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Abstract
Human Hsp70-escort protein 1 (hHep1) is a cochaperone that assists in the function and stability of mitochondrial HSPA9. 
Similar to HSPA9, hHep1 is located outside the mitochondria and can interact with liposomes. In this study, we further 
investigated the structural and thermodynamic behavior of interactions between hHep1 and negatively charged liposomes, as 
well as interactions with cellular membranes. Our results showed that hHep1 interacts peripherally with liposomes formed 
by phosphatidylserine and cardiolipin and remains partially structured, exhibiting similar affinities for both. In addition, 
after being added to the cell membrane, recombinant hHep1 was incorporated by cells in a dose-dependent manner. Interest-
ingly, the association of HSPA9 with hHep1 improved the incorporation of these proteins into the lipid bilayer. These results 
demonstrated that hHep1 can interact with lipids also present in the plasma membrane, indicating roles for this cochaperone 
outside of mitochondria.
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Introduction

70 kDa heat shock proteins (HSP70s) are molecular chaper-
ones that participate in a large variety of cellular processes, 
including nascent protein folding, prevention of protein 
aggregation and transport of proteins through membranes 
(De Maio 1999; Hartl and Hayer-Hartl 2002). Studies have 
shown that HSP70s are associated with lipid membranes 

in several physiological and pathological events (Horváth 
et al. 2008; De Maio and Hightower 2021a), which has been 
proposed as an early event in their evolutionary pathway (De 
Maio and Hightower 2021b). Moreover, during cell stress, 
HSP70s can temporarily bind to membranes, re-establish-
ing bilayer stability (Horváth et al. 2008) and activating the 
immune response (Vega et al. 2008). Intense investigation 
has been performed to elucidate the dynamics of the protein-
lipid interaction of HSP70s with cellular phospholipid bilay-
ers (Arispe et al. 2002, 2004; Broquet et al. 2003; Smulders 
et al. 2020). Ferrarini and collaborators detected the pres-
ence of HSP70s on the surface of several types of human 
tumour cells (Ferrarini et al. 1992; Multhoff et al. 1995). In 
addition, other studies have demonstrated HSP70s in cell 
membranes (Chouchane et al. 1994; Heufelder et al. 1992; 
Araujo et al. 2019; Salibe-Filho et al. 2020). Those find-
ings pointed to the importance of the HSP70s imbalance in 
plasma membrane proteostasis, which may have deleterious 
consequences during the progression of diseases (Bailone 
et al. 2022; Samborski and Grzymisławski 2015; Turturici 
et al. 2011).

HSPA9 is the acronym for the human mitochondrial 
HSP70 that is also named mortalin or Grp75. HSPA9 has 
a differential subcellular distribution depending on the cell 
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conditions and can be located in mitochondria, endoplas-
mic reticulum, cytosol, cytoplasmic vesicles and plasma 
membranes (Ran et al. 2000; Wadhwa et al. 2002). In 
mitochondria, HSPA9 is involved in protein import, fold-
ing and degradation, and in extramitochondrial locations, 
it is involved in apoptotic pathways, cell metabolism and 
modulation of the immune system (Baseler et al. 2012; 
Kaul et al. 2007; Yun et al. 2017; Mazkereth et al. 2016).

The function of HSPA9, similar to other mitochondrial 
HSP70s, depends on a small cochaperone named HSP70-
escort protein 1 (Hep1), which prevents the aggregation 
of HSPA9; without Hep1, mitochondrial biogenesis can 
fail (Burri et al. 2004; Sichting et al. 2005). In addition 
to preventing HSPA9 aggregation, human Hep1 (hHep1) 
is responsible for stimulating HSP70 ATPase activity 
and is an L-shaped protein with a zinc-finger-like motif 
(ZFLR). Through the heterologous coexpression of hHep1 
and HSPA9, soluble recombinant HSPA9 can be produced 
in adequate amounts for performing experiments (Dores-
Silva et al. 2015). Recently, our group demonstrated that 
in addition to being located in mitochondria, hHep1 is 
present in the nucleus (Dores-Silva et al. 2021b). Further-
more, hHep1 interacts with both negatively and positively 
charged liposomes and shows a noticeable preference for 
negatively charged liposomes prepared with lipids pre-
sent in the inner mitochondrial membrane. (Dores-Silva 
et al. 2021b). This preference corresponds with previous 
findings showing that HSP70 exhibits a high selectivity 
for negatively charged phospholipids, particularly phos-
phatidylserine (Arispe et al. 2002, 2004; Armijo et al. 
2014; Schilling et al. 2009). Specifically, HSPA9 inter-
acts with negatively charged liposomes composed of phos-
phatidylserine and cardiolipin (Dores-Silva et al. 2020b). 
Together, these findings provide an opportunity to investi-
gate whether and how hHep1 interacts with lipid bilayers, 
similar to HSPA9. In this context, the aim of the study was 
to further elucidate how hHep1 interacts with negatively 
charged liposomes and whether hHep1 interacts with cell 
membranes.

Material and methods

hHep1 production and purification

The His-tagged hHep1 recombinant protein was obtained 
from the expression vector pQE2::hHep1 and purified 
and quantified as described by Dores-Silva et al. (Dores-
Silva et al. 2013). Recombinant HSPA9 was produced, 
purified and quantified as previously reported (Dores-
Silva et al. 2015).

Production of liposomes and incorporation 
of hHep1

Liposomes were prepared as described by Lopez et  al. 
(Lopez et al. 2016.). Briefly, 400 µg of cardiolipin (CL) or 
POPS (Avanti Polar Lipids) were dissolved in chloroform 
(10 mg mL−1). After drying with nitrogen gas, the liposomes 
were resuspended in 120 µL of 50 mM Tris–HCl buffer (pH 
7.5) and vortexed for 30 s every 5 min. This last process was 
repeated 6 times. Finally, the liposomes were extruded using 
a 100 nm membrane.

For incorporation assays, 400 µg of liposomes were incu-
bated with hHep1 (20 µg) and/or HSPA9 (4 µg) in 50 mM 
Tris–HCl buffer (pH 7.5) for 30 min at 25 °C under agitation. 
This mixture was then centrifuged at 100,000 × g for 1 h at 
4 °C. The pellet was resuspended in 300 µL of 100 mM 
Na2CO3 buffer (pH 11.5) and centrifuged at 100,000 × g for 
1 h at 4 °C. Finally, the pellet was solubilized in 50 mM 
Tris–HCl buffer (pH 7.5). For electrophoretic separation 
the protein samples were solved in lithium dodecyl sulfate 
(LDS) sample buffer and part of them were resolved by com-
mercial LDS-PAGE (ThermoFisher Scientific, Waltham, 
MA) and visualized by staining with Coomassie Brilliant 
Blue R-250 (ThermoFisher Scientific, Waltham, MA). As 
control, the protein load was also subjected to LDS-PAGE. 
The GelQuant program (http://​bioch​emlab​solut​ions.​com/​
GelQu​antNET.​html) was used to estimate the band inten-
sity in the gel and the percentage of protein incorporated 
into the liposomes.

Structural study of hHep1 and its interaction 
with liposomes

The structural components involved in the interaction of 
hHep1 with liposomes were studied by circular dichroism 
(CD) and fluorescence emission spectroscopies. CD meas-
urements were obtained using a J-815 spectropolarimeter 
(Jasco). Spectra of 10 µM hHep1 in 50 mM Tris–HCl buffer 
(pH 7.5) were obtained before and after 30 min of incubation 
at 25 °C with 1 mM POPS or CL. For all measurements, a 
circular quartz cuvette with an optical path of 0.01 cm was 
used, and 40 accumulations were performed. The resulting 
spectra were normalized to residual molar ellipticity ([θ]) 
according to the following equation:

where θ is the sign of CD (degrees), MM is the protein 
molecular mass (kDa), n is the number of amino acid resi-
dues in the protein, l is the light path (cm), and C is the 
protein concentration (mg mL−1).

(1)[θ] =
θ × 100 ×MM

n × C × l

http://biochemlabsolutions.com/GelQuantNET.html
http://biochemlabsolutions.com/GelQuantNET.html
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Fluorescence emission measurements were taken on an 
F-4500 fluorimeter (Hitachi) using a quartz cuvette with an 
optical path of 1.0 × 0.2 cm after excitation at 295 nm. Spectra 
of hHep1 (10 µM) in 50 mM Tris–HCl buffer (pH 7.5) were 
obtained before and after 30 min of incubation at 25 °C with 
1 mM POPS or CL. Data were collected between 310–420 nm 
and analyzed based on the maximum emission wavelength 
(λmax) as well as spectral center of mass (< λ >), given by 
Eq. 2, between the spectra range of 310–390 nm.

where λi is each wavelength where the fluorescence values 
(Fi) were measured.

Proteinase K digestion assays

Human Hep1 (70 µg) incorporated into liposomes (POPS or 
LC at 400 µg) was incubated with proteinase K (15 ng) for 
1 h at 25 °C in 50 mM Tris–HCl buffer (pH 7.5). Then, the 
hHep1-liposome mixture was centrifuged at 100,000 × g for 
1 h at 4 °C and the pellets were ressuspended and resolved by 
LDS-PAGE as described above “Production of liposomes and 
incorporation of hHep1” section.

Thermodynamic study on the interaction of hHep1 
with liposomes

A thermodynamic study on the interactions of hHep1 with 
liposomes was performed by isothermal titration calorim-
etry (ITC). The experiments were performed using an iTC200 
microcalorimeter (GE Healthcare). Briefly, seventeen 2 µL ali-
quots of POPS or CL liposomes (3 mM lipids) were titrated 
into 203.8 µL of hHep1 (15 µM) at 25 °C. The curves were ana-
lysed to obtain the association constant (KA), apparent enthalpy 
change (ΔHapp) and stoichiometry coefficient (n) using a non-
linear regression equation implemented in the Microcal ITC200 
Analysis Software 7.20 (an Origin-based program) offered by 
the supplier. The dissociation constant (KD) was obtained as the 
inverse of KA. The other thermodynamic parameters (ΔGapp and 
ΔSapp) were obtained by the relationship:

where ΔGapp is the apparent Gibbs energy change, ΔHapp is 
the apparent enthalpy change, T is the temperature and ΔSapp 
is the apparent entropy change. Experiments were performed 
in triplicate.

Cytotoxicity assay

To verify the viability of cells treated with His-tagged hHep1, assays 
were performed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 

(2)< λ >=
Σλi.Fi

ΣFi

(3)ΔGapp = ΔHapp − TΔSapp

tetrazolium bromide (MTT). Human fibroblasts were cultivated 
in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal 
bovine serum (FBS), L-glutamine (2 mM), penicillin (100 U/mL) 
and streptomycin (100 μg/mL). Cells were treated with hHep1 for 
30 min and then incubated with MTT for 3 h at 37 °C. Then, the 
formazan crystals formed by viable cells were solubilized with 
dimethyl sulfoxide (DMSO). Absorbance measurements were 
performed at 570 nm using a plate reader (Thermo Scientific), and 
the cell viability percentage was evaluated compared to the viability 
of the control (untreated cells).

High‑content imaging

The interaction of His-tagged hHep1 with the plasma mem-
brane of human fibroblasts at different concentrations (2.5, 5 and 
10 µM) was performed for 5, 10 and 30 min. After treatment, 
cells were incubated with mouse anti-Histag (Abclonal, AE003) 
and rabbit anti-hHep1 (Thermo Scientific, PA5-66527) primary 
antibodies and Alexa Fluor 488 goat anti-rabbit (Thermo Scien-
tific, #2018207) or Alexa Fluor 488 goat anti-mouse (Abcam, 
ab6785) secondary antibodies. Images were obtained with an 
automated fluorescence microscope (ImageXpress Micro XLS 
Widefield High Content Analysis System, Molecular Devices). 
The fluorescence intensity of targeted hHep1 was quantified 
using MetaXpress software (Molecular Devices).

Confocal microscopy

To confirm that hHep1 was incorporated into cells (fibroblasts 
and U2OS cells), the cells were incubated with 5, 10 and 25 µM 
recombinant His-tagged purified protein for 30 min. After treat-
ment, the cells were washed with PBS, fixed with 4% paraform-
aldehyde and blocked with 2% BSA. Recovery times (1 h and 
2 h) in medium were also measured to verify the long-term 
interaction of hHep1 and the cell membrane. The influence 
of HSPA9 in the cellular incorporation of hHep1 was tested 
by incubating cells with their equimolar mixture at 5 µM for 
30 min at 37 ºC in PBS. The cells were stained with anti-His 
(Abclonal, AE003l) or anti-hHep1 (Thermo Scientific, PA5-
66527) primary antibodies and Alexa Fluor 488 goat anti-rab-
bit (Thermo Scientific, #2018207) or Alexa Fluor 594 donkey 
anti-rabbit (Abcam, ab150076) or Alexa Fluor 488 goat anti-
mouse (Abcam, ab6785) secondary antibodies for visualization 
by confocal fluorescence microscopy. Cell nuclei were stained 
with DAPI. The analysis of the average fluorescence intensities 
of the slices of each image acquired along the z-axis was quanti-
fied, and the 3D projections and videos of the sequential images 
were reconstructed using ImageJ-Fiji software.

Western blotting

To confirm that recombinant His-tagged hHep1 was incor-
porated, Western blotting analysis was also performed. 
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U2OS cells were treated with 10 µM hHep1 for 30 min in 
PBS, and after 3 washes with PBS, they were submitted to 
recovery times of 30 min, 1 h and 2 h in Dulbecco’s Modi-
fied Eagle Medium (DMEM). Cells were lysed in Laemmli 
buffer, and then the protein samples with b-mercaptoethanol 
were boiled for 5 min at 95 °C. After SDS‒PAGE, proteins 
were transferred to a nitrocellulose membrane, blocked with 
milk and incubated with primary and secondary antibodies 
for Western blotting analysis. Quantification of the densi-
tometry of the bands was performed using ImageJ software.

Statistics

All statistics were performed using Prism 5 software with 
one-way ANOVA, followed by Tukey’s post hoc test. The 
experiments were carried out in three independent assays 
(n = 3).

Results

hHep1 interacted with negatively charged 
liposomes

hHep1 was incubated with liposomes composed of POPS or 
CL as described in the Materials and Methods. After incuba-
tion, the liposomes were pelleted, and the incorporated pro-
tein was visualized by LDS-PAGE. As presented in Fig. 1a 
and b, hHep1 was associated with POPS and CL liposomes, 
respectively, suggesting that the protein interacted with 
both phospholipids, as previously shown (Dores-Silva et al. 
2021b). The amount (percentage) of protein incorporated in 
each liposome was estimated based on the intensities of the 
bands of controls containing only hHep1 (Fig. 1c). Despite 
being a binary experiment, it can be concluded that hHep1 
incorporation was similar for both CL and POPS liposomes. 

Fig. 1   hHep1 incorporation in negatively charged liposomes is effi-
cient and causes conformational changes in its structure. After incu-
bation, the LDS-PAGE gel reveals that hHep1 (10 µg) interacts with 
both POPS (a) and CL (b). Lanes 1 in the gel images are hHep1 
load controls and lanes 2 are hHep1 pelleted that interacted with 
liposomes in the pulldown experiment. The amount of each band was 

evaluated by GelQuant program and their relative intensity is repre-
sented as the percentage of hHep1 incorporated in each liposome (c). 
Spectra of structural changes of the interaction of 10 μM hHep1 with 
POPS and CL evaluated by circular dichroism spectroscopy (d) and 
by tryptophan emission fluorescence (e). In the latter case, the respec-
tive calculated values of < λ > are shown in the legend figure
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This conclusion is in agreement with the similar affinity that 
hHep1 showed for both liposomes, as attested by ITC experi-
ments (see below).

Interaction of hHep1 with liposomes modified its 
structure

We investigated whether the interaction with the negatively 
charged liposomes caused structural changes in hHep1 that 
were determined by CD and intrinsic emission fluorescence. 
Figure 1d indicates that hHep1 was folded according to that 
previously shown with a minimum around 205–207 nm and 
a shoulder at 220 nm which is according to the predicted 
model for it (Dores-Silva et al. 2013). The interaction of 
hHep1 with liposomes caused a large change in the CD 
spectrum, leading to an increase in its signal in the mini-
mum range of 200–205 nm (Fig. 1d). In the presence of 
CL liposomes, hHep1 exhibited a slightly more negative 
CD signal at 200–205 nm than that of POPS liposomes. 
Since negative signals around 200 nm is related to random 
structure while 205–208 nm to organized structure (Correa 
et al. 2009; Seraphim et al. 2015), the CD spectra profile 
observed indicates that the organized structure was lost and 
a random structure was gained due to the liposome interac-
tions. In contrast, no structural changes in the secondary 
structure level were observed for the interaction of HSP70 
with negatively charged liposomes (Dores-Silva et al. 2020a, 
b, 2021b).

The changes at the secondary structure level were sup-
ported by the fluorescence emission spectra of 10 μM hHep1 
in the presence of the POPS or CL liposomes (Fig. 1e), 
which reported small changes in the local tertiary structure 

level. In the absence of liposomes, hHep1 fluorescence emis-
sion spectra exhibited features of a folded protein in which 
a single tryptophan is partially exposed to the solvent with 
a λmax of 338.6 ± 0.3 nm and a < λ > value of 345.6 ± 0.1 nm 
(Dores-Silva et al. 2013). The normalized spectra (Fig. 1e) 
in the presence of the liposomes showed a slight, but techni-
cally significant, redshift in the intrinsic fluorescence emis-
sion spectra of hHep1. In the presence of CL liposomes, λmax 
and < λ > were 340.2 ± 0.3 nm and 346.9 ± 0.1 nm, respec-
tively. The λmax and < λ > values registered in the presence 
of POPS liposomes were 339.6 ± 0.3 nm and 346.5 ± 0.1 nm, 
respectively. Based on these values, we conclude that CL 
liposomes caused more changes in the hHep1 structure than 
POPS liposomes. The presence of the liposomes did not lead 
to complete hHep1 unfolding since both λmax and < λ > reg-
istered are in agreement with tryptophan partially exposed 
to the solvent (Dores-Silva et al. 2013; Batista et al. 2015). 
In contrast to that observed for human HSP70 (Dores-Silva 
et al. 2020a, b, 2021b), the secondary and local tertiary 
structure evaluations indicated that the interactions with 
POPS and CL caused significant changes in the hHep1 
structure with a reduction in its structural content but did 
not cause hHep1 to completely unfold.

On the same line, Fig. 2 suggests that interaction with 
liposomes did not largely protect hHep1 from proteolysis 
by proteinase K. The results indicated that the interaction 
between hHep1 and liposomes occurs mostly peripherally, 
and the protein is not greatly inserted into the lipid bilayer. 
This mechanism is different from that observed for HSPA9 
and other HSP70s, since under similar conditions, these 
chaperones were well inserted into liposomes (Dores-Silva 
et al. 2020b). However, comparing the intensities of the 

Fig. 2   hHep1 interaction with lipid bilayer is peripherally. LDS-PAGE gels showing the interaction of hHep1 with POPS (a) and CL (b) in the 
presence and absence of proteinase K
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hHep1 bands after association with POPS and CL liposomes 
in the absence or presence of proteinase K after 1 h of incu-
bation, we can conclude that a small part of hHep1 was 
resistant to proteinase K activity. A more intense band was 
observed under the condition in which hHep1 interacts with 
CL liposomes in the presence of proteinase (Fig. 2b), sug-
gesting that hHep1 was more resistant to proteinase K when 
prepared in the CL bilayer than in the POPS bilayer.

Interactions between liposomes and hHep1 were 
enthalpically and entropically driven

The thermodynamic factors that affect the interaction 
between hHep1 and liposomes were investigated by ITC. 
Figure 3 presents representative isothermograms obtained 
from the liposome titrations into the hHep1 solutions, 
and Table 1 summarizes all the thermodynamic param-
eters obtained from the nonlinear fitting using the simplest 
model for interaction. The isothermogram profiles indi-
cated that the interactions of POPS and CL with hHep1 

were exothermic processes. However, compared to POPS 
liposomes, the interaction of hHep1 with CL liposomes led 
to 2.5-fold greater heat release, probably because charge-
related interactions formed more efficiently. Despite the exo-
thermic profiles, both interactions yielded similar ΔGapp val-
ues, indicating that the affinities and association/dissociation 

Fig. 3   Calorimetric study of the interaction of liposomes with hHep1. 
Representatives isothermograms of the interaction between hHep1 
and POPS (a) and hHep1 and CL (b). The thermodynamic param-

eters (ΔHapp, KA and n) were obtained by a non-linear fitting equa-
tion using the One Bind site model in the Origin 7.0 based analysis 
program

Table 1   Thermodynamic parameters for the interaction of POPS or 
CL liposomes with hHep1 amounted by ITC at 25 ºC. Data from the 
average of three different titrations

Interactors POPS liposomes 
→ hHep1

CL liposomes → hHep1

ΔGapp (cal/mol) -6500 ± 100 -6720 ± 60
ΔHapp (cal/mol) -730 ± 50 -1870 ± 50
ΔSapp (cal/mol/K)  + 19.5 ± 0.6  + 16.3 ± 0.2
-TΔSapp (cal/mol) -5800 ± 200 -4850 ± 60
KAapp (M−1) (6 ± 1) × 10+4 (8.4 ± 0.9) × 10+4

KDapp (µM) 17 ± 3 12 ± 1
n (lipids per hHep1) 24 ± 1 19.8 ± 0.5
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constants were similar (Table 1). In addition, the positive 
value obtained for ΔSapp indicated that the interactions were 
also driven by entropy changes, probably due to dehydra-
tion and other events that led to a state of greater degree of 
freedom. Therefore, hHep1 interactions with both negatively 
charged liposomes were driven by changes in enthalpy and 
entropy. The stoichiometry coefficients obtained (Table 1) 
also suggest that the liposomes contain a similar number of 
lipids to interact with hHep1.

Interestingly, compared to HSPA9, hHep1 has been 
shown to exhibit higher affinity for negatively charged 
liposomes (Dores-Silva et al. 2020b). The interactions of 
hHep1 and HSPA9 with POPS liposomes were enthalpically 
and entropically driven. Nevertheless, HSPA9 and hHep1 
interaction with CL liposomes presented divergent thermo-
dynamic signatures, since CL interaction with HSPA9 had 
an opposite ΔHapp (Dores-Silva et al. 2020b).

hHep1 was incorporated into the plasma membrane 
of human fibroblasts

Previous results from our group showed that hHep1 inter-
acts with various types of liposomes composed of differ-
ent lipids (Dores-Silva et al. 2021b), suggesting that hHep1 
may also interact with cell membranes. To verify this 
interaction, assays were performed with human fibroblasts 
treated with purified recombinant His-tagged hHep1. First, 
it was demonstrated that hHep1 in the concentration range 
between 5–80 µM presented a survival percentage similar 
to the untreated cell (Fig. 4a), indicating that there was no 
cell death with these concentrations used and 30 min of 
incubation.

Confocal microscopy assays were also performed to 
further confirm whether hHep1 interacts with the plasma 
membrane and/or incorporates into the cells. As a result, 
His-tagged hHep1 interacted with the fibroblast membrane 
and was further translocated into the cytosol. Figure 4b 
shows representative images of hHep1 stained in green and 
the nuclei in blue. Figure 4c represents statistics for the 
quantification of each image stack, showing a significant 
increase in hHep1 at 10 and 25 µM compared to untreated 
cells. The z-stacks images were performed in order to evalu-
ate the hHep1 presence inside cells. Along the z-axis, it can 
be observed that the average fluorescence intensity (IFm) in 
the cells increased as they approached the nucleus, with a 
subsequent decrease in this intensity (Fig. 4d). The stacks 
obtained and quantified from each image were also recon-
structed in 3D projection videos and images to demonstrate 
hHep1 incorporation along the z-axis by fibroblasts (Fig-
ure S1 and videos V1-V3, Supplementary information).

Western blotting analysis was  performed to confirm 
hHep1 incorporation by U2OS cells after 30 min of treat-
ment, and hHep1 remained there for at least 120 min after 

incubation (Fig. 4f and g). In addition, 3D stacking images 
(Fig. 4e and S2, Supplementary information) were per-
formed to further demonstrate hHep1 incorporation into 
U2OS cells. The interaction of hHep1 with cell membrane 
was also confirmed by live confocal imaging of fibroblasts 
after treatments with FITC-labeled hHep1 during 10 and 
20 min. FITC-labeled hHep1 had similar membrane interac-
tion in both incubation periods as showed in Figure S2 and 
videos V4 and V5 (Supplementary information).

A previous assay was performed to verify the concentra-
tion and incubation period of hHep1 that interacted with 
cells. Figure S3 indicates that His-tagged hHep1 was incor-
porated into cells, as observed by the increase in fluores-
cence of stained protein with anti-hHep1 along the concen-
trations and incubation periods used. It was also performed 
using anti-His staining, and the results corroborated anti-
hHep1 labelling (Figure S4, Supplementary information). 
As a control, the recombinant protein His-tagged luciferase 
fused to myc (LUC-Myc) was used to show that it did not 
interact with the fibroblast membranes and was not incorpo-
rated by the cells (Figure S5, Supplementary information). 
This result demonstrates that hHep1 specifically interacts 
with fibroblasts (Fig. 4a-c) and with U2OS cell membranes 
(Fig. 4d).

Combining hHep1/HSPA9 enhanced hHep1 
interaction with lipids bilayer

In a previous study, we found that hHep1 and HSPA9 
interacted mainly with negatively charged liposomes and 
liposomes mimicking the inner mitochondrial membrane 
(Dores-Silva et al. 2020b, 2021b). On the other hand, hHep1 
exhibited only a slight preference for negatively charged 
liposomes (Dores-Silva et al. 2021b). Based on these data, 
we investigated whether the incorporation of both proteins in 
a liposome that mimics the inner mitochondrial membrane 
is influenced by each protein. For that, we prepared a lipo-
some from a mixture of POPS, CL, POPC and POPE lipids 
in proportion that mimicked the chemical environment of 
the inner mitochondrial membrane. HSPA9 (~ 56 nM) was 
combined with hHep1 (~ 1.3 μM) in a 1:25 molar ratio, and 
the mixture was incubated with the lipid bilayer, where 
they probably formed a complex because their KD lies in 
the submicromolar range (Dores-Silva et al. 2021b). After 
that, the proteins were pulled down with the liposomes and 
resolved by LDS-PAGE (Fig. 5a). Figure 5b indicated that 
a proportional amount of each of them was incorporated in 
the liposome.

Due to the lipid composition, both proteins interacted 
with the liposome mixture (Dores-Silva et  al. 2020b, 
2021b) with uptake rates for HSPA9 and hHep1 alone 
at approximately 60%. When we considered their mix-
ture to form a complex, it was observed that the protein 
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incorporation rates increased by approximately 20% 
(Fig. 5a-b). We confirmed that hHep1 cell uptake was 
favored by incubating the recombinant HSPA9 with 
hHep1. Confocal images quantification showed that around 

50% more of hHep1 was incorporated in cells treated with 
hHep1/HSPA9 compared to the treatment with recombi-
nant hHep1 only (Fig. 5c-d). Therefore, we can infer that 
the interaction between HSPA9 and hHep1 is beneficial 
for inserting hHep1 into the lipid bilayer.
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Discussion

Membrane proteins are surrounded by lipids by a nonspe-
cific association, although some protein regions may dis-
play higher affinity with anionic lipids (Lee 2005). HSP70s 
have been proposed to modulate membrane properties and 
functions, such as fluidity and permeability (Horváth et al. 
2008). The interaction between HSP70s and membranes 
may depend on the nature of the biological membranes 
and the protein content. Several studies have shown that 
human HSP70s can be incorporated into negatively charged 
liposomes with medium to high affinity (Arispe et al. 2004; 
Armijo et al. 2014; Dores-Silva et al. 2020a, b, 2021a). The 
monomeric state of HSPA9 is essential for its role in subcel-
lular compartments, indicating that the interaction of HSP70 
with lipids corroborates its protein functions.

Previous results from our group showed that hHep1 inter-
acted with HSP70s, impairing the formation of HSPA9 and 
HSPA1A supramolecular assemblies (SMAs) under thermal 
conditions and stimulating the ATPase activity of these pro-
teins. In addition, hHep1 remodels HSPA9 and HSPA1A 
SMAs into smaller states (Dores-Silva et al. 2021b). As the 
interaction of hHep1 with HSPA9 is critical for its stabil-
ity and function (Burri et al. 2004; Dores-Silva et al. 2015; 
Dores-Silva et al. 2021a; Dores-Silva et al. 2013; Sichting 
et al. 2005; Szklarz et al. 2005), our data raise a question 
regarding whether hHep1 is present on the cell surface in 
complex with HSPA9, where it could assist its functions 

(Dores-Silva et al. 2020b; Kiraly et al. 2020). In this context, 
this study aimed to further elucidate how hHep1 interacts 
with liposomes and plasma membranes.

We report that hHep1 interacts with liposomes and 
remains partially structured. Notably, its CD spectrum and 
its spectral center of mass incurred punctual changes. Elec-
trophoresis gels were performed to verify the percentage of 
incorporation and clearly indicate that hHep1 can interact 
with POPS and CL liposomes, demonstrating that hHep1 
exhibits similar affinities for both liposomes formed by 
POPS and CL, which was confirmed by ITC experiments. 
In addition, the interactions of hHep1 with these liposomes 
were enthalpically and entropically directed. The most con-
served region among hHep1 and yHep1 is the core region 
containing the zinc finger domain, where the four cysteines 
responsible for coordinating the zinc ion are located. Our 
results suggested that the interaction between hHep1 and 
liposomes must occur via this core region, and the protein 
is not greatly inserted into the lipid bilayer because of its 
conservation and susceptibility to proteinase K, respectively.

We also demonstrated that hHep1 enhanced HSPA9 
incorporation into liposomes, suggesting that both proteins 
cooperate and achieve better lipid bilayer interactions or 
binding affinity of the complex than that achieved by each 
protein separately (Fig. 4). It has been shown that the com-
plexity of the plasma membrane favored the passage of 
cyclic peptides, while they only interacted peripherally with 
artificial liposomes (Ovadia et al. 2011). Something similar 
may occur with hHep1; in other words, the plasma mem-
brane environment and components are probably needed for 
the incorporation and accumulation of hHep1 inside cells. 
Earlier studies demonstrated that HSP70s directly interact 
with lipid bilayers and indicated that HSP70s may play a 
role in the translocation of other proteins across membranes 
(Arispe et al. 2002). In this context, our results showed that 
hHep1 can be involved in this translocation role together 
with HSPA9.

The plasma membrane is composed of more than lipids. 
It was estimated that the ratio in the number of proteins 
per lipid is 1:40, suggesting that a large amount of proteins 
are embedded in the membrane (Engelman 2005). One of 
those proteins is the HSP70 family, which is found in close 
proximity or in association with cellular membranes (Arispe 
et al. 2002; De Maio and Hightower 2021a). In addition, 
HSP70s were found in the plasma membrane of tumour cells 
(Camins et al. 1995; Kaur et al. 1998). In particular, HSP70 
isoforms are found in almost all subcellular compartments 
and are also associated with plasma membrane microdo-
mains called “lipid rafts” (Broquet et al. 2003). Mazkereth 
and coworkers also showed that HSPA9 translocates to the 
cell surface upon complement-induced stress, suggesting 
that the mechanisms by which HSPA9 incorporates in the 

Fig. 4   hHep1 interacts with cell plasma membrane, incorporat-
ing in human fibroblasts and in U2OS cells (a) Viability of human 
fibroblasts treated with purified recombinant hHep1 His-tag protein 
analyzed by MTT assay performed in duplicate. The absorbance 
measurements at 570 nm were converted into percentage for survival 
rate compared to control (100% survival). (b) Representative confo-
cal images of human fibroblasts stained with anti-hHep1 antibody 
(green) and nuclei stained with DAPI (blue). Cells were treated with 
different hHep1 concentrations (0, 10 and 25  µM) for 30  min. (c) 
Graph represents the quantification of green fluorescence intensities 
(anti-hHep1) in each slice field compared to control using ANOVA 
followed by Tukey's test (***p < 0.001). (d) Graphs of the mean fluo-
rescence intensities (IFm) in the green channel (FITC) of the hHep1 
along the image slices (z-inch axis) obtained under a confocal micro-
scope. DAPI signal is represented in blue. (e) Representative confo-
cal images of U2OS cells stained with anti-hHep1 antibody (green) 
and nuclei stained with DAPI (blue). Cells were treated with hHep1 
at 10  µM of concentration for 30  min (10  µM/30  min) in PBS and 
recovery time at 1 h (10 µM/30 min-Rec 1 h) and 2 h (10 µM/30 min-
Rec 2 h) in medium. (f) Western blotting of U2OS cells: non treated 
(Ctrl), hHep1 at 10 µM of concentration for 30 min in PBS (hHep1) 
and recovery time at 30 min (Rec 30 min), 60 min (Rec 60 min) and 
120 min (Rec 120 min) in medium. (g) Graphs of the densitometry 
ratio (hHep1/TUB) in three independent assays (n = 3). The results of 
quantification were compared using ANOVA followed by Tukey's test 
(*p < 0.05 and **p < 0.01)

◂
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plasma membrane involve lipid rafts (Mazkereth et al. 2016). 
Lipid rafts are sphingolipids and cholesterol-rich regions 
in the plasma membrane that concentrate diverse proteins 
with important roles in cellular processes (Simons & Ikonen 
1997). Here, we suggest that hHep1 may be incorporated 
by cells after interacting with HSP70s present in the plasma 
membrane. Apart from this hypothesis, our published in 
vitro results indicate that hHep1 is capable of interact-
ing with liposomes prepared with different types of lipids 
(Dores-Silva et al 2021a, b). Based on our results we mainly 
believe that hHep1 is capable of interacting directly with 
lipids in the plasma membrane. Finally, the results obtained 
contribute to elucidating the interaction mechanisms of 
hHep1 with lipid bilayers and demonstrated the potential of 
incorporating hHep1 through cell membranes.
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