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Abstract

Human nucleotide exchange factors GRPEL1 and GRPEL2 play pivotal roles

in the ADP–ATP exchange within the protein folding cycle of mitochondrial

HSP70 (mtHSP70), a crucial chaperone facilitating protein import into the

mitochondrial matrix. Studies in human cells and mice have indicated that

while GRPEL1 serves as an essential co-chaperone for mtHSP70, GRPEL2 has

a role regulated by stress. However, the precise structural and biochemical

mechanisms underlying the distinct functions of the GRPEL proteins have

remained elusive. In our study, we present evidence revealing that ADP-bound

mtHSP70 exhibits remarkably higher affinity for GRPEL1 compared to

GRPEL2, with the latter experiencing a notable decrease in affinity upon ADP

binding. Additionally, Pi assay showed that GRPEL1, but not GRPEL2,

enhanced the ATPase activity of mtHSP70. Utilizing Alphafold modeling, we

propose that the interaction between GRPEL1 and mtHSP70 can induce the

opening of the nucleotide binding cleft of the chaperone, thereby facilitating

the release of ADP, whereas GRPEL2 lacks this capability. Additionally, our

findings suggest that the redox-regulated Cys87 residue in GRPEL2 does not

play a role in dimerization but rather reduces its affinity for mtHSP70. Our

findings on the structural and functional disparities between GRPEL1 and

GRPEL2 may have implications for mitochondrial protein folding and import

processes under varying cellular conditions.
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1 | INTRODUCTION

Mitochondria are major metabolic regulator organelles
that import most of their proteome from the cytosol. The

molecular chaperone mtHSP70 of the (heat shock pro-
tein) HSP70 family plays a specialized role in the translo-
cation of preproteins into the mitochondrial matrix and
in their proper folding (Bracher & Verghese, 2023; Kang
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et al., 1990). Its protein binding/release cycle is regulated
by co-chaperones, which for the bacterial Hsp70 homo-
logue DnaK were identified as DnaJ and the nucleotide
exchange factor (NEF) GrpE (Hosfelt et al., 2022; Liberek
et al., 1991). ATP hydrolysis by DnaJ stabilizes the inter-
action of substrate protein with DnaK, whereas GrpE
triggers ADP to ATP exchange, accelerating substate
release, which is rate-limiting in the cycle (Szabo
et al., 1994; Xiao et al., 2024). Prokaryotic and eukaryotic
Hsp70 systems are functionally similar; however, in
eukaryotes, a GrpE-like NEF is found only in mitochon-
dria (Harrison, 2003). The most studied mitochondrial
NEF is Mge1, the sole GrpE-like protein in Saccharomy-
ces cerevisiae, which is essential for viability (Bolliger
et al., 1994; Krzewska et al., 2001; Laloraya et al., 1994).
Interestingly, two distinct GrpE-like mitochondrial pro-
teins exist in mammals, GRPEL1 and GRPEL2 (Goswami
et al., 2010; Naylor et al., 1996; Naylor et al., 1998;
Srivastava et al., 2017), but the structural attributes to
their function are not well known.

Bacterial GrpE and yeast Mge1 interact with their
respective chaperones as dimers (Harrison et al., 1997;
Moro & Muga, 2006; Wu et al., 2012). Notably, human
GRPEL1 and GRPEL2 are functionally homodimers
(Konovalova et al., 2018) but their stoichiometric interac-
tion with mtHSP70 is yet to be addressed. High-
resolution structural information is available only for
bacterial GrpE (Harrison et al., 1997; Nakamura
et al., 2010; Wu et al., 2012; Xiao et al., 2024). Analysis of
the GrpE G122D-DnaK complexes from Escherichia coli
(PDB-ID1DKG) and Mycobacterium tuberculosis (PDB-ID
8GB3) revealed a 2:1 stoichiometry, characterized by an
asymmetric interaction between one of the monomers of
GrpE dimer and DnaK (Harrison et al., 1997; Xiao
et al., 2024). Conversely, when structurally analyzed, the
Geobacillus kaustophilus GrpE homodimer bound to
DnaK exhibited a 2:2 stoichiometry (PDB-ID 4ANI),
where each GrpE monomer interacted with its corre-
sponding DnaK monomer, leading to a stiffer dimeric
GrpE structure (Wu et al., 2012). While interaction diver-
sity exists among NEFs, the primary function is consis-
tent: binding to the ADP-bound nucleotide-binding
domain (NBD) of the chaperones to facilitate ADP release
(Bracher & Verghese, 2023). Recent studies show that the
interaction of GrpE with DnaK serves to allosterically
regulate the chaperone, leading to the release of ADP as
well as the folded protein from the substrate binding
domain (SBD) (Rossi et al., 2024; Xiao et al., 2024).

GRPEL1 is conserved across all metazoans, whereas
GRPEL2 is found in vertebrates, and both have ubiquitous
expression in human tissues (Konovalova et al., 2018;
Naylor et al., 1998). However, evidence now indicates that
GRPEL1, but not GRPEL2, is the essential housekeeping

NEF for mtHsp70 in mammalian cells: (i) Only human
GRPEL1 was able to complement yeast Mge1 (Srivastava
et al., 2017). (ii) Mitochondrial protein import was not
impaired in human GRPEL2 knockout cells (Konovalova
et al., 2018). (iii) Human variation data indicates that the
GRPEL1 gene is not tolerant to loss-of-function variants,
unlike GRPEL2 (Konovalova et al., 2018). (iv) Mouse
knockout of GRPEL1 was lethal in early development, and
the depletion of GRPEL1 in skeletal muscles of adult mice
led to severe muscle atrophy and premature death, show-
ing that GRPEL2 was not able to compensate for GRPEL1
loss (Neupane et al., 2022). In contrast, we previously
reported that GRPEL2 may play a specific role in stress
sensing similar to Mge1, which is an oxidative stress sen-
sor in yeast (Marada et al., 2013). We observed that in cul-
tured human cells, the dimerization of GRPEL2 increased
under oxidative stress and was dependent on redox-
regulated Cys87 (Konovalova et al., 2018). In agreement, a
competitive cysteine-reactive profiling study recently iden-
tified Cys87 as the most redox-sensitive cysteine of
GRPEL2 (Kisty et al., 2023).

In this study, we aimed to explicate the fundamental
structural, biochemical, and biophysical differences
between GRPEL1 and GRPEL2 to increase our under-
standing of their potential roles. In our investigation, we
revealed an enhanced interaction specifically between
ADP-bound mtHSP70 and GRPEL1. Furthermore, we
show that disulfide affects the stability of GRPEL2 and
impedes its interaction with mtHSP70. These findings
further strengthen the importance of GRPEL1 as the
main NEF for mtHSP70 in human mitochondria.

2 | RESULTS

2.1 | Sequence comparison of the
GRPELs highlights the unique cystines in
GRPEL2

To explore the distinctions in interactions between
mtHSP70 and both GRPELs, we examined the amino acid
sequence variances among the NEFs and compared them
with yeast Mge1 and three bacterial GrpE sequences
(G. kaustophilus, E. coli, and M. tuberculosis) (Figure 1a).
We further studied the cysteine pattern and structure of
the GRPELs by calculating the dimeric models with the
help of AlphaFold 2 (Jumper et al., 2021) (Figure 1b,c). In
GRPEL2, Cys87, the most redox-sensitive cysteine (Kisty
et al., 2023), locates in the middle of the long α1-helix, and
the dimeric AlphaFold2 model proposes that it forms a
disulfide bridge with the corresponding cysteine of the
dimer partner (Figure 1c). As seen in the sequence align-
ment of the GrpE family of proteins (Figure 1a), Cys87 is
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FIGURE 1 Sequence comparison of the GRPELs highlights the unique cystines in GRPEL2. (a) Sequence alignment of GrpE protein family

members including GRPEL1 and GRPEL2, the yeast Mge1, and the three bacterial GrpE proteins from E. coli, G. kaustophilus, andM. tuberculosis,

which have crystal structures and Cryo-EM structures determined (PDB codes 4ANI, (GrpE-G122D)1DKG and 8GB3, respectively). The cysteines in

GRPEL2 and GRPEL1 are highlighted and labeled. The secondary structure elements of GRPEL2 are shown above the sequences as predicted by the

AlphaFold2 model. The regions that are shown to interact with HSP70 by structural GrpE studies (Harrison et al., 1997) (Wu et al., 2012) and by the

modeling studies of this study (by AlphaFold2 Multimer, see Figure S1) are shown with boxes around the sequence regions. Some key residues

forming the interactions are highlighted with black squares. Met155 is a critical redox sensor in Mge1 (Marada et al., 2013). The corresponding

Leu149 of GRPEL2 is highlighted with an arrow. (b) AlphaFold2 model of the GRPEL1 dimer as calculated using AlphaFold2 Colab (Evans et al.,

2021; Jumper et al., 2021). The chains are colored as light orange and blue. The cysteine residues are shown with yellow spheres. (c) AlphaFold2

model of the GRPEL2 dimer. The coloring scheme is the same as in panel (b). All the cysteines, and the Leu149, corresponding to Met155 of Mge1,

are shown with light brown spheres. GRPEL models exclude the mitochondrial targeting signal in the N-terminus of both chains.
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only found in GRPEL2. Similarly, the next cysteine, Cys97,
located in the α1-helix, is only present in GRPEL2. How-
ever, Cys97 is not forming a disulfide bridge according to
the AlphaFold2 model but points to the bulk solvent. The
next two cysteines, Cys110 and Cys126, both located in the
α2-helix, are found in GRPEL1 and GRPEL2, but are not
conserved in yeast or bacterial homologues (Figure 1a).
These two cysteines have also been shown to possess redox-
sensitivity properties (Kisty et al., 2023). GRPEL2 has an
additional unique cysteine at the end of β2 (Cys182). Both
GRPEL1 and GRPEL2 have one N-terminal cysteine (C28
and C44, respectively) in the random-coil region. These
sequence comparisons suggest that unique cystines in
GRPEL2 may perform specific roles under stress conditions.

2.2 | Purified-soluble human GRPELs
exist in dimeric form and cysteines have no
role in oligomerization

To investigate the biophysical and biochemical differences
between GRPELs, we purified recombinant human
GRPEL1, GRPEL2, and mtHSP70 as well as mutant vari-
ants of GRPEL2 with either a Cys87 to Ala (GRPEL2-C87A)
or a Cys97 to Ala (GRPEL2-C97A). The mtHSP70 and
GRPEL constructs were purified by affinity chromatography
and size-exclusion chromatography (SEC). All the protein
obtained was soluble, and the concentrations were typically
between 4 and 8 mg/mL. After the purification step, the

purified GRPEL proteins resulted in a single protein band
with a molecular mass of around 25 kDa in SDS-PAGE
while the purified mtHSP70 exhibited greater heterogeneity,
with the primary band aligning with a size of around
70 kDa (Figure 2a). However, the gel filtration profile dis-
played several peaks corresponding to different elution vol-
umes for all GRPELs, indicating heterogeneity in the
oligomerization state of the protein (Figure S1a–d). The
major peaks, eluted at approximately 13 mL in the 24 mL
SEC column, were collected and concentrated. To analyze
differences between GRPEL2 and its mutants, we con-
ducted reduced and non-reducing SDS-PAGE followed by
immunoblotting. This revealed distinct bands correspond-
ing to several molecular masses for all GRPEL2 proteins. In
addition, we observed differences in oligomerization
between GRPEL2-C87A and wild-type GRPEL2, but not
between GRPEL2-C97A and wild-type (Figure 2b). These
observations imply the dynamic nature of GRPELs and
their ability to exist in a multi-oligomeric state while main-
taining solubility in solution.

2.3 | Structural stability of GRPELs
depends on the interactions of cysteines

We aimed to understand the role of cystines in the stability of
GRPELs using circular dichroism (CD) spectrophotometry.
We compared the CD spectrums of wild-type GRPEL1 and
GRPEL2 with those of mutant GRPEL2-C87A and

FIGURE 2 Purified-soluble human GRPELs exist in higher oligomeric forms. (a) Proteins treated with beta-mercaptoethanol and subjected

to a 10 min boiling step, then run in a 10% SDS gel, show mtHSP70 at 70 kDa, and GRPEL1, GRPEL2, GRPEL2-C87A, and GRPEL2-C97A at

25 kDa. (b) Western blot of GRPEL2, GRPEL2-C87A, and GRPEL2-97A, in reducing and non-reducing conditions. The non-reducing samples,

GRPEL2-C87A show difference in oligomerization compared to wild type GREPEL2 and C97A, showing the effect of C87 in oligomer formation.
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GRPEL2-C97A (Figure 3 and Figure S2). The far UV CD
spectra measurement at 180–280 nm indicated that the
recombinant proteins were folded and soluble. In the far-UV
spectrum, all the recombinant GRPEL proteins were mostly
α-helical (31%–38%) with a smaller number of β-sheet struc-
tures (Table 1). Proteins with and without DTT in the buffer
were compared, where DTT was used to reduce all the cys-
tines (Figure 3). In the absence of DTT, we noticed differ-
ences in the CD curves between GRPEL2 and
GRPEL2-C87A. However, when we added DTT, these dif-
ferences disappeared. At the same time, adding DTT
caused notable changes in the CD spectra of GRPEL1,
GRPEL2-C87A, and GRPEL2-C97A compared to their
respective non-reducing forms (Figure S2a,b,e–h), but
there were no changes in the CD profile of GRPEL2
(Figure S2c,d). Comparing the statistically significant dif-
ferences in secondary structures revealed that most of
those changes occurred in the alpha-helix and antiparallel
regions (Figure S2b,f,h).

When comparing the thermal stability of proteins in
buffers without DTT, GRPEL1 demonstrated higher ther-
mal stability than GRPEL2, with a melting temperature
approximately 9�C higher (Figure 4a,b). This finding
aligns with previous research (Borges et al., 2003; Oliveira
et al., 2006). Mutants GRPEL2-C87A and GRPEL2-C97A
exhibited even higher melting temperatures, indicating
greater thermo-stability compared to wild type GRPEL2
(Figure 4c,d). In the presence of DTT, GRPEL1 showed
improved thermal stability compared to its state without
DTT, while no marked change was observed for GRPEL2
(Figure 4e,f). Mutants GRPEL2-C87A and GRPEL2-C97A
in the DTT buffer displayed stability similar to that of
wild-type GRPEL2 (Figure 4g,h). In conclusion, the com-
parison of wild-type GRPEL2 with its mutants' spectral

analysis and thermal stability profiles suggests that the
presence of Cys87 and Cys97 in GRPEL2 contributes to its
reduced stability.

2.4 | Multiangle light scattering reveals
that only GRPEL1 forms a complex with
mtHSP70

We characterized purified mtHSP70, GRPEL1, GRPEL2,
and GRPEL2 mutants along with their possible complexes
using size-exclusion chromatography coupled with multi-
angle light scattering (SEC-MALS). This method reliably
determined the absolute molecular weight of proteins or
complexes without additional standard proteins. Wild-type
GRPELs displayed two distinct peaks (Figure S3a,b) with
the major peak corresponding to dimeric forms at 13 mL
and the minor peak eluting at around 11.5 mL (Figure 5a
and Figure S3). The determined molecular weights (based
on three separate runs averaged, Table 2) for major peak
protein were 52.5/55.72 kDa and for minor peak protein
111 kDa, corresponding to dimeric and tetrameric forms
of GRPELs, respectively (theoretical MWs of dimeric and
tetrameric GRPEL1 and GRPEL2 are 52.17/54.47 and
104.34/108.94 kDa, respectively). Addition of 1 mM DTT
reduced aggregated protein levels but did not alter
GRPEL2 elution volumes or the determined molecular
weights (Figure S3e and Table 3). Most mtHSP70 eluted as
monomeric protein at 13.7 mL with the determined MW
of 70.3 kDa (Table 2). A minor fraction was also present in
the SEC-MALS analysis showing higher oligomers
(166 kDa). GRPEL2-C87A and GRPEL2-C97A variants
exhibited SEC profiles similar to wild type GRPEL2
(Figure S3c,d), and the determined MWs were similar to

FIGURE 3 Structural stability of GRPELs depends on the interactions of cysteines. (a) GRPEL1, GRPEL2, GRPEL2-C87A, and GRPEL2-C97A

represent samples diluted with buffer under nonreducing conditions. (b) GRPEL1, GRPEL2, GRPEL2-C87A, and GRPEL2-C97A represent samples

diluted with buffer and the curves diluted with buffer with ImM DTT. Here, significant differences were detected with or without DTT in GRPEL1,

GRPEL2-C87A, and GRPEL2-C97A but not in GRPEL2. GRPEL2 and GRPEL2-C87A have identical CD curves in the buffer with DTT, indicating

the role of Cys87 in maintaining the protein conformation.
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wild type GRPELs (Table 2), indicating predominantly
dimeric and tetrameric forms that were unaffected by
reducing agents, suggesting non-essential roles for cyste-
ines in the coiled–coiled region for dimerization. The
possible heterocomplexes of GRPELs with mtHSP70
were studied with SEC-MALS. GRPEL1 or GRPEL2 pro-
teins were mixed with mtHSP70 protein in ratios of 1:1
or 3:1. In the experiments with 1:1 ratio, the SEC profiles
resembled the mtHSP70 SEC profile. However, when
excess GRPEL1 was used, two additional peaks appeared
in the SEC profile (Figure 5a and Figure S4a,c), indicat-
ing complex formation. The sizes of these complexes
were 107 kDa (major peak, eluted in 12.2 mL) and
�199 kDa (minor peak, eluted in 10.6 mL). These results
suggest that 2:1 and 2:2 GRPEL1 and mtHSP70 com-
plexes were formed (expected MWs of 123 and 197 kDa,
respectively). In the case of GRPEL2, no complex forma-
tion with mtHSP70 was detected (Figure 5b and
Figure S4b,d). Both the dimeric form of GRPEL2 and
the monomeric form of mtHSP70 eluted at the same
peak. The addition of ADP and DTT to the running
buffer did not significantly alter the SEC profiles. How-
ever, the presence of DTT reduced the amount of aggre-
gated protein. The SEC-MALS findings decisively
demonstrate the exclusive formation of a visible complex
between GRPEL1 and mtHSP70, starkly contrasting
with the absence of such interaction with GRPEL2 or its
mutants.

2.5 | mtHSP70 has partiality to GRPEL1
over GRPEL2 in ADP-bound state

To investigate the direct binding and affinity of the iso-
lated proteins, we used purified mtHSP70, GRPEL1,
GRPEL2, GRPEL2-C87A, and GRPEL2-C97A in both
reducing and non-reducing conditions and analyzed
their interaction with mtHSP70 using microscale ther-
mophoresis (MST). In our investigation, we studied the
binding of GRPEL1 and GRPEL2 with mtHSP70, in both
the presence and absence of DTT and ADP. We observed
that mtHSP70 bound to GRPEL1 (DTT) with a KD of
104 nM (Figure 6a) in the absence of ADP and 13.4 nM
in its presence (Figure 6b). Conversely, GRPEL2 (DTT)
exhibited similar affinity, binding to mtHSP70 with a KD

of 152 nM without ADP (Figure 6c) and much lower
affinity with a KD of 942 nM with ADP (Figure 6d)
(Table 3). Thus, the presence of ADP improved the affin-
ity between GRPEL1 and mtHSP70 while the opposite
impact was observed for GRPEL2, showing ADP binding
to the chaperone regulates its NEF preference.

Finally, in the non-reduced conditions, mtHSP70
bound to GRPEL1 with a KD of 370 nM and GRPEL2T
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with a KD of 373 nM (Figures S6a and S5b). These
results show that both GRPELs have better affinity in
the reduced form in comparison with non-reduced con-
ditions. In the same non-reducing conditions, the
mutant GRPEL2-C97A bound with a KD 457 nM.

Interestingly, GRPEL2-C87A had a better interaction
with mtHSP70 (with KD 203 nM) than GRPEL1, sug-
gesting that the disulfide bond may reduce the interac-
tion of GRPEL2 with mtHSP70 (Figure S5c,d and
Table 4).

FIGURE 4 The melting temperature shows the improved stability of reduced GRPEL1. Melting temperatures in non-reducing

conditions (a) GRPEL1, (b) GRPEL2, (c) GRPEL2-C87A, and (d) GRPEL2 C97A. The melting temperatures of the same proteins in the

presence of reducing agents are represented in (e–h).

FIGURE 5 Multiangle light scattering reveals that only GRPEL1 forms a complex with ADP-bound mtHSP70. The SEC-MALS analyses

of GRPELs and mtHSP70 and their potential complex. (a) The light scattering signals (angle = 90�) of GRPEL1 (green), GRPEL2 (red),

GRPEL2 C87A (magenta), and GRPEL2 C97A (orange) are shown (as eluted from the Superdex200 10/300GL Increase column

(GE Healthcare). In addition, the molecular mass distribution profiles of each run are shown for the peak regions (horizontal lines). The

majority of each eluted GRPEL variant eluted in 13 mL as dimers with calculated molecular mass of around 50 kDa. (b) The SEC-MALS

results of mtHSP70 alone (blue), GRPEL1 (green), and the complex formed between them (brown). The mtHSP70 eluted in 13.7 mL with

calculated molecular mass of 70 kDa indicating monomeric nature of the protein. Interestingly, the elution volume of mtHSP70 was later

than that of the dimeric GRPEL1 being smaller in the molecular weight (�50 kDa). Mass distribution is represented by smaller line with

respective colors.
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2.6 | GRPEL1 facilitates ADP-to-ATP
exchange, enhancing the ATP hydrolysis of
mtHSP70

To evaluate the NEF activity of GRPELs, we measured
the total inorganic phosphate (Pi) released during ATP
hydrolysis by mtHSP70. The full-length mtHSP70
exhibits slow intrinsic ATP hydrolysis activity (Zhai
et al., 2008). The rate of ATP consumption by mtHSP70
depends on its ability to hydrolyze ATP and efficiently
exchange ADP for ATP at its active site. NEFs stimulate
this nucleotide exchange, resulting in increased ATP
hydrolysis and faster accumulation of Pi over time. In
our phosphorylase assay, we first established a baseline
by measuring Pi accumulation by mtHSP70 alone. We
then compared this baseline with reactions containing
either GRPEL1 or GRPEL2. We found that the addition
of GRPEL1 significantly enhanced ATP hydrolysis by
mtHSP70, while the presence of GRPEL2 produced a
similar effect to mtHSP70 alone (Figure 7a). Over time
(1, 2, and 2.5 h), Pi accumulation increased gradually in
all reactions but it was significantly higher in the pres-
ence of GRPEL1 in comparison to either baseline or the

presence of GRPEL2 (Figure 7a). Notably, there was a sub-
stantial increase in Pi accumulation between 2 and 2.5 h
in both the baseline and GRPEL1-containing reactions.
Although Pi levels also rose in the GRPEL2-containing
reaction during this interval, the amount of Pi at 2.5 h
remained similar to baseline. Further, we also performed
an ATPase assay using radiolabeled ATP. The analysis of
exchange with cold ATP rendered exchange only with
GRPEL1 but not with GRPEL2 or its mutants (Figure 7b).
These results demonstrate that GRPEL1 effectively
exhibits NEF activity by promoting the exchange of ADP
for ATP at the active site of mtHSP70, thereby enhancing
further ATP hydrolysis.

2.7 | GRPEL1 facilitates cleft opening for
ADP release from the mtHSP70 nucleotide
binding domain, contrasting with GRPEL2

To investigate the interaction patterns between GRPELs
and mtHSP70, we utilized Alphafold-multimer to model
human GRPELs with mtHSP70 with 2:1 and 2:2 stoichi-
ometry. In the complexes, the full-length mtHSP70 takes

TABLE 2 The molecular weights averaged from three separate SEC-MALS runs of mtHSP70, GRPEL1, GRPEL2, GRPEL2-C87A,

GRPEL-C97A, and GREPL2 DTT.

Major
peak kDa

Minor
peak kDa

Theoretical MW kDa
(monomer)

Theoretical MW kDa
(dimer)

Theoretical MW kDa
(tetramer)

mtHSP70 73.3 140 74.6 149.46 -

GRPEL1 51.8 98.2 26.1 52.17 104.34

GRPEL2 52.7 101.5 27.24 54.48 108.94

GRPEL2 C87A 50.1 115.6 27.24 54.48 108.94

GRPEL2 C97A 50.5 83.8 27.24 54.48 108.94

GRPEL2 DTT 53.9 99.0 27.24 54.48 108.94

Note: Both UV and IR readings are considered for this calculation. The theoretical molecular weights of the monomer, dimer, and tetramer forms have been
calculated using the full-length protein sequences of all GRPELs and mtHSP70, including the 6HIS and TEV cleavage site. Bold represents the emphasis on the

obtained experimental value which are crucial results.

TABLE 3 MST Fit Information for

the interaction between mtHSP70

(target) with or without ADP bound

and the ligands GRPEL1 and GRPEL2

under reducing conditions.

ADP
+ + � �
GRPEL1 GRPEL2 GRPEL1 GRPEL2

Bound 957.83 907.31 951.7 970.34

Unbound 941.68 893.35 936.4 927.19

Kd (nM) 13.4 942 104 152

Target conc (nM) 10 10 10 10

Standard deviation: 1.14 2.45 1.05 1.76

Kd confidence: ±3.5E-09 ±7.4E-07 ±2.3E-08 ±2.3E-08

Note: The results demonstrate a significant difference in affinity between GRPEL1 and GRPEL2 with ADP-
bound mtHSP70, whereas there is no change in affinity between GRPELs and mtHSP70 in the absence of
ADP. Bold represents the emphasis on the obtained experimental value which are crucial results.
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an unexpected conformation, which resembles the ATP-
bound state of the chaperone (Figure S6a,b). Because in
this study we were mostly interested in the interactions
between GRPELs and the NBD of mtHSP70, the calcula-
tions were done accordingly by following the approach
outlined by Rossi et al. (Evans et al., 2021; Jumper
et al., 2021; Rossi et al., 2024) (Figure 8). The modeled
complex structures suggest that both human GRPELs
predominantly interact with the NBD via the middle por-
tion of the coiled-coil region (residues Lys79–Leu97) and
the C-terminal β-sheet domain, including beta strands
2, 3, and 4 (see alignment in Figure 1, Figure 8a,b, and
Figure S6a,b). In the complex structure of GRPEL1
and NBD, also the α-helices α2 and α3 of the four-helical
bundle are forming interactions with the IIB region of
NBD (Figure 8). This interaction is critical to induce the
opening of the nucleotide-binding pocket as seen in the
modeled E. coli GrpE-NBD complex and in the cryo-EM
structure of the M.tuberculosis GrpE-DnaK complex
(Figure 8c). In bacteria, this cleft opening facilitates the

release of the bound ADP molecule from NBD. In
the model of human GRPEL2 and NBD, similar interac-
tions with the region IIB of NBD and the α-helical bundle
region of GRPEL2 did not form, leaving the nucleotide-
binding pocket in closed conformation (Figure 8b). This
conformation resembles the GrpE-DnaK crystal structure
of E. coli, where a point mutation (G122D) in the four-
helical bundle of GrpE hindered the activation of the IIB
region of NBD (Grimshaw et al., 2005; Harrison
et al., 1997) (Figure S7). Therefore, our modeling studies
suggest that GRPEL1's interaction with mtHSP70 NBD
resembles a functional NEF interaction, while GRPEL2
does not support the opening of the nucleotide-binding
pocket and the following ADP release and NEF function.

3 | DISCUSSION

Mitochondrial protein balance plays a crucial role in cel-
lular health and metabolism. To maintain proteostasis, it

FIGURE 6 GRPEL1 predominantly binds to ADP-mtHSP70 with high binding affinity. The MST curve represents the binding of the

ligand (a) GRPEL1 to mtHSP70 in presence of DTT, showing an affinity of KD = 104 nM and (b) GRPEL1 to ADP-mtHSp70, showing an

affinity of KD = 13.4 nM. While (c) GRPEL2 to mtHSP70 in presence of DTT KD = 152 nM and (d) GRPEL2 to ADP-mtHSP70 with affinity

of KD = 942 nM. Here, the binding affinity varies between both proteins, showing preference for GRPEL1 over GRPEL2. The mean (�SD)

was calculated from n= 3 based on three independent experiments.
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is necessary to regulate and adapt the mitochondrial pro-
tein import machinery to match the cellular require-
ments (Baker et al., 2007). Earlier studies by us and
others have suggested that GRPEL1 is the housekeeping
NEF for mtHsp70 in mitochondrial matrix protein import
(Konovalova et al., 2018; Neupane et al., 2022; Srivastava
et al., 2017). In contrast, loss of GRPEL2 in cultured
human cells did not affect protein import, but a role for
GRPEL2 in oxidative stress was proposed (Konovalova
et al., 2018). Despite the prominent structural resem-
blance of these two paralogs, we here demonstrate the
biophysical and biochemical differences between human
recombinant GRPELs, which support their functional
roles.

The mtHSP70 cycle constantly transits from a high
substrate affinity state (ADP bound) to a low substrate
affinity state (ATP bound) (Clerico et al., 2019; Mayer &
Gierasch, 2019). At the ADP bound state, NEF binds to
the mtHSP70 NBD and facilitates release of ADP and
exchanges to ATP (Bracher & Verghese, 2023; Mayer &
Gierasch, 2019; Rossi et al., 2024). We observed that upon
addition of ADP, the affinity between GRPEL1 and
mtHSP70 increased �approximately 20-fold, with a deter-
mined KD value of 13.4 nM, which is even lower than
that previously observed with bacterial GrpE and DnaK
(Harrison et al., 1997; Srivastava et al., 2017). Conversely,
with the addition of ADP, the affinity for GRPEL2 was
nearly 100-fold lower, strongly indicating that the inter-
action between GRPEL1 and ADP-mtHSP70 is unequivo-
cal and could be exclusive. Our functional Pi assay
showed enhanced ATPase activity by mtHSP70 in the
presence of GRPEL1. The reaction with mtHSP70 alone
had a slow accumulation of free Pi over time showing the
protein's intrinsic ATP hydrolysis, as also observed previ-
ously (Zhai et al., 2008). The reaction of mtHSP70 with
GRPEL2 showed similar levels of Pi accumulation as
mtHSP70 alone, indicating inability to enhance ATP
hydrolysis. The differential capabilities of GRPEL1 and
GRPEL2 were also supported by our ATPase activity

assay, contrasting with an earlier study that suggested
NEF activity of both GRPEL1 and GRPEL2 (Srivastava
et al., 2017).

In the recent cryo-EM structure of M. tuberculosis
GrpE–DnaK, the preferential stoichiometry between pro-
karyotic GrpE and DnaK was shown as 2:1, while the 2:2
stoichiometry may hinder the NEF flexibility for the allo-
steric regulation of the chaperone (Xiao et al., 2024). Our
SEC-MALS analysis showed that GRPEL1 forms two
complexes with mtHSP70, with stoichiometries of 2:1
and 2:2, corroborating findings from the earlier crystallo-
graphic studies with bacterial GrpE–DnaK complexes
(Harrison et al., 1997; Wu et al., 2012). Yet, our modeled
complex favors 2:1 interaction for the functionality of
GRPEL1. Previous studies of the G. kaustophilus GrpE–
DnaK complex crystal structure and the M. tuberculosis
GrpE–DnaK complex cryo-EM structure have revealed
interactions between the GrpE homodimer's four-helical
bundle region and DnaK's NBD (Wu et al., 2012; Xiao
et al., 2024). This interaction, involving the β-hairpin
structure near DnaK's NBD (region IIB), aids in ADP
release from DnaK. In the E. coli GrpE–DnaK complex,
this interaction is disrupted by the G122D point mutation
(Harrison et al., 1997). However, recent AlphaFold
modeling suggests that wild-type E. coli GrpE can open
DnaK's NBD through similar interactions (Rossi
et al., 2024). Our AlphaFold-based modeling suggests that
GRPEL1 can interact with region IIB of the NBD of
mtHSP70, opening its nucleotide-binding pocket. How-
ever, in our GRPEL2-NBD modeling, this interaction was
absent, leaving the NBD pocket closed. This aligns with
the results of our MST studies and the functional Pi
assay, showing a significant loss of affinity in the pres-
ence of ADP in the GRPEL2-mtHSP70 mixture and no
enhanced Pi accumulation. Additionally, SEC-MALS
experiments revealed no complex formation between
GRPEL2 and mtHSP70. Both GRPELs maintain a fully
symmetric homodimeric structure in our calculated com-
plexes, differing from GrpE–DnaK structures where GrpE

TABLE 4 MST fit information for

the interaction of mtHSP70 (target)

with the ligands GRPEL1, GRPEL2,

GRPEL2-C87A, and GRPEL2-C97A.

GRPEL1 GRPEL2 GRPEL2-C87A GRPEL2-C97A

Fit model Kd Kd Kd Kd

Bound 949.68 953.13 949.9 950.8

Unbound 936.37 936.75 934.4 934.9

Kd (nM) 370 373 203 457

Target conc (nM) 10 10 10 10

Standard deviation 0.62 0.5 0.47 0.64

Kd confidence ±6.2E-08 ±4.03E-08 ±2.04E-08 ±4.4-08

Note: In non-reducing conditions, GRPEL1 exhibits similar affinity to mtHSP70 compared with GRPEL2
and GRPEL2-C97A. Notably, GRPEL2-C87A demonstrates the highest affinity among all ligands in this

context. Bold represents the emphasis on the obtained experimental value which are crucial results.
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curves toward the NBD (Wu et al., 2012; Xiao
et al., 2024). We hypothesize that the C87–C87 disulfide
bridge in GRPEL2's coiled-coil region renders its homodi-
mer too rigid for bending, hindering interaction with
mtHSP70. Differences in amino acid sequences in
α-helices α2 and α3 may also reduce GRPEL2's affinity
with NBD region IIB, particularly in its ADP-bound con-
formation requiring coiled-coil flexibility.

We earlier showed that oxidative stress induced by
hydrogen peroxide in cultured human cells increased
GRPEL2 dimer formation, a phenomenon contingent
upon Cys87 (Konovalova et al., 2018), a cysteine unique
to GRPEL2. On the contrary, in yeast, Mge1 Met155
responds to oxidative stress, enhancing monomers
(Marada et al., 2013). Based on our findings in the pre-
sent study, we propose that the Cys87 disulfide bridge is
not critical for GRPEL2 dimerization in an aqueous solu-
tion. The findings from SEC-MALS analysis validate that

both the C87A and C97A mutants of GRPEL2 exhibit a
behavior alike to the wild type, predominantly existing as
dimers with a minority of tetramers. This suggests that
the presence or absence of Cys residues does not signifi-
cantly affect the quaternary structures of the protein.
Moreover, we postulate that under conditions of oxida-
tive stress, Cys87 plays a role in stabilizing the long alpha
helix within GRPEL2, potentially improving the protein's
overall functionality during stress. However, a compre-
hensive exploration of this phenomenon is warranted to
elucidate its full implications.

Disulfide bonds and protein dimerization are known
to notably enhance the stability of secondary structures
(Betz, 1993; Fass, 2012). The GRPELs showed a preferred
oligomeric state of dimers and a low number of tetramers
in the SEC-MALS analysis. These higher-order oligo-
meric states likely contribute to enhanced stability of the
secondary structure. This was corroborated by CD

FIGURE 8 The modeling studies of GRPEL1 and GRPEL2 with the nucleotide binding domain of mtHSP70. The AlphaFold model of

homodimeric GRPEL1 (a) and GRPEL2 (b) complexed with NBD of mtHSP70 shown with two different views. The top view provides a

clearer depiction of the open and closed conformations of the NBD of HSP70, while the bottom view offers a more detailed representation of

the GRPEL dimer and its interaction sites with the chaperone. The two chains of the GRPEL homodimers are colored light brown and

orange, and the NBD of mtHSP70 in blue. In the case of GRPEL2, it also highlights the critical cysteines. (c) Cryo-EM structure of Tb GrpE

(light brown and orange) and the bound DnaK (blue). The NBD and SBD are labeled. NBD contains four subdomain regions referred to as

IA, IIA, IB, and IIB. The nucleotide-binding pocket is formed in between subdomains IIA and IIB as shown in the figure. The four-helical

bundle region, formed by helices α2 and α2, are heavily interacting with the subdomain IIB of NBD facilitating the fully open nucleotide-

binding pocket in the M. tuberculosis GrpE–DnaK structure (panel c). This critical interaction is also seen in the modeled complex structure

of GRPEL1 and NBD (panel a), whereas in the modeled complex of GRPEL2–NBD, this interaction is not seen at all (panel c).
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spectra, confirming proper protein folding and function-
ality. Notably, GRPEL1 exhibited greater thermal stabil-
ity compared to GRPEL2 in non-reduced buffer,
consistent with previous findings (Borges et al., 2003;
Oliveira et al., 2006). However, mutations in GRPEL2
(C87A and C97A) resulted in improved stability under
non-reducing conditions. This can be attributed to the
prevention of non-functional disulfide bonds, thus pre-
serving the native protein structure (Karimi et al., 2016).
Moreover, GRPEL1 showed enhanced thermal stability
under reduced conditions, where the conformation
becomes more flexible and less constrained, as suggested
by earlier studies (Creighton, 1988). Overall, these obser-
vations suggest that GRPEL1 in reduced conformation
exhibit increased stability and improved resistance to
aggregation. Our MST studies analysis showed that both
GRPELs had better affinity under reduced conditions.
The affinity between GRPEL2-C97A and mtHSP70 was
closer to that of wild-type GRPEL2 in the non-reduced
form. Notably, the GRPEL2-C87A variant, with a KD of
204 nM, was comparable with the KD of 152 nM between
wild type GRPEL2 and mtHSP70 in the presence of DTT.
This implies that the Cys87 disulfide bond of the GRPEL2
dimer reduces GRPEL2 interaction with mtHSP70.

The remaining cysteines were not investigated in this
study; nevertheless, there is a possibility that they contrib-
ute to redox sensing. Specifically, Cys126 and Cys182 war-
rant further exploration to understand their potential
redox-regulatory roles. Our model and known GrpE–
DnaK structures indicate that both cysteines reside in a
region conducive to protein–protein interactions. Notably,
Cys182 is exclusive to GRPEL2. In GRPEL2, when all six
cysteines are reduced, wild-type and mutants show similar
structures and stability, indicating Cys87 and Cys97 signif-
icantly impact GRPEL2 stability and function. These find-
ings hint that if GRPEL2 functions as a redox sensor, it
stabilizes by forming disulfide bonds to an already existing
dimer. It is conceivable that the rigidity of the coiled-coil
helices plays a crucial role in this context.

The chaperones such as mtHSP70 are susceptible to
constant allosteric changes where NEFs and the substrate
protein impact chaperone's structure (Li et al., 2016). A
prior study revealed that a network mediated by Mg2+

ions effectively enhanced the affinity of human recombi-
nant mtHSP70 for ADP. Interestingly, NEFs were found to
systematically dismantle this network, leading to a gradual
release of ADP and creating conditions conducive for ATP
binding (Arakawa et al., 2011). Similarly, ADP-bound
mtHSP70 may exhibit a conformational change, establish-
ing a distinct preference solely for GRPEL1. Post-
translational modifications are known to modulate the
interaction dynamics of chaperones, as demonstrated by
recent findings regarding the acetylation of specific lysine

residues in mtHSP70 (Gao et al., 2024). Similarly, ADP may
employ a crucial influence on the selection of the co-
chaperone for mtHSP70 by inducing conformational
changes in the chaperone protein. This intricate interplay
between nucleotide binding, post-translational modifica-
tions, and co-chaperone selection highlights the sophisti-
cated regulatory mechanisms governing the intricate
protein folding processes within the mitochondrial matrix.

In summary, our study illustrates the distinct binding
preferences between ADP-mtHSP70 and GRPEL1,
highlighting GRPEL1 as the primary co-chaperone for
mtHSP70. Conversely, the presence of disulfide bonds in
GRPEL2 appears to diminish its affinity for ADP-bound
mtHSP70, thereby favoring GRPEL1 for functional inter-
actions. Although GRPEL2 predominantly adopts an olig-
omeric state facilitated by disulfide formation, this
process may impose rigidity on the alpha helix,
compromising its stability and affinity for mtHSP70.
These insights shed light on the contrasting roles of
GRPEL1 and GRPEL2 in human cells, providing struc-
tural clarity in their functional distinctions.

4 | MATERIALS AND METHODS

4.1 | Cloning and protein purification

The GRPEL constructs (contain no mitochondrial target-
ing sequence and presence of TEV cleavage site) encod-
ing full-length GRPEL1, GRPEL2, GRPEL2-C87A, and
GRPEL2-C97A were generated by PCR amplification
using a forward primer containing the NcoI site and
a reverse primer containing the Acco65I site followed by
a STOP codon (TAA) (Table S2). The amplified product
was digested using NcoI and Acco65I and ligated into a
linear (double digested) pETHis1a (+) plasmid. The
resulting sequences were verified by Sanger sequencing.
The mtHSP70 was expressed from a pRSFDuet-1 plasmid
coding for human mtHSP70 and yeast Zim17 and was
kind gift of Professor Patrick D'Silva (Department of Bio-
chemistry, Indian Institute of Science, Bangalore, India).

Proteins were expressed in BL21(DE3) strain and
grown overnight at 37�C. Secondary cultures reached an
OD of 0.6 at 30�C before induction with 0.5 mM IPTG
for 12 h. Cells were collected by centrifugation at 4000g
for 10 min at 4�C, then lysed in 150 mM Tris pH 8,
200 mM NaCl, 5% glycerol, 50 mM imidazole with
0.5 mg/mL lysozyme, and incubated for 45 min at 4�C
followed by 0.2% DOC for 15 min at 4�C. The lysate was
centrifuged at 18000g for 30 min at 4�C. Ni-NTA beads
were incubated with the supernatant at 4�C for 1 h.
Unbound proteins were collected in the flow-through,
and elution was performed with 8 elutions of 1 mL each

MANJUNATH ET AL. 13 of 17



using elution buffer: 150 mM Tris pH 8, 200 mM NaCl,
5% glycerol, and 250 mM imidazole.

4.2 | Size exclusion
chromatography (SEC)

Gel filtration was performed using concentrated IMAC puri-
fied proteins of 500 μL in volume using a Superdex 75 GL col-
umn and Superdex-200 10/300 GL column preparative grade
size exclusion chromatography column (GE Healthcare). The
column was pre-equilibrated with SEC buffer composed of
50 mM Tris–HCl, 50 mM NaCl, 100 mM imidazole, and 5%
glycerol at pH 8.0. The final protein solution was concen-
trated at �5–6 mg/mL (concentration was measured using
BCA) and stored in SEC buffer in 50 L aliquot volumes
at�80�C.

4.3 | SDS-PAGE

For reducing/non-reducing SDS-PAGE, sample buffer for
non-reducing (250 mM Tris–HCl (pH 6.8), 10% SDS, 30%
glycerol, 0.02% bromophenol blue) and reducing (Laemmli
sample buffer (Bio-Rad) including 10% β-mercaptoethanol)
conditions were used. Proteins for reducing SDS-PAGE were
boiled at 95�C for 10 min and spun before loading. For clear
native PAGE, the sample buffer was 62.5 mM Tris–HCl,
pH 6.8, 25% (v/v) glycerol, 0.01% (w/v) bromophenol blue,
and the running buffer was 25 mM Tris and 192 mM glycine.

4.4 | Static light scattering (SLS)

MALS analyses of all the GRPELs and mtHSP70 were car-
ried out using the miniDAWN™ MALS detector (Wyatt
Technologies). For these experiments, 50–100 μL of the
purified protein samples (concentration ranging 2–15 mg/
mL) were filtered (with 0.1 μm pore size) and loaded onto a
Superdex200 10/300GL column (GE Healthcare) preequili-
brated with SEC buffer. Before entering the MALS detector,
the samples flow through a Optilab refractive index
(RI) detector (Wyatt Technologies). The RI signal is used to
measure the concentration of the protein sample. Molecular
mass, polydispersity, and other analyses were carried out
using the ASTRA software (Wyatt Technologies).

4.5 | Circular dichroism (CD)
spectroscopy

Circular dichroism (CD) spectroscopy was performed using
a Chirascan CD spectrometer (Applied Photophysics,

Leatherhead, UK). CD data were collected between 280 and
190 nm at 22�C using a 0.1-cm path-length quartz cuvette.
CD measurements were acquired every 1 nm with 0.5 s as
the integration time and repeated three times with baseline
correction. Data were processed using the Chirascan Pro-
Data Viewer (Applied Photophysics) and CDNN (http://
www.xn–gerald-bhm-lcb.de/download/cdnn). Direct CD
measurements (θ; mdeg) were converted into mean residue
molar ellipticity ([θ]MR) by Pro-Data Viewer. The Tm was
measured with a temperature ramping from 22 to 72�C at a
rate of 1�C/min. The data were analyzed using Global
3 (Applied Photophysics). Purified GRPEL1, GRPEL2,
GRPEL2-C87A, and GRPEL2-C97A proteins were first
diluted to 2.7 mg/mL in the 1� buffer (50 mM Tris pH 8,
100 mM NaCl, 100 mM imidazole, 5% glycerol) and then
1:54 diluted in dH2O. The final solution buffer was
0.93 mM Tris pH 8, 1.85 mM NaCl, 1.85 mM imidazole,
1.9% glycerol. All samples were treated with 1 mM DTT.
The final solution buffer was 0.93 mM Tris pH 8,
1.85 mM NaCl, 1.85 mM imidazole, 1.9% glycerol, 1 mM
DTT. The final concentrations were verified by measur-
ing the absorbance of the protein solution at 214 or
205 nm. For statistical analysis, three independent runs
were considered, and GraphPad Prism 2way-ANOVA
was used for comparisons.

4.6 | Microscale thermophoresis (MST)

MST was performed using Nanotemper Monolith
NT.115. Proteins were labeled with a second-generation
red-tris-NTA NT-650-NHS fluorescent dye using a Nano-
temper labelling kit (MO-L011). The mtHSP70 to HIS-tag
fluorescent dye concentration ratio was 1:1 and incubated
at room temperature for 30 min. Excess dye was removed
by centrifugation for 10 min at 4�C and 15,000g. The
actual protein concentration was determined using a
NanoDrop microvolume spectrophotometer after correct-
ing for the extinction coefficient of the proteins. Binding
experiments were performed in PBS-Tween-20 buffer
(10 mM PBS, 150 mM NaCl, 0.05% Tween-20, pH 8). The
binding assays were performed with a fixed concentration
(10 nM) of fluorescently labeled mtHSP70 (monomer) and
twofold serially diluted decreasing concentrations of unla-
beled (dimeric form was considered for the concentration
of GRPELs) GRPEL1, GRPEL2, GRPEL2-C87A, and
GRPEL2-C97A (all the GRPELs' His-tags were cleaved at
TEV-cleavage site and buffer exchange to MST buffer was
performed). The reaction mixture of 16 serial diluents of
the ligand and labeled protein was filled into the capillary
tubes (Nanotemper, MO-K022) and loaded in the Mono-
lith NT.115 instrument accordingly. The MST buffer used
contained 1 mM DTT and 1 mM ADP as per the
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requirement of the experimental set up. All experiments
were performed at 25�C using a medium MST power and
20% LED power. In MST, “bound” (refers to the state
where the target molecule is interacting with a ligand or
binding partner) and “unbound” (refers to the state where
the target molecule is free and not interacting with the
ligand) states differentiate the interaction between mole-
cules, enabling the measurement of binding affinity. Anal-
ysis was conducted using 1.5 s MST power on and three
independent experiments were considered of mean SD cal-
culation and MST traces are shown in the supplementary
information (Figure S8).

4.7 | Nucleotide exchange factor activity
assay (Pi assay)

To assess nucleotide exchange factor (NEF) activity, we
utilized a malachite green dye and molybdate assay, fol-
lowing the method described previously (Geladopoulos
et al., 1991), which capitalizes on inorganic phosphate
(Pi) forming a complex with malachite green dye mix-
ture, showing absorbance at 625 nm. This complex is spe-
cific for Pi released after ATP hydrolysis by mtHSP70.
Our experimental setup included a baseline reaction with
6 μM mtHSP70 (monomer) and 600 μM ATP, and two
test reactions with 6 μM of either GRPEL1 or GRPEL2
(dimeric form was considered for calculations) along with
600 μM ATP. The blank reaction contained only buffer
with ATP. Each reaction mixture, containing 50 mM
Tris–HCl (pH 7), proteins, and ATP, was prepared in a
total volume of 20 μL. Incubations were carried out at
37�C for four different time points: 0, 1 h, 2 h, and 2 h
30 min. Following incubation, ultra-pure water (Sigma)
was added to bring the volume to 80 μL, and the mixtures
were transferred to SpectraPlate™-96MB microplates
(PerkinElmer #6055649). A 20 μL volume of malachite
green mix (7.5% ammonium molybdate, 0.33 mM mala-
chite green, 20% Tween-20) was added, mixed well, and
incubated at room temperature for 5 min. Pi concentra-
tions were evaluated using phosphate standards
(Na2HPO4) at 10, 25, 50, and 70 μM, and a buffer-only
blank. Absorbance readings at 625 nm were taken with a
plate reader, and the data were analyzed using GraphPad
Prism with statistical significance evaluated via one-way
ANOVA.

4.8 | ATPase assay

In the mtHsp70 ATPase assay, 50 μg of mtHsp70 protein
was incubated with 25 μCi of [gamma-32P] ATP in 50 μL
of Buffer X (25 mM HEPES-KOH, pH 7.5, 100 mM KCl,

10 mM magnesium acetate) for 3 min on ice. The
reaction mixture was then purified using a G-25 column
pre-equilibrated with Buffer A (25 mM HEPES-KOH,
pH 7.5, 100 mM KCl, 10 mM magnesium acetate, 20 mM
imidazole), and glycerol was added to the purified mix-
ture to a final concentration of 10%. For single turnover
experiments, the reaction was prepared in Buffer A con-
taining 0.4 μM mtHsp70 and 10 μM cold ATP, with or
without the presence of GrpEL1/2 proteins (1.4 μM). The
reaction components were mixed, incubated on ice for
10 min, and then further incubated at 37�C for 30 min.
The reaction was stopped by adding 4� Laemmli buffer,
and the samples were separated by electrophoresis on a
12% TBE gel at 100 V for 20 min. The gels were then
dried, imaged using an Amersham Typhoon phosphor
imager, and analyzed with ImageJ software. For analysis,
relative activity was determined by normalizing the
mtHSP70-ATP alone and statistical calculation of three
assays was determined by one-way ANOVA using Graph-
Pad Prism.

4.9 | Modeling calculations

The homodimeric models of GRPEL1 and GRPEL2 were
generated using an AlphaFold Colab notebook (Jumper
et al., 2021). The heterocomplex models of GRPEL1 or
GRPEL2 with mtHSP70 were calculated using AlphaFold-
multimer (Evans et al., 2021) in the COSMIC2 cloud plat-
form for structural biology research and education
(Cianfrocco et al., n.d.).
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