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Abstract
Heat shock proteins (HSP) are critical elements for the preservation of cellular homeostasis by participating in an array of
biological processes. In addition, HSP play an important role in cellular protection from various environmental stresses. HSP
are part of a large family of different molecular mass polypeptides, displaying various expression patterns, subcellular localiza-
tions, and diversity functions. An unexpected observation was the detection of HSP on the cell surface. Subsequent studies have
demonstrated that HSP have the ability to interact and penetrate lipid bilayers by a process initiated by the recognition of
phospholipid heads, followed by conformational changes, membrane insertion, and oligomerization. In the present study, we
described the interaction of HSPA8 (HSC70), the constitutive cytosolic member of the HSP70 family, with lipid membranes.
HSPA8 showed high selectivity for negatively charged phospholipids, such as phosphatidylserine and cardiolipin, and low
affinity for phosphatidylcholine. Membrane insertion was mediated by a spontaneous process driven by increases in entropy
and diminished by the presence of ADP or ATP. Finally, HSPA8 was capable of driving into the lipid bilayer HSP90 that does
not display any lipid biding capacity by itself. This observation suggests that HSPA8 may act as a membrane chaperone.
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Introduction

Proteostasis is an essential process for the assurance of cell
survival by controlling the dynamic balance between protein
biogenesis, folding, translocation into subcellular compart-
ments, and degradation (Hartl et al. 2011; Klaips et al.
2018). In addition, cells are frequently exposed to a variety
of environmental stresses, including hyperthermia, oxidative
damage, glucose-depletion, inflammation, infection, among

others. Under these stress conditions, the appearance of
misfolded proteins compromises cellular processes affecting
cell viability (De Maio 1999). Moreover, several pathologies
are associated with the occurrence of misfolded and aggregat-
ed proteins, such as Parkinson’s, Alzheimer’s, and
Huntington’s diseases (Mogk et al. 2018). In order to control
this plethora of stresses and maintain cellular homeostasis, the
expression of heat shock proteins (HSP) is a universal re-
sponse (Lindquist and Craig 1988; De Maio 1999 ). HSP are
composed of a variety of different molecular mass polypep-
tides, with various expression patterns, subcellular localiza-
tion, and diversity functions that are necessary to preserve
proteostasis (De Maio 1999; Hartl et al. 2011).

The variety of cellular functions executed by HSP have
overpassed the initial recognized activity of protein folding.
Indeed, HSP are involved in assembly and disassembly of
protein complexes, stabilization of nuclear receptors, associa-
tion with intermediary pathway components, transport of pro-
teins across subcellular organelle membranes, and more re-
cently, their export outside cells where they are acting as ex-
tracellular signaling mediators (De Maio 2011), biomarkers

* Antonio De Maio
ademaio@health.ucsd.edu

1 Department of Surgery, School of Medicine, Division of Trauma,
Critical Care, Burns and Acute Care Surgery, University of
California, San Diego, La Jolla, CA 92093, USA

2 São Carlos Institute of Chemistry, University of São Paulo, São
Paulo, Brazil

3 Department of Neurosciences, School of Medicine, University of
California San Diego, La Jolla, CA 92093, USA

https://doi.org/10.1007/s12192-021-01210-8

/ Published online: 18 May 2021

Cell Stress and Chaperones (2021) 26:671–684

http://crossmark.crossref.org/dialog/?doi=10.1007/s12192-021-01210-8&domain=pdf
http://orcid.org/0000-0002-1520-6381
mailto:ademaio@health.ucsd.edu


(Pockley et al. 2014), and protective agents (Rivera et al.
2018). An unexpected and remarkable observation was the
detection of HSP on the cell surface, particularly on cancer
cells (Multhoff and Hightower 2011). Surface HSP70
(HSPA1) has been proposed to play a role in the survival of
transformed cells and an interface with the immune system
(Balogi et al. 2019; Multhoff et al. 2020). Cell surface
HSPA5 (GRP78, BIP) has been reported as a receptor for a
variety of viruses (Honda et al. 2009; Kottom et al. 2018; Chu
et al. 2018; Ibrahim et al. 2020). Recently, GRP78 was found
as auxiliary factor for SARS-CoV-2 entry and infection by
interacting with the putative viral receptor angiotensin-
converting enzyme 2 (Carlos et al. 2021). In addition, the
interaction of HSP70s with membranes has been associated
with the endocytic process (Vega et al. 2010), phagocytosis
(Vega and De Maio 2005), and the transport of proteins into
endosomes as part of the microautophagy (Sahu et al. 2011).
HSPA8 has also been associated with morphogenesis (Mills
et al. 2010). Moreover, HSP70 interacts with and shelters the
lysosome membrane from the content leakage (Nylandsted
et al. 2004). In general, the association of HSP with mem-
branes has been envisioned as a stabilizer of biological mem-
branes and a sensor for thermal stress (Balogi et al. 2019;
Balogh et al. 2013). The interaction of HSP with membranes
is also recognized as part of the mechanism for extracellular
export, perhaps involving exosomes (De Maio 2011; Gastpar
et al. 2005; Vega et al. 2008; Gobbo et al. 2016; Chanteloup
et al. 2020).

Previous studies have shown that the association and inser-
tion of HSP70 into membranes is a complex process that is
initiated by the interaction with negatively charged phospho-
lipids that is likely followed by a conformational change per-
mitting the penetration into the core of the lipid bilayer (De
Maio 2011; Armijo et al. 2014). The insertion of HSP70 into
membranes is a spontaneous process due to increases in en-
tropy, likely due to the displacement of water molecules from
the surface of the protein (Dores-Silva et al. 2020a, 2020b).
Human 71 kDa heat shock cognate protein (HSC70, also
known as HSPA8, Hsp70-8, Hsc71, Hsp71, or Hsp73), which
is constitutively present in cells participating in the folding of
newly synthesized polypeptides as well as other specific func-
tions, including endocytosis, was found to get inserted into
lipid bilayers opening an ion conductance pathway (Arispe
and De Maio 2000; Macazo and White 2014). The channel
activity was very stable with a conductance regulated by nu-
cleotides in which ATP opens, and ADP closes the channels
suggesting that conformational changes may regulate the ion
pathway (Arispe and De Maio 2000). The interaction of
HSPA8 with membranes showed speci f ic i ty for
phosphatidylserine (PS) similar to other HSP70 (Arispe
et al. 2002, 2004). Binding to endosomal membranes contain-
ing PS on the cytosolic side was reported to mediate the pro-
cess of microautophagy (Sahu et al. 2011; Morozova et al.

2016). Moreover, HSPA8 was detected on the surface of fetal
rat liver ductal cells, hepatic progenitor cells, mature
cholangiocytes, and hepatocellular carcinoma (Mills et al.
2010).

In the present study, we expand the investigation on the
interaction of HSPA8 with lipid membranes, using liposomes
made with different phospholipid moieties. Like other human
HSP70s, HSPA8 showed a high propensity for the insertion
into liposomes made with negatively charged phospholipids,
such as palmitoyl-oleoyl phosphoserine (POPS) and
cardiolipin (1′,3′-bis[1,2-dimyristoyl-sn-glycero-3-phospho]-
glycerol) (CL). Thermodynamic analysis indicated that mem-
brane insertion is a spontaneous process driven by increases in
entropy. Moreover, membrane insertion was blocked by the
addition of nucleotides.

Materials and methods

Sequence and alignment of HSP70s and the human
HSP90 AA1 and AB1 proteins

The amino acid sequence of the HSPA8 (UniProtKB-P11142)
was aligned with the sequences of other human Hsp70 iso-
forms: HSPA1A (UniProtKB-P0DMV8), HSPA5
(UniProtKB-P11021) without the leading signal peptide for
ER translocation, HSPA9 (UniProtKB-P38646) without the
leading signal peptide for mitochondrial translocation, and
Hsp70 from Escherichia coli (DnaK: UniProtKB-P0A6Y8).
For the global alignment, the Clustal Omega online tool
(https://www.ebi.ac.uk/Tools/msa/clustalo/) was used. The
Sednterp program (http://www.jphilo.mailway.com) was
used for extracting the theoretical isoelectric point as well as
protein charge as a function of pH.

HSPA8 modelling

The Swiss-Model program (SWISS-MODEL (expasy.org)
was used to generate the homology models for HSPA8 (1-
646 a.a.) in the closed and open states. For the closed state,
the PDBs templates 3C7N.1.B (HSPA8 covered 1-554 a.a.
with 100% of identity) and 2KHO.1.A (HSPA8 covered 1-
612 a.a. with 50% of identity) were employed. For open con-
formation, the templates used were 6ASY.1.A (HSPA8 cov-
ered 1-606 a.a. with 66% of identity).

Protein expression and purification

The recombinant proteins were expressed as previously de-
scribed (Borges and Ramos 2006; Dores-Silva et al. 2020a,
2020b; Minari et al. 2019). The recombinant proteins were
isolated by a single chromatographic step on a Ni2+-
immobilized affinity column, step-washed with 20 mM
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phosphate buffer (pH 7.5) containing 100 mM NaCl. The
protein was eluted in the same buffer with the addition of
imidazole (500 mM) and subjected to exhaustive dialysis
against 50 mM Tris-HCl buffer (pH 7.5). The production
and purification of the Hsps were evaluated by lithium dode-
cyl sulfate polyacrylamide gel electrophoresis (LDS-PAGE).
The protein concentrations were determined spectrophotomet-
rically using the calculated extinction coefficient in native
conditions (PACE approach), estimated by the Sednterp
program.

HSPA8 and HSPA1A structural and functional
characterization

The secondary structure of HSPA8 and HSPA1A was
assessed by circular dichroism before and after incorporation
into POPS liposomes (1 mM), using a J-815 spectropolarim-
eter (Jasco Inc.) coupled to the thermoelectric control system
PFD 425S: the HSPA8 or HSPA1A in 50mMTris-HCl buffer
(pH 7.5) at concentrations at ~ 2 μMusing a 1-mm path length
cuvette at 25 °C. All data were normalized to the mean residue
ellipticity ([Θ]), and spectral deconvolution was performed
using the Dichroweb program (http://dichroweb.cryst.bbk.ac.
uk/html/home.shtml) (Whitmore and Wallace 2008).

The tertiary structures of recombinant HSPA8 and
HSPA1A before and after incorporation into POPS liposomes
(1 mM) were evaluated by intrinsic emission fluorescence.
The measurements were performed in an F-4500
Fluorescence Spectrophotometer (Hitachi) using a 1 ×
0.2 cm path length cuvette with HSPA8 or HSPA1A at
2 μM in 50 mM Tris-HCl buffer (pH 7.5) at 20 °C. The
emission fluorescence was measured from 300 up to 420 nm
after excitation at 295 nm with a 4-nm bandpass. The data
were analyzed by their maximum emission wavelength
(λmax) and spectral center of mass (<λ>), as previously de-
scribed (Dores-Silva et al. 2012).

The functionalities of purified recombinant HSPA8 and
HSPA1Awere evaluated by measuring the proteins ATPase
activity as described by Kiraly et al. (2020) by using the Pi
ColorLock™ kit (Innova Biosciences). HSPA8 (or
HSPA1A) at ~ 2 μM was prepared in 50 mM Tris-HCl
buffer (pH 7.5) and incubated with ATP (2 mmol L−1) in
the presence of MgCl2 (2 mM) for 30 min at 37 °C. The
negative control was prepared without recombinant pro-
teins. Finally, the Hsp70 ATPase activities were measured
spectrophotometrically based on the change in absorbance
o f the ma lach i t e g r een dye in the p re sence o f
phosphomolybdate complexes.

Liposome preparation and incorporation of proteins

Liposomes were prepared using the extrusion method
(Lopez et al. 2016; Dores-Silva et al. 2020a, 2020b).

Briefly, palmitoyl-oleoyl phosphocholine (POPC),
palmitoyl-oleoyl phosphoserine (POPS), palmitoyl-oleoyl
phosphoethanolamine (POPE), and cardiolipin, 1′,3′-
bis[1,2-dimyristoyl-sn-glycero-3-phospho]-glycerol (CL)
(Avanti Polar Lipids) were dissolved in CHCl3 (10 mg/
mL) and dried under a nitrogen gas stream. The dried lipid
(400 μg) was resuspended in 50 mM Tris-HCl buffer (pH
7.5) or 50 mM Tris-HCl buffer (pH 9.0) or 50 mM acetate
buffer (pH 5.0) vortexed 6 times for 30 s with intervals of 5
min. The suspension was extruded using a 100-nm mem-
brane filter by 15 passages. The size of the liposomes (100
nm) was confirmed by Nano Tracking Analysis (NTA)
using the NanoSight NS300 instrument. Liposomes (400
μg) were incubated with the respective proteins in acetate
50 mM buffer (pH 5) or Tris-HCl buffer (pH 7.5), or Tris-
HCl buffer (pH 9.0) for 30 min at 25 °C in the presence or
absence of 1 mM of ATP or ADP with continuous agitation.
The assay was performed at 25 °C since higher tempera-
tures may compromise the integrity of the lipid bilayer. The
mixture was centrifuged at 100,000×g for 1 h at 4 °C. The
pellet was resuspended (300 μL) in 100 mMNa2CO3 buffer
(pH 11.5) and centrifuged at 100,000×g for 1 h at 4 °C. The
pellet was solubilized in sample buffer in the presence or
absence of 10 mM of β-mercaptoethanol (β-M), and the
proteins were resolved by LDS-PAGE and visualized by
s t a in ing wi th Coomass i e Br i l l i an t B lue R-250
(Thermofisher Scientific, Waltham, MA). The GelQuant
software (http://biochemlabsolutions.com/GelQuantNET.
html) was used to estimate the intensity of bands in the
ge l and the percen tage o f HSPA8 or HSPA1A
incorporated into the liposomes.

Isothermal titration calorimetry

The interaction of HSPA8 with POPS and CL liposomes was
assessed by isothermal titration calorimetry (ITC) using an
iTC200 microcalorimeter (GE Healthcare Life Sciences) as
previously described by Dores-Silva et al. 2020a and Dores-
Silva et al. 2020b. Briefly, seventeen aliquots of 2 μL of
liposomes (POPS or CL) at 3 mM were titrated into 203.8
μL of 10 μM of HSPA8 at 25 °C. The curves were analyzed
to yield the association constant (KA) and apparent enthalpy
change (ΔHapp). The dissociation constant (KD) was obtained
as the inverse of KA. The apparent Gibbs energy change
(ΔGapp) was calculated using the relation [ΔG]app = -
RTlnKA and the apparent entropy change [ΔS]app was deter-
mined by the equation: [ΔG]app= [ΔH]app –T[ΔS]app.

Recombinant HSPA8 resistance to protease digestion

Recombinant HSPA8 (5 μg) incorporated into POPS liposomes
(400 μg) was incubated with proteinase K (5 μg mL−1) for 1 h at
25 °C in 50 mM Tris-HCl buffer (pH 7.5). Afterward, the
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HSPA8 liposomeswere centrifuged at 100,000×g for 1 h at 4 °C.
Pellets were resuspended in LDS sample buffer in the presence
of 10mMofβ-M, resolved byLDS-PAGE, and visualized using
Coomassie Brilliant Blue R-250 staining.

Results

The recombinant HSPA8 and HSPA1A were produced
with high purity

Recombinant HSPA8 and HSPA1A containing a His-tag con-
nected to the N-terminal end of the protein were expressed in
bacteria and purified by Ni2+-affinity chromatography in one
step. The recombinant proteins showed a 92% purity as indi-
cated by LDS-PAGE (Fig. 1A and B for HSPA8 and
HSPA1A, respectively). Circular dichroism and intrinsic tryp-
tophan fluorescence analysis indicated that the recombinant
proteins displayed the expected secondary and tertiary signa-
tures (Fig. 1C). In order to assess whether the recombinant
HSPA8 and HSPA1A were active, we evaluated their ability

to hydrolyze ATP. The ATP activity of HSPA8 was elevated
with respect to HSPA1A (Fig. 1D).

HSPA8 interacts preferentially with liposomes made
with POPS or CL

Previous studies showed that various members of the HSP70
family interacted with high selectively for liposomes made
with negatively charged phospholipids (Arispe et al. 2004;
Schilling et al. 2009; Armijo et al. 2014; Dores-Silva et al.
2020a, 2020b). We investigated whether HSPA8 displays a
similar interaction with phospholipid bilayers. HSPA8 was
incubated with unilamellar liposomes made with POPC,
POPS, POPE, and CL phospholipids that correspond to the
major component of cellular membranes. The incorporation of
HSPA8 into liposomes was determined by LDS-PAGE and
staining with Coomassie Brilliant Blue R-250 as described
under Methods. For each type of liposome, the protein incor-
poration into the liposomes (positive signals) was compared
with the total amount of protein used in the assay (negative
signals).

Fig. 1 Purification and characterization of recombinant HSPA8. HSPA8
(A) and HSPA1 (B) were purified using Ni2+-affinity chromatography in
one step as described under Methods. All steps for the production and
isolation process were visualized by LDS-PAGE and Coomassie Brilliant
Blue R-250 staining: lane 1, molecular weight markers: lane 2, bacterial
lysate without induction; lane 3, bacterial lysate after IPTG induction;
lane 4, supernatant of the bacteria lysate; lane 5, purified recombinant

protein. Protein secondary and tertiary structures were assessed by circu-
lar dichroism and intrinsic tryptophan fluorescence as described under
Methods (C). ATPase activity of both HSPA8 and HSPA1 was measured
as described under Methods (D); notice that the activity is elevated for
HSPA8 in comparison with HSPA1A. These results all together showed
that HSPA8 and HSPA1A used in this study were produced with high
purity, presenting the expected structure and function
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HSPA8 presented preferential affinity for negatively
charged phospholipids (POPS and CL). Moreover, HSPA8
showed a lower affinity for POPC liposomes, whereas there
was no interaction with POPE liposomes (Fig. 2A). These ob-
servations were in contrast with the association of HSPA1A
with membranes that did not present any affinity for POPC
liposomes (Fig. 2B). A comparison of the percentage of asso-
ciation with various phospholipids between HSPA8 and
HSPA1A showed a remarkably good interaction of both pro-
teins with POPS and CL, but a different association with POPC
(Fig. 2C). The results also pointed out that the interaction with

POPS liposomes did not affect HSPA8 and HSPA1A second-
ary and local tertiary structures (Fig. 2D and E, respectively).

HSPA8 net charge modulates the interaction with
liposomes

We investigated whether the net charge of HSPA8 may influ-
ence the interaction with phospholipids. HSPA8 has 95 nega-
tive, and 82 positive amino acids spread across its structure.We
incubated HSPA8 with POPS or CL liposomes in 50 mM Tris-
HCl buffer (pH 7.5), 50 mM Tris-HCl buffer (pH 9.0), or

Fig. 2 HSPA8 and HSPA1 interact preferentially with negatively
charged liposomes. A HSPA8 (4 μg) and B HSPA1A (4 μg) were
incubated with liposomes made of POPC, POPE, POPS, and CL (400
μg) in 50 mM Tris-HCl buffer (pH 7.5) for 30 min at 25 °C with contin-
uous agitation. The mixture was centrifuged at 100,000×g for 1 h at 4 °C.
The pellet was resuspended (300 μL) in 100 mMNa2CO3 buffer pH 11.5
and centrifuged at 100,000×g for 1 h at 4 °C in order to eliminate non-
specific bound proteins. Hsp70-liposomes were solubilized in sample
buffer containing 10 mM β-M, and the proteins were resolved by LDS-
PAGE and visualized by staining with Coomassie Brilliant Blue R-250.
The total amount of protein used for the analysis is indicated by all

negative signals on the figure legend, whereas the amount of protein
incorporated into the liposomes is indicated by the positive signal for
each type of phospholipid. C The GelQuant software (http://
biochemlabsolutions.com/GelQuantNET.html) was used to estimate the
intensity of bands in the gel and the percentage of HSPA8 or HSPA1A
incorporated into the liposomes as expressed by a plot for the comparison
for insertion of both proteins. D, E Protein secondary and tertiary
structures were assessed by circular dichroism and intrinsic tryptophan
fluorescence (insets) as described under Methods and did not shown
variations in Hsp70s APO or binding into POPS liposomes
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50 mM acetate buffer (pH = 5.0) for 30 min at 25 °C with
continuous agitation and the incorporation of the protein into
liposomes was monitored by LDS-PAGE. We observed an
increment in the incorporation of HSPA8 into POPS liposomes
(95%) at pH 5.0 in comparison with the incubation at pH 7.5
(65%). In contrast, there was a decrease of 50% when HSPA8
was incubated with POPS liposomes at pH 9.0 with respect to
incubation at pH 7.5 (Fig. 3A, left panel). Similar observations
were made after incubation with CL liposomes, indicating 87%
incorporation at pH 5.0 versus 78% at pH 7.5 and a decrease in
association at pH 9.0 (Fig. 3A, right panel). An analysis of the
net charge of HSPA8 at the respective pHs indicated that the net
protein charge is positive at pH 5.0 (+ 20) and negative (− 14)
for pH 7.5 and (− 20) for pH 9.0. Thus, the increase in PS/CL
liposome incorporation at pH 5.0 correlates with a net positive
charge for the protein at this pH (Fig. 3B, Table 1). Under all
the experimental conditions, POPS (pKa 2.6) presents a nega-
tive charge (Ionization Constants of Phospholipids | Avanti
Polar Lipids (avantilipids.com). In contrast, there were no
significant changes in HSPA8 incorporation into POPC
liposomes at various pHs.

The interaction of HSPA8 with liposomes made with
negatively charged phospholipids is driven by
entropy and enthalpy

Isothermal titration calorimetry experiments were conducted
to evaluate the HSPA8 interaction with POPS (Fig. 4A) or CL

liposomes (Fig. 4B). The thermodynamic signatures for
HSPA8 association with POPS and CL indicated that the in-
teractions have a discrete apparent enthalpy contribution
(ΔHapp = −=400 ± 30 cal mol−1 and −a380 ± 20 cal mol−1

for POPS and CL liposomes, respectively), while a much
larger input of entropy (-TΔSapp = −=6100 ± 300 cal mol−1

and −a5700 ± 400 cal mol−1 for POPS and CL liposomes,
respectively) (Fig. 4C). The dissociation constant was
17 μM for the interaction with POPS liposomes and 33 μM
for CL liposomes. The ΔGapp was −w6500 ± 300 cal mol−1

for POPS liposomes, and −f6100 ± 400 cal mol−1 for CL
liposomes. Similar results have been reported for the interac-
tion of HSPA1, HSPA5, and HSPA9 for POPS liposomes. In
contrast, the interaction of HSPA8 with CL liposomes was
similar to the one observed for HSPA1A and HSPA5
(Dores-Silva et al. 2020a), but different from the one obtained

Table 1 Hsp70s net charge variation with pH

Hsp70/parameter Dnak* HSPA1A HSPA5 HSPA8 HSPA9

Isoelectric point 5.1 5.7 5.3 5.6 5.7

Charge at pH 2.0 + 84 + 87 + 92 + 80 + 87

Charge at pH 5.0 + 0.5 + 26 + 12 + 20 + 28

Charge at pH 7.4 − 30 − 12 − 22 − 14 − 10

Charge at pH 9.0 − 34 − 18 − 28 − 20 − 14

Charge at pH 11.0 − 81 − 55 − 75 − 62 − 56

*Hsp70 from Escherichia coli (strain K12)

Fig. 3 HSPA8 interaction with negatively charged phospholipids is
influenced by the protein net charge. A HSPA8 (4 μg) was incubated
with POPS or CL liposomes (400μg) in 50mMTris-HCl buffer (pH 7.5),
50 mM Tris-HCl buffer (pH 9.0), or 50 mM acetate buffer (pH = 5.0) for
30min at 25 °Cwith continuous agitation. Themixture was centrifuged at
100,000×g for 1 h at 4 °C. The pellet was resuspended (300 μL) in
100 mM Na2CO3 buffer pH 11.5 and centrifuged at 100,000×g for 1 h
at 4 °C. HSPA8 liposomes were solubilized in sample buffer containing
10 mM βM, and the proteins were resolved by LDS-PAGE and visual-
ized by staining with Coomassie Brilliant Blue R-250. The GelQuant

software (http://biochemlabsolutions.com/GelQuantNET.html) was used
to estimate the percentage of HSPA8 incorporated into the liposomes.
The results showed an increment of the HSPA8 incorporation in POPS
(65 to 95%) and CL liposomes (78 to 87%) at pH 5.0, and a decrease
(50%) at pH 9.0. B The total net charge of the HSPA8 at various pHs over
the isoelectric point (pH 5.6) was calculated. These data suggest that the
HSPA8 charge surface plays an important role in its interaction into
liposomes made with negatively charged phospholipids
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for HSPA9 that was enthalpically unfavorable and entropical-
ly driven (Dores-Silva et al. 2020b).

In order to better understand the interaction of various
HSP70s with POPS or -CL liposomes, we generated a scatter

plot of −TΔS versus ΔH for HSPA1A, HSPA5, HSPA8, and
HSPA9 with the above-referred phospholipids (Fig. 5A and B,
for POPS or CL, respectively), based on the current and pub-
lished thermodynamic signatures (Dores-Silva et al. 2020a,

Fig. 4 HSPA8 interaction with POPS and CL liposomes is driven by
entropic changes with a small enthalpy contribution. Thermodynamic
parameters and dissociation constants were obtained by ITC as
described under Methods using an iTC200 microcalorimeter. Seventeen
2-μL aliquots of POPS or CL liposomes at 3 mMwere injected into 203.8
μL of 10–15 μmol L−1 HSPA8, at 25 °C. The pure protein was dialyzed
to exhaustion against 50 mMTris-HCl (pH 7.4) buffer, and the liposomes
were prepared in the dialyze buffer to avoid mismatch. The experimental

isotherm curves were analyzed to obtain theΔGapp,ΔHapp, -TΔSapp, and
KD. A HSPA8 interaction with POPS liposomes. B HSPA8 interaction
with CL liposomes. The HSPA8 insertion into liposomes was entropical-
ly and enthalpically driven, with a higher entropic contribution. C
Thermodynamic signatures for HSPA8 interaction with POPS and CL
show that the interaction has a very discrete enthalpy contribution, and it
is pretty much entropically driven

Fig. 5 Human Hsp70s interaction with liposomes made with negatively
charged lipids present a slightly different interaction mechanism. Scatter
plot of −TΔS against ΔH for the interaction of HSPA1A, HSPA5,
HSPA8, and HSPA9 with POPS (A) and CL (B) liposomes. The double
dashed lines indicate the points representing possible combinations of
ΔH and −TΔS values giving rise to the two different equilibrium con-
stants indicated (KD = 10 μM and KD = 100 μM). All the human Hsp70s,

constitutive (HSPA5, HSPA8, and HSPA9) and inducible Hsp70
(HSPA1A), interact with POPS and CL liposomes with similar KD and
consequentlyΔG. However, the mechanism for each interaction is slight-
ly different, involving different levels of intramolecular (such as
hydrogen-bound) and hydrophobic interactions, water release, and con-
formational changes
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2020b). The two dashed lines indicate the loci of the points
representing possible combinations of ΔHapp and −TΔSapp
values giving rise to the two different equilibrium constants
(KD = 10 μM and KD = 100 μM). All HSPAs, constitutive
(HSPA5, HSPA8, and HSPA9) and inducible (HSPA1A),
interacted with POPS and CL liposomes with similar KD and
consequently apparentΔG values. However, the possible mech-
anisms for each interaction were slightly variable, involving dif-
ferent levels of intramolecular interactions such as hydrogen-
bound and Van der Waals forces as well as hydrophobic inter-
actions, water displacement, and conformational changes.

HSPA8 is indeed inserted into the lipid bilayer of
POPS liposomes

In order to establish whether HSPA8 association with POPS
liposomes resulted in a peripheral interaction or the incorpora-
tion into the lipid bilayer, we treated the liposomes with pro-
teinase K after incubation of the protein. HSPA8 was incubated
with POPS liposomes, the non-incorporated protein was re-
leased by ultracentrifugation, and the resulting proteo-
liposomes were incubated with proteinase K at 25 °C for 1 h.
Then, liposomes were pelleted by ultracentrifugation, solubi-
lized, separated by LDS-PAGE, and visualized by staining with
Coomassie Brilliant Blue R-250. Upon incubation with protein-
ase K, two peptides of molecular mass 42 kDa and 27 kDawere
detected within the liposomes (Fig. 6, line 4), indicating that
they were protected from protease digestion and retained within
the liposomes corresponding to portions of HSPA8 that were
embedded into the liposomes. As a control, HSPA8 was incu-
bated with proteinase K in the absence of liposomes that result-
ed in complete degradation (Fig. 6, line 2).

HSPA8 oligomerizes upon membrane interaction via
disulfide bonds

We have previously shown that HSPA5 and HSPA1A
oligomerized upon insertion into POPS and CL liposomes
mediated by the formation of disulfide bonds (Dores-Silva
et al. 2020a). In order to evaluate whether or not the HSPA8
also forms disulfide bonds upon membrane insertion and olig-
omerization, the protein was incubated with the liposomes as
described in Methods, and liposome incorporation was deter-
mined by LDS-PAGE in the presence or absence of β-M
addition. Indeed, oligomers were detected after incorporation
into POPS or CL liposomes only in the absence of βM addi-
tion suggesting the formation of disulfide bonds (Fig. 7).

HSPA8 interaction with POPS and CL liposomes is
hindered by ATP or ADP

We also tested whether the interaction of HSPA8 with POPS
or CL liposomes was affected by the presence of ATP or

ADP. HSPA8 was incubated with POPS or CL liposomes in
the absence or in the presence of ATP (1mM) or ADP (1mM)
at 25 °C for 30 min, and incorporation was determined by
LDS-PAGE. An 8-fold decrease in the incorporation of
HSPA8 into POPS or CL liposomes was observed in the pres-
ence of ATP or ADP, suggesting that the conformational
changes upon nucleotide binding may disturb the association
with the phospholipids (Fig. 8A and B).

HSPA8 drags HSP90AA1 into the POPS and CL
liposomes

We have previously found that HSP90AA1 did not interact
with POPS (Armijo et al. 2014). However, several studies
have detected the presence of HSP90 on the surface of various
cell types (Ferrarini et al. 1992; Camins et al. 1999; Kakimura
et al. 2002; Tsutsumi and Neckers 2007; Fong-Ngern et al.
2016; Lauwers et al. 2018). Moreover, other studies have
reported the association of Hsp90 (Hsp90AA1) with mem-
branes containing unsaturated and negatively charged phos-
pholipids and cholesterol (Zhang et al. 2018). In order to in-
vestigate the possible origin of these conflicting results, we

Fig. 6 HSPA8 is inserted into POPS lipid bilayer. HSP8 (4 μg) was
incubated with POPS liposomes (400 μg) in 50 mM Tris-HCl buffer
(pH 7.5) for 30 min at 25 °C with continuous agitation. The mixture
was centrifuged at 100,000×g for 1 h at 4 °C. The pellet was resuspended
(300 μL) in 100 mM Na2CO3 buffer pH 11.5 and centrifuged again at
100,000×g for 1 h at 4 °C. The pellet was resuspended in 50 mM Tris-
HCl buffer pH 7.5 and incubated with proteinase K (5 μg mL−1) for
30 min at 25 °C and centrifuged for 1 h at 100,000×g. The pellet was
solubilized in sample buffer containing 10mMβM, and the proteinswere
resolved by LDS-PAGE and visualized by staining with Coomassie
Brilliant Blue R-250. Brackets indicate low molecular weight peptides
retained within the liposomes after protease digestion
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Fig. 7 HSPA8 oligomerizes upon membrane insertion into POPS or CL
liposomes. HSP8 (4 μg) were incubated with POPS or CL liposomes
(400 μg) in 50 mM Tris-HCl buffer (pH 7.5) for 30 min at 25 °C with
continuous agitation. The mixture was centrifuged at 100,000×g for 1 h at
4 °C. The pellet was resuspended (300μL) in 100mMNa2CO3 buffer pH

11.5 and centrifuged again at 100,000×g for 1 h at 4 °C. The pellet was
solubilized in sample buffer containing or not 10 mM βM, and the pro-
teins were resolved by LDS-PAGE and visualized by staining with
Coomassie Brilliant Blue R-250. The brackets indicate the presence of
oligomers

Fig. 8 The insertion of HSPA8
into POPS or CL liposomes is
decreased by the addition of ATP
or ADP. HSP8 (4 μg) was
incubated with POPS (A) or CL
(B) liposomes (400 μg) in 50 mM
Tris-HCl buffer (pH 7.5) for
30 min at 25 °C in the presence or
absence of ATP (1mM) or ADP
(1 mM). The mixture was centri-
fuged at 100,000×g for 1 h at 4
°C. The pellet was resuspended
(300 μL) in 100 mM Na2CO3

buffer pH 11.5 and centrifuged
again at 100,000×g for 1 h at 4 °C.
The pellet was solubilized in
sample buffer containing or not
10 mM βM, and the proteins
were resolved by LDS-PAGE and
visualized by staining with
Coomassie Brilliant Blue R-250
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hypothesize that the interaction of HSP90 with membranes
may be mediated by the presence of an additional protein. In
order to test this possibility, HSP90AA1 (3 μg) was incubated
or not with HSPA8 (4 μg) for 30 min at 25 °C. Then, the
mixture of the two proteins was incubated with POPS or CL
liposomes (400 μg) in 50 mM Tris-HCl buffer (pH 7.5) for
30 min at 25 °C with continuous agitation. The final material
was separated and analyzed by LDS-PAGE. Indeed, we ob-
served that HSP90AA1 was present within the liposomes
when co-incubated with HSPA8 (Fig. 9A and B, line 6),
whereas HSP90AA1 did not get inserted into either POPS or
CL liposomes in absence of HSPA8 (Fig. 9A and B, line 3).
This ability of HSPA8 to mediate HSP90AA1 membrane in-
teraction was specific since incubation of green fluorescent
protein (GFP) with HSPA1A did not result in GFP liposome
association. At this moment, it is unclear whether the presence
of HSP90AA1within liposomes is due to binding to the mem-
brane bound to HSPA8 or inserted into the lipid bilayer.
Nevertheless, these observations suggest that HSPA8 may
drag HSP90AA1 into the liposomes, perhaps acting as a mem-
brane chaperone.

Discussion

The HSP70 family of proteins is composed of several mem-
bers localized within different subcellular compartments
where they play diverse functions directed at conserving ho-
meostasis and protecting from harmful conditions (De Maio
1999; Hartl and Hayer-Hartl 2002). A remarkable character-
istic of these proteins is their ability to interact with lipid
membranes that has been postulated to confer stability to the
lipid bilayer (Balogi et al. 2019). In addition, HSP70 (HSPA1)

and GRP78 (HSPA5) are present on the surface of cells, par-
ticularly those of cancerous nature (Multhoff and Hightower
2011; Shevtsov et al. 2020; Pfaffenbach and Lee 2011).
Moreover, HSPA5 have been reported as potential receptor
for several viruses, including Borna disease (Honda et al.
2009), Coxsackie, dengue virus serotype 2, Japanese enceph-
alitis (Kottom et al. 2018), SARS-CoV-1 (Chu et al. 2018),
and SARS-CoV-2 (Ibrahim et al. 2020). Recently, GRP78
was found to form a complex with the angiotensin-
converting enzyme 2 and associate with the SARS-CoV-2
spike protein (Carlos et al. 2021).

All HSP70s contain two well-defined domains, one re-
sponsible for nucleotide binding (NBD) within the N-
terminal end of proteins and a second within the C-terminus
end that provides a pocket for protein substrate binding
(SBD). These two domains are interconnected by a short hy-
drophobic linker. The protein displays a major conformational
change upon substrate and nucleotide binding (Fig. 10)
(Mayer et al. 2001; da Silva and Borges 2011). The major
constitutive cytosolic member of the HSP70 family is heat
shock cognate protein or HSPA8, also referred to as HSP73
(De Maio 1999). This protein displays about 86% identity
with the major inducible HSP70 (HSPA1), 65% with
HSPA5, and 50% with bacterial HSP70 (DnaK). HSPA8
was initially found associated with fatty acids during the final
step in its purification (Guidon Jr. and Hightower 1986a,
1986b). HSPA8 has been previously reported to get sponta-
neously inserted into lipid bilayers forming very stable ion
conductance channels (Arispe and De Maio 2000; Macazo
and White 2014), similar to HSPA1 (Vega et al. 2008).
Although both HSPA8 and HSPA1 showed similar ion con-
ductance activities, their interaction with lipid membranes was
different, as documented in a liposome aggregation assay,

Fig. 9 HSPA8 drags HSP90 into POPS and CL liposomes. HSP8 (4 μg)
and HSP90AA1 (3 μg) were incubated at 25 °C for 30 min. Then, the
mixture was incubated with POPS (A) or CL (B) liposomes (400 μg) in
50 mM Tris-HCl buffer (pH 7.5) for 30 min at 25 °C with continuous
agitation. The mixture was centrifuged at 100,000×g for 1 h at 4 °C. The
pellet was resuspended (300 μL) in 100 mMNa2CO3 buffer pH 11.5 and

centrifuged again at 100,000×g for 1 h at 4 °C. The pellet was solubilized
in sample buffer containing or not 10 mM βM, and the proteins were
resolved by LDS-PAGE and visualized by staining with Coomassie
Brilliant Blue R-250. Notice that HSP90AA1 is only present within lipo-
somes after incubation with HSPA8, suggesting membrane chaperone
activity
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displaying differences in insertion kinetics and the effects of
calcium and nucleotides (Arispe et al. 2002).

In the present study, we have further characterized the as-
sociation of HSPA8 with lipid membranes using a liposome
assay. HSPA8 showed high selectivity for negatively charged
phospholipids (PS and CL), which echoes prior studies for
HSPA1, HSPA5, and HSPA9 (Arispe et al. 2004; Schilling
et al. 2009; Armijo et al. 2014; Dores-Silva et al. 2020a,
2020b). However, HSPA8 also presented a low-affinity activ-
ity with PC that was not observed for other HSP70 members
(Armijo et al. 2014; Dores-Silva et al. 2020a, 2020b), except
for DnaK (Lopez et al. 2016). Structural studies suggest that
there is no change in the secondary and local tertiary structure
of HSPA8 or HSPA1A after interaction into POPS or CL
liposomes (Fig. 2D and E). Thermodynamic parameters for
the interaction of HSPA8 with POPS and CL liposomes indi-
cated that the process was spontaneous and mainly driven by
entropy changes. A comparison of −TΔS and ΔH values for
the interaction of all HSP70s with POPS liposomes suggests
that each one of them presents a slightly different mechanism
for membrane insertion that involved intramolecular interac-
tions, Van der Waals forces, hydrophobic interactions, water
displacements, and conformational changes (Fig. 5A). In

contrast, the interaction with CL liposomes is similar between
HSPA8 and HSPA5 and different from HSPA1 and HSPA9
(Fig. 5B). These observations confirmed that the interaction of
all HSP70 members with lipid membranes is not identical in
spite of their tremendous selectivity for negatively charged
phospholipids and sequence identity.

A very interesting observation is that the interaction of
HSPA8 with POPS or CL liposomes is dependent on the pH
of the incubation medium, with higher incorporation at pH 5
and a reduction at pH 9, suggesting that the net charge of the
protein may play a role in the interaction with the phospho-
lipids. HSPA8 sequence presents a random and homogeneous
distribution of positive and negative charged amino acids on
the protein surface, which is very similar to other HSP70
members. The net charge of HSPA8 is positive at pH 5.0
and negative at pH 9.0, suggesting that positive micro-
environments on the surface of HSPA8 may be involved in
the interaction with the negatively charged phospholipid bi-
layer. Indeed, positive amino acids within the N-terminus end
of HSPA8 were reportedly involved in binding to PS on the
cytosolic side of endosomes (Sahu et al. 2011; Morozova et al.
2016). The interaction of HSPA8 with the negative head of
phospholipids is likely the first step for membrane insertion as

Fig. 10 Conformational changes
of HSPA8 in the presence of
nucleotides. A homology model
for HSPA8 (1-646 a.a.) in the
closed and open states was
obtained using the Swiss-Model
program (SWISS-MODEL
(expasy.org). For closed state, the
PDBs templates 3C7N.1.B
(HSPA8 covered 1-554 a.a. with
100% of identity) and 2KHO.1.A
(HSPA8 covered 1-612 a.a. with
50% of identity) were employed.
For open conformation, the tem-
plates used were 6ASY.1.A
(HSPA8 covered 1-606 a.a. with
66% of identity). The same online
tool was also used to generate the
HSPA8 N-terminal models (1-
401 a.a.). The model in the pres-
ence of ATP was generated using
the PDB template 6ASY.1.A
(HSP8 N-terminal covered 1-401
a.a. with 71% of identity) and for
themodel in the presence of ADP,
the PDB template was used:
3FE1.1.A (HSP8 N-terminal
covered 1-401 a.a. with 83% of
identity)
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postulated for the interaction of other proteins with lipid mem-
branes, which may be followed by a conformational change
that facilitates the incorporation into the most hydrophobic
region of the membrane, which may be part or change of
secondary structure or an oligomerization process (Wiener
and White 1992; Wimley et al. 1998). Indeed, HSPA8 forms
oligomeric complexes upon membrane insertion that are sta-
bilized by intermolecular disulfide bonds. HSPA8 has four
cysteine groups, two in the NBD and two in the SBD, that
are likely involved in oligomerization process. It is likely that
the phospholipid membrane provides the oxidated environ-
ment responsible for the formation of disulfide bridges. The
oligomerization process may also display water molecules
from the surface of the protein, increasing the entropy of the
system as indicated by the thermodynamic parameters pre-
sented in this study. Prior investigations have shown that
HSPA1 and HSPA5 also form oligomer complexes via inter-
molecular disulfide bridges in antiparallel conformation
(Dores-Silva et al. 2020a). In spite of the increase in informa-
tion regarding HSP70 membrane insertion, the precise mech-
anism by which a highly charged protein, without any major
hydrophobic domains, gets incorporated into lipid bilayers
remains unclear.

Another important observation is that the association of
HSPA8 with liposomes is reduced by the presence of ATP
or ADP. We hypothesize that in the presence of adenosine
nucleotides, HSPA8 cannot freely move between the two
main conformations, a process that may be necessary for in-
teraction with the phospholipid head or membrane insertion.
TheΔG of the binding of HSPA8 to ATP or ADP is about − 7
and − 9 kcal mol−1, respectively (Borges and Ramos 2006;
Dores-Silva et al. 2015). On the other hand, the ΔG for the
interaction of HSPA8 with POPS or CL liposomes is − 6.2
and − 6 kcal mol−1, respectively. These differences in ΔG
suggest that association with adenosine nucleotides is pre-
ferred over the interaction with POPS or CL liposomes.

The main question that surfaces is regarding the function of
the interaction of HSP70 with lipid membranes. Extensive
studies by the Vigh’s group have provided evidence that
HSP70s stabilize membranes (Horvath et al. 2008; Torok
et al. 2014; Balogi et al. 2019). Similarly, HSP70 association
with lysosome via binding to bis(monoacylglycero)phosphate
contributes to the stability of the membrane avoiding the leak-
age of degrading enzymes (Nylandsted et al. 2004;
Kirkegaard et al. 2010; Mahalka et al. 2014). Other studies
have proposed that the presence of HSP70 on the surface of
cancer cells may support cell survival (Botzler et al. 1996;
Multhoff et al. 2020). In addition, the translocation of
HSP70 into the plasma membrane may be the earliest event
for the export of these proteins into the extracellular milieu,
which may be mediated via exosomes (De Maio 2011).
Certainly, HSP70 has been detected on membrane blebs, a
prerequisite for exosome release (Lamprecht et al. 2018), as

well as on the membrane of these vesicles (Gastpar et al. 2005;
Vega et al. 2008; Gobbo et al. 2016; Chanteloup et al. 2020).
Finally, the capacity of HSP70 to associate with phospholipids
and stabilize membranes could have been a key factor during
the conversion of protocells into complex modern cellular
membranes (De Maio and Hightower 2021). The intersection
between stabilization of membranes and chaperone activity
raises the possibility that HSP70s could be a chaperone, par-
ticipating in the insertion of other proteins into membranes. In
this regard, we found that HSP90, which does not display any
membrane binding capacity, was inserted into liposomes upon
co-incubation with HSPA8. We speculate that HSPA8 asso-
ciates with HSP90 in solution and drives this protein into the
lipid membrane. However, it is unclear whether HSP90 is
inserted into the lipid bilayer or if it is peripherally bound to
membrane HSPA8. This novel observation deserves further
evaluation.
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