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Introduction 
The seventy-two kilo-Dalton heat shock protein (Hsp72) belongs 

to a family of highly conserved group of proteins involved in protein 
folding, stabilization and cytoplasmic transportation. Hsp72 expression 
is induced by various stressors, including heat shock, radiation, heavy 
metals and infection by disease causing microorganisms [1]. The 
Hsp72 is not only expressed within the cytoplasm, but also in the 
plasma membrane of cells, from where it is actively released into the 
extracellular milieu to bind to and be internalized by professional 
antigen presenting cells [2,3]. The extracellular release of Hsp72 was 
initially reported in neuronal cells by Hightower and Guidon [4]. 
Recently, the scavenger receptor, LOX-1 [5], Toll-like receptors (TLR) 
[6-9], CD14 [10,11], CD91 [12] and CD40 [13] have been demonstrated 
to effectively bind extracellular Hsp72. Internalization of extracellular 
Hsp72 has been suggested to require endocytosis through binding 
with lipid components present in plasma membrane [9]. Although 
the chaperokine activity of extracellular Hsp72 is now well accepted 
[14], the exact mechanism by which Hsp72 passes through the plasma 
membrane and thus gains access to the extracellular milieu is less well 
understood. Recently it has been shown that plasma membrane Hsp72 
enhances the plasma membrane density of CD56/CD94 and initiates 
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Abstract
Purpose: Our previous studies demonstrated that thermal stress induces the release of Hsp72 from cells by a 

mechanism independent of the classical protein transport pathway. However, the exact mechanism by which Hsp72, 
a leaderless protein, gains access to the extracellular milieu remains unknown. 

Materials and methods: This study is designed to determine the mechanism by which intracellular Hsp72 
trafficking and release occurs. The data presented in this study suggests intracellular Hsp72 trafficking using Western 
blotting and Flow Cytometry. Also, unknown membrane bound proteins were identified doing in-gel digestion and 
LC-MS/MS.

Results: We demonstrate that within 60 minutes after first exposure of cells to heat shock treatment, plasma 
membrane bound Hsp72 is shed and redistributed into cytosolic compartments. Inhibition of active cell transport by 
pre-treatment of cells with Cytochalasin B completely abrogated Hsp72 redistribution from the plasma membrane 
into the cytosol. Cross-linking of plasma membrane bound proteins with Hsp72 followed by Western blot analysis 
and LC-MS/MS analysis revealed at least seven interacting partners with Hsp72, including nucleolin, Hsp90, gp96, 
CAP2, TLR2, 4 and 7. Transfection of cells with nucleolin-siRNA completely inhibited baseline and heat shock-
induced Hsp72 release. 

Conclusions: Taken together, this study for the first time demonstrates that the plasma membrane acts as a 
reservoir for Hsp72 and suggests that nucleolin plays an important role in Hsp72 trafficking and release.

the cytolytic activity of NK cells [15]. In addition, plasma membrane 
Hsp72 has been shown to bind with nucleotide binding and substrate 
binding domains at distinct sites that are differentially localized on the 
membrane of macrophage cell lines [16]. In this study, we demonstrate 
that heat shock induces the shedding and subsequent subcellular 
redistribution of Hsp72 from the plasma membrane into cytosolic 
compartments. We also demonstrate that the plasma membrane acts as 
a reservoir for Hsp72 and that heat shock stimulates complex formation 
between Hsp72, Hsp90, nucleolin, gp96, CAP2, TLR2, 4 and 7.

Materials and Methods
Cell culture conditions 

THP-1 cells were purchased from American Type Cell Culture 
(ATCC; Manassas, VA) were maintained at 37°C with 5% CO2, in 
complete medium RPMI 1640 containing 10% FBS and antibiotics 
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(Penstrep, Gibco). Survival rate of the culture was assessed by Trypan 
blue exclusion method. Cells were cultured to 1 × 106 per mL and used 
for experiments. The insect cell line Sf9 (ATCC) was cultured at 27°C, 
without CO2, in insect cell culture medium (Novagen) containing 5% 
FBS (Invitrogen) and 0.1% Pluronic F68 Prill (BASF). Sf9 was used for 
over expression of Hsp72 under aseptic conditions.

Flow cytometry

THP-1 cells (106) were maintained at 37°C in complete medium 
with 10% FBS. Before analysis of plasma membrane expression of 
Hsp72, normal THP-1 cells were kept in FBS-free medium at 4°C for 2 
h and washed with ice-cold PBS twice. The cells were incubated with the 
human Hsp72 monoclonal antibody (C92F3A-5) (ADI-SPA-810AP-D, 
Enzo Life Sciences) for 30 minutes on ice in 1/100 dilution. The cells were 
washed with PBS twice and incubated with FITC-conjugated goat anti 
mouse IgG (AP124F, Sigma-Aldrich) in 1/100 dilution for 30 minutes 
on ice. After washing with PBS twice, the cells were resuspended in 500 
µL of PBS and filtered to FACS tube to estimate the plasma membrane 
expression. For the analysis of total Hsp72 expression, the cells were 
washed with 1% PBS-BSA and treated with 500 µl of a fixation and 
permeabilization reagent, PermiflowTM (Invirion, Oak Brook, IL) that 
made the cell wall porous. All washings were done using 1% PBS-
BSA and other procedures remain same as described above. Analysis 
was done using a FACS Area II Flow Cytometer (BD Biosciences). 
Individual cells were gated based on forward (FSC) and orthogonal 
scatter (SSC). The photomultiplier (PMT) for FITC (FL1-height) was 
set on a logarithmic scale. Cell debris was excluded by raising the FSC-
height PMT threshold. The flow rate was adjusted to <200 cells/second 
and at least 30,000 cells were analyzed for each sample. 

Sucrose gradient ultracentrifugation

A stock of 60% sucrose was prepared using ultrapure sucrose 
(SigmaUltra) in 10 mM HEPES buffer (pH 7.4). From the stock, 
gradient of 20%, 30%, 40% and 50% sucrose was prepared in 10 mM 
HEPES buffer and syringe-filtered. Layering of the sucrose was done 
above the 60% sucrose bottom layer and in a gradient fashion in the 
decreasing order with 20% sucrose as the top layer. Protein sample (400 
µL) of control and heat shocked cells after normalization for 0 h, 5 h, 11 
h and 23 h in 10% 10 mM HEPES-sucrose were layered on the sucrose 
gradient. The gradient was ultracentrifuged at 28000 RPM for 16 h at 4°C 
in a swinging-bucket MLS-50 rotor using Beckman Optima-Max bench 
top ultracentrifuge. Eight fractions of 15 drops (or 500 µl) each were 
collected from each tube and diluted with equal quantity of ice cold 10 
mM HEPES buffer. The diluted samples were ultracentrifuged at 40,000 
rpm for 2 h at 4°C. The pellet was collected and diluted in 2X Sample 
loading buffer [17] without β-mercaptoethanol and bromophenol blue. 
Protein content was quantified by Biorad-BSA assay and 50 µg protein 
was resolved on 10% SDS-PAGE and used for Western blotting.

Western blot analysis

Fifty microgram protein was resolved on 10% SDS-PAGE gel and 
blotted on PVDF membrane by Western transfer. The blot was blocked 
with 5% BSA in TBS with Tween-20 (TBST) and probed with primary 
antibodies against human Hsp72 (C92F3A-5) (ADI-SPA-810AP-D, 
Enzo Life Sciences), human Hsp90 (16F1) (ADI-SPA-835-D, Enzo Life 
Sciences), CAP2 (ALX-804-655-C100, Enzo Life Sciences), Nucleolin 
(sc-8031 Santa Cruz Biotechnology, CA), human gp96 (Zymed Labs, 
Invitrogen), or human β-integrin antibody (sc-8978, Santa Cruz 
Biotechnology) and countered stained with secondary antibody (anti-
mouse HRP (1:15000) (BD Pharmingen). Signals were detected on 
X-ray film after treatment with chemiluminiscent substrate (Pierce). 

Expression and purification of endotoxin-free recombinant 
Hsp72

Endotoxin-free recombinant Hsp72 was produced using the 
baculovirus expression vector system (BEVS) and expressed in insect 
cells as described in detail previously [18]. Briefly, recombinant 
baculovirus transfer plasmids containing individual inserts (hsp70) 
were transfected along with the linearized wild-type baculovirus 
(Autographa californica nuclear polyhedrosis virus, AcMNPV) DNA 
(home-made) into Sf9 cells. The transfection procedure was performed 
as described previously [19]. Sf9 cells were seeded into T25 flasks at a 
density of 2.0 × 106 cells per flask. After 1 hour, media was removed and 
replaced with 0.75 ml Grace’s insect medium (Sigma Aldrich, G9771) 
containing 10% FBS. 0.75 ml transfection buffer (25 mM HEPES, pH 
7.1, 140 mM NaCl, 125 mM CaCl2) was added to a 1.5 ml polypropylene 
tube which contains 1 μg of linearized AcMNPV DNA and 2.5 μg 
baculovirus transfer vector. The cells were incubated at 27°C for 4 
hours following adding DNA solution dropwise to the Grace’s insect 
medium in the flask. Medium was removed and replaced with 5ml 
BacVector Insect Cell Medium. After 6 days, post-infection, medium 
was collected and recombinant virus was identified and purified by 
plaque assays. Recombinant viruses were plaque-purified three times 
to eliminate contamination by wild-type baculovirus. To confirm the 
recombinant virus containing corresponding hsp72 gene, recombinant 
viral DNAs were isolated and examined for the correct gene insert by 
PCR. The two primers used for PCR verification of recombinant virus 
production were EcoRV-For (5′-CCATTGTAATGAGACGCAC-3′) 
and DOWN1629-Rev (5′-CTGTAAATCAACAACGCACAG-3′). 
Sf9 cells were infected with purified recombinant virus from each 
purified plaque at a multiplicity of infection (MOI) of 10. After 72 h 
post infection at 27°C, Sf9 cell culture was collected and added 0.05 
culture volume of Insect PopCulture Reagent (Novagen, San Diego, 
CA), followed by 4U Benzonase Nuclease per 1 ml of the original 
culture volume. The mixture was inverted gently and incubated 
at room temperature for 15 min. The cell pellets were removed by 
centrifugation for 20 min at 15,000 rpm (4°C). For purification of His-
tagged proteins, the supernatants were subjected to metal-chelation 
column chromatography using His-Bind resin (Novagen) equilibrated 
with column buffer (300 mM NaCl, 50 mM sodium phosphate buffer, 
1 mM imidazole, pH 8.0). The column was washed twice with 10 ml 
of wash buffer (300 mM NaCl, 50 mM sodium phosphate buffer, pH 
8.0) containing 5 mM imidazole. The bound proteins were eluted with 
elute buffer (300 mM NaCl, 50 mM sodium phosphate buffer, pH 8.0) 
containing 250 mM imidazole. Fractions containing Hsp72 protein was 
further desalted and identified by Western Blot and Mass Spectrometry. 
Purified proteins were analyzed for endotoxin content using the Limulus 
amebocyte lysate assay (Cambrex). Protein concentration was detected 
by RC DC protein assay (Bio-Rad). 

Plasma membrane cross-linking assay

To identify the interacting proteins of Hsp72 on cell plasma 
membrane, an experimental protocol has been followed, combining 
biotin labeling, UV cross-linking as well as DTT reduction, induced 
biotin transfer to interacting molecules by label transfer experiments. 
Biotinylated complexes were identified from the reduced and non-
reduced fractions that had been resolved on 10% SDS-PAGE gel. 
Hsp72 was labeled with 3M Sulfo-SBED dissolved in DMSO (dimethyl 
sulfoxide, cell culture grade; Gibco) using Pro Found label transfer kit 
(Pierce) following manufactures’ instructions and dialyzed to label 
transfer buffer (Pierce) for 24 h at 4°C under dark. Briefly, Sulfo-SBED 
contains tri-functional arms [20], an amine reactive sulfo-NHS ester on 
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one arm which has a cleavable disulfide bond which permits transfer of 
biotin, a photoreactive phenyl azide group on the other side and a biotin 
handle that will be transferred to the interacting partner. On UV cross-
linking, interacting molecule (prey protein) will be coupled with bait 
protein (SulfoSBED labeled Hsp72 in this case) through covalent cross-
link. On treatment with a reducing agent such as DTT (dithiothreitol), 
biotinylated arm will be transferred to the interacting molecule which 
can be detected by streptavidin. Ten-micrograms of Hsp72 was labeled 
with sulfoSBED and kept in dark at -80°C and used within 24 h for the 
experiments. THP-1 cells were maintained at 1 × 106 cells per mL per 
well of 24 good plate (BD Sciences) at 37°C in FBS-free medium for 24 
h and used for the labeling experiments. Ten-micrograms of the Hsp72 
labeled with SulfoSBED was added to the well and incubated for 1 h at 
4°C, in ice, under dark. Immediately after the incubation, the cells kept 
on ice were exposed to UV (Stratalinker) for 5 minutes at a distance 
of 5 cm at 12,000 microjoules for cross-linking. The cross-linked cells 
were centrifuged at 10,000 rpm for 5 min at 4°C and pelleted. After 
washing with PBS, the pellet was lysed with cell lysis buffer (Cell 
Signaling) containing 10X protease inhibitor and phosphatase inhibitor 
and centrifuged at 13,000 rpm for 15 minutes at 4°C. Protein content of 
the supernatant was assessed by BSA standard-Biorad assay. A sample 
of the cell lysate with 50 micrograms of the protein was reduced with 
100 mM DTT and another sample was used without reduction. Both 
reduced and non-reduced samples of cell lysate of normal THP-1 cells, 
only UV linked cells, only labeled cells and labeled plus UV linked cells 
were analyzed. Each sample was mixed with Lamelli’s buffer containing 
bromophenol blue and denatured at 95°C for 5 minutes, loaded and 
resolved on 10% SDS-PAGE gel. Simultaneously resolved gels were 
either used for Western blotting or Coomassie (Biosafe, Biorad) 
staining. The blot was probed with streptavidin (Pierce) to identify the 
biotinylated fragments resolved on the gel. Simultaneously, from the 
gel stained with Coomassie, the biotinylated fragments were identified 
using mass spectrometry. 

Laser scanning confocal microscopy

Plasma membrane localization and internalization of Hsp72 was 
observed in control and heat shocked (43°C for 1 h) THP-1 cells under 
FBS-free conditions. The cells were incubated at 37°C for 0 h and 5 h 
after the heat shock, washed with 25 mM HEPES solution, blocked 
with 5% BSA for 20 minutes at 4°C and incubated with antihuman 
Hsp72 antibody for 1h at 4°C and fixed in 2% paraformaldehyde and 
further incubated with FITC-conjugated IgG for 30 minutes at 4°C in 
dark. All washings were done using PBST. After washing with PBST, 
cells were mounted in DAPI (Vector) medium for nuclear staining. The 
cells were observed under fluorescent microscope. To recognize the co-
localization of Hsp72, Gp96, and nucleolin proteins on the cell plasma 
membrane, THP-1 cells were blocked with 5% BSA, simultaneously 
labeled with primary monoclonal antibodies for 1 h at 4°C, fixed in 2% 
paraformaldehyde in PBS and incubated with secondary antibodies 
conjugated with different fluorescent stains, FITC, Phycoerythrin 
and Alexa 405 for 30 minutes at 4°C under dark. Three washes with 
PBST were allowed after incubation with the primary and secondary 
antibodies. THP-1 cells were heat shocked and the co-localization studies 
were made after 0 h and 23 h of normalization at 37°C. Microscopic 
observations were made using a FV1200 Laser Scanning Confocal 
Microscope (Olympus) with sequential scanning feature turned on to 
eliminate the possibility of cross-excitation. All the experiments were 
performed at least twice and representative figures are given.

In-gel digestion and LC-MS

The biotinylated fragments were processed by in-gel digestion with 

trypsin. After reduction and alkylation, the gel pieces were digested 
overnight with sequencing grade trypsin (Promega) at 37°C. The pep-
tide samples were zip-tip cleaned with trifluroacetic acid (TFA) and 
acetonitrile mixture and dried in Speedvac. The samples were re-dis-
solved in 0.1% TFA, fractionated and mass spectra was obtained by au-
tomated LC-MS/MS analysis (Agilent). CID data was searched against 
the SwissProt all species database, using the Agilent Spectrum Mill 
Server software (Rev A.03.03.) installed on a HP Intel® Xeon (TM) dual 
processor server. Peak lists were created with the Spectrum Mill Data 
Extractor program with the following attributed: scans with the same 
precursor ± 1.4 m/z were merged within a time frame of ± 15 seconds. 
Precursor ions needed to have a minimum signal to noise value of 25. 
Charges up to a maximum of 7 were assigned to the precursor ion and 
the 12°C peak was determined by the data extractor. The SwissProt da-
tabase was searched for tryptic peptides with a mass tolerance of ± 2.5 
Da for the precursor ions and a tolerance of ± 0.7 Da for the fragment 
ions. Two missed cleavages were allowed. A Spectrum Mill autovalida-
tion was performed first in the protein details followed by peptide mode 
using default values (Minimum scores, minimum scored peak intensity 
(SPI), forward minus reversed score threshold, and rank 1 minus rank 2 
score threshold). All protein hits found in a distinct database search by 
Spectrum Mill are non-redundant. The LC-MS/MS data are representa-
tion of three independent experiments. 

Statistical analysis 

Data was analyzed using a two-tailed t-test after applying ANOVA 
to the data. Differences were considered significant when p<0.05.

Results 
Heat shock induces the shedding and redistribution of plasma 
membrane bound Hsp72 

Initial studies were performed to determine the effect of heat 
shock on plasma membrane bound Hsp72. Flow cytometric analysis 
of plasma membrane Hsp72 on THP-1 human monocytic cells 
demonstrated a slight albeit significant decrease in plasma membrane 
bound Hsp72 after heat shock (43°C, 60 min) treatment as compared to 
controls maintained at 37°C for 60 minutes (Figure 1). Before the FACS 
analysis, cells were maintained for 24 h in FBS-free medium to avoid 
the influence of FBS on internalization as previously demonstrated 
[8,21]. Plasma bound Hsp72 was detected on >90% THP-1 cells under 
control conditions, 37°C, 60 min (Figure 1A). Exposure of THP-1 cells 
to heat shock (43°C, 60 min) and immediate measurement of Hsp72 
resulted in the complete loss of plasma membrane bound Hsp72, when 
measured 2 h post exposure, with <5% THP-1 cells expressing Hsp72 
on the cell surface (Figure 1E).

To determine whether the plasma membrane Hsp72 was shed to 
the extracellular milieu or redistributed into the cell. THP-1 cells were 
grown on microscope slides, heat shocked, permeabilized and counter 
stained with Hsp72-FITC. Confocal microscopy images revealed 
that heat shock (43°C, 60 min) induced the redistribution of Hsp72 
primarily from the plasma membrane under control conditions (37°C, 
60 min; Figure 1B-1D), to the cytoplasm (Figure 1F-H). 

To determine the kinetics of heat shock-induced redistribution of 
Hsp72, THP-1 cells were heat shocked at 43°C for 60 min and incubated at 
37°C for a further 0 h, 5 h, 11 h and 23 h. Homogenized cells were layered 
over a sucrose gradient and the recovered fractions were subjected to 
Western blot analysis. Subcellular fractions 1-4 were demonstrated to be 
plasma membrane fractions due to the expression of β-integrin (loading 
control for control and heat shock treatment) in these fractions (Figure 
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2). Reprobing the gels with anti-Hsp72 revealed that at 0 h post heat shock 
treatment, Hsp72 could be expressed in all the subcellular fractions 1-8 
(Figure 2). From 5 h to 23 h post heat shock treatment, we demonstrate 
a redistribution of Hsp72 from the plasma membrane fraction to the 
fractions representing the cytosolic fractions (Figure 2). To confirm that 
the redistribution of Hsp72 from the cell plasma membrane to the cytosol 
is an active process requiring various components of the cell transport 
system, THP-1 cells were pre-treated with Cytochalasin B (50 μM/ml) 
prior to heat shock treatment. This concentration of Cytochalasin B was 
chosen since it does not induce significant cell death but disrupts the lipid 
raft membrane (data not shown). We demonstrate that Cytochalasin B 
changed the redistribution of Hsp72 in the plasma membrane and 
cytosolic compartments (Figure 2). 

Identification of protein partners complexed with Hsp72 in 
the plasma membrane

To determine the identity of proteins which are complexed to 
Hsp72 in the plasma membrane, we produced functional endotoxin-
free recombinant human Hsp72 using a baculovirus expression vector 
system (BEVS) and expression the protein in Sf9 insect cells [18]. The 
purity of the Hsp72 protein from the eluate was determined both by 
Western blot analysis and shown to be free of other contaminating 
proteins by Coommassie blue staining (data not shown). To identify 
proteins that interact with Hsp72 within the plasma membrane, 
sulfoSBED labeled-Hsp72 was added as a bait protein to THP-1 cells 
and UV light was used to cross-link neighboring interacting proteins 
(prey protein) with Hsp72 on the plasma membrane. The cross-linked 
cells were lysed and the protein was resolved on 10% SDS-PAGE under 
non-reducing and reducing (with DTT) conditions and processed for 
Western blot analysis. Principally, DTT reduction transfers the biotin 
arm from the SulfoSBED-labeled Hsp72 (bait) to the interacting 
proteins (prey) and separates the interacting cross-linked proteins 

from the labeled Hsp72. Biotinylation of these fragments was detected 
on Western blot labeled with HRP-conjugated streptavidin (Fig. 3A). 
Low molecular weight, biotinylated fragment (~70 kDa) was resolved 
from samples reduced with DTT along with high molecular weight 
biotinylated fragments (110 kDa, 95 kDa, 72 kDa and 70 kDa) from 
reduced samples (Figure 3A).

To further identify the interacting proteins, the biotinylated bands 
from the gel were cut using a spot cutter, in-gel digested and the peptides 
were purified and analyzed by LC-MS/MS. A total of 143 peptides of 
proteins interacting with Hsp72 were identified from the reduced lysate 
samples (Table 1). Peptides of Hsp90α, TLR2, TLR4, TLR7 (Toll-like 
receptors), gp96 (tumor rejection antigen), cyclic AMP associated 
protein-2 (CAP2), nucleolin and calnexin precursor were identified 
from the different biotinylated interacting protein conjugates (Table 
1). Additional proteins identified include cytoskeletal proteins such 
as actin, β-integrin and tubulin. Importantly, 84 peptides of Hsp90β 
were identified from different fragments, whereas only one peptide of 
Hsp90α was identified from the ~95 kDa fragment. We validated these 
results using Western blot analysis with antibodies directed against 
Hsp90α, CAP2, gp96, TLR2, TLR4, TLR7 and nucleolin determined 
that all five proteins co-localized in the ~110 kDa fragment resolved 
from the reduced samples (Figure 3B). Calnexin precursor was absent 
in this fragment and hence further studies on this protein were not 
conducted (data not shown). Confocal microscopy was used to visually 
confirm the co-localization of Hsp72 with nucleolin and gp96. Under 
control conditions (37°C, 60 min), there was weak co-localization of 
all three proteins, as indicated by the arrow (Figure 4; left column, 
arrow). However, exposure of THP-1 cells to heat shock (43°C, 60 min) 
treatment, resulted in significant co-localization of both nucleolin and 
gp96 with Hsp72 (Figure 4; right column).

To demonstrate the relative contribution of nucleolin in the cytosol 

Figure 1: Plasma membrane bound Hsp72 is shed and redistributed into the cytoplasm immediately following thermal stress. A THP-1 cells (106) were maintained at 
37°C for 60 minutes or E exposed to heat shock (43°C for 60 minutes) and immediately incubated with mouse anti-human Hsp72 antibody or isotype control, and the 
relative expression of Hsp72 was measured by flow cytometry as described in detail in the Experimental Procedures section. Histograms represent the relative number 
of THP-1 cells expressing Hsp72 from the gated population of cells and is a representative experiment from six independently performed experiments with similar 
results. THP-1 cells (104) were grown on Falcon Culture Slides (BD Labware, Franklin Lakes, NJ) overnight and either maintained at 37°C for 60 min (top panels) or 
exposed to heat shock (43°C for 60 min; bottom panels). Cells were later washed twice with ice-cold PBS and simultaneously fixed and permeabilized using Cytofix/
CytopermTM kit (BD Biosciences, San Diego, CA) according to the manufacturer’s instructions and counter stained with anti-Hsp72-FITC. One drop of mounting media 
containing DAPI stain to visualize nuclear structures (Oncogene, Boston, MA) was placed onto the glass slide before the cover slip was sealed with nail polish. Results 
show fluorescence microscope pictograms using laser confocal microscopy; B and F DAPI stain that reveal the cells nuclear morphology (blue); C and G FITC stained 
cells to reveal the intensity of total Hsp72 expression (green); D and H merged image of DAPI overlaid with Hsp72-FITC. Results are a representative experiment from 
four independently performed experiments with similar results.
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in heat shock-mediated Hsp72 trafficking, the expression of nucleolin 
in THP-1 cells was silenced using specific nucleolin-siRNA prior to 
heat shock treatment. Initial experiments demonstrated that nucleolin-
siRNA (Nu-siRNA) effectively suppressed baseline (Ctrl; 37°C, 60 min) 
and heat shock (43°C, 60 min) induced nucleolin expression (Figure 5A) 
and Hsp72 expression (Figure 5B) in THP-1 cells, as judged by Western 
blot analysis. We consistently obtained the knockdown efficiency of 
900% on the expression of both nucleolin and Hsp72 respectively in 
HT vs. Nu-siRNA+HT. Pre-treatment of THP-1 cells with Cytochalasin 
B strongly inhibited baseline and heat shock-induced nucleolin (Figure 
5C). Although similar treatment did not significantly alter the baseline 
expression of Hsp72, it drastically suppressed heat shock-induced 
Hsp72 expression (Figure 5D). Scrambled siRNA was used as a control 
(data not shown). To determine the role of the proteins shown to co-
localize with Hsp72 on its release, THP-1 cells were transfected with 
a specific siRNA prior to heat shock treatment and Hsp72 release 
measured using the classical sandwich Hsp72 ELISA. We demonstrated 
that silencing nucleolin expression using nucleolin-siRNA strongly 
suppressed baseline and heat shock-induced Hsp72 release (Figure 5E). 
However, similar suppression of Hsp72 release was not observed using 
Hsp90-siRNA (Figure 5F), gp96-siRNA (Figure 5G), CAP2-siRNA 
(Figure 5H), TLR2-siRNA (Figure 5I), or TLR4-siRNA (Figure 5J) or 
TLR7-siRNA (Figure 5K).

Discussion
This study was undertaken to determine the effect of heat shock 

on plasma membrane bound Hsp72. The THP-1 human monocytic 
cell is a good model system for studying Hsp72 trafficking since 
Hsp72 is highly expressed on the cell plasma membrane under control 

conditions. The biological significance of plasma membrane bound 
Hsp72 is demonstrated in its ability to act as a target structure for 
natural killer (NK) cell-mediated cytotoxicity [22] and elicit anti-
tumor immunity [23]. Increased expression of Hsp72 on the plasma 
membrane is consistent with our earlier findings [6] and reports from 
various tumor cell line [24]. Different classes of HSP on tumor cells 
differentially activate monocytes and granulocytes to generate pro-
inflammatory cytokines [10,25], transfer antigen to APC to stimulate 
tumor specific T-cells [26,27], enhance the ability of tumors to 
process and present MHC-class I antigens directly to T-cells [28] or 
induce tumor cell lysis mediated by non-MHC restricted NK cells 
[29,30]. However, the overexpression of plasma membrane bound 
Hsp72 induced negative feedback to prevent activation of heat shock 
factor (HSF) and subsequent Hsp72 production [31]. The significant 
decrease in plasma membrane expression of Hsp72 after the heat shock 
of THP-1 cells (Figure 1) suggests a similar attenuated expression of 
HSP observed under stress conditions such as aging and heat shock 
induced in fibroblasts, T lymphocytes, Jurkat cells and CCRF-CEM 
leukemia cell lines [32]. The selective depletion of Hsp72 was found to 
enhance malignant cell immunogenicity in rat colon cells [33], and its 
internalization was facilitated by its binding with lipid raft present in 
the cell membrane [9,34,35]. 

To track the redistribution of Hsp72 within the subcellular 
components, sucrose gradient ultracentrifugation combined with 
Western blotting was performed and revealed the redistribution of 
Hsp72 in all the subcellular fractions immediately after the heat shock 
(Figure 2). The redistribution of Hsp72 was limited to 5 subcellular 
fractions after 5 h of normalization and to 4 subcellular fragments after 
11 h of normalization, indicating inter-organellar transport of Hsp72 

Figure 2: Heat shock-induced redistribution of Hsp72 from the plasma membrane to the cytoplasm is abrogated by pre-treatment with transport inhibitor. THP-1 cells 
(106) were maintained at 37°C (top panel) or exposed to heat shock (43°C for 60 min; middle panels) or pre-treated with Cytochalasin B (50 μM/ml) and exposed to 
heat shocked (43°C for 60 min; bottom panel). At 0 h, 5 h, 11 h and 23 h post heat shock treatment cells were lysed and homogenized in 10% HEPES-sucrose buffer, 
overlaid onto a sucrose gradient and ultracentrifuged at 28,000 rpm for 16 h. Eight subcellular fractions (1-8) were collected for each time point and ultracentrifugation 
at 40,000 rpm for 2 h. The precipitated protein was resolved onto a 10% SDS-PAGE and Western blotted with anti-human β-integrin or anti-human Hsp72. Data is a 
representative experiment from seven independently performed experiments with similar results.
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during the initial period of normalization. The absence of Hsp72 in 
most of the fractions and its strong presence on plasma membrane 
fractions by 23 h of normalization suggested a utility-based transport 
of Hsp72 after the heat shock, from plasma membrane to the cytosol, 
inter-organellar transport and subcellular compartmentalization 
(Figure 2). These results were confirmed by the pre-treatment of 
THP-1 cells with the cell transport blocker, Cytochalasin B. The 
detection of Hsp72 signals in all subcellular fragments indicate that 
pretreatment of THP-1 cells with Cytochalasin B before heat shock 
did not prevent internalization of Hsp72 (Figure 2). Our data suggests 
that heat shock influences the membrane transport of Hsp72 [36,37]. 
The internalization of Hsp72 appears to be an early event preparatory 
to signaling to elicit intracellular Ca2+ flux, activates NF-κB nuclear 
translocation and augments expression and release of inflammatory 
cytokines [10,35,38,39]. The continued presence of Hsp72 in all the 
Cytochalasin-treated subcellular fractions after 5 h of normalization 
demonstrates inhibition of transport of Hsp72 among the subcellular 
components. The absence of Hsp72 in plasma membrane fractions 
(fractions 1 and 2) after 23 h normalization further demonstrate the 
inhibition of transport of Hsp72 from cytosolic fractions to the cell 

membrane (Figure 2). These data suggest that Hsp72 is redistributed 
on the plasma membrane within 23 h of normalization after the heat 
shock. We hypothesize that the cell membrane acts as a reservoir for 
Hsp72, which will be transported into the cytosol in response to stress 
to induce its chaperokine activity [6] and redistribute to the plasma 
membrane without retaining in the cytosolic compartments after 
normalization.

In the present study, we demonstrated that 6 proteins including, 
Hsp90, CAP2, gp96, TLR2, TLR4 and nucleolin co-localize with 
Hsp72 on the plasma membrane. Of the Hsp72 interacting partners, 
we [6] and others [8,40] have previously demonstrated that TLR2 and 
TLR4 are surface receptors for exogenous Hsp72. Hsp90, CAP2 and 
gp96 are well known partners of Hsp72 [41]. However, nucleolin has 
not previously demonstrated to co-localize with plasma membrane 
Hsp72 (Table 1 and Figure 3B). To serve as an effective chaperone, 
Hsp72 must interact with specific binding molecules that effect 
membrane transport as well as antigen cross presentation. Herein, we 
observed that heat shock induced the transport of plasma membrane 
Hsp72 to cytoplasmic compartments. The co-localization of gp96 
and nucleolin with Hsp72 was confirmed by immunoblotting (Figure 
3B) and confocal microscopy (Figure 4H). Under control conditions 
(37°C, 60 min), Hsp72, nucleolin and gp96 on the plasma membrane 
expression was found in only a few areas. However, exposure of cells 
to heat shock conditions (43°C, 60 min) augmented the co-localization 
of Hsp72, nucleolin and gp96 throughout the cell surface (Figure 4H). 
We further demonstrate that nucleolin plays a major role in Hsp72 
release, as demonstrated by the significant decreases in Hsp72 release 
in response to transfection with nucleolin-siRNA (Figure 5C), but not 
gp96-siRNA (Figure 5E). This is interesting because nucleolin was 
originally proposed to be exclusively a nuclear and cytoplasmic protein 
that performs functions in rRNA maturation and ribosome assembly 
[42]. However, recently plasma membrane expression of nucleolin 
was established in different cell lines, including THP-1 cells [43,44]. 
Several studies establish nucleolin’s involvement in protein shuttling 
between cytoplasm and nucleus [45,46] and between the plasma 
membrane and nucleus [43,47-49]. We hypothesize that nucleolin acts 
in a similar fashion by shuttling Hsp72. Plasma membrane nucleolin 
is a signaling receptor for P-selectin, in human colon carcinoma [50]. 
Co-localization of nucleolin with Hsp72 after normalization suggests a 
nucleolin-mediated transport of Hsp72 from cellular compartments to 
the plasma membrane for the re-localization of Hsp72 after recovery 
from heat shock (Figure 1 and 4). Our studies are supported by earlier 
observations on the simultaneous increase in Hsp72 and nucleolin 
mRNAs in rat hepatocytes [51] and binding of plasma membrane 
nucleolin with the anti-HIV cytokine, midkine [43]. 

It has previously been suggested by us [6] and others [9] that Hsp72 
recruits pattern recognition molecules such as TLR to move across 
the membrane over lipid rafts. These studies are strengthened by the 
finding that TLR2 and TLR4 are interacting partners of Hsp72 (Table 
1 and Figure 3B). TLR-mediated Hsp72 action requires intermediate 
molecules which have yet to be identified. Suggestively, nucleolin may 
be capable of direct interaction with TLR which may be a “missing link 
adapter” that exists in the nucleolin-TLR-Hsp72 association. Our data 
does not support a role for TLR2, 4 or 7 in the release of Hsp72 (Figure 
5G-5I).

Co-localization of gp96 with plasma membrane-bound Hsp72 and 
nucleolin indicated the association of gp96 with plasma membrane 
Hsp72. The strong expression of gp96 after heat shock indicates a stress-
induced upregulation of gp96 on THP1 plasma membrane (Figure 
4A-4H). Gp96 is a glycoprotein of the endoplasmic reticulum (ER) 

Fragment 
size (kDa) Protein ID Accession 

number
Number of 
peptides

Molecular weight (kDa) of 
the peptides (range)

110

Hsp701 16507237 2

944.523-1838.013
Hsp702 24234686 6
Hsp703 13676857 3
Hsp704 62896815 1
Hsp705 5729877 1
Hsp906 20149594 9 1141.56-1847.797
CAP7 5453595 10 1151.515-2073.035

Nucleolin 55956788 7 937.499-1561.68
Gp968 4507677 30 961.458-2260.063
TLR2 88878 6 911.325-2116.258
TLR4 88880 10 945.658-2287.264

~95

Hsp701 16507237 22
1074.554-2175.993

Hsp702 24234686 1
Hsp906 20149594 28

951.464-2176.945
Hsp909 83699649 1
CAP7 5453595 6 1426.315-2073.035

Calnexin 
precursor 10716563 12 902.462-2283.052

TLR2 88878 8 899.458-2125.125
TLR4 88880 11 920.894-2221.956

~75

Hsp701 16507237 21 1074.554-2175.993
Hsp906 20149594 20 951.964-1847.797
CAP7 5453595 9 1003.567-2073.035

Calnexin 
precursor 10716563 10 902.462-2462.128

~70
Hsp701 16507237 23

1074.554-2175.993
Hsp703 13676857 2
CAP7 5453595 11 1084.589-2073.035

aTHP-1 cells were incubated with SulfoSBED-labeled Hsp70 and cross-linked 
using UV light. Proteins obtained from subcellular fractions recovered after cell lysis 
and sucrose gradient ultracentrifugation were resolved from the reduced lysates, 
in-gel trypsinized, purified and the protein mass spectra were determined by LC-
MS/MS as described in detail in the Methods section. Data are a representative 
experiment from four independently performed experiments with similar results.
1 Hsp70 kDa protein-5; 2 Hsp70 kDa protein8 isoform-2; 3 Hsp70 kDa protein-2; 4 

Hsp70 kDa protein 8 isoform-2 variant; 5 Hsp70 kDa protein 8 isoform-1; 6 Hsp90 
kDa protein-1 beta; 7 Adenylyl cyclase-associated protein; 8 Tumor rejection 
antigen (Gp96); 9 Hsp90 kDa protein 1 alpha.

Table 1: Identification of candidate proteins interacting with Hsp72 within the 
plasma membranea.
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and an ER paralog of Hsp90 that is involved in antigen processing as 
an intermediate peptide carrier. Gp96 has previously been identified 
as tumor specific antigen that regulates antigen presenting cells [52]. 
Interaction of gp96 with Hsp72 on the plasma membrane reflects the 
peptide-binding activity of gp96 to serve as cross-priming antigen to 
initiate T lymphocyte responses [27,53]. Binding of gp96 with associated 
proteins induces immune responses [23,54,55] and protecting cells 
from complete degradation-peptides [56]. However, gp96 does not 
appear to play a major role in Hsp72 release (Figure 5E).

Cytosolic Hsp90 regulates numerous important cellular activities 
and trafficking of many signal transducing proteins [57,58]. Hsp90 
function is intimately coupled to a cycle of ATP binding and hydrolysis 
[59,60]. Mass spectrometry identified 57 peptides of Hsp90β and one 
peptide of Hsp90α showed preference of Hsp90β to Hsp90α to form 

complexes with the co-chaperone Hsp72 (Table 1). The finding of a 
differential interaction of the two isoforms of Hsp90 has recently been 
reported with another chaperone GCUNC45 [61], which has been 
suggested to be due to the larger presence of monomeric form of Hsp90β 
in the cell lysates [62]. Adenylyl cyclase associated protein-2 (CAP2) is 
a multifunctional protein in which the N-terminal region with amino 
acids 1-168 is required for heat shock sensitivity [63]. Adenylyl cyclase 
forms a complex with CAP [64] which was associated with RAS2val-

19-dependent heat shock sensitivity [65,66]. CAP may not be directly 
involved in physical association with Ras protein instead acts through 
alternated confirmation of adenylyl cyclase [67]. The identification of 
CAP2 as an interacting protein of Hsp72 (Table 1) provides evidence 
for indirect involvement of CAP2 in the heat shock response, probably 
by using the chaperone effect of Hsp72. Interestingly, silencing CAP2 
expression reduced the release of Hsp72, albeit, not significantly 
(Figure 5F). 

The role of plasma membrane Hsp72 in induction of immune 
system is obviously more complex than our results suggest. Our 

Figure 3: Hsp90, CAP2, nucleolin, TLR2, TLR4, TLR7 as possible interacting 
proteins with plasma membrane bound Hsp72. THP-1 cells (106) were stained 
with Hsp72-labeled with Sulfo-SBED that contains tri-functional arms with a 
biotin handle that will be transferred to the interacting partner on reduction 
with a reducing agent as described in detail in the Experimental Procedures 
section. Cells were later exposed to UV light and lysed with either DTT 
(reduced samples) or control (non-reduced samples). A The cell lysate was 
later denatured at 95°C for 5 min and resolved on 10% SDS-PAGE and stained 
with Coomassie (Biosafe, Biorad). Lane 1, non-reduced cell lysate (control); 
lane 2, non-reduced cell lysate from UV-linked cells; lane 3, non-reduced cell 
lysate from SulfoSBED-labeled cells; lane 4, non-reduced cell lysate from 
SulfoSBED-labeled and UV-linked cell; lane 5, reduced cell lysate (control); 
lane 6, reduced cell lysate from UV-linked cells; lane 7, reduced cell lysate 
from SulfoSBED-labeled cells; lane 8, reduced SulfoSBED-labeled and UV-
linked cells lysate. Data is a representative experiment from four independently 
performed experiments with similar results. B The 110 kDa band (red rectangle) 
was cut, denatured at 95°C for 5 min and resolved on 10% SDS-PAGE and 
Western blotted with antibodies against human Hsp90 or CAP2 or nucleolin, or 
gp96 or TLR2 or TLR4 or TLR7. Data is a representative experiment from four 
independently performed experiments with similar results.

Figure 4: Heat shock augments the co-localization of Hsp72 with gp96 
and nucleolin. THP-1 cells (104) were grown on Falcon CultreSlides (BD 
Labware, Franklin Lakes, NJ) overnight and either maintained at 37°C for 60 
min (left column) or exposed to heat shock (43°C for 60 min; right column). 
Cells were later washed twice with ice-cold PBS and simultaneously fixed 
and permeabilized using Cytofix/CytopermTM kit (BD Biosciences, San 
Diego, CA) according to the manufacturer’s instructions and counter stained 
with anti-Hsp72-FITC A and E, anti-nucleolin-Alexa 405 B and F, and anti-
gp96-phycoerythrin C and G. One drop of mounting media containing DAPI 
(Oncogene, Boston, MA) to visualize nuclear structures was placed onto the 
glass slide before the cover slip was sealed with nail polish. Results show 
fluorescence microscope pictograms using laser confocal microscopy. Merged 
images represent an overlay of anti-Hsp72-FITC, anti-nucleolin-Alexa 405, 
and anti-gp96-phycoerythrin D and H. Arrow indicates single area in which co-
localization can be found under control conditions D. Data is a representative 
experiment from three independently performed experiments with similar 
results.
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Figure 5: Silencing nucleolin prior to heat shock abrogates Hsp72 release from THP-1 cells. THP-1 cells (106) were pre-treated with 25 nM nucleolin-siRNA or 
Cytochalasin B (50 μM/ml) then exposed to either heat shock (HT; 43°C for 60 min) or maintained at 37°C (Ctl; 37°C, 60min). Twenty-four hours later cells were 
lysed and proteins measured using the classical Bradford method and equal amounts of protein were resolved onto a 10% SDS-PAGE and Western blotted with A 
and C anti-human nucleolin or B and D anti-human Hsp72. β-actin was used as a loading control in all experiments. Data is a representative experiment from seven 
independently performed experiments with similar results. THP-1 cells (106) were transfected for 48 hours with E 25 nM nucleolin-siRNA, F 20 nM Hsp90-siRNA, 
G 15 nM gp96-siRNA, H 25 nM CAP2-siRNA, i 20nM TLR2-siRNA, J 25 nM TLR4-siRNA, K 25 nM TLR7-siRNA or 25 nM control-siRNA using siPORT NeoFX 
(Ambion). The transfected cells were either maintained at control conditions (37°C, 60 min) or exposed to heat shock (43°C, 60 min). Five hours later, supernatant 
was recovered, centrifuged to remove floating dead cells and cellular debris, treated 1% Lubrol for 10 min at 4°C with gentle rocking and the concentration of Hsp72 
measured using the classical sandwich ELISA as described in detail in the Methods section. Data represent the mean Hsp72 concentration (pg/ml ± SD) and is the 
sum of three independent experiments performed in quadruplicates. *, p<0.05 vs control-siRNA (Student’s t-test). 
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working hypothesis is that the plasma membrane of cells functions as 
a reservoir for Hsp72 and thermal stress induces the redistribution of 
plasma membrane bound Hsp72 into subcellular cytosolic components, 
from where; nucleolin-mediated transport system carries the Hsp72 to 
the plasma membrane for its re-localization and final release into the 
extracellular milieu. In this fashion, the plasma membrane also acts as 
a reservoir for Hsp72. 
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