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Abstract Chaperone Hsp70 can cross the plasma membrane
of living cells using mechanisms that so far have not received
much research attention. Searching the part of the molecule
that is responsible for transport ability of Hsp70, we found a
cationic sequence composed of 20 amino acid residues on its
surface, KST peptide, which was used in further experiments.
We showed that KST peptide enters living cells of various
origins with the same efficiency as the full-length chaperone.
KST peptide is capable of carrying cargo with a molecular
weight 30 times greater than its own into cells. When we
compared the membrane-crossing activity of KST peptide in
complex with Avidin (KST–Av complex) with that of simi-
larly linked canonical TAT peptide, we found that TAT peptide
penetrated SK-N-SH human neuroblastoma cells at a similar
rate and efficiency as the KST peptide. Furthermore, KST
peptide can carry protein complexes consisting of a specific
antibody coupled to the peptide through the Avidin bridge. An
antibody to Hsp70 delivered to SK-N-SH cells with high
expression level of Hsp70 reduced the protective power of

the chaperone and sensitized the cells to the pro-apoptotic
effect of staurosporine. We studied the mechanisms of pene-
tration of KST–Av and full-length Hsp70 inside human neu-
roblastoma SK-N-SH and human erythroleukemia K-562
cells and found that both used an active intracellular transport
mechanism that included vesicular structures and negatively
charged lipid membrane domains. Competition analysis of
intracellular transport showed that the chaperone reduced
intracellular penetration of KST peptide and conversely KST
peptide prevented Hsp70 transport in a dose-dependent
manner.
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Introduction

In 1986, Tytell described the transport of Hsp70 from squid
glia cells to the giant neuron (Tytell et al. 1986), and a few
years later, two groups demonstrated that Hsp70 was released
from rat embryo cells (Hightower and Guidon 1989) and
human glioblastoma T-98G cells (Guzhova et al. 2001).
Importantly, in all three cases, living cells were the source of
Hsp70.

A great variety of stimuli can cause Hsp70 release from
living cells: oxidative stress, heat stress (Evdonin et al. 2004),
exercise (Walsh et al. 2001), and treatment with IFN-γ and
IL10 (Barreto et al. 2003; Gastpar et al. 2005); some of these
stimuli are well-known inducers of heat shock response
(Guzhova et al. 2013). The exact mechanisms by which cells
release Hsp70 remain unclear although some reports indicate
that extracellular transport of the chaperone can occur through
canonical and non-canonical protein transport mechanisms
(Mambula et al. 2007). Gastpar and colleagues proved that
exosomes are involved in extracellular transport of Hsp70,
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and they showed that the transport particles possessed all the
features of that type of vesicle: floating capacity, acetylcho-
linesterase activity, and specific protein composition (Gastpar
et al. 2005). In another study, Hsp70 was shown to be an
obligatory component of exosomes, and Hsp70 release from
mouse tumor cells was inhibited by factors suppressing
exosomal transport (Chalmin et al. 2010). Other Hsp70 trans-
location pathways including secretory lysosomes and
endosomes were also found to be important in the specific
context of cancer cell physiology (see Guzhova et al. 2013 for
review).

Regardless of whether it is released from living or dying
cells or introduced into a cell culture, Hsp70 exerts a variety of
effects, mainly based on its ability to cross the plasma mem-
brane. The most important property of exogenous Hsp70 is its
cell-penetrating activity, which was demonstrated in studies
using normal and transformed mammalian cells of different
origins. This activity may be due to the ability of the chaper-
one to bind acidic plasma membrane lipids through its ATP-
and lipid-binding domains (Harada et al. 2007). Interestingly,
only acid lipids formed complexes with Hsp70; neutral glyco-
or phospholipids did not. Pure Hsp70 was also found to
interact with artificial membranes and to form pores, suggest-
ing a possible mechanism for transport of the protein into or
from a given cell (Arispe et al. 2002). Lastly, several receptors
for Hsp70 were discovered, Lox-1, CD40, and SREC1,
pointing to the possibility that more specific interactions me-
diate the penetration of Hsp70 into a cell (Calderwood et al.
2007).

Intracellular transport of Hsp70 is of considerable practical
interest because of the need for stable vehicles capable of
delivering biological cargos to the inside of living cells. A
number of molecular transporters developed to date constitute
a group of relatively short peptides, cell-penetrating peptides
(CPPs), consisting of 5–40 amino acid residues which reach
their intracellular locales through various mechanisms; the
most valuable property of CPPs is their ability to deliver into
a target cell covalently or non-covalently associated molecular
cargo (Kersemans et al. 2008). CPPs may be useful in gene
therapy, treatment for neurological diseases, or cancer treat-
ment, and so there have been substantial efforts to discover the
peptides with suitable carrier properties (Bitler and Schroeder
2010). To date, the most promising results in transportation of
biological materials to the interior of living cells were obtained
using TAT peptide, the fragment of TAT protein constituting
the HIV-1 structure (Viscidi et al. 1989). This peptide has been
shown to deliver a large variety of cargo, from small particles
to proteins, peptides, and nucleic acids, with great efficiency,
probably using endocytotic intracellular transport mecha-
nisms (Ignatovich et al. 2003; Brooks et al. 2005). We hy-
pothesized that Hsp70’s ability to penetrate living cells could
be used in the design of a new transport peptide which would
provide efficient cargo transfer.

Most CPPs are enriched by positively charged Arg and/or
Lys residues and are internalized after initial interactions with
negatively charged cell surface glycosaminoglycans which
cluster CPPs on outer membrane surfaces (Console et al.
2003; Deshayes et al. 2006). We analyzed three-dimensional
images of the human Hsp70 molecule and found several
positively charged regions exposed to the solvent. On the base
of such analysis, three peptides were chosen: two at the C-
terminal domain of the molecule , 493–512 aa,
KSTGKANKITITNDKGRLSK (KST peptide), containing
six positively charged amino acid residues (five lysines and
one arginine) and 415–423 aa, KRNSTIPTK (KRN peptide),
with three positively charged residues (two lysines and one
arginine) and one at the N-terminal domain, peptide 148–165
aa, YFNDSQRQATKAGVIA (YFN peptide), which had two
positively charged amino acid residues (Fig. 1).

The aim of this study was to assay the penetrative activity
of the above peptides and their capacity as cargo transporters.
Only one of the three peptides, KST, was found to possess
penetrative activity similar to that of the whole Hsp70 mole-
cule; KST and Hsp70 were shown to compete for entry to a
cell.

Materials and methods

Cells

Human erythroblastoma K-562, human epidermoid carcino-
ma A-431, human glioblastoma T98G, and mouse fibroblasts
3T3 and 3T3-SV-40 were obtained from the Russian
Collection of Cell Cultures (St. Petersburg, Russia); human
neuroblastoma SK-N-SH and SH-SY-5Y were from Dr. D.
Rubinzstein (Cambridge, UK); human immortalized epider-
mal HaCaT cells were kindly provided by Dr. N. Fusenig
(DKFZ, Germany); and human neuronal stem/progenitor cells

Fig. 1 Localization of KST, KRN, YFN peptides on the Hsp70 molecule
(SWISSMODEL based on template: 1yuwA) (Kiefer et al. 2009; Kopp
a n d S c h w e d e 2 0 0 4 ) . K S T p e p t i d e , 4 9 3 – 5 1 2 a a ,
KSTGKANKITITNDKGRLSK (green); KRN peptide, 415–423 aa,
KRNSTIPTK (b l u e ) ; a nd YFN pep t i d e , 1 48–165 a a ,
YFNDSQRQATKAGVIA (yellow). C-terminal part is presented in dark
gray, N-terminus in light gray. This figure was prepared with VMD 1.9.1
(Humphrey et al. 1996)
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(SPC) were obtained fromDr. L. Korochkin (Institute of Gene
Biology, Russian Academy of Sciences) (Aleksandrova et al.
2004). A-431, T98G, 3T3, 3T3-SV40, HaCaT, and SK-N-SH
cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) and K-562 cells in RMPI-1640, and all media were
supplemented with 10% fetal bovine serum, 2mMglutamine,
100 U/ml penicillin, and 0.1 mg/ml streptomycin, except for
the SPC which were cultured in DMEM with 20 % fetal
bovine serum. All media and sera were purchased from
PanEco, Russia. Cell viability was estimated using the MTT
method (Mosmann 1983).

To explore the effects of the anti-Hsp70 antibody delivered
with the aid of KST peptide, we used SK-N-SH cells
transfected with pZ-hsp70+pZem plasmid (plasmids were a
kind gift from Prof. M. Jäättelä, Danish Cancer Society), in
which expression of Hsp70 was induced by treatment with 25
or 75 μM ZnSO4 overnight. SK-N-SH–Hsp70 cells were
cultured in the presence of 100 μg/ml G418.

Proteins, peptides, and antibody

Recombinant human Hsp70 was purified from bacteria trans-
formed with a pMSHsp70 plasmid, as described elsewhere
(Guzhova et al. 2011). Hsp70 solution was further detoxified
by incubation with Polymyxin B-Agarose gel (Sigma-
Aldrich, USA) and sterilized by filtration through a 0.2-μm
filter (Millipore, USA). The E-Toxate assay (Sigma-Aldrich,
USA) showed that the level of lipopolysaccharide in the final
Hsp70 preparation was lower than 2.0 U/ml. For microscopy
and for flow cytometry experiments, Hsp70 was conjugated to
Alexa488 dye and to Alexa647 f (Invitrogen, USA) according
to the manufacturer’s protocol.

Biotinylated KST, KRN, and YFN peptides were synthe-
sized in Diafarm LLC, St. Petersburg, Russia. The biotinylat-
ed TAT peptide was a kind gift from Dr. Sergey Burov
(Diafarm, Russia).

Anti-Hsp70 antibody was isolated from the culture medi-
um of 3B5 hybridoma cells (Guzhova et al. 1997) using
affinity chromatography on Hsp70 attached to N-
Succinilimide-Sepharose (Sigma, USA). After precipitation
with 35 % ammonium sulfate and dialysis against
phosphate-buffered saline (PBS), pure immunoglobulins were
biotinylated with EZ-Link Sulfo-NHS-Biotin (Pierce, USA)
according to the manufacturer’s instructions.

Confocal microscopy

SK-N-SH and K-562 cells were allowed to settle on poly-L-
lysine-coated glass slides. Cells were incubated with 50 μg/ml
Alexa488-labeled Hsp70 or with 5 μM biotinylated peptides
for 18 h at 37 °C. After incubationwith the protein or peptides,
the cells were washed with ice-cold PBS, fixed with 4 %
paraformaldehyde, and incubated with Avidin–FITC (Sigma,

USA). Plasma membranes of cells were visualized by staining
with a CellVue® Claret Far Red Fluorescent Cell Linker Mini
Kit (Sigma, USA) according to the manufacturer’s instruc-
tions. Nuclei were stained with 4′,6-diamidino-2-phenylindole
(DAPI; Sigma, USA).

In the other experimental series, we incubated biotinylated
KST peptide (5 μM) with Avidin–FITC (Sigma, USA) in a
molecular ratio of 1:1 for 30 min and then added the KST–
Av–FITC complex to the cells settled on poly-L-lysine-coated
glass slides for the time indicated. Cells were washed with
cold PBS, fixed with 4 % paraformaldehyde, and stained with
CellVue® Claret and DAPI as described above.

To establish the transporter function of KST peptide, it was
first incubated with Avidin–FITC (Av–FITC) and biotinylated
3B5monoclonal antibody inmolar ratio 1:2:1.5. After dialysis
against serum-free DMEM, the complex was added to SK-N-
SH–Hsp70 cells treated with 75 μM ZnSO4 overnight, and
cells were incubated with the complex for 18 h. Cells were
washed with cold PBS, fixed with 4 % paraformaldehyde, and
permeabilized with 0.1 % Triton X-100 followed by staining
with secondary anti-mouse antibody conjugated with Cy3
(Jackson ImmunoResearch, USA).

To estimate the contribution of the endocytosis pathway to
the intracellular transport of Hsp70 or KST peptide, we
transfected SK-N-SH neuroblastoma cells with plasmids
encoding rab5-RPF, rab7-RPF, or mito-PAGFP fusion genes
(Addgene, USA) and then incubated them with 1 μM Hsp70
labeled with Alexa488 or 1 μM KST–Av–FITC complex. In
other experiments, SK-N-SH cells were incubated with 1 μM
of Hsp70 labeled with Alexa488 or 1 μM KST–Av–FITC
complex and then stained with CytoPainter Lysosomal
Staining Kit (Abcam, UK) according to the manufacturer’s
protocol.

To reveal the possible contribution of cell surface Hsp70 to
endocytosis of full-sized Hsp70 and KST peptide, we
transfected K-562 and SK-N-SH cells with pFusionRed-f-
mem plasmid (Evrogen, Russia). Cells were heat shocked at
43 °C for 30 min and then were cultured overnight. Next
morning, cells were washed with ice-cold PBS incubated with
monoclonal cmHsp70.1-FITC antibody on ice (kindly provid-
ed by Prof. Gabriele Multhoff, Technical University, Munich,
Germany), fixed with 4 % ice-cold paraformaldehyde, and
nuclei were stained with DAPI.

Fluorescence images were captured with the use of a Leica
TCS SP2 confocal microscope (Leica, Germany). To avoid
possible cross interference among the various fluorochromes,
images for DAPI, FITC, Alexa488, or deep red were acquired
using the sequential image recording method.

Western blotting

K-562 and SK-N-SH cells were heat shocked at 43 °C for
30 min and after overnight incubation were collected and
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lysed, and the lysates were analyzed with the aid of Western
blotting using 3B5 anti-Hsp70 monoclonal antibody; 6C5
anti-GAPDH antibody (Abcam, UK) was employed to repre-
sent loading control.

Flow cytometry

Flow cytometry was used to analyze the time- and dose-
dependent penetration of the KST–Av–FITC complex. SK-
N-SH or K-562 cells were incubated with 5 μM KST–Av–
FITC for 30min, 1 h, 3 h, or 6 h, washed in PBS, and analyzed
with the aid of a Coulter Epics XL (Beckman Coulter, USA)
flow cytometer using laser with λ=488 nm. YFN peptide–
Av–FITC and Av–FITC were incubated with cells for the
same periods of time. In similar experiments, SK-N-SH cells
were incubated with 0.2, 1, 5, 10, or 20 μM KST–Av–FITC
for 6 h, washed, and analyzed using flow cytometry as de-
scribed above.

To carry out inhibitor analysis of Hsp70 and KST peptide
penetration, K-562 cells and SK-N-SH cells were incubated
with 50 μg/ml Alexa-488-labeled Hsp70 or 5 μM KST–Av–
FITC in the presence of 100 μM dynasore, an inhibitor of
dynamin-dependent endocytosis; 10 μM chlorpromazine,
known to suppress clathrin-dependent endocytosis; 50 μM
amiloride, which inhibits pinocytosis; 10 μM filipin, known
to suppress caveolin-dependent endocytosis; 5 μM
cytochalasine D, which disrupts actin-dependent transport;
2 μM noсodazole, which inhibits tubulin-dependent endocy-
tosis; and 5 μM methyl-beta cyclodextrin, known to destroy
lipid rafts. After incubation and two washes with PBS, viable
cells were gated and analyzed with the aid of the Coulter Epics
XL cytometer using a laser with λ=488 nm.

Competitive entry of KST–Av–FITC and Hsp70-Alexa647
was achieved as follows: SK-N-SH cells were incubated with
0.2 or 1 μM Hsp70-Alexa647 or 0.2, 1, or 5 μM KST–Av–
FITC separately or in combination for 12 h. After three
washings with PBS, cells were analyzed by flow cytometry
using a CyFlow Space apparatus (Partec GmbH, Germany)
equipped with two lasers (λs=488 and 635 nm).

Statistics

Observations are generally reported as mean±SE. Student’s t
tests were used to evaluate differences between the control and
treatment groups; differences were considered to be statisti-
cally significant when p<0.05 (*) or p<0.01 (**).

Results

On the basis of the results of sequence alignment of known
CPPs and a comparison of their structure with the structure of

human Hsp70, we identified three domains in Hsp70 that we
chose to test for intracellular transport of a whole protein
(Fig. 1). The appropriate peptides were synthesized with a
biotin tag on their C-termini. First, the cell penetrative activity
of the peptides was analyzed using growing in a suspension
K-562 human erythroleukemia cells and adhesive human
neuroblastoma SK-N-SH cells. The cell surface was marked
with CellVue® Claret Far Red reagent, and we found that this
reagent stains big particles on cell membranes as well as the
whole membranes (Fig. 2a). Of the three candidate CPPs, only
KST peptide demonstrated profound penetration into the cells
of both lines with the same efficiency as the full-length chap-
erone tagged with Alexa488 (Fig. 2a, b). The penetrating
capacity of KRN peptide was much lower, and YFN peptide
did not penetrate into the cells of either line at all. In further
experiments, we focused on the properties of KST peptide
using YFN peptide as the inactive control. To prove that KST
peptide can penetrate and reside within the cytosol, we used
the sequential image recording method with a 0.5-μm step
from top to bottom and found the peptide evenly distributed
throughout the cytoplasm (Fig. 2c).

Notably, KST peptide demonstrated no orminimal toxicity.
After 72 h of incubation with KST peptide, we observed 6–
7 % dead cells in populations of K-562 and SK-N-SH cells
(data not shown).

One of the most important properties of CPPs is their
ability to deliver certain cargo molecules, including drugs,
DNA, RNA, and proteins. To check whether Hsp70-based
peptides were able to carry highmolecular weight cargoes into
living cells, we used a biotin tag to construct a complex with
Avidin, a protein with a molecular mass more than 30-fold that
of the Hsp70 peptides. The complex containing Av–FITC and
the peptides to be investigated, KST–biotin, YFN–biotin, or
TAT–biotin, was formed at room temperature, and then, the
solution was dialyzed to remove excessive peptide. We used
two types of cells, adhesive SK-N-SH human neuroblastoma
and K562 human erythroleukemia cells. Various concentra-
tions of KST–biotin–Av–FITC complex were used in exper-
iments with SK-N-SH cells; we found that even at the level of
0.2 μM a reasonable fluorescent signal was detectable with
the aid of confocal microscopy and flow cytometry (Fig. S1).
Fluorescence increased with increasing concentrations of
KST–Av–FITC complex, and in subsequent experiments, we
used 5 μM; this value is employed in the studies on the well-
established CPP, TAT peptide.

First, we estimated the parameters of peptide–Av–FITC
complex intracellular transport using flow cytometry. We
found that the complex containing KST peptide penetrated
almost 100 % of the K-562 cell population while that with
YFN peptide did not (Fig. 3a). The fluorescence of KST–Av–
FITC complex usually became noticeable 15 min after intro-
duction of the complex into the culture. Loading of K-562
cells with the complex lasted approximately 6–8 h;
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penetration into SK-N-SH cells was faster and the intracellular
concentration peaked at 3 h, followed by a plateau. We ob-
served similar complex accumulation kinetics in a variety of
mammalian cells including HaCaT, A-431, SPC, T98G, 3T3,
and 3T3-SV40, proving that the cargo-delivering efficiency of
KST peptide is independent of cell type (Fig. S2). Importantly,
the capacity for delivery of KST–Av–FITC to SK-N-SH cells
was similar to or even higher than that of the well-established
vector TAT peptide, suggesting that this newly developed CPP
is highly potent.

Next, we investigated whether KST peptide could deliver
biomolecules without damaging their function. In this part of
the study, we targeted the Hsp70 chaperone known to consti-
tute one of the most powerful cell protection systems; this
protection is directed against a variety of cytotoxic factors,
including those that induce apoptosis (Gabai et al. 1995;
Lasunskaia et al. 1997; Jäättelä 1999). The experimental de-
sign was as follows. We used human neuroblastoma SK-N-
SH cells transfected with a plasmid bearing the hsp70 gene
under the control of the metallothionein promoter (SK-N-SH–
Hsp70). Western blotting using 3B5 anti-Hsp70 antibody
revealed that elevation of Zn2+ concentration in the culture
medium caused dose-dependent increases in Hsp70 level

(Fig. 4a). As expected, cells pretreated with higher concentra-
tions of Zn2+ were more resistant to the apoptogenic effect of
staurosporine (Fig. 4c). We found that the level of apoptosis in
a population of SK-N-SH–Hsp70 cells treated with 75 μM
ZnSO4was 20% lower than in cells with the background level
of Hsp70 (0 μM ZnSO4).

To determine the capacity of KST peptide to haul function-
ally active molecules, in this case anti-Hsp70 antibody, we
purified antibody from a culture medium of 3B5 hybridoma
cells, biotinylated it, and linked the antibody to KST peptide
via the Avidin bridge. It has been previously shown that 3B5
antibody possesses titrating activity using an immunoprecip-
itation assay (Guzhova et al. 1997), making it possible to bind
Hsp70 in a living cell. We prepared a complex containing
KST peptide–Av–anti-Hsp70Ab-biotinylated (KST–
Av-αHsp70Ab) in the molar ratio 1:2:1.5, which was
established in preliminary experiments. SK-N-SH–Hsp70
cells were treated with 25 or 75 μM ZnSO4 to accumulate a
high Hsp70 content and then incubated with KST–
Av–αHsp70Ab complex overnight. After careful washing
with PBS, cells were fixed, permeabilized, and stained with
secondary anti-mouse antibody conjugated with Cy3 (red).
Avidin used in this experiment was labeled with FITC (green)

Fig. 2 KST peptide is able to
penetrate K562 and SK-N-SH
cells with the same efficacy as
full-size Hsp70. a K562 cells
(upper line) and SK-N-SH cells
(lower line) were placed on cover
slips and incubated with biotinyl-
ated KST, KRN, or YFN pep-
tides, or with Hsp70 labeled with
Alexa488 for 18 h at 37 °C, then
fixed, permeabilized, and stained
with Av–FITC. Nuclei were
stained with DAPI, cell surfaces
with CellVue® Claret Far Red re-
agent. Scale bar 5 μm. b K562
and SK-N-SH cells were incubat-
ed with studied peptides as de-
scribed above and than were ap-
plied for flow cytometry. Data of
five independent experiments are
summarized. Differences between
control and treatment groups were
considered to be statistically sig-
nificant when p<0.05 (*) or
p<0.01 (**) according to Stu-
dent’s t test. c We used sequential
image recording with a step of
0.5 μm from top to bottom to
demonstrate that KST peptide can
penetrate SK-N-SH cells and re-
side within the cytosol
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(Fig. 4b). Confocal microscopy data showed that Cy3-labeled
antibody co-localized with Av–FITC inside cells and that the
distribution of Av–FITC was different from that of the simple
KST–Av–FITC complex (Fig. 4b).

At the third stage, we assessed the survival of SK-N-SH–
Hsp70 cells following exposure to 25 or 75 μM ZnSO4, then
to KST–Av–αHsp70Ab complex, and lastly incubation with
1 μM staurosporine. Incubat ion with the KST–
Av–αHsp70AB reduced the cell survival rate by 11.3 and
15.5 % in cells treated with 25 and 75 μM ZnSO4, respec-
tively (Fig. 4c). We conclude that anti-Hsp70 antibody was
able to partially neutralize the protective power of the chap-
erone and thus reduce the cell survival rate.

We then addressed the issue of whether KST peptide in-
cludes the domain necessary for the intracellular transport of
Hsp70 itself by investigating the mechanisms employed by
the KST–Av–FITC complex and full-length Hsp70 to enter a
cell body. Because vesicular transport seems to be the most
common intracellular transport mechanism, we used specific
endosome markers. SK-N-SH cells were transfected with
plasmids bearing either rab5-RFP (early endosome marker)
or rab7-RFP (late endosome marker); alternatively, cells were
stained with the Lysosomal Staining Kit, revealing the next
step of the endocytosis pathway. When endosomes or lyso-
somes became visible, we introduced KST–Av–FITC or
Hsp70-Alexa488 into the culture medium. Additionally, we
used SK-N-SH cells transfected with mito-PAGFP plasmid

(GFP-based mitochondrial marker) which were also incubated
with both polypeptides. Confocal microscopy data showed
that one part of the pools of full-length Hsp70 and the KST–
Av–FITC complex was associated with vesicular structures
and the other was not (Fig. 5a, see inserts), suggesting that
endocytosis may be only one of the mechanisms used in the
transport of these molecules into SK-N-SH cells.
Mitochondria labeling used as a negative control has shown
no colocalization of polypeptides with mitochondria (Fig. 5a).

To explore the mechanisms of penetration of both struc-
tures in more detail, we performed inhibition analysis.
Dynasore was used to inhibit dynamin-dependent endocyto-
sis, and chlorpromazine was used to block clathrin-dependent
endocytosis. Filipin suppressed the appearance of Hsp70 or
KST–Av–FITC using caveolin-dependent endocytosis, and
amiloride suppressed pinocytosis. Cytocholasine D was used
as a blocker of actin-dependent endocytosis, and nocodazole
was used to inhibit the assembly of microtubules that then
serve as cage “rails” for endosomes. Finally, methyl β-
cyclodextrin (MBCD) was used to destroy lipid rafts, another
mechanism by which proteins may penetrate living cells.
Hsp70 and KST–Av use active transport mechanisms because
incubation at 4 °C completely blocked their entry into the cell
(data not shown). Amiloride, an inhibitor of passive transport,
had no effect on intracellular transport of either polypeptide
(Fig. 5b). It is important to note that Hsp70 and the KST–Av
complex use different mechanisms for entering adhesive cells

Fig. 3 KST peptide is able to
carry cargo exceeding its own
molecular weight inside living
cells. a K-562 cells (upper panel)
and SK-N-SH cells (lower panel)
were incubated with KST–Av–
FITC, Av–FITC, or YFN–Av–
FITC (the latter two were nega-
tive controls) for the time indicat-
ed. SK-N-SH cells were also in-
cubated with TAT–Av–FITC.
Cells were subsequently investi-
gated using flow cytometry. bThe
same cells placed on cover glasses
were incubated with KST–Av–
FITC and TAT–Av–FITC during
the time indicated, and Av–FITC
and YFN–Av–FITC during 6 h,
then were fixed and stained with
DAPI for nuclei visualization.
Scale bar 5 μm
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and those growing in suspension. In SK-N-SH cells, both
polypeptides use mainly receptor-mediated endocytosis. The
quantity of cells incorporating KST–Av–FITC or Hsp70 was
reduced by 23.2 and 41.1 %, respectively, as the result of
treatment with dynasore. To enter K-562 cells, KST peptide
and Hsp70 employed lipid rafts; their destruction withMBCD
reduced transport of both polypeptides by 95 and 41 %,
respectively. Lastly, caveolin-dependent endocytosis was not
involved in the transport of protein/peptide structures into
cells of either line (Fig. 5b).

Since a high level of Hsp70 in tumor cells was found to
increase the endocytosis of some molecules like transferrin
into tumor cells (Vega et al. 2010) and the latter usually expose
Hsp70 on their surface (Multhoff et al. 1995), we tested the
cytoplasmic and plasma membrane-bound levels of Hsp70 in
control and heat-shocked K-562 and SK-N-SH cells. Western
blot analysis showed that in K-562 cells in which both Hsp70
and KST–Av–FITC employ mainly the lipid raft-dependent

pathway, the Hsp70 level was much higher than in SK-N-SH
cells in which both polypeptides use mostly clathrin-
dependent endocytosis (Fig. 6a). To reveal the surface
Hsp70 in cells of both lines, we first transfected them with
pFusionRed-f-mem plasmid and, 2 days later, when the plas-
ma membrane became visible, cells were exposed to heat
shock and stained with cmHsp70.1 monoclonal antibody.
We observed a high level of Hsp70 on the surface of K-562
cells while SK-N-SH cells demonstrated just single spots on
the plasma membrane (Fig. 6b).

Competitive analysis of Hsp70 and KST–Av–FITC pene-
tration was conducted using SK-N-SH cells. Cells were incu-
bated either alone with Hsp70 or KST–Av at the concentra-
tions indicated in Fig. 7, or in combination with molar ratios
Hsp70:KST–Av of 0.2:0.2, 0.2:1, 0.2:5, 1:0.2, 1:1, and 1:5.
The Hsp70 used in these experiments was labeled with
Alexa647 (deep red). Cells were incubated with the separate
polypeptides or their mixtures for 12 h, after which they were
washed and subjected to flow cytometry analysis using two
lasers, λ=488 nm and λ=633 nm. Increasing the molar ratio
of KST–Av–FITC to Hsp70-Alexa647 resulted in a dose-
dependent reduction of the share of cells accepting the full-
length chaperone (Fig. 7). Conversely, increasing the ratio of
Hsp70 in the mixture lowered the number of cells which
received the complex by almost half, suggesting that Hsp70
and KST peptide compete for possible binding sites on the cell
surface and that KST peptide may constitute a part of the
Hsp70 molecule responsible for the latter ability to penetrate
inside living cells.

Discussion

The data reported during the last two decades indicate that the
Hsp70 chaperone can enter living cells and/or be released
from them using canonical and non-canonical transport path-
ways. Although it was argued that Hsp70 does not have a
secretion signal (Calderwood et al. 2007), there is at least one
direct way of crossing the plasma membrane which does not
require the involvement of vesicular transport. Alder and
colleagues showed that Hsp70 can cross artificial bilateral
membranes (Alder et al. 1990); another group reported that
the chaperone itself may behave as a membrane channel (Vega
et al. 2008). We suggested that Hsp70 possesses motifs re-
sembling those found in well-established membrane-crossing
proteins like HIV-1 TAT protein. Taking these results as a
starting point, the objectives of this study were to design CPPs
with some of the features of the Hsp70 molecule and then
explore their transport properties and ability to deliver cargo
into living cells. We found three sequences on the Hsp70
molecule surface containing increased quantities of positively
charged amino acids, lysine and arginine (Fig. 1). Peptides
with these sequences were synthesized, and their uptake by

Fig. 4 KST peptide can carry into cells a multimolar complex containing
antiHsp70 antibody and thus block the protective effect of Hsp70 in SK-
N-SH cells containing different amounts of the chaperone. a SK-N-SH
cells were transfected with plasmid containing the hsp70 gene under
control of metallothionein promoter (SK-N-SH–Hsp70 cells) and incu-
bated with 25 or 75 μM ZnSO4 to induce Hsp70 synthesis. Cells were
investigated withWestern blotting. An antibody to GAPDHwas used as a
loading control. b SK-N-SH–Hsp70 cells were inducted with 75 μM
ZnSO4 and incubated with the macromolecular complex KST–Av–
αHsp70Ab overnight, then fixed, permeabilized, and stained with sec-
ondary anti-mouse antibody conjugated with Cy3 (red). Avidin was
labeled with FITC (green). Nuclei were stained with DAPI (blue). Scale
bar 1 μm. c SK-N-SH–Hsp70 cells were inducted with 25 or 75 μM of
ZnSO4 for 18 h and incubated with KST–Av–αHsp70 complex overnight
and then treated with 1 μM staurosporine to induce apoptosis. After 24 h,
the amount of living cells was determined with an MTT assay
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erythroleukemia K-562 growing in suspension and adhesive
neuroblastoma SK-N-SH cells was assessed.

The longest of the three sequences, KST peptide, was
found to penetrate the cells most effectively and was therefore
used in further experiments. Notably, the number of positively
charged amino acids in KST peptide was higher than in the
other two, KRN and YFN peptides. Although the efficient
uptake of several cationic CPPs requires at least eight positive
charges (El-Sayed et al. 2009), KST peptide has only six. All
known CPPs contain 5–40 amino acid residues and can be
divided into subgroups according to their origin or sequence
characteristics; they are not cell type or tissue specific, and
penetrative capacity is mostly dependent on the positively
charged sequences of amino acids at physiological pH (argi-
nine and lysine) and electrostatic interactions with a negative-
ly charged cell surface (before internalization) (Lindgren and
Langel 2011). This class of peptides includes penetratin
(Derossi et al. 1994), TAT peptide (Jeang et al. 1999), and
polyarginine (Futaki et al. 2001). In addition to cationic CPPs,
amphipathic and hydrophobic peptides have also been

discovered (Koren and Torchilin 2012; Wang et al. 2014).
Irrespective of their origin, the applications of CPPs include
delivery of genes, proteins, drugs, and even 200-nm-sized
imaging reagents (Ziegler et al. 2005; Bolhassani 2011).

To determine whether KST peptide could be classified as a
CPP, we used its biotin tag and formed a complex, KST–Av–
FITC. Using flow cytometry and confocal microscopy, we
showed that the complex, which has a molecular weight of
more than 60 kDa, was able to penetrate the cells of both lines,
K-562 and SK-N-SH, within the first 15 min of observation
(see Fig. 3). Importantly, the rate of penetration of the KST
peptide into SK-N-SH cells was comparable to that of a
canonical CPP, TAT peptide, the first discovered and most
studied of all CPPs (Viscidi et al. 1989).

Next, we checked whether KST peptide could deliver a
given physiologically active therapeutic molecule into a living
cell. Intracellular Hsp70 was chosen as the target since its anti-
apoptotic activity had been earlier established (Komarova
et al. 2004); furthermore, knockdown of the protein sensitized
cells to the inducers of apoptosis (Afanasyeva et al. 2007) or

Fig. 5 KST–Av complex
penetrates inside living cells using
different mechanisms. a SK-N-
SH cells were transfected with
plasmids bearing either rab5-RFP
(early endosome marker) or rab7-
RFP (late endosome marker) or
stained with Lysosomal Staining
Kit, revealing next step of endo-
cytosis; when endosomes or ly-
sosomes became visible, KST–
Av–FITC or Hsp70-Alexa488
were introduced into the culture
medium. Additionally, SK-N-SH
cells transfected with mito-
PAGFP plasmid (GFP-based
mitochondrial marker) incubated
with both polypeptides were
studied with the aid of confocal
microscopy. Scale bar 1 mm. b
SK-N-SH cells (left) and K562
cell (right) were incubated with
KST–Av–FITC or Hsp70-
Alexa488 in the presence of in-
tracellular transport inhibitors and
investigated with the help of flow
cytometry. Data from three inde-
pendent experiments are summa-
rized. Differences between con-
trol and treatment groups were
considered to be statistically sig-
nificant when p<0.05 (*) or
p<0.01 (**) according to Stu-
dent’s t test
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even caused spontaneous apoptosis in tumor cells (Nylandsted
et al. 2000). We chose the 3B5 monoclonal antibody which

has previously been shown to immunoprecipitate the Hsp70
efficiently (Guzhova et al. 1997) to neutralize the protein. The
purified and biotinylated IgG was linked to KST peptide via
an Avidin bridge, and finally, the KST–Av–αHsp70Ab com-
plex was depleted of biotinylated KST. SK-N-SH cells with a
high Hsp70 (SK-N-SH–Hsp70) content were found to be
more resistant to the apoptosis-inducing effect of
staurosporine than control cells or untreated SK-N-SH–
Hsp70 cells (Fig. 4a); incubation of cells with the complex
bearing anti-Hsp70 antibody reduced the protective effect of
the chaperone (Fig. 4c). Confocal microscopy showed that the
complex was found inside SK-N-SH–Hsp70 cells (Fig. 4b), so
we suggest that the antibody carried by KST peptide retained
its activity. Unlike KST–Av–FITC complex, which was able
to penetrate into 100 % of cells (Fig. 3), the KST–
Av–αHsp70Ab complex penetrated only inside 30 % of SK-
N-SH–Hsp70 cells. We suggest that to improve the penetra-
tion properties of KST peptide, other complex constructs
should be tested to overcome limitations associated with
Avidin specificity and biotin linking. Fusion constructs in
which the coding sequence for KST peptide is attached to a
gene of interest may be a powerful alternative to Avidin–biotin
bridges; similar complexes have been developed for coupling
of TAT peptide to Hsp70 (Wheeler et al. 2003).

Another question we addressed was whether the KST
domain is responsible for the penetrative capacity of full-size
Hsp70. There is at least some evidence which supports this
possibility: full-length Hsp70 and KST peptide use the same
mechanism for entering cells. In a recent study, we showed
that Hsp70 has several mechanisms for entering a single cell,
and the balance between these pathways is different in adhe-
sion and suspension cells (Shevtsov et al. 2014). Clathrin-
dependent endocytosis was prevalent in adhesive C6 glioblas-
toma cells, suggesting a receptor-like mechanism, whereas in
K-562 cells growing in suspension, this mechanism was less
important, but the destruction of lipid rafts resulted in signif-
icant suppression of intracellular transport of the chaperone
(Shevtsov et al. 2014). In this study, we compared the pene-
tration capacities of full-length Hsp70 labeled with Alexa488
and the KST–Av–FITC complex in SK-N-SH cells. We found
that the molecules behaved similarly; in some cases, they were
associated with vesicular structures and in some they were not
(Fig. 5a). Inhibitory analysis with substances interfering with
protein transport proved the similarity of the endocytotic
mechanism they used for crossing the plasma membrane.
Using inhibitory analysis in K-562 cells, we observed that
endocytosis-dependent and endocytosis-independent entry
mechanisms contributed to cell penetration; however, lipid
rafts seemed to be a more potent entry mechanism for both
molecules.

It is currently difficult to establish the most prevalent CPP
uptake mechanism in living cells. CPPs appear to penetrate
mammalian cells using multiple pathways, including direct

Fig. 7 KST–Av–FITC complex and full-size Hsp70 compete for pene-
tration into SK-N-SH cells. a, b KST–Av–FITC complex and Hsp70
labeled with Alexa647 were mixed in a KST–Av–FITC:Hsp70 molar
ratio of 0.2:0.2, 0.2:1, 1:0.2, 1:1, 5:0.2, and 5:1 μM and analyzed with
flow cytometry

Fig. 6 Levels of total and membrane-bound Hsp70 in K-562 and SK-N-
SH cells. a K-562 and SK-N-SH cells were heat shocked at 43 °C for
30 min and recovered overnight, and Hsp70 levels were compared using
Western blotting. Control and heat-stressed cells were collected and
lysed, and expression of Hsp70 and GAPDH (loading control) was
measured with the aid of Western blotting. b K-562 and SK-N-SH cells
were transfected with pFusionRed-f-mem plasmid to visualize plasma
membrane (blue). Two days later, cells were heat shocked at 43 °C for
30 min and after overnight incubation were washed with ice-cold PBS
and incubated with monoclonal cmHsp70.1-FITC (green). Nuclei were
stained with DAPI (white). Scale bar 1 μm
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translocation through the membrane bilayer and endocytosis-
mediated uptake (Wang et al. 2014). Formation of pores in
plasma membrane and inverted micelles were also observed;
however, the latter is typical of peptides enriched with hydro-
phobic amino acids rather than cationic peptides (Madani et al.
2011). It is noteworthy that CPPs use different cell penetration
mechanisms depending on whether they are bound to a cargo
or in free form. For example, when attached to a large cargo,
TAT peptide is mostly entrapped by endosomal vesicles,
whereas it redistributes throughout the cell cytosol when
coupled to a smaller cargo molecule (Tunnemann et al.
2006) and it uses macropinocytosis when entering a cell alone
(Koren and Torchilin 2012). Like the majority of CPPs rec-
ognized to date, KST peptide also uses different mechanisms
to penetrate living cells in different states; when associated
with cargo, it employs clathrin-dependent endocytosis
(Fig. 5b) which is thought to be mediated by a specific
receptor.

The existence of specific receptors for Hsp70 is still con-
troversial, though a number of candidate molecules have been
proposed, including CD91 (Basu et al. 2001), CD40 (Becker
et al. 2002), CD14 (Asea et al. 2000), and members of the
TLR family, particularly TLR2 and TLR4 (Asea et al. 2002).
Hsp70 can interact with three members of the scavenger
receptor family, namely LOX-1, SPEC-1, and FEEL-1/
CLEVER-1 (Delneste et al. 2002; Thériault et al. 2005,
2006) as well as with receptors from the c-type lectin family
such as CD94 and NKG2D (Gross et al. 2003; Calderwood
et al. 2007). In this study, we did not search for specific
receptors on the surface of SK-N-SH and K-562 cells; how-
ever, if we assume the presence of one or more of these
receptors on the surface of these cells, the full-length chaper-
one and the KST–Av complex should compete for entry into
SK-N-SH cells. We conducted a competition analysis and
found that the KST–Av complex dose dependently suppressed
penetration of Hsp70 into cells, while Hsp70 inhibited the
entry of KST–Av into cells (Fig. 7).

Interestingly, the total amount of Hsp70 as well as the level
of the chaperone exposed on a cell surface did not correlate
with the capacity to endocytose KST–Av–FITC and Hsp70. In
SK-N-SH cells, endocytosis was the preferable pathway and
Hsp70 was expressed at an undetectable level in control
conditions and at a low level even upon heat shock. In heat-
shocked cells, Hsp70 appeared only as single spots on the cell
surface. K-562 cells where endocytosis was not the main
pathway for both polypeptides had a very high level of
Hsp70 both total and located at the plasma membrane
(Fig. 6). This is in contradiction with the data of De Maio
et al. who showed that positive correlation between a high
content of Hsp70 and the efficiency of transferrin endocytosis
in HepG2 cells (Vega et al. 2010). This discordance can be
explained by the fact that transferrin and Hsp70 have different
receptors: transferrin receptor demonstrates high affinity to the

protein while affinity of SREC-1, LOX-1, and/or TLR2/TLR4
suggested to be Hsp70 receptors (Delneste et al. 2002; Asea
et al. 2002) is much lower.

In conclusion, the sequence of 493–512 aa on the surface of
the Hsp70 molecule may be a signal for penetration of the
whole chaperone into living cells, and the corresponding
peptide, KST, is a novel CPP with a cargo-carrying capacity
at least equal to that of commercial peptide-based vectors.
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