diver-
sity of mtHsp70 in humans is enhanced by the presence of two
J-proteins, which suitably modulate its activity for its house-
keeping role or response to xenobiotic stress (26, 27, 31).
mtHsp70 mainly functions through a cycle of substrate binding
and release at its substrate-binding domain, which in turn
depends on ATP binding and hydrolysis in the nucleotide-
binding domain. Exchange of fresh ATP by NEF in mtHsp70’s
nucleotide-binding domain makes it available for the next
series of the cycle, highlighting the importance of NEFs in
maintenance of mitochondrial homeostasis (18, 21, 24).

In the present study, we propose diversification of human
NEF into two paralogs, EL1 and EL2, for better maintenance of
mitochondrial functions. It is evident from our results that EL1
has a higher affinity for mtHsp70 as compared with EL2. Under
normal cellular conditions, EL1 and EL2 function as a higher-
order oligomer in contrast to NEF dimers traditionally
observed in lower organisms (Fig. 7). The individual paralogs,
along with the EL1-EL2 heterosubcomplex, exhibit similar
nucleotide exchange ability at saturating concentrations with
the nucleotide-bound state of mtHsp70. However, at stoichio-
metric concentrations, EL1 and EL1-EL2 heterosubcomplex
showed a better exchange of nucleotides than EL2. The physi-
ological significance of formation of this heterosubcomplex is
to maintain the aggregation-prone human NEFs in the soluble
state. At the same time, the aggregation propensity of EL1 and
EL2 did not reflect on their respective ability to maintain NEF
function.

Both NEFs have the ability to be recruited at the import chan-
nel independently or as heterosubcomplex to modulate
mtHsp70 chaperone activity. Moreover, co-recruitment of EL1
and EL2 provides the first evidence for the mutual complemen-
tation of transport functions to maintain threshold levels of
protein import by both NEFs. The maintenance of one NEF’s
function in the absence of the other is probably contributed by
the high-turnover rate and feedback overexpression observed
in these proteins under stress conditions (Fig. 7). Besides, both
NEFs can perform the cochaperone function in assisting
mtHsp70 chaperone-mediated folding of precursor proteins in
the matrix compartment, thereby maintaining quality control
and organellar homeostasis.

Although the constitutive functions are performed by a sin-
gle NEF in lower eukaryotes, the presence of two orthologs in

Figure 6. A–C, growth complementation and expression analysis. MGE1-deleted yeast cells harboring a copy of MGE1 in pRS316 plasmid were transformed
with pRS415 TEF-MGE1, -EL1, or -EL2 and subjected to drop dilution analysis on 5-FOA medium followed by incubation for 72 h at 30 °C (A). The expression of
EL1 (�mge1/EL1) and EL2 (�mge1/EL2) in transformed yeast cells was analyzed by immunoblotting and probed with anti-GrpEL1 or -GrpEL2 antibodies. The
cells transformed with empty vector were used as a negative control (�mge1/415 TEF). *, band corresponding to yeast Mge1 due to cross-reactivity with EL1
antibody (B). Temperature-dependent growth complementation by EL1 was analyzed on YPD medium by incubating the plates at 25, 30, 34, and 37 °C for 72 h
(C). D–G, mitochondrial functional analysis. The following mitochondrial functional parameters were measured in yeast cells expressing EL1 or Mge1 using flow
cytometry: membrane potential by MitoTracker Deep Red (D), total mass by NAO (E), mitochondrial ROS levels by MitoSOX (F), and total cellular ROS levels by
DCFDA (G). The mean fluorescence intensity (MFI) for Mge1 in comparison with EL1 is plotted in each case and analyzed using Student’s t test. No significant
differences in ROS levels, mitochondrial function, and mass were observed between Mge1- and EL1-expressing cells. Data are represented as mean 	 S.E. (n �
3). Error bars represents S.E. *, p (two-tailed) 
 0.1. H and I, phylogenetic analysis. An unrooted phylogenetic tree for GrpE orthologs across phylogeny was
constructed using MEGA software with the Jones-Tailor-Thornton amino acid substitution model and ML heuristic method. Each clade wrapped in a bubble
represents a phylum and kingdom level representation of the phylogeny (H). The inference obtained from the unrooted phylogenetic tree (H) was compiled
descriptively with selected well studied species to represent the presence (�) and absence (�) of mtGrpE1 and mtGrpE2 across taxonomy (I).
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higher eukaryotes raises a beguiling question, whether it pro-
vides additional physiological significance in the mammalian
system. Being a complex organism, human cells are vulnerable
to many external stresses, such as oxidative stress, which is a
major by-product of mitochondrial metabolism (46, 47).
Although ROS play an important role in various physiological
functions within the cell, exposure to excessive stress is harmful
for cell survival (40, 48). The defense response toward accumu-
lation of ROS might trigger the cell to fine-tune the biogenesis
of mitochondria, the major ROS-producing organelles. Indeed,
it has been previously discussed in several studies on the role of
different transcription factors, such as Nrf1, Nrf2, and PGC-1�,
in regulating biogenesis of mitochondria in response to oxi-
dative stress (49). Under stress, the less aggregation-prone
stress-resistant EL2 performs the threshold level of activity
at comparatively lower efficiency due to stress-induced loss
of EL1 expression and subsequent dissociation from the het-
erosubcomplex (Fig. 7). This in turn is reflected in the
reduced biogenesis of mitochondria under stress conditions,
thereby maintaining redox homeostasis. The idea is sup-
ported by unaltered mitochondrial biogenesis even under

oxidative stress when the levels of EL1 and EL1-EL2 hetero-
subcomplex formation are maintained by their exogenous
expression.

In the mammalian system, moonlighting functions have
been reported for the components of the inner mitochondrial
membrane import machinery. For example, two translocation
machineries are involved in protein import, namely translocase
A, which contains Tim17a and DnaJC15, and translocase B with
Tim17b and DnaJC19 paralogs. The subunits of translocase B
are essential for constitutive organellar functions. In contrast,
the components of translocase A, Tim17a and DnaJC15 paral-
ogs, are involved in cellular oncogenesis and development of
chemoresistance, respectively (26, 31, 50). Such moonlighting
secondary functions in proteins are usually incorporated as a
result of gene duplication or due to random genetic drift, pro-
viding the organism a selective advantage for better adaptation
in adverse environmental conditions (51). Therefore, we
envision that the evolutionary incorporation of two NEFs in
human mitochondria occurred to regulate the organellar
stress response without altering the mitochondrial import
process under stress.

Figure 7. Organization of yeast and human mitochondrial presequence translocases. A and B, yeast, a dimer of single NEF Mge1 maintains import motor
function (A), whereas in humans a hetero-oligomeric subcomplex of two NEFs, GrpEL1 and GrpEL2, regulates the mtHsp70 cycle under normal physiological
conditions (B). C, the evolution of another stress-resistant NEF GrpEL2 in human mitochondria maintains the import process and organellar homeostasis under
stress conditions.
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In summary, we report here the existence of two NEFs in
humans that are potentially utilized by the import machinery in
regulating mitochondrial proteostasis. Together, we propose
that dynamic association of EL1 and EL2, in cooperation with
their differential nucleotide exchange rates, is utilized by the
cell for reprogramming the mitochondrial life cycle and cellular
energy demand. However, it will be imperative to understand
the underlying molecular interactions between the human
NEFs and other stress-sensitive factors that govern the overall
redox regulatory processes. In addition, our observations will
also expose new avenues to understand the novel regulators of
the mitochondrial stress response.

Materials and methods

Cell culture and transfection

HEK293T cells and HeLa cells were cultured in DMEM
(Invitrogen) supplemented with 10% fetal bovine serum
(Invitrogen), 5% penicillin/streptomycin (Invitrogen), and 5%
GlutaMAX (Invitrogen). Cells were grown at 37 °C in the pres-
ence of 5% CO2. Transfection of both plasmid and siRNA was
carried out using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s protocol. Cells were harvested after 48 h of
plasmid transfection for various experiments. For down-regu-
lation of GrpEL1 and GrpEL2, siRNA pools were obtained from
Integrated DNA Technologies. After 48 h of transfection with
siRNA, a second round of transfection was performed to get
maximum down-regulation. Cells were harvested for various
experiments after 36 h of second transfection.

Yeast strains and complementation

GrpEL1 or GrpEL2 constructs in pRS414 vector were trans-
formed in �mge1 strains carrying a copy of WT MGE1 in
pRS316 plasmid. The transformants were selected on minimal
medium lacking tryptophan (Trp� medium) followed by drop
dilution analysis on medium containing 5-FOA to observe the
complementation. The viable cells from 5-FOA medium were
then revived using YPD medium.

Plasmids and cloning

GrpEL1 and GrpEL2 ORFs were amplified from a HeLa cell
cDNA library (Stratagene). For testing the subcellular localiza-
tion of the proteins, GrpEL1 and GrpEL2 were inserted at the N
terminus of GFP in pEGFP-N1 vector. The proteins were indi-
vidually purified by cloning C-terminal His6-tagged EL1 or EL2
in MCS2 of bicistronic vector pRSFduet. For copurification,
HA-tagged EL1 and His6-tagged EL2 were cloned in MCS1 and
MCS2, respectively. Yeast complementation analysis was per-
formed by generating pRS414 constructs carrying ORFs of
human GrpEL1 and GrpEL2 under TEF promoter. To replenish
the level of GrpEL1 in mammalian cells under NaAsO2 treat-
ment, GrpEL1 ORF with C-terminal FLAG tag was ligated to
mammalian expression vector pCINeo.

Localization experiments

To confirm the localization of GrpEL1 and GrpEL2, plasmids
carrying C-terminal GFP-tagged EL1 or EL2 were transfected
in HeLa cells. Cells were cotransfected with mtDsRed to coun-

terstain mitochondria for the purpose of colocalization. After
72 h of transfection, cells transfected with GrpEL1-GFP or
GrpEL2-GFP and mtDsRed were mounted on ProLong Gold
antifade reagent (Invitrogen) and observed using a Leica SP5
confocal microscope under 63� objective lens.

Isolation of mitochondria and mitochondrial fractionation

Mitochondria were isolated from HEK293T cells. Briefly,
cells were harvested using 0.25% trypsin, EDTA and washed
with 1� PBS. Cells were resuspended in hypotonic solution (10
mM Tris, pH 7.5, 10 mM NaCl, 3 mM MgCl2, 1 mM EDTA)
containing protease inhibitor mixture (Sigma) and incubated
on ice for 30 min. Cells were then lysed by homogenization
using a Dounce homogenizer. The cellular debris was pelleted
at 600 � g for 15 min. The mitochondrial fraction was obtained
by centrifuging the supernatant at 13,000 rpm for 15 min. The
mitochondrion-enriched fraction was resuspended in SEM
buffer (250 mM sucrose, 400 mM EDTA, 10 mM MOPS-KOH,
pH 7.2). Submitochondrial fractionation was performed ac-
cording to the previously published protocol (30).

Protein purification and generation of antibodies

Both GrpEL1 and GrpEL2 with N-terminal His6 tag were
expressed in E. coli Rosetta strain. Briefly, cells were grown at
30 °C until midlog phase followed by induction with 0.5 mM

isopropyl 1-thio-D-galactopyranoside for 12 h. Cells were lysed
in lysis buffer (150 mM Tris, pH 8, 200 mM NaCl, 5% glycerol, 50
mM imidazole) containing 0.5 mg/ml lysozyme for 45 min at
4 °C followed by treatment with 0.2% deoxycholate for 15 min.
Cell lysate was centrifuged at 18,000 rpm for 45 min to separate
soluble and pellet fractions. The supernatant containing the
protein of interest was incubated with Ni-NTA-Sepharose
beads at 4 °C for 2 h. The unbound protein was washed off with
lysis buffer. To remove bacterial DnaK contamination, beads
were washed with lysis buffer containing 1 mM ATP and 1 mM

MgCl2 three times. Protein was eluted using 250 mM imidazole
and stored at �80 °C. The purified proteins (EL1 and EL2)
were used separately to raise antibodies against the respec-
tive proteins using rabbit at Imgenex Corp. The antisera
obtained were further affinity-purified against the respective
purified proteins.

Immunoprecipitation

Mitochondria (450 �g) were lysed in lysis buffer (250 mM

sucrose, 80 mM KCl, 20 mM MOPS-KOH, pH 7.2, 0.2% Triton
X-100, 5 mM EDTA) for 45 min at 4 °C. Antibody against the
required protein (Tim44 or HA) (BD Biosciences) was added to
mitochondrial lysate and incubated for 1 h at 4 °C. The anti-
body-lysate mixture was then added to protein G-Sepharose
beads, equilibrated with lysis buffer, and incubated at 4 °C for
2 h. After binding, beads were washed with lysis buffer, resus-
pended in 2� SDS sample buffer, and resolved by SDS-PAGE
followed by Western blotting.

Mitochondrial import

Mitochondrial protein import was measured using isolated
mitochondria. The two substrates used in the assay were
Cytb2(47)-DHFR and Cytb2(167�19)-DHFR, which lacks the
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19-amino acid transmembrane region, as matrix-localized sub-
strates. These substrates were made through fusion of the
nucleus-localized protein DHFR and the N-terminal prese-
quence of Cytb2. The experiment was performed as described
previously (30). The import of mature protein was quantified by
ImageJ and plotted in GraphPad Prism5.

Gel filtration

For gel filtration analysis of proteins, 500 �l of protein sam-
ples (1 mg/ml) were filtered through a 0.22-�m filter and sub-
jected to analysis using a Superdex-200 10/300 GL column (GE
Healthcare) in buffer A (50 mM Tris-Cl, pH 8, 100 mM NaCl, 100
mM imidazole, 1 mM DTT, 5% glycerol) at 4 °C. The column was
calibrated using standard molecular mass markers from GE
Healthcare (aprotinin (6.5 kDa), ribonuclease A (13.7 kDa), car-
bonic anhydrase (29 kDa), ovalbumin (43 kDa), conalbumin (75
kDa), aldolase (158 kDa), ferritin (440 kDa), and thyroglobulin
(669 kDa)). The void volume (V0) was calculated by running
blue dextran 2000 (2000 kDa). The elution volume (Ve) of stan-
dard markers and proteins (EL1, EL2, and EL1-EL2 subcom-
plex) was determined under identical temperature, buffer, and
pH conditions as mentioned before. The molecular weight was
calculated from the standard curve of Ve/V0 versus the log of the
molecular weight of standard molecular weight markers.

ATPase assay

A complex of human mtHsp70 with ATP was prepared using
�-32P-labeled ATP (250 �Ci) and 2 �M mtHsp70. A Sephadex
G-50 Nick column (GE Healthcare) pre-equilibrated with
buffer A (25 mM HEPES-KOH, pH 7.5, 100 mM KCl, 10 mM

Mg(OAc)2) was used for isolation of the complex. In a single-
turnover assay, GrpEL1, GrpEL2, or EL1-EL2 heterosubcom-
plex was mixed with ATP-mtHsp70 complex in a 1:1 ratio. The
reaction was performed at 25 °C at 550 rpm. At each time point,
the reaction was stopped using stop solution (5 M LiCl, 17 M

HCOOH, 0.1 M ATP in a ratio of 10:6:9), and 1.5 �l of reaction
mixture were spotted on a PEI-cellulose plate followed by sep-
aration by thin-layer chromatography for 40 min using a 1:1
(v/v) mixture of 1 M LiCl and 2 M formic acid as solvent. The
plate was dried and exposed to phosphorimaging cassettes.
Images were acquired in Typhoon FLA 9000 (GE Healthcare),
and postacquisition quantification was done using Multi Gauge
V3.0 software.

In vitro aggregation assay

The aggregation propensity of NEFs was analyzed by two
different methods.

In-gel analysis—2.5 �M protein (EL1, EL2, or copurified EL1-
EL2) was incubated at 37 °C for 15 min in analysis buffer (150
mM Tris, pH 8, 200 mM NaCl, 5% glycerol, 50 mM imidazole).
Aliquots (10-�l volume) corresponding to different time points
were centrifuged at 13,000 rpm for 2 min to separate the aggre-
gates in the pellet fraction from the soluble supernatant frac-
tion. Both pellet and supernatant were mixed with 2� SDS
sample buffer, heated at 90 °C, and loaded on the gel.

Spectroscopic analysis—A 2.5 �M concentration of the
respective protein was incubated at 37 °C for 15 min followed

by spectroscopic measurement of absorbance at 320 nm at dif-
ferent time points.

Flow cytometry

For FACS analysis of mammalian cells, 50,000 cells were har-
vested, washed with 1� PBS, and stained with respective dyes
(DCFDA, 15 �M; MitoSOX, 5 �M; NAO, 5 nM; MitoTracker
Deep Red, 5 nM). Following staining, the cells were again
washed with 1� PBS. The acquisition and analysis were done in
a BD FACSCanto II. The flow cytometry experiments to ana-
lyze cellular ROS, mitochondrial superoxide level, mitochon-
drial content, and functional mass in yeast were performed
using 0.03 OD cells. The cells were incubated with respective
dyes (DCFDA, 100 �M; MitoSOX,15 �M; NAO, 20 nM; Mito-
Tracker Deep Red, 20 nM) followed by acquisition and analysis
in the BD FACSCanto II.

Biolayer interferometry

For analyzing interaction of EL1 and EL2 with mtHsp70,
both NEFs were biotinylated for 3 h at 4 °C and immobilized as
ligand on streptavidin sensors in two separate experiments.
Increasing concentrations of MtHsp70 protein were used as
analyte. Similarly, for the analysis of EL1 and EL2 interaction,
biotinylated GrpEL1 was immobilized as ligand, and increasing
concentrations of GrpEL2 were used as analyte. Sensorgrams
were recorded as a function of time. The affinity constant (KD),
dissociation rate (Koff), and association rate (Kon) were calcu-
lated by fitting the data using Forte Bio BioOctate software.

Electron transport chain complex I activity

The activity of complex I was measured according to the
protocol described by Spinazzi et al. (52).

Proteome-wide GrpE search and phylogenetic analysis

An extensive search was done to identify GrpE from whole
proteomes of 5862 species using the UniProt reference pro-
teome data set (release 2016_09; October 5, 2016). Evolution-
arily important species across phyla were selected to perform
phylogenetic analysis.

Hidden Markov model (HMM) profiles—HMM profiles were
developed for GrpE orthologs (bacterial GrpE, eukaryote GrpE,
and archaeal GrpE) and paralogs (mtGrpE1 and mtGrpE2)
among all three kingdoms using the build profile module of
Hmmer-3.1b2-linux. Well annotated and literature-reviewed
sequences were used as seed sequences for multiple sequence
alignment using the MUSCLE alignment program and to gen-
erate the HMM profiles for all orthologs and paralogs of GrpE.

HMM search—GrpE was searched using the HMM profiles
created from the above method to identify GrpE-like proteins
for each species from the whole UniProt reference proteome
data set followed by paralog- and ortholog-specific HMM
searches against respective HMM profiles. A few in-house Perl
scripts were developed to compare the HMM outputs, and the
short-listed proteins predicted as GrpE were ranked according
to respective ortholog and paralog using taxonomic lineage,
sequence length, domain organization, gene identity, score
thresholds, and E-value from the HMM search output. The
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resulting output was a list of non-redundant GrpE homologs for
each species.

Data set—Orthologs of GrpE indentified from the whole ref-
erence proteome of 5862 species through the above method
were compared taxonomically and further scrutinized to
remove similar genera. Only well established model organisms
were selected for further analyses. The final short-listed data
contain GrpEs from 41 bacterial, eight archaeal, and 145
eukaryotic species.

Phylogenetic analysis—Multiple sequence alignment was
done using the MUSCLE sequence alignment program for a
total of 194 species using Mega-CC software (version 7.0.14).
Phylogenetic reconstruction analysis was done using the
Mega-CC program with statistical method “maximum likeli-
hood,” bootstrap test of phylogeny, substitution type “amino
acid,” substitution model “Jones-Tailor-Thornton (JTT),” max-
imum likelihood (ML) heuristic method “nearest-neighbor
interchange,” and initial tree for ML “neighbor joining” used to
build the phylogeny. FigTree was used for analysis.

Statistical analysis

Experiments were performed in multiple sets, and results
were analyzed for statistical significance using two-tailed
Student’s t test utilizing GraphPad Prism5 software. p values are
given in the figure legends.
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