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Bacterial Hsp70 (DnaK) and mammalian Hsp70
interact differently with lipid membranes
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Abstract The cellular response to stress is orchestrated by the
expression of a family of proteins termed heat shock proteins
(hsp) that are involved in the stabilization of basic cellular
processes to preserve cell viability and homeostasis. The bulk
of hsp function occurs within the cytosol and subcellular com-
partments. However, some hsp have also been found outside
cells released by an active mechanism independent of cell
death. Extracellular hsp act as signaling molecules directed
at activating a systemic response to stress. The export of hsp
requires the translocation from the cytosol into the extracellu-
lar milieu across the plasma membrane. We have proposed
that membrane insertion is the initial step in this export pro-
cess. We investigated the interaction of the major inducible
hsp from mammalian (Hsp70) and bacterial (DnaK) species
with liposomes. We found that mammalian Hsp70 displayed a
high specificity for negatively charged phospholipids, such as
phosphatidyl serine, whereas DnaK interacted with all lipids
tested regardless of the charge. Both proteins were inserted
into the lipid bilayer as demonstrated by resistance to acid or

basic washes that was confirmed by partial protection from
proteolytic cleavage. Several regions of mammalian Hsp70
were inserted into the membrane with a small portion of the
N-terminus end exposed to the outer phase of the liposome. In
contrast, the N-terminus end of DnaK was inserted into the
membrane, exposing the C-terminus end outside the lipo-
some. Mammalian Hsp70 was found to make high oligomeric
complexes upon insertion into the membranes whereas DnaK
only formed dimers within the lipid bilayer. These observa-
tions suggest that both Hsp70s interact with lipids, but mam-
malian Hsp70 displays a high degree of specificity and struc-
ture as compared with the bacterial form.
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Introduction

Organisms are continuously exposed to changing environments
during natural conditions to which they adapt by modulating
their gene expression profile. In some circumstances, organ-
isms are confronted with extreme conditions or stresses that
are likely to affect homeostasis. The cellular response to stress
is orchestrated, at least in part, by the expression of a protein
family named heat shock proteins (hsp). These proteins are
involved in the stabilization of basic cellular processes during
stress to preserve cell viability and a rapid return to homeosta-
sis. In addition, they protect cells from subsequent insults in a
time-dependent fashion that is known as stress tolerance (De
Maio 1999). Some hsp are also present during normal physio-
logical conditions in which they play a major role in protein
folding as well as other cellular processes. Thus, they are also
called molecular chaperones (De Maio 1999, Hartl and Hayer-
Hartl 2009). Hsp have also been found outside cells released
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after cell death by necrosis or by an active mechanism indepen-
dent of cell death (DeMaio 2011, DeMaio and Vazquez 2013).
These extracellular hsp act as signaling molecules directed at
activating a systemic response to stress that has been named the
“stress observation system (SOS),” directed at avoiding the
propagation of the insult (De Maio 2011).

The active release of hsp into the extracellular milieu has
been controversial since these proteins do not contain any
consensus signal that allows them to be exported via the clas-
sical RE-Golgi pathway. Indeed, the first observations of ex-
tracellular hsp were ignored for over 20 years (Tytell et al.
1986, Hightower and Guidon 1989). Currently, there is exten-
sive evidence for the presence of extracellular hsp, in particu-
lar during various pathogenic conditions (De Maio 2011,
Pockley et al. 2014). Hsp are likely exported by an alternative
mechanism independent of the ER-Golgi pathway, termed
“the non-classical secretory pathway” (Nickel and Seedorf
2008). The major element for this non-classical secretory
pathway is that proteins need to pass from the cytosol into
the extracellular milieu crossing the plasma membranes that
appear thermodynamically unfavorable. This process has been
proposed to be mediated by a membrane protein pore
(Rabouille et al. 2012). In contrast, we have hypothesized that
hsp are secreted by an active mechanism in which insertion
into the plasma membrane is the first step, followed by their
release associated with extracellular vesicles (ECV) (De Maio
2011). Indeed, hsp have been detected in a large number of
ECV isolated from different sources (Thery et al. 2009, De
Maio 2011). The caveat regarding this export mechanism is
that hsp do not contain any hydrophobic domain that could
predict partitioning within the lipid bilayer of the plasma
membrane. However, a large number of reports have shown
the presence of hsp within membranes. For example, the
pioneering work of Multhoff’s group showed the presence
of Hsp70 on the cell surface of transformed cells, which was
not in association with membrane proteins but rather a true
insertion into the plasma membrane (Multhoff and Hightower
1996; Multhoff 2007). This observation has been confirmed
by others (De Maio 2011). Other hsp have also been detected
within cellular membranes (Bausero et al. 2004, Belles et al.
1999, Roberts et al. 1999, Mills et al. 2010). Thus, Hsp70
presents an unorthodox capacity to get inserted into the lipid
bilayer without any conventional transmembrane domains.

The question that emerges is what is the nature of the in-
teraction between hsp and membranes? We have shown that
Hsp70, both the inducible form (Hsp70 or HSPA1) and the
constitutive form (Hsc70 or HSPA8), interact with artificial
lipid membranes forming very stable ion conductance path-
ways (Arispe and De Maio 2000, Vega et al. 2008) that have
been confirmed by others (Macazo and White 2014). In addi-
tion, the protein has been reportedly inserted into the mem-
brane of liposomes (Armijo et al. 2014, McCalister et al.
2016) as well as inducing liposome aggregation (Arispe

et al. 2002). However, the mechanism for membrane insertion
has not been elucidated. In order to gain insight into this pos-
sible mechanism, we investigate the interaction of bacterial
Hsp70 (DnaK) with liposomes. Bacterial and mammalian
Hsp70 appear to play a very similar role (Mayer and Bukau
2005, Genevaux et al. 2007, Hartl and Hayer-Hartl 2009).
DnaK shares a high degree of homology with mammalian
Hsp70 but displays several differences that could provide us
with important information regarding the molecular mecha-
nism for membrane insertion. We found that DnaK is also
capable of insertion into lipid membranes. However, we ob-
served remarkable differences in the lipid interaction between
mammalian and bacterial Hsp70.

Materials and methods

Liposome preparation and incorporation of DnaK
or Hsp70

Liposomes were formed by resuspending the dried lipid film
(400 μg, Avanti Polar Lipids, Alabaster, AL) in 50-mM Tris
buffer pH 7.4 (120 μl), and vortexed every 5 min for 30 min.
The preparation was extruded through a 100-nm membrane
filter (15 passages). Thereafter, liposomes were incubated
with recombinant DnaK (ADI-SPP-630, Escherichia coli
K12 strain, Enzo life Sciences, Farmingdale, NY) or Hsp70
(HspA1A, ADI-ESP-555, Enzo Life Sciences) in 50-mM Tris
buffer pH 7.4 for 30min at 25 °C at a ratio of 400 μg lipids per
1 μg of protein or as indicated in the figure legend.
DnaK/Hsp70-containing liposomes were centrifuged at 100,
000×g for 45 min at 4 °C and washed once with a sodium
carbonate (Na2CO3, pH 11.5) and centrifuged again. The final
pellet after centrifugation (DnaK/Hsp70-liposomes) was sol-
ubilized in lithium dodecyl sulfate (LDS) sample buffer and
boiled for 8 min. Material was resolved by LDS-
polyacrylamide gel electrophoresis (PAGE) and visualized
using Coomassie Brilliant Blue R-250 stain (ThermoFisher
Scientific, Waltham, MA). In some experiments, samples
were transferred onto a nitrocellulose membrane, and the pres-
ence of DnaK was detected by anti-DnaK monoclonal anti-
bodies (SPA880, Enzo Life Sciences) and HRP-conjugated
goat anti-mouse as secondary antibodies (Thermo Scientific,
Rockford, IL). After incubation with the primary and second-
ary antibodies, the immuno-detection signal was visualized by
chemiluminescence. All images were captured using the
ChemiDoc MP Imaging System (Biorad, Hercules, CA) and
analyzed using the ImageLab 5.2 software (Biorad).

Mass spectrometry analysis

Recombinant DnaK (2 μg) or recombinant Hsp70 (2 μg) were
incubated with palmitoyloleoyl phosphatidylserine (POPS)
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liposomes (400 μg) in 50-mM Tris buffer, pH 7.4 for 30 min
at 25 °C. Liposomes were centrifuged at 100,000×g for
45 min at 4 °C. Pellets were resuspended in Na2CO3 buffer
(pH 11.5) and centrifuged again. The resulting proteolipo-
somes were incubated with 50 μg/ml proteinase K for
30 min at 37 °C, and the liposomes were pelleted at high-
speed centrifugation and washed again. Pellets were solubi-
lized and digested with trypsin. The resulting peptides were
analyzed by HPLC coupled with tandem mass spectrometry
(LC-MS/MS) using nano-spray ionization (TripleTOF 5600
hybrid mass spectrometer (AB SCIEX). Data were analyzed
using MASCOT® (Matrix Science) and Protein Pilot 4.0 (AB
SCIEX) for peptide identifications.

Results

DnaK interacts with lipid membranes

Recombinant pure DnaK was incubated with unilamellar li-
posomes (100 nm), each made of palmitoyloleoyl
phosphatidylserine (POPS), palmitoyloleoyl phosphatidyl-
choline (POPC), palmitoyloleoyl phosphatidylethanolamine
(POPE), or palmitoyloleoyl phosphatidylglycerol (POPG) at
25 °C for 30 min. Then the protein and liposome suspension
was centrifuged at 100,000×g to separate incorporated and
non-incorporated DnaK into the liposomes. The liposome pel-
let was washed with Na2CO3 buffer pH 11.5, and liposomes
were solubilized in LDS sample buffer and liposome-
incorporated proteins were separated by LDS-PAGE and de-
tected by Western blotting. A similar incorporation of DnaK
(50 %) was observed in POPS, POPE, and POPG liposomes
and further reduced (30 %) in POPC liposomes (Fig. 1), indi-
cating a capacity for membrane insertion but lacking the lipid
selectivity observed for mammalian Hsp70 (Arispe et al.
2004, Schilling et al. 2009, Armijo et al. 2014). Monomers
and dimers of DnaK were detected in samples corresponding
to liposome preparations, but only the monomeric form was
observed in the absence of liposomes (Fig. 1, see arrows).

The interaction of DnaK with POPS liposomes depends
on the incubation conditions

We wanted to address whether the interaction of DnaK with
liposomes was modulated by the incubation conditions. For
these experiments, only POPS liposomes were used.
Recombinant DnaK was incubated with POPS liposomes
(100 nm) at 4, 25, or 37 °C for 30 min, processed as described
in “Materials and methods,” and the incorporation of DnaK
into liposomes was detected by LDS-PAGE and Coomassie
Brilliant Blue staining. There was no apparent difference in
incorporation between incubations at 25 or 37 °C, but there
was a decrease in incorporation in samples incubated at 4 °C

(Fig. 2). DnaK was also incubated with POPS liposomes at
pHs 2, 5 and 7.4 and analyzed as described above. There was
an apparent increase in incorporation by decreasing the pH of
the incubation buffer with maximal activity at pH=5 (Fig. 2).
Since the negative charge of the serine group is reduced at
lower pHs, these observations suggest that DnaK does not
have a high selectivity for negatively charged phospholipids,
which is consistent with a similar interaction with POPC and
POPE liposomes. We also investigated whether the incorpo-
ration of DnaK into POPS liposomes was dependent on the
presence of nucleotides. DnaK was incubated with POPS

DnaK

Lipid: none POPS POPG POPE POPC

m

d

70

130
170

kDa

Fig. 1 DnaK incorporates into the membrane of liposomes made of
different lipids. Recombinant DnaK (1 μg) was incubated with POPS,
POPG, POPE, or POPC liposomes (400 μg) in 50-mMTris buffer pH 7.4
for 30 min at 25 °C. At the end of the incubation period, the liposomes
were centrifuged at 100,000×g for 40 min at 4 °C. Pellets were
resuspended in Na2CO3 buffer (pH 11.5) and centrifuged again.
Liposome pellets were then solubilized in LDS sample buffer, and
liposome-incorporated proteins were separated by LDS-PAGE and
analyzed by Western blotting using a monoclonal antibody against
DnaK (SPA880, Enzo Life Sciences) and HRP-conjugated goat anti-
mouse as secondary antibodies. Arrows indicate the location of
monomeric (m) and dimeric (d) forms of DnaK, respectively

DnaK + POPS liposomes

Binding Temp (°C): 25 25 25 2537 4--

Binding Buffer: -- Tris Tris Tris Tris AcOH Gly

Binding pH: -- 7.4 7.4 7.4 7.4 5.0 2.0

DnaK

Fig. 2 The incorporation of DnaK into POPS liposomes is influenced by
the incubation conditions. Recombinant DnaK (1 μg) was incubated with
POPS liposomes (400 μg) in 50-mM Tris buffer pH 7.4 for 30 min at 4,
25, or 37 °C. DnaK was also incubated with POPS liposomes in glycine
buffer pH 2 or acetate buffer pH 5 at 25 °C. At the end of the incubation
period, the liposomes were centrifuged at 100,000×g for 40 min at 4 °C.
Liposome pellets were then solubilized in LDS sample buffer, and
liposome-incorporated proteins were separated by LDS-PAGE and
detected by Coomassie Brilliant Blue staining
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liposomes in the absence or presence of MgCl2, or ATP/
MgCl2, ADP/MgCl2, GTP/MgCl2, and GDP/MgCl2. The
preparations were treated after the incubation as described
above. The addition of MgCl2 without or in combination with
nucleotides did not affect the incorporation of DnaK into
POPS liposomes (Fig. 3). Finally, we investigated whether
the incorporation of DnaK into POPS liposomes was depen-
dent on the concentration of the protein in the incubation mix-
ture. DnaK at concentrations of 0.5, 1, 2, and 4 μg/ml was
incubated with POPS liposomes and the samples analyzed as
described above. An increase in the incorporation of DnaK
into liposomes was dependent on the initial concentration of
the protein (Fig. 4).

The incorporation of Hsp70 and DnaK into POPS
liposomes is not identical

We have previously reported that human Hsp70 displayed a
high affinity for POPS liposomes in contrast to liposomes
made of non-negatively charged lipids (Armijo et al. 2014).
We have found that DnaK did not display the same lipid spec-
ificity of Hsp70 since the protein interacted with all tested
lipids. Therefore, it was interesting to perform a side-by-side
comparison of Human Hsp70 (HspA1A) and bacterial DnaK.
Both recombinant proteins were incubated with POPS lipo-
somes at pH 7.4 for 30 min at 25 °C. Samples were processed
as described in “Materials and methods,” and incorporation of
the proteins into liposomes was detected by LDS-PAGE and
Coomassie Brilliant Blue staining. The incorporation of both
proteins in POPS liposomes were very similar, except that
multioligomeric forms were observed in samples containing
Hsp70 and only a dimeric form was observed for DnaK
(Fig. 5, see arrows). In addition, the fact that the presence of

the protein within the liposomes is not affected by washes at
extreme pH (2 and 11.5) clearly demonstrates that the protein
is inserted into the lipid membrane rather than being bound to
the liposomes.

The region inserted into POPS liposomes was different
between DnaK and human Hsp70

We next investigated the possible region of DnaK and Hsp70
(HspA1A) that is inserted into the lipid membrane. The pro-
teins were incubated into liposomes and washed at pH 11.5 as
described above. The resulting proteoliposomes were incubat-
ed with proteinase K for 30 min at 37 °C, and the liposomes
were pelleted at high-speed centrifugation and washed again.
The liposome pellet was analyzed by mass spectroscopy.
Several peptides were detected for both DnaK and human
Hsp70. These peptides match to regions of the protein that
are protected from the proteinase treatment (grey areas on
Fig. 6), which likely correspond to transmembrane regions
or domains exposed to the lumen of the liposome. The N-
terminus end of DnaK appeared as the region inserted into
the liposomes with the C-terminus end exposed outside
(Fig. 6a). In contrast, several regions of Hsp70 were observed
inserted into the liposome with a small region of the N-
terminus outside the liposome (Fig. 6b). These observations
showed a disparity regarding lipid interaction between mam-
malian and bacterial Hsp70 (Fig. 6c).

Discussion

The presence of extracellular hsp is a well-accepted phenome-
non in spite of their controversial discovery over 20 years ago
(DeMaio 2011). The function of extracellular hsp is apparently
different from their chaperone activity inside cells. They appear
to act as signaling molecules directed at activating a systemic
response to stress (De Maio 2011, Pockley et al. 2014), partic-
ularly in cells of the immune system (Asea et al. 2000, Gastpar
et al. 2005, Vega et al. 2008). The mechanism for the export of
extracellular hsp is not clear because they do not contain a
consensus secretory signal necessary for their transport via
the ER-Golgi compartment. Since hsp are localized in the cy-
tosol and other subcellular compartments, they need to cross
the plasma membrane to gain access to the extracellular milieu.
We have proposed that one possible mechanism for the extra-
cellular export of hsp requires the initial insertion into the plas-
ma membrane, followed by their release associated with ECV
(De Maio 2011). Indeed Hsp70 has been detected within the
membrane of ECV (Gastpar et al. 2005, Vega et al. 2008).
Moreover, several studies have demonstrated Hsp70 mem-
brane interaction with artificial lipid membranes (Arispe et al.
2002, 2004, Vega et al. 2008, Schilling et al. 2009, Armijo et al.
2014, McCalister et al. 2016).

DnaK + POPS liposomes

Nucleotide:

DnaK

--

MgCl2:

ATP ADP GTP GDP-- --
-- -- + + + + +

Fig. 3 The incorporation of DnaK into POPS liposomes is not affected
by the presence of nucleotides. Recombinant DnaK (1 μg) was incubated
with POPS liposomes (400 μg) in 50-mMTris buffer pH 7.4 for 30min at
25 °C in the absence or presence ofMgCl2 (1 mM), ATP +MgCl2 (1 mM
each), ADP +MgCl2 (1mM each), GTP +MgCl2 (1 mM each), and GDP
+MgCl2 (1 mM each). The liposomes were centrifuged at 100,000×g for
40 min at 4 °C. Pellets were resuspended in Na2CO3 buffer (pH 11.5) and
centrifuged again. Liposome pellets were then solubilized in LDL sample
buffer, and liposome-incorporated proteins were separated by LDS-
PAGE and detected by Coomassie Brilliant Blue staining
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The mechanism of Hsp70 insertion into membranes is still
unclear. This protein does not contain a stretch of hydrophobic
amino acids that could predict membrane insertion. We have
proposed that the insertion of Hsp70 into membranes is com-
posed of several steps, including recognition (binding) of the
phospholipid polar region, induction of a conformational
change, insertion into the plasma membrane, and oligomeri-
zation (Armijo et al. 2014). To gain insight into this hypothe-
sis, we investigated the interaction of bacterial Hsp70 (DnaK)
with lipids. DnaK has substantial homology with mammalian
Hsp70 but enough differences to allow us to make predictions
about the insertion process. We observed that DnaK was in-
deed incorporated into liposomes in a concentration-
dependent manner. We and others have previously shown that
Hsp70 displays a high degree of selectivity for negatively
charged lipids, such as POPS (Arispe et al. 2004, Armijo
et al. 2014), POPG (Nylandsted et al. 2004, Armijo et al.
2014) and glycolipids (Harada et al. 2007, Gehrmann et al.
2008). However, we did not observe the same selectivity for
DnaK that was found to interact with the bulk of lipids found
in natural membranes (POPS, POPC, POPE, and POPG).
DnaK membrane insertion was demonstrated by resistance
to stringent washes at low pH (2) and high pH (11.5) buffers
and proteolysis/mass spectroscopic analysis. Finally, the in-
corporation of DnaK into liposomes was not dependent on
the presence of nucleotides as opposed to prior reports about
human Hsp70 (McCalister et al. 2016).

We detected that the N-terminus end of DnaKwas the region
that was inserted into the membrane with the C-terminus end
exposed outside the liposome as determined by limited prote-
olysis and mass spectroscopic analysis of the inserted proteins
within liposomes (Fig. 6a). This observation is in contrast with
the insertion of mammalian Hsp70 into membranes that display
a more extensive region imbedded within the liposome, with
the N-terminus end exposed outside the liposome (Fig. 6b) and
the C-terminus end of mammalian Hsp70 inserted into the
membrane, as previously reported (Armijo et al. 2014). In con-
trast, the C-terminus end of DnaK is located outside the lipo-
some. The orientation of Hsp70 within the membrane of

liposomes may resemble the translocation of the protein from
the cytosol into the plasma membrane. In this case, the lumen
of the liposome is equivalent to the extracellular milieu and the
external medium is comparable to the cytosol. Prior studies
have shown that the C-terminus end of Hsp70 is likely exposed
to the cell exterior. Indeed, the C-terminus end of Hsp70
inserted into the liposomes was found to be protected, at least
in part, from proteolytic cleavage by exogenous proteases.
Moreover, the epitope (TDK) recognized by the cmHsp70.1
antibody that has been used to detect cell surface Hsp70
(Botzeler et al. 1998) was found protected from the protease
treatment in Hsp70 proteoliposomes, suggesting that this region
is likely exposed to the lumen of the liposome, inferring the
same conformation within the plasma membrane.

We have proposed that Hsp70 undergoes a conformational
change during or upon membrane insertion resulting in a
multimeric oligomerization (Armijo et al. 2014). Our results
showed disparity between DnaK and Hsp70, particularly at
the levels of membrane oligomerization. Prior studies have

Hsp70

Lipid: POPS POPS POPS--

Washing Buffer: -- Tris Na2CO3 Gly

Washing pH: -- 7.4 11.5 2

DnaK

POPS POPS POPS

Tris Na2CO3 Gly

7.4 11.5 2

--

--

--

DnaKHsp70

m

d
o

Fig. 5 The incorporation of DnaK and Hsp70 into POPS liposomes
results in different states of oligomerization. Recombinant DnaK (1 μg)
or recombinant human Hsp70 (1 μg) were incubated with POPS
liposomes (400 μg) in 50-mM Tris buffer pH 7.4 for 30 min at 25 °C.
The liposomes were centrifuged at 100,000×g for 40 min at 4 °C. Pellets
were resuspended in Tris buffer (pH 7.4), Na2CO3 buffer (pH 11.5), or
glycine buffer (pH 2) and centrifuged again. Liposome pellets were then
solubilized in LDS sample buffer, and liposome-incorporated proteins
were separated by LDS-PAGE and detected by Coomassie Brilliant
Blue staining. Arrows indicate the location of monomeric (m), dimeric
(d) and oligomeric (o) forms of human Hsp70 and bacterial DnaK,
respectively

DnaK (µg): 1 0.5 1 2 4

POPS: -- + + + +

0 1 2 3 4
0.0

0.2

0.4

0.6

0.8

1.0

DnaK addition ( g)

noitaroprocnI

Fig. 4 The incorporation of DnaK into POPS liposomes is dependent on
the concentration of DnaK in the incubation mixture. Increasing amounts
of recombinant DnaK (0.5 to 4 μg) were incubated with POPS liposomes
(400 μg) in 50-mMTris buffer pH 7.4 for 30min at 25 °C. The liposomes
were centrifuged at 100,000×g for 40 min at 4 °C. Pellets were

resuspended in Na2CO3 buffer (pH 11.5) and centrifuged again.
Liposome pellets were then solubilized in LDL sample buffer, and
liposome-incorporated proteins were separated by LDS-PAGE and
detected by Coomassie Brilliant Blue staining
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1 MGKIIGIDLG TTNSCVAIMD GTTPRVLENA EGDRTTPSII AYTQDGETLV GQPAKRQAVT

61 NPQNTLFAIK RLIGRRFQDE EVQRDVSIMP FKIIAADNGD AWVEVKGQKM APPQISAEVL

121 KKMKKTAEDY LGEPVTEAVI TVPAYFNDAQ RQATKDAGRI AGLEVKRIIN EPTAAALAYG

181 LDKGTGNRTI AVYDLGGGTF DISIIEIDEV DGEKTFEVLA TNGDTHLGGE DFDSRLINYL

241 VEEFKKDQGI DLRNDPLAMQ RLKEAAEKAK IELSSAQQTD VNLPYITADA TGPKHMNIKV

301 TRAKLESLVE DLVNRSIEPL KVALQDAGLS VSDIDDVILV GGQTRMPMVQ KKVAEFFGKE

361 PRKDVNPDEA VAIGAAVQGG VLTGDVKDVL LLDVTPLSLG IETMGGVMTT LIAKNTTIPT

421 KHSQVFSTAE DNQSAVTIHV LQGERKRAAD NKSLGQFNLD GINPAPRGMP QIEVTFDIDA

481 DGILHVSAKD KNSGKEQKIT IKASSGLNED EIQKMVRDAE ANAEADRKFE ELVQTRNQGD

541 HLLHSTRKQV EEAGDKLPAD DKTAIESALT ALETALKGED KAAIEAKMQE LAQVSQKLME

601 IAQQQHAQQQ TAGADASANN AKDDDVVDAE FEEVKDKK

Hsp70 MAKAAAIGIDLGTTYSCVGVFQHGKVEIIANDQGNRTTPSYVAFTD-TERLIGDAAKNQV 59
DnaK --MGKIIGIDLGTTNSCVAIMDGTTPRVLENAEGDRTTPSIIAYTQDGETLVGQPAKRQA 58

.  ******** ***.:::  . .:: * :*:***** :*:*:  * *:*: **.*.

Hsp70 ALNPQNTVFDAKRLIGRKFGDPVVQSDMKHWPFQVINDGDKPKVQVSYKGETKAFYPEEI 119
DnaK VTNPQNTLFAIKRLIGRRFQDEEVQRDVSIMPFKIIAADNGD-AWVEVK--GQKMAPPQI 115

. *****:*  ******:* *  ** *:.  **::*   :   . *. *   : : * :*

Hsp70 SSMVLTKMKEIAEAYLGYPVTNAVITVPAYFNDSQRQATKDAGVIAGLNVLRIINEPTAA 179
DnaK SAEVLKKMKKTAEDYLGEPVTEAVITVPAYFNDAQRQATKDAGRIAGLEVKRIINEPTAA 175

*: **.***: ** *** ***:***********:********* ****:* *********

Hsp70 AIAYGLDRTGKGERNVLIFDLGGGTFDVSILTIDD----GIFEVKATAGDTHLGGEDFDN 235
DnaK ALAYGLDK-GTGNRTIAVYDLGGGTFDISIIEIDEVDGEKTFEVLATNGDTHLGGEDFDS 234

*:*****: *.*:*.: ::********:**: **:      *** ** ***********.

Hsp70 RLVNHFVEEFKRKHKKDISQNKRAVRRLRTACERAKRTLSSSTQASLEIDSLFE----GI 291
DnaK RLINYLVEEFKKDQGIDLRNDPLAMQRLKEAAEKAKIELSSAQQTDVNLPYITADATGPK 294

**:*::*****:.:  *: ::  *::**: *.*:**  ***: *:.:::  :        

Hsp70 DFYTSITRARFEELCSDLFRSTLEPVEKALRDAKLDKAQIHDLVLVGGSTRIPKVQKLLQ 351
DnaK HMNIKVTRAKLESLVEDLVNRSIEPLKVALQDAGLSVSDIDDVILVGGQTRMPMVQKKVA 354

.:  .:***::*.* .**.. ::**:: **:** *. ::*.*::****.**:* *** : 

Hsp70 DFFNGRDLNKSINPDEAVAYGAAVQAAILMGDKSENVQDLLLLDVAPLSLGLETAGGVMT 411
DnaK EFFG-KEPRKDVNPDEAVAIGAAVQGGVLTGD----VKDVLLLDVTPLSLGIETMGGVMT 409

:**  :: .*.:******* *****..:* **    *:*:*****:*****:** *****

Hsp70 ALIKRNSTIPTKQTQIFTTYSDNQPGVLIQVYEGERAMTKDNNLLGRFELSGIPPAPRGV 471
DnaK TLIAKNTTIPTKHSQVFSTAEDNQSAVTIHVLQGERKRAADNKSLGQFNLDGINPAPRGM 469

:** :*:*****::*:*:* .*** .* *:* :***  : **: **:*:*.** *****:

Hsp70 PQIEVTFDIDANGILNVTATDKSTGKANKITITNDKGRLSKEEIERMVQEAEKYKAEDEV 531
DnaK PQIEVTFDIDADGILHVSAKDKNSGKEQKITIKASSG-LNEDEIQKMVRDAEANAEADRK 528

***********:***.*:*.**.:** :****. ..* *.::**::**::**     *. 

Hsp70 QRERVSAKNALESYAFNMKSAVEDEGLKGKISEADKKKVLDKCQEVISWLDA-NTLAEKD 590
DnaK FEELVQTRNQGDHLLHSTRKQVEEAGDK--LP-ADDKTAIESAL---TALETALKGEDKA 582

.* *.::*  :   .. :. **: * *  :  **.*..::..    : *::  .  :* 

Hsp70 EFEHKRKELEQVCNPIISGLYQGAGGPGPGGFGA--QGPKGGSGSGPTIEEVD--- 641
DnaK AIEAKMQELAQVSQKLMEIAQQQHAQQQTAGADASANNAKDDDVVDAEFEEVKDKK 638

:* * :** **.: ::.   *  .    .*  *  :  *  .     :***.

a

b

c

 MAKAAAIGID LGTTYSCVGV FQHGKVEIIA NDQGNRTTPS YVAFTDTERL IGDAAKNQVA

61 LNPQNTVFDA KRLIGRKFGD PVVQSDMKHW PFQVINDGDK PKVQVSYKGE TKAFYPEEIS

121 SMVLTKMKEI AEAYLGYPVT NAVITVPAYF NDSQRQATKD AGVIAGLNVL RIINEPTAAA

181 IAYGLDRTGK GERNVLIFDL GGGTFDVSIL TIDDGIFEVK ATAGDTHLGG EDFDNRLVNH

241 FVEEFKRKHK KDISQNKRAV RRLRTACERA KRTLSSSTQA SLEIDSLFEG IDFYTSITRA

301 RFEELCSDLF RSTLEPVEKA LRDAKLDKAQ IHDLVLVGGS TRIPKVQKLL QDFFNGRDLN

361 KSINPDEAVA YGAAVQAAIL MGDKSENVQD LLLLDVAPLS LGLETAGGVM TALIKRNSTI

421 PTKQTQIFTT YSDNQPGVLI QVYEGERAMT KDNNLLGRFE LSGIPPAPRG VPQIEVTFDI

481 DANGILNVTA TDKSTGKANK ITITNDKGRL SKEEIERMVQ EAEKYKAEDE VQRERVSAKN

541 ALESYAFNMK SAVEDEGLKG KISEADKKKV LDKCQEVISW LDANTLAEKD EFEHKRKELE

601 QVCNPIISGL YQGAGGPGPG GFGAQGPKGG SGSGPTIEEV D 

1
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shown that a small degree of DnaK dimerization occurs in
solution in a nucleotide-dependent manner. These dimers
were important for the interaction with DnaJ (Sarbeng et al.
2015). We only detected DnaK dimers after insertion into the
plasma membrane, and their presence was not affected by the
presence of nucleotides. It is possible that the lack of detection
of DnaK dimers in solution was due to their disruption during
the conditions of LDS-PAGE. In contrast, dimers within the
lipid bilayer may be preserved during LDS-PAGE, perhaps
due to a conformational change of the protein within the mem-
brane. In contrast to DnaK, we observed high molecular
weight discreet oligomers upon insertion of mammalian
Hsp70 into membranes as shown in this study and prior ob-
servations (Armijo et al. 2014). The capacity of forming
multimeric subunits within the lipid bilayer is a requirement
for the conductance of ions across the membrane as the one
observed for Hsp70. Therefore, it is not surprising that we
never detected ion channel activity when DnaK was exposed
to artificial lipid bilayers (unpublished observation). Since the
C-terminus end is the least conserved region between bacterial
and mammalian Hsp70, it is possible that the oligomerization
domain resides within this region. It is also possible that olig-
omerization only occurred when the C-terminus end is
inserted into the lipid bilayer, and this region is not within
the membrane in the case of DnaK as mentioned above.

The detection of DnaK on membranes has been reported
previously. Bukau et al. (1993) showed the presence of DnaK
on the membrane of E. coli, as detected by electron microsco-
py, an observation that has been forgotten for many years. The
presence of DnaK in membranes has also been reported in
Fusobacterium nucleatum (Skar et al. 2003) and Bacillus
subtilis (Seydlova et al. 2012). The latter was observed after
ethanol stress suggesting that changes in membrane fluidity
may play a role in its insertion (Horváth et al. 2008). Indeed,
Hsp70 membrane insertion was enhanced by a decrease of
membrane fluidity (Armijo et al. 2014), resembling the pres-
ence of Hsp70 in lipid rafts of cells (Broquet et al. 2003;
Hunter-Lavin et al. 2004; Chen et al. 2005; Wang et al.
2006; Vega et al. 2008), which are membrane domains
enriched in saturated lipids, such as sphingolipids
(Lingwood and Simons 2010).

In summary, DnaK is added to the list of proteins that could
spontaneously translocate into membranes without displaying
an evident hydrophobic domain. Since so much information is
available about the structure and function of DnaK (Genevaux
et al. 2007, Kityk et al. 2015), it may be possible to formulate
hypotheses that could be tested experimentally in order to
elucidate the unusual ability of the proteins to get embedded
into the lipid bilayer. In addition, the biological significance of
DnaK and other Hsp70 membrane insertion remains to be
revealed. However, it is possible that the mechanism of mem-
brane insertion and extracellular release may be different be-
tween DnaK and Hsp70.
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