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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 inSaccharomy-
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 fromEscherichia coli
(PDB-ID1DKG) andMycobacterium 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 kaustophilusGrpE 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� 1-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 (Figure1a), Cys87 is
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F I G U R E 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 fromE. 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 interactwith 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 � 1-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
� 2-helix, are found in GRPEL1 and GRPEL2, but are not
conserved in yeast or bacterial homologues (Figure1a).
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� 2 (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 (Figure2a). 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 (FigureS1a–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 (Figure2b). 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

F I G U R E 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 at70 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 (Figure3 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
� -helical (31%–38%) with a smaller number of� -sheet struc-
tures (Table1). Proteins with and without DTT in the buffer
were compared, where DTT was used to reduce all the cys-
tines (Figure3). 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 (FigureS2a,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 (FigureS2b,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 (Figure4g,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 (FigureS3a,b) with
the major peak corresponding to dimeric forms at 13 mL
and the minor peak eluting at around 11.5 mL (Figure5a
and FigureS3). The determined molecular weights (based
on three separate runs averaged, Table2) 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 (FigureS3eand Table3). Most mtHSP70 eluted as
monomeric protein at 13.7 mL with the determined MW
of 70.3 kDa (Table2). 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

F I G U R E 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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