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Resistin, a cysteine-rich adipocytokine, proposed as a link between
obesity and diabetes in mice, was shown as a proinflammatory
molecule in humans. We earlier reported that human resistin (hRes),
a trimer, was resistant to heat and urea denaturation, existed in
an oligomeric polydispersed state, and showed a concentration-
dependent conformational change. These properties and an intimate
correlation of hRes expression with cellular stress prompted us to
investigate hRes as a possible chaperone. Here, we show that
recombinant human resistin was able to protect the heat-labile
enzymes citrate synthase and Nde1 from thermal aggregation and
inactivation and was able to refold and restore their enzymatic
activities after heat/guanidinium chloride denaturation. Further-
more, recombinant human resistin could bind misfolded proteins
only. Molecular dynamics-based association–dissociation kinetics
of hRes subunits pointed to resistin being a molecular chaperone.
Bis-ANS, which blocks surface hydrophobicity, abrogated the chap-
erone activity of hRes, establishing the importance of surface hy-
drophobicity for chaperone activity. Replacement of Phe49 with Tyr
(F49YhRes), a critical residue within the hydrophobic patch of hRes,
although it could prevent thermal aggregation of citrate synthase
and Nde1, was unable to refold and restore their activities. Treat-
ment of U937 cells with tunicamycin/thapsigargin resulted in
reduced hRes secretion and concomitant localization in the en-
doplasmic reticulum. Escherichia coli transformants expressing
hRes could be rescued from thermal stress, pointing to hRes’s
chaperone-like function in vivo. HeLa cells transfected with hRes
showed protection from thapsigargin-induced apoptosis. In conclu-
sion, hRes, an inflammatory protein, additionally exhibited chaper-
one-like properties, suggesting a possible link between inflammation
and cellular stress.

protein folding | chaperokine

Resistin, a small cysteine-rich secreted protein, is predominantly
produced in human macrophages (1, 2). Resistin levels in hu-

man serum could neither be associated with obesity nor linked with
insulin resistance (3), pointing to possible other role(s) for this
hormone. We, and later others, showed that human resistin (hRes)
is a proinflammatory molecule that stimulates the synthesis and
secretion of TNF-α and IL-12 from macrophages through an
NF-κB–activated pathway (4, 5). hRes mRNA levels are strongly
induced by TNF-α and IL-6 in human peripheral blood mono-
nuclear cells (6, 7). Although human and mouse resistin share 64.4
and 59% sequence homology at mRNA and amino acids levels,
respectively, they differ considerably in terms of their structural
organization (8). We earlier reported, based on extensive bio-
physical analyses, that recombinant human resistin (rhRes) is
a highly stable molecule that exists in oligomeric states as a func-
tion of concentration with no major loss in helicity and displays
slightly altered tertiary structure with an increase in temperature
(9, 10). The variable oligomeric states and poly-dispersity of hRes
are features often attributed to chaperones (11, 12). mRNA levels

of resistin were earlier found to be down-regulated during endo-
plasmic reticulum (ER) stress in rodent adipocytes (13).
Cellular stress in any form, including infection, can alter the

cellular metabolism, leading to improperly folded, defective, and
aggregated proteins within the ER. This induces ER stress,
which then triggers unfolded protein response (UPR). Under
such conditions, molecular chaperones play a crucial role in
assisting proper folding of proteins. The observations that hRes
(i) is a small molecule of 8–12 kDa; (ii) exists in different forms,
including high molecular mass oligomers; (iii) has a secondary
structure that is refractile to increasing temperature; (iv) is highly
resistant to chemical denaturation; and (v) has expression levels
that correlate with stress conditions led us to suggest that hRes
could act as a molecular chaperone. In this study we show that
rhRes binds to nonnative proteins in vitro and protects them
from thermal and chemical denaturation while preserving their
enzymatic activity. Escherichia coli cells, overexpressing hRes,
could survive when exposed to higher temperatures. In mam-
malian cells, an elevated level of hRes was observed upon in-
duction of ER stress by tunicamycin (tn) and thapsigargin (tp).
hRes, an otherwise secreted protein, was retained in the cell and
localized in the ER upon ER stress. HeLa cells transfected with
hRes showed protection from tp-induced apoptosis. These
observations prompted us to conclude that hRes, apart from
being a proinflammatory molecule, possibly functions as a chap-
erone under stress conditions.

Results
Homology Modeling of hRes Displayed Surface-Exposed Hydrophobic
Patches. The 3D structures of the trimeric and hexameric forms
of wild-type hRes, built using MODELER by using mouse
resistin as a template (14) (Fig. S1A), generated rmsd values of
0.213 and 0.533 Å for trimer and hexamer, respectively. The
3D model of trimer pointed to the presence of surface-exposed
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hydrophobic patches seen typically for chaperones. Four amino
acids within the mature polypeptide, namely Leu42, Pro46, and
Phe49, and Trp80, were found to be surface-exposed in the
homology model. To validate these predictions, one of these
amino acids, namely Phe at position 49, was mutated to Tyr by
site-directed mutagenesis (Fig. S1A), and the impact of this
mutation (F49Y) on the surface hydrophobicity was determined
using the hydrophobe-selective dye 1-anilinonaphthalene-8-sul-
fonate (ANS). Although the wild-type rhRes showed ANS
binding, as evident from spectroscopic measurement, the mutant
F49YrhRes showed negligible binding (Fig. S1B). For all sub-
sequent studies the wild-type human resistin (rhRes) and the
mutant version (F49YrhRes) were used. The space-filled model
of the hexamer is given as Fig. S2.

hRes Trimer Exhibited Molecular Rearrangement.Our earlier studies
(9, 10) showed that the molecular mass of hRes varied between
11.3 and 600 kDa in solution. These oligomeric structural fea-
tures of hRes, reminiscent of chaperone-like proteins, prompted
us to carry out molecular simulation studies of hRes and
F49YhRes structures in trimer and hexamer forms at 298 and
333 K using GROMACS, which were analyzed using trajectory
files obtained during 20-ns simulations. The rmsd plots of trimer
of hRes and F49YhRes showed the difference in association and
dissociation. hRes trimer started converging after 10 ns of sim-
ulations. The rmsd convergence of protein at 298 K reached 0.5
and 0.6 nm for 333 K as observed at the end of simulations (Fig.
S3). During the 20-ns molecular dynamic (MD) simulations, the
hRes trimer C-terminal β-sandwich head domain rearranges
from trimer to dimer–monomer arrangement, thus exposing in-
ternal cavity to solvent (Fig. S3, iv). F49YhRes trimer converged
after 15 ns of the simulations for both 298 K and 333 K (Fig. S4).
At the end of the simulations, the protein at 298 K reached the
convergence near 0.5 nm, and at 333 K it converged near 0.6 nm.
Compared with rhRes, F49YhRes trimer undergoes less rear-
rangement and prefers to retain the trimer conformation. How-
ever, no dissociation of hexamer hRes was observed during
simulations either at 298 K or at 350 K (Fig. S5).

rhRes and F49YrhRes Can Protect Citrate Synthase and Restriction
Enzyme Nde1 from Thermal Aggregation. To experimentally dem-
onstrate chaperone-like activity of rhRes, the ability of this adipocy-
tokine to protect heterologous proteins from thermal denaturation
was assessed. Light-scattering assay to monitor aggregation was
carried out by measuring absorbance (320 nm) of thermally
denatured citrate synthase (CS) (15) and Nde1 in the absence or
presence of rhRes/F49YrhRes (Fig. 1). These two enzymes were
selected based on their thermal sensitivity and availability of
convenient assays to monitor activity. The thermal stability of all

of the proteins in the experiment, namely rhRes, F49YrhRes,
CS, and Nde1, was also checked individually. As expected for
molecular chaperones, rhRes and the mutant rF49YrhRes were
highly stable at 45 °C for more than 45 min, showing negligible
aggregation, where as CS and Nde1 aggregated considerably with
time (Fig. 1 A and B, respectively). We then examined whether
rhRes can protect CS and Nde1 from thermal aggregation, a
property common to most chaperones (16). Nde1 in the presence
of 0.15 μM rhRes was highly stable (Fig. 1B) compared with
incubation with 0.15 μM lysozyme (negative control). Likewise,
rhRes could protect CS against thermal aggregation, and this
protection was similar to that seen using a known chaperone,
GroEL (Fig. 1C). The ability to protect Nde1 and CS from ther-
mal denaturation remained unaltered for the mutant F49YrhRes
(Fig. 1 B and C), consistent with its thermal stability (Fig. 1A).
These results clearly demonstrate that both rhRes and F49YrhRes
can protect proteins from thermal denaturation/aggregation.

Nde1 and CS Protected from Denaturation by rhRes Were Enzymatically
Active. Having shown that rhRes can protect Nde1 and CS from
thermal denaturation, we investigated if the protected proteins are
also functionally active. Enzyme activity of Nde1, after heat de-
naturation at 60 °C for 20 min, was measured using pUC18. Line-
arized pUC18 was visualized by electrophoresis on 1% agarose gel.
Upon heat denaturation, Nde1 could not cleave pUC18 (Fig. 2A,
lane 3); however, when Nde1 was heat-denatured in the presence of
rhRes, much of its DNA cleavage activity was retained as evident
from a single linearized pUC18 band after Nde1 digestion (Fig. 2A,
lane 4). In the presence of either F49YrhRes or control protein
BSA, Nde1 activity was lost (Fig. 2A, lanes 5 and 6, respectively). It
therefore appeared that rhRes not only can prevent physical ag-
gregation of Nde1 upon heating, but also can preserve the func-
tional activity of the protein. The mutant F49YrhRes, although it
protected the protein from aggregation, could not prevent loss of
enzyme activity upon heat treatment, pointing to the functional
importance of the F49 residue of hRes.
The ability of rhRes and F49YrhRes to refold and restore

enzyme activity of unfolded protein after denaturation was then
assessed. Denaturation with 6 M guanidinium chloride (GdnHCl)
resulted in complete loss of CS enzyme activity (Fig. 2B). Dena-
tured CS was then diluted in the appropriate buffer to refold
in the presence of GroEL (positive control) (17), rhRes, or
F49YrhRes. Refolding of CS was assessed in terms of the re-
covery of its enzyme activity, monitored by the disappearance of
acetyl-CoA at 233 nm in a reaction mix containing oxaloacetic
acid, acetyl-CoA, and nitrobenzoic acid. CS enzyme activity was
plotted as the percentage of the native activity. It could be seen
(Fig. 2B) that, although GdnHCl-denatured CS showed almost
complete loss of enzyme activity, when refolded in the presence

Fig. 1. rhRes and mutant (F49YrhRes) proteins prevent thermal aggregation of proteins. (A) Light-scattering assay of thermal aggregation. Absorbance at
320 nm was measured for rhRes, F49YrhRes, and CS at 45 °C for 45 min. (B) Resistin prevents thermal aggregation of Nde1 and (C) citrate synthase. The
kinetics of Nde1 or CS aggregation, alone or in the presence of rhRes, F49YrhRes, or lysozyme, were assayed. Each experiment was carried out in triplicate.
The error bars represent SEM.
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of either rhRes or GroEL, about 75–80% of the activity was
regained. CS refolded in the presence of F49YrhRes was found
to be functionally inactive (Fig. 2B). These results reconfirmed
the earlier observation that, although rhRes can restore the ac-
tivity of the refolded denatured protein, the F49YrhRes mutant
cannot do so.

Exposed-Surface Hydrophobicity Is Important for Chaperone Activity.
We next evaluated the importance of total surface hydro-
phobicity, rather than a single hydrophobic amino acid change,
on chaperone activity. The dimeric analog of ANS, 4,4′-bis-1-
anilinonaphthalene-8-sulfonate (bis-ANS), was photo-incorporated
onto the rhRes molecule by UV irradiation and used in our
assays. If the hydrophobic patches on the surface of rhRes were
important for chaperone-like activity, one would expect that
binding of bis-ANS to rhRes (bis-ANS–rhRes) should not protect
proteins from functional inactivation at high temperature. Nde1
(10 units) was incubated at 60 °C for 20 min in the absence or
presence of either rhRes or bis-ANS–rhRes. The heat-denatured
Nde1 was then used to digest pUC18. It is evident that rhRes
could protect the functional activity of Nde1 from thermal de-
naturation (Fig. 2C, lane 4), but bis-ANS–rhRes could not do so as
evident from the presence of undigested pUC18 (Fig. 2C, lane 5).
These experiments demonstrate that the hydrophobic residues on
the surface of rhRes are important for chaperone-like activity.

rhRes Could Bind Nonnative Proteins Only. To explore if rhRes, like
chaperones, differentiates between native and nonnative pro-
teins, we incubated rhRes with native or denatured CS in equi-
molar concentration, followed by immunoprecipitation with anti-
hRes antibodies. The immunoprecipitated complex was then
fractionated by SDS/PAGE and stained with Coomassie Blue
(Fig. 3). It could be seen that rhRes could complex with dena-
tured CS (Fig. 3A, lane 3) whereas native CS could not be
coimmunoprecipitated with rhRes (Fig. 3A, lane 2). A similar

experiment was performed with the randomly selected protein
Late Expression Factor 4 (LEF4) (Fig. 3B). It once again became
evident that rhRes could bind and hence coimmunoprecipitate
denatured LEF4 (Fig. 3B, lane 3) but not native LEF4 (Fig. 3B,
lane 2). These observations lead us to conclude that rhRes, like
other molecular chaperones, binds only to nonnative proteins.

rhRes Can Rescue E. coli Cells from Thermal Shock.Results presented
so far provide in vitro demonstration of chaperone-like activity
of rhRes. To gain insights into the chaperone activity of rhRes
under physiological conditions, we investigated if hRes could
rescue E. coli growth after prolonged thermal shock. E. coli M15
cells were transformed with pQE30 plasmid vector or the
recombinant constructs pQE30hRes or pQE30F49YhRes car-
rying the wild-type hRes gene or F49YhRes mutant, respectively,
under the inducible lac promoter. The expression of hRes or its
mutant was induced by 1 mM isopropyl β-D-1-thiogalactopy-
ranoside (IPTG) for 2 h. Uninduced and induced cultures were
diluted in a 1:1,000 ratio and grown at either 37 °C or 50 °C for
45 min, and 10 μL of each sample was then spread on agar plates
with appropriate antibiotics. It could be seen that E. coli cells
expressing hRes (Fig. 3C, center bar) survived the thermal shock
approximately sevenfold more than those transformed with
pQE30 basal vector (Fig. 3C, left bar) whereas those trans-
formed with pQE30F49YhRes showed marginal (approximately
onefold) survival (Fig. 3C, right bar). These observations provide
evidence that hRes also functions as a molecular chaperone
under physiological conditions.

hRes Is Overexpressed During Tunicamycin and Thapsigargin-Induced
ER Stress. The human leukemic monocyte lymphoma cell line
U937 was used for these studies as they were shown to express
resistin in high abundance (18). ER stress was induced in U937
cells either by tn, which blocks the synthesis of N-glycans, or tp,
which causes Ca2+ depletion in ER. The induction of ER stress
was confirmed by the observed increase in the levels of Grp78, a
well-known ER stress marker (Fig. S6). The levels of hRes were
monitored by Western blot with anti-hRes antibody after 24 h of
treatment under increasing concentrations of tn/tp (2–15 μg/mL).
Levels of resistin were found to increase upon induction of ER
stress as a function of tn or tp concentration (Fig. 4 A and B,
respectively). Transcript analyses using quantitative PCR (qPCR)
also confirmed the induction of resistin during ER stress by either
tn or tp (Fig. 4 C and D, respectively). Taken together, these
results show that ER stress induced resistin expression both at
mRNA and protein levels.

Resistin Is Retained in ER upon ER Stress. Having observed that
hRes, a secretory protein, is induced during ER stress, we next
asked if the secretion of hRes is affected during ER stress. U937
cells were treated with either tn or tp (5 μg/mL), and secretory
hRes levels in the supernatant, collected at 6, 12, and 24 h after
treatment, were analyzed by ELISA (Adipo Gen). hRes is
overexpressed during tunicamycin and thapsigargin induced ER
stress; ELISA data showed secretion impairment resulting in an
about 40–50% decline in resistin secretion (Fig. 5 A and B).
To address this issue of differential secretion, we examined the

localization of hRes during ER stress by confocal microscopy.
Immunocytochemistry was performed on untreated and 5 μg/mL
tn- or tp-treated U937 cells for 24 h using antibodies specific to
hRes or calreticulin, an ER resident protein. It can be seen that
hRes colocalized with calreticulin (Fig. 5C, merged panel).
Furthermore, the increase in expression of hRes after 24 h of
treatment in terms of increased Cy3 intensity is also evident. It is
therefore apparent that, under conditions of ER stress, although
resistin continues overall to be induced, the bulk of it remains
within ER. These results demonstrate that tn/tp-induced stress
caused a reduction in the levels of secretory resistin despite in-
creased expression levels and that the bulk of the intracellular
hRes was localized to the ER.

Fig. 2. rhRes-protected Nde1 and CS enzymes are functionally active. (A)
Residual enzyme activity of thermal-denatured Nde1 in the absence or
presence of rhRes, F49YrhRes, and control protein BSA. Lane M, 1-kb mo-
lecular size marker; lane 1, uncut pUC18; lane 2, pUC18 digested with native
Nde1; lane 3, with heat-denatured Nde1; lane 4, with rhRes-treated heat-
denatured Nde1; lane 5, with F49YrhRes-treated heat-denatured Nde1; lane
6, with heat-denatured Nde1 with BSA. The gel is a representative of three
independent experiments. (B) Residual activity of GdnHCl-denatured CS
(Den CS), refolded CS in the presence of chaperone GroEL (Den CS+GroEL+
ATP), refolded CS in the presence of rhRes (Den CS+rhRes), and refolded CS
in the presence of F49YrhRes (Den CS+F49YrhRes). Control is the native CS
(native). Enzyme activity was assayed by monitoring the disappearance of
acetyl-CoA at 233 nm and expressed as the perecentage of activity of native
CS (native). Each experiment was carried out in triplicate. The error bars
represent SEM. (C) Residual Nde1 activity assay after denaturation with bis-
ANS photoincorporated hRes. Lane M, 1-kb DNA ladder; lane 1, undigested
pUC18; lane 2, pUC18 digested with native Nde1; lane 3, with heat-dena-
tured Nde1; lane 4, with heat-denatured Nde1 in the presence of rhRes; and
lane 5, with heat-denatured Nde1 in the presence of bis-ANS–rhRes. The gel
is a representative of three independent experiments.
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Resistin Can Rescue Mammalian Cells from ER Stress-Induced Apoptosis.
HeLa cells (human cervical adenocarcinoma cells) were used for
studying the impact of transiently expressed hRes in rescuing cells
from ER stress-induced apoptosis. HeLa cells were transfected with
either empty vector pCDNA or pCDNAhRes carrying hRes gene
(schematically represented in Fig. S7), and expression of resistin was
confirmed by RT-PCR (Fig. S8). No endogenous expression of
resistin at the transcript level could be registered in HeLa cells (Fig.
S8, lanes UT and T-EV). Apoptosis was induced in these cells using
15 μg of tp for 24 h, and the percentage of cells undergoing apo-
ptosis was scored using Annexin V staining per the manufacturer’s
guidelines (Invitrogen). It could be seen that expression of hRes
gene in HeLa cells could successfully rescue these cells from
thapsigargin-induced apoptosis (Fig. 6). These results demon-
strate that resistin aids cells in restoring ER homeostasis,
thereby protecting them from apoptosis.
Summarizing, hRes, earlier known to be a proinflammatory

cytokine, exhibited chaperone-like activity and can provide
protections to E. coli from thermal stress and to mammalian
HeLa cells from ER stress-induced apoptosis. In line with its role
as a possible chaperone under stress conditions, this secretory

protein was retained in ER during stress, suggesting a possible
link between inflammation and cellular stress.

Discussion
hRes, a small cysteine-rich secretory protein produced in mac-
rophages, although initially proposed to be a link between di-
abetes and insulin resistance, is emerging as an important player
in inflammation (4, 5). Our previous studies showed that rhRes is
an extremely stable molecule whose structure was insignificantly
altered as a function of temperature (9). Extending our earlier
studies, we now report that hRes has chaperone-like activity that
can protect proteins from denaturation and retain their activity.
The molecular model of hRes, constructed using a mouse 3D

model as a template, shows an interesting funnel-shaped struc-
ture, with an orifice at one end, for probable interaction with the
unfolded proteins. Based on this homology model, four sites
on hRes, namely Leu42, Pro46, Phe49, and Trp80, were found to
be exposed on the surface. These residues may play a role in
imparting surface hydrophobicity to the molecule. Surface hy-
drophobicity is critical for chaperones as these are considered
instrumental in interactions with unfolded or misfolded proteins
(19), and replacement of any of these hydrophobic residues with
hydrophilic residues should result in significant structural alter-
ations, which would then disrupt interaction with misfolded
proteins, as reported for some heat-shock proteins (20). We
observed that the same replacement of Phe-49 by Tyr drastically
reduced the ability of hRes to interact with misfolded proteins,
implicating its importance in wild-type rhRes. Increased molec-
ular rearrangements accompanied by higher affinity for unfolded
proteins is considered a paradigm of chaperone action (21).
Comparison of mutant F49YhRes with wild-type hRes, in terms
of chaperone activity, gave results consistent with these predictions.
Furthermore, ANS-binding analysis of F49YrhRes showed a de-
crease in absorbance compared with rhRes, a reflection of the loss
of surface hydrophobicity due to F49Y mutation.
The computational simulation data served as the basis for

experiments to demonstrate chaperone-like function of the hRes
protein by using heat- and the alkali-labile enzyme CS and the
restriction enzyme Nde1. Unlike CS and Nde1, rhRes was re-
fractile to heat-induced aggregation, pointing to its thermal
stability. However, when both heat-labile CS and Nde1 proteins
were individually incubated at 45 °C for 45 min in the presence of
rhRes not only could aggregation be prevented, but also almost
80% of activities could be restored. The mutant F49YrhRes
could not assist in restoring enzyme activities, although it could
provide protection from thermal aggregations. It is likely that
structural alteration and the declined molecular reassociation due
to F49Y change, although rendering the mutant protein refractile
to thermal aggregation, caused subtle change(s) in structure
that prevented the ability of F49YrhRes to act as a chaperone.
F49YrhRes was able to make a complex with denatured CS,
similar to wild-type rhRes, when assayed by coimmunoprecipitation.

Fig. 3. rhRes binds only to nonnative proteins, and hRes
can rescue E. coli cells from thermal shock. (A) Coimmu-
noprecipitation of rhRes with native and denatured CS.
The different lanes are the following: native CS (lane 1);
coimmunoprecipitation of rhRes after incubating with
native CS (lane 2); or with GdnHCl-denatured CS (lane 3).
(B) Coimmunoprecipitation of rhRes with native and
denatured LEF4. Native LEF4 (lane 1); coimmunoprecipi-
tation of rhRes after incubating with native LEF4 (lane 2);
or with GdnHCl-denatured LEF4 (lane 3). Arrowheads in-
dicate relative position of the proteins. The gel pictures
are representative of three independent experiments. (C )
E. coli M15 cells were transformed with plasmid pQE30,
pQE30hRes, or pQE30F49YhRes. Note that after heat treat-
ment for 45 min at 50 °C, E. coli M15 cells transformed with
hRes showed a more than sevenfold survival compared with
pQE30 vector control, whereas those transformed with mutant F49YhRes showed significantly reduced survival compared with wild-type hRes. Each
experiment was carried out in triplicate. The error bars represent SEM.

Fig. 4. Resistin is up-regulated during tunicamycin or thapsigargin treat-
ment. U937 cells were treated with increasing concentrations (0, 2, 5, 10, and
15 μg/mL) of tn (A) or tp (B) for 24 h, and resistin expression levels were
determined by Western blot. Western blot figures are representative of
three independent experiments. Note the up-regulation of resistin protein
expression with increasing concentration of tn or tp. In another experiment,
U937 cells were treated with 5 μg/mL of tn (C) or tp (D) for 0, 6, 12, and 24 h,
and resistin transcript levels were quantified using qPCR. Note the increase
in resistin mRNA levels over time during tn/tp-induced ER stress. Statistical
analysis was performed using one-way ANOVA and post-Dunnett’s multiple
comparison test. ***P < 0.0001, *P < 0.01. Each experiment was carried out
in triplicate.
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Bis-ANS was used to mask the hydrophobic patch on the surface
of wild-type hRes. The activity of Nde1, when incubated with bis-
ANS–treated hRes, could not be protected from thermal de-
naturation, indicating the importance of the hydrophobic patch
in the chaperone property of hRes. ATP was not required for
preventing the aggregation of CS due to high temperature,
suggesting that hRes is an ATP-independent chaperone. Similar
examples of proteins that work like a chaperone under cellular
stress conditions in the absence of ATP hydrolysis have been
reported; these include Clusterin (22), which is a secretory
mammalian chaperone, and Spy (23), an E. coli periplasmic
protein that showed chaperone-like activity in vitro. Measure-
ment of ATPase activity of rhRes revealed 0.193 mM (Km) and
0.128 nM/μg/min (Vmax), which were lower measurements than
those of GroEL, DnaK, HSP100, and HSP104. The same
measurements of ATPase activity for F49YhRes were 0.362 mM
(Km) and 0.428 nM/μg/min (Vmax).
In vivo evidence on the role of hRes as a possible chaperone

came from E. coli growth rescue after heat treatment. It was
apparent that survival of E. coli transformed with pQE30hRes
was quantitatively higher compared with cells transformed with
pQE30F49YhRes and pQE30 vector alone. These data confirm
that overexpression of hRes can rescue growth of E. coli after
heat shock. hRes expression could also successfully rescue HeLa
cells from thapsigargin-induced apoptosis.
Cellular responses to stress can progress to apoptosis or adap-

tive responses (24). Stress induces different responses depending
upon its nature, duration, and severity (25). The adaptive response
involves the induction of both constitutively expressed or induced
conserved heat-shock proteins and chaperones. Celluar stress is
often manifested by the accumulation of unfolded or misfolded
proteins in the ER, leading to UPR in eukaryotes (26). With in
vitro evidence of hRes as a probable chaperone, we further
tested its role during induced ER stress by checking the ex-
pression levels and localization of hRes during tn- and tp-induced
ER stress in U937 cells. Levels of hRes protein were observed to

be substantially elevated under both these treatments. It there-
fore appears that, like many other chaperones, hRes was also
overexpressed during ER stress. Interestingly, hRes also colo-
calized with calreticulin in a time-dependent manner, indicating
that it remained in the ER during stress induced by tn and tp
treatment. This is in agreement with literature reports that
chaperones are restricted to the ER upon stress to assist in the
refolding of misfolded proteins (27).
The logical question, then, is that, if hRes is secreted out, how

can it possibly function as a chaperone inside the cell? We
therefore looked at the levels of secreted hRes under normal and
stress conditions. Levels of secreted hRes during ER stress were
significantly less compared with nonstress conditions. However,
intracellular levels of hRes under conditions of ER stress were
significantly higher. This supports the scenario that, upon ER
stress, a significant fraction of hRes was retained inside the cell,
within the ER, to aid in protein folding. As a corollary, under
non-ER stress conditions, the secretory hRes then functions as
a proinflammatory molecule.
In two prospective studies of patients with sepsis (28), resistin

was observed to be a marker of severity of disease and was
a possible mediator of prolonged inflammatory state seen in
critically ill patients. hRes was suggested as a biomarker for
disease staging and treatment end-point determination in tu-
berculosis (29). Some human disorders, such as Alzheimer’s
disease, Parkinson’s disease, cystic fibrosis, and neuronal damage
by ischemia, are related to ER stress, which leads to intraluminal
accumulation of unfolded proteins (30). The presence of an ER
stress response element in the resistin gene additionally points to
its role in stress-signaling pathways. The unfolded protein
responses are central to inflammatory disorders, thereby estab-
lishing a fine link between protein folding and inflammation (31).
Cellular stress and strong inflammatory response are thus in-

creasingly being linked to a number of human disorders (31).
Our observations on chaperone-like features of hRes constitute
a line of evidence in support of this function of hRes. The hy-
pothetical model in Fig. S9 explains the dual nature of human
resistin. Human resistin is predominantly secreted from macro-
phages as a proinflammatory cytokine upon stimulations such as
those caused by infection. Upon stress, resistin is retained inside
the ER of stressed cells where it functions like a chaperone,

Fig. 5. Levels of secreted resistin were reduced under ER stress. U937 cells
were treated with 5 μg/mL of tn (A) or of tp (B) for 6, 12, and 24 h. ELISA was
performed with the supernatants of the treated cells. Note the reduced
secretion of resistin in tn/tp-treated cells compared with untreated controls.
Statistical analysis was performed by two-way ANOVA and post-Bonferroni
test (***P < 0.0001, **P < 0.001). Each experiment was carried out in trip-
licate. (C) Colocalization of resistin and calreticulin in ER. Untreated U937
cells and those treated with 5 μg/mL of tunicamycin (Tn) or thapsigargin (Tp)
for 24 h were processed for confocal microscopy using respective fluores-
cence-labeled antibodies. ER marker (calreticulin) is shown in green color
and resistin in red. Note the merging of the green and red signals in the
merged column indicating colocalization of resistin in the ER. Figures are
representative of two independent experiments.

Fig. 6. Resistin expression causes an inhibition of apoptosis of HeLa cells.
HeLa cells were transiently transfected with pCDNA plasmid vector, recombi-
nant pCDNAhRes plasmid construct, or mock transfected (UT) HeLa cells. Ap-
optosis was induced by treating cells with thapsigargin for 24 h, and the
percentage of apoptosed cells was scored by Annexin V staining using FACS.
The percentage of cells undergoing apoptosis in untransfected condition was
normalized to 100 and results were plotted. Statistical analysis was performed
by two-way ANOVA and post-Bonferroni test (***P < 0.0001, **P < 0.001).
Each experiment was carried out in triplicate.

Suragani et al. PNAS | December 17, 2013 | vol. 110 | no. 51 | 20471

BI
O
CH

EM
IS
TR

Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1306145110/-/DCSupplemental/pnas.201306145SI.pdf?targetid=nameddest=SF9


helping in refolding of misfolded proteins, thereby rescuing the
cells from stress-induced apoptosis. hRes therefore may have
a role in modulating UPR during ER stress under physiological
conditions in addition to its role as a regulator of inflammation
(4, 32). The role of hRes as a chaperone-like molecule is strongly
indicative of this chemokine acting as a connecting link between
stress response and inflammation.

Materials and Methods
Also see SI Materials and Methods for more information.

Cell Lines and Cell Culture.U937 andHeLa cells (procured fromNational Centre for
Cell Science, Pune, India) were cultured in RPMI-1640 media supplemented with
2 mM L-glutamine, 100 U of penicillin/mL, 100 μg of streptomycin/mL, and
10% FBS and maintained at 37 °C with 5% (vol/vol) CO2.

MD Simulations. MD simulations of hRes and F49YhRes structures in trimer
and hexamer forms at 298 K and 333 K for 20 ns were carried out using
GROMOS96 53a6 force fields in GROMACS-4.0.7. The graphs were generated
using “Grace.”

Purification of Recombinant Wild-Type and Mutant hRes Protein. E. coli M15
cells were transformed with plasmids pQE30hRes (Fig. S7) and pQE30-
F49YhRes. Recombinant proteins (rhRes and F49YrhRes) were purified by
affinity chromatography as described (9), and the purity was checked by
FPLC and mass spectrometry. Protein had no detectable contaminants.

Aggregation Assays. One micromolar of each protein, namely of rhRes,
F49YrhRes, CS, and Nde1 (5 U), was incubated at 45 °C for 45 min, and the

aggregation was monitored by light scattering at 320 nm using a Perkin-
Elmer spectrofluorometer as per protocol described earlier (15).

Coimmunoprecipitation Assays. Five microliters of polyclonal antisera against
hRes was used to coimmunoprecipitate native and denatured CS enzyme and
LEF4 (33) protein.

Growth Rescue of E. coli. The IPTG-induced and uninduced E. coli M15 cells,
transformed with either pQE30 vector alone or pQE30hRes or pQE30F49YhRes
and incubated at either 37 °C or 50 °C for 45 min, were checked for cfu to
assess fold differences upon survival.

Tp-Induced Apoptosis of HeLa Cells. Resistin was cloned with its secretory
signal in pCDNA (mammalian expression vector) (pCDNAhRes) (Fig. S7B) and
transfected in HeLa cells using Lipofectamine 2000 (Invitrogen) after 80%
confluency in serum and antibiotic-free DMEM media. Empty pCDNA was
used as control. After 24 h, expression of resistin was confirmed by RT-PCR.
Apoptosis was induced by 15 μg of tp for 24 h. The percentage of apoptosed
cells were scored by FACS (BD) after Annexin V (Invitrogen) staining. Statistical
analysis was performed using one-way ANOVA and post analysis was carried
out using Dunnet’s multiple comparison test.
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