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Abstract

Reducing the levels of toxic protein aggregates has become a focus of therapy for disorders like Alzheimer’s and
Parkinson’s diseases, as well as for the general deterioration of cells and tissues during aging. One approach has
been an attempt to influence the production or activity of a class of reparative chaperones called heat shock
proteins (HSPs), of which HSP70 is a promising candidate. Manipulation of HSP70 expression results in disposal
of misfolded protein aggregates that accumulate in aging and disease models. Recently, HSP70 has been shown
to bind specifically to an amino-terminal sequence of a human diffusible survival evasion peptide (DSEP),
dermcidin. This sequence includes CHEC-9, an orally available anti-inflammatory and cell survival peptide. In
the present study, we found that the CHEC-9 peptide also binds HSP70 in the cytosol of the cerebral cortex after
oral delivery in normal rats. Western analysis of non–heat-denatured, unreduced samples suggested that peptide
treatment increased the level of active HSP70 monomers from the pool of chaperone oligomers, a process that
may be stimulated by potentiation of the chaperone’s adenosine triphosphatase (ATPase). In these samples, a
small but consistent gel shift was observed for glyceraldehyde 3-phosphate dehydrogenase (GAPDH), a mul-
tifunctional protein whose aggregation is influenced by HSP70. CHEC-9 treatment of an in vitro model of
a-synuclein aggregation also results in HSP70-dependent dissolution of these aggregates. HSP70 oligomer–
monomer equilibrium and its potential to control protein aggregate disease warrant increased experimental
attention, especially if a peptide fragment of an endogenous human protein can influence the process.

Introduction

Several of the heat shock proteins (HSPs) are now
considered prime targets for therapy of age-related ag-

gregate disorders.1–4 Experimental manipulation of the
levels and activity of HSPs can increase disposal of the
accumulated protein aggregates that characterize such dis-
eases, and, at least in roundworms5 and fruit flies,6 will
extend life span. If it were possible to manage specific HSP
levels for patients in the earlier stages of disorders like
Alzheimer’s, Huntington’s, and Parkinson’s diseases, the
expected result would be delayed neuron death and slowing
of disease progression.

HSP70 has been particularly well studied in disease
models because of its close association with ubiquitin–pro-
teasome systems for protein quality control through intra-
cellular protein repair, including the disassembly and the
disposal of protein aggregates. HSP70 also influences sev-

eral other aspects of the pathology of aggregate disorders,
such as inflammation, oxidative stress, and cell death, all
processes that accompany excessive protein aggregation.7–9

Recently, Stocki et al.10 reported specific binding of HSP70
to a bioactive sequence near the amino-terminus of a human
diffusible survival evasion peptide (DSEP), dermcidin. The
targeted sequence includes CHEC-9, the cyclized version of
which is a broad-spectrum secreted phospholipase A2 in-
hibitor with multiple survival and anti-inflammatory activ-
ities in vitro and in vivo.11–14 Given the well-known peptide
carrier functions of HSP70, and noting that the properties of
HSP70 and the DSEP peptide(s) are similar, these authors
suggested that the chaperone actually protected the peptide
and prolonged its survival/anti-inflammatory activity.10

Whatever the case, the relationship of HSP70 to this portion
of the DSEP protein is likely to be of interest because po-
tentially therapeutic peptides have been derived from this
region (Y-P30, CHEC-7, CHEC-9). In addition, in vivo
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effects of the CHECs can be demonstrated after oral de-
livery, making the peptide a convenient candidate for clin-
ical applications. In this study, we documented peptide
binding to HSP70 in the central nervous system (CNS) of
rats and documented the effects of peptide treatment on both
HSP70 itself and on client proteins whose aggregation state
is regulated by HSP70.

Methods

Animals

The study used 41 Sprague–Dawley rats of both sexes,
weighing 225–300 grams. For the data reported, we did not
detect consistent differences that could be attributed to
gender. The rats were housed at least two/cage and fed a
standard diet of rat chow. They were handled daily for 1
week prior to treatment to minimize stress during handheld
introduction of experimental compounds. All animal pro-
cedures were conducted under the auspices of a protocol
approved by the Institutional Animal Care & Use Com-
mittee of Drexel University.

Peptide synthesis, cross-linking, and dosing

CHEC-9 was synthesized as a linear peptide (Celtek,
Nashville, TN). It was internally cross-linked at a concentra-
tion of 273 lM overnight after dissolving in 20 mM Tris (pH
7.8) (for storage as aliquots of solution at - 80�C) or in 5 mM
NaH2PO4 (pH 7.6) for drying and storage as solid aliquots.
Cysteine linkage was monitored by using Ellman’s reagent,
and internal linkages verified intermittently by mass spec-
troscopy.13 The rats were fed a 150-lL solution of dilute
strawberry gelatin with or without CHEC-9. Dosage and sac-
rifice times were selected on the basis of pharmacodynamics
demonstrated in previous studies12 and on the basis of pilot
experiments in the present study (see Results). Three more rats
were sacrificed without treatment to establish parameters for
both detection and quantification of immunoreactivity on
western blots and in immunoprecipitation experiments.

Tissue and plasma preparation

The animals were sacrificed by decapitation with or
without prior saline perfusion under isoflurane anesthesia.
Cytosol preparations were from the frontal cerebral cortex.
Dissections included the entire mediolateral expanse of
tissue from the frontal pole (at the junction with the olfac-
tory bulb) exactly 5 mm caudally. The cortical tissue, in-
cluding white matter and above, was further dissected and
immediately homogenized in 25 mM Tris-HCl (pH 7.6),
150 mM NaCl, and 2 mM EDTA with protease inhibitor
cocktail (Complete Mini, Roche). Cytosol samples were
obtained from the supernatant (S2) following ultracentrifu-
gation (100,000 · g, 1 hr) after an initial nuclear spin
(500 · g, 20 min) of the homogenate (S1). Plasma was pre-
pared from trunk blood as in previous studies.11,12

Sodium dodecyl sulfate polyacrylamide gel
electrophoresis, western blotting,
and immunoprecipitation

Gel electrophoresis and western blotting using chemilu-
minescent detection were as described in prior studies.14

Protein loading was equivalent, and loading controls were
used in all cases. The migration of putative control protein
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in
non-denatured, un-reduced gels was influenced by peptide
treatment so it was used only with chemically reduced
samples. Loading controls for unreduced non–heat-denatured
gels prepared from tissue were residual Coomassie Blue–
stained bands recorded after protein transfer, or actin im-
munostaining for the in vitro experiments. Immunostaining
for immunoglobulin G (IgG) light chain served as a loading
control for plasma samples. Measurements of the control
bands that were used for quantification of the blots showed
no statistical differences between experimental groups and
varied by no more than 10%. Heat denaturation and che-
mical reduction as noted for some experiments were ac-
complished by inclusion of 5% b-mercaptoethanol in the
sample buffer and boiling the samples for 5 min prior to
loading. After transfer, the blots were incubated with horse-
radish peroxidase (HRP)-conjugated secondary antibody, and
the membranes were processed for enhanced chemolumines-
cence (ECL) immunodetection. Pairs of peptide-treated and
control-treated samples were run side-by-side on the gels and
processed together. The area and density of all immunopositive
bands were measured using ImageJ. Monomeric HSP70 levels
were determined by adding the adjusted whole-band densities
of the two to three HSP70 immunopositive species between
70–78 kD in non-denatured, unreduced gels. Gels containing
serial dilutions of total protein loaded for both normal rat
cortex cytosol and SY5Y lysates were used to verify linearity
of the chemiluminescent signal under the conditions used.

Immunochemicals were from commercial sources. Pri-
mary antibody (Ab) against HSP70 was Thermo monoclonal
antibody (mAb) M3-008. (Note: HSP70s are a family of
proteins encoded by more than a dozen different genes. The
family includes both constitutive [Hsc70] and induced iso-
forms sometimes referred to as HSP72. We did not differ-
entiate between these; immune reagents reveal from one to
three bands near 70K, which we referred to collectively as
HSP70.) Other antibodies were against a-synuclein (Cell
Signaling, mAb 2647S), CHEC-9 (Neo Group, Inc., affinity-
pure polyAb), GAPDH (Sigma, G9545, affinity-pure poly-
Ab), and actin (A3853, Sigma-Aldrich). Anti-IgG light
chain and all secondary antibodies were from Jackson Im-
munolabs. Immunoprecipitation of cytosolic samples with
the CHEC-9 antibody was accomplished after incubation of
the antibody with protein A/G sepharose beads (Rockland
Immunochemicals, Inc.) following the manufacturer’s pro-
tocol. The beads were boiled in sodium dodecyl sulfate
(SDS) sample buffer with reducing agent to remove bound
proteins prior to western blotting.

In vitro studies

Cultures of the human SY5Y cell line (American Type
Culture Collection, Manassas, VA) were prepared as de-
scribed previously.14 The cells were cultured in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 2 mM l-glutamine, and antibiotic/
antimycotic (Gibco) at 37�C in a saturated humidity atmo-
sphere containing 95% air and 5% CO2. Established cultures
were exposed to 0.04 lM rotenone (Sigma), followed in
10 min by CHEC-9 or vehicle. Adherent cells were collected
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after 24 hr. In some experiments, VER-155008 (Sigma) was
added 2 hr prior to rotenone exposure to inhibit HSP70.15

Lysis buffer was the same as homogenizing buffer (see
above) with the addition of 0.2% Tween 20.

ATPase assay

HSP70/40 adenosine triphosphatase (ATPase) activity was
measured using the reaction conditions designed specifically
for HSP40/70 ATPase activity.16 Both chaperones are used
to demonstrate baseline activity. Pi was detected fluorome-
trically.17 HSP70 and HSP40 (ENZO NSP-555, SPP-405)
were prepared in assay buffer (0.017% Triton X-100,
100 mM Tris-HCl, 20 mM KCl, and 6 mM MgCl2, pH 7.4) to
achieve a final HSP40 and HSP70 concentration of 1.0 and
1.1 lM, respectively, in a 150-lL total reaction volume. An
aliquot of 14 lL of this mixture was added into each well of a
96-well plate. To this solution, 116 lL of the Pi fluorometric
indicator solution (N[7]-methylguanosine, nucleoside phos-
phorylase) was added (final concentrations 45 lM and 0.1
unit, respectively). CHEC-9 at the indicated concentrations
or an equivalent volume of vehicle was added in buffer
containing 0.1 M Tris-HCl (pH 7.5), 4 mM CaCl2. The entire
mixture was incubated for 20 min at 37�C, after which 20 lL
of adenosine triphosphate (ATP) (final concentration 1 mM)
was added to start the reaction. The average decrease in
fluorescence over 5 min was recorded in a Perkin Elmer
Wallac 1420 microplate reader. The measurements from at
least five experiments per reaction condition were collected
and compared to a dipostassium phosphate (K2PO4) standard
curve with the same indicator solutions. Specific reagents
were omitted in various controls.

Results

CHEC dosing and survival time

Traditional pharmacokinetic studies were not possible
due to CHEC binding of HSP70 and perhaps other plasma
proteins, as well as the apparent necessity of this binding for
biological activity. Therefore, we relied on pharmacody-
namic parameters as in previous studies. Specifically, pre-
vious dose–response experiments12 showed that plasma
inhibition of secreted phospholipase A2 activity and chan-
ges in specific plasma lipids were maximal at 3 hr with an
oral CHEC dose of 1.0 mg/kg. For the present study, we also
used the observation that the oral peptide at this dose ele-
vated plasma HSP70 levels when comparing CHEC-treated
and vehicle-treated control rats (Fig. 1D). Therefore, a pilot
study was conducted, sacrificing CHEC- and control-treated
rats in pairs at each of 30 min and 1, 1.5, 2.5, and 5 hr (two
to three pairs/time point). We found consistent increases in
plasma HSP immunoreactivity at 150 min post-ingestion in
these and subsequent studies of five more pairs of animals
(seven out of eight rat pairs total showed this increase).
Therefore, the data derived from samples of frontal cortex
cytosol were from rats treated according to this regimen.

Peptide binding and effects on HSP70 in vivo

The affinity of the CHEC sequence for HSP70, docu-
mented previously in vitro,10 was examined in the cytosolic
fraction of the frontal cortex of rats after oral delivery of the

peptide. Blotted proteins reacted with the affinity-purified
CHEC-9 antibody revealed a prominent band between 70
and 78 kD (Fig. 1A). There were more variably appearing
bands at higher molecular weights. All of these bands were
absent in control-treated rats. After immunoprecipitation of
the cytosolic samples with the same peptide antibody, we
recovered HSP70 immunopositive bands in this same re-
gion, suggesting that the peptide was bound to HSP70 in the
frontal cortex cytosol (Fig. 1A).

There were also significant effects of CHEC-9 treatment on
HSP70 levels, effects that differed depending on whether or not
the samples were boiled and pretreated with b-mercaptoethanol,
a disulfide reducing agent. Non-thermally denatured, un-
reduced samples showed up to three HSP70 monomer bands,
as has been described by others working with native poly-
acrylamide gels.18 These bands were consistently increased in
the peptide-treated rats (Fig. 1B). Reduced, denatured sam-
ples, on the other hand, produced single bands that were not
different quantitatively between peptide-treated and control-
treated rats (Fig. 1D). When the same non-denatured samples
were run on lower-percentage gels, higher-molecular-weight
aggregates appeared at variable positions in vehicle-treated
samples (Fig. 1C). Some of these were distinct bands and
some were higher-molecular-weight species accumulated
at the top of the gels. It was also assumed, on the basis of
the potential size of HSP complexes reported by others
under native conditions, that some complexes did not enter
the gels at all.19 As noted above, plasma samples from
these same-peptide-treated rats also showed increased HSP
monomers (Fig. 1D), but in this case the increase was found
with and without heat denaturation and chemical reduction
(see Discussion).

GAPDH gel shift

Immunostaining for GAPDH was originally planned as a
gel loading control for the western blots of the cytosol
samples. In chemically reduced, heat-denatured samples,
both the HSP70 and GAPDH bands appeared as expected,
allowing the latter to be used successfully to control the
experiments (Fig. 1B, bottom panels). Without these steps,
several GAPDH aggregate bands appeared. The bands were
shifted in the gels prepared from peptide-treated rats, sug-
gesting lower-molecular-weight species now populated the
samples. This gel shift was observed by both inspection and
by density plots of the gels (Fig. 2). To rule out some un-
known mechanism where CHEC operates systemically as a
nonspecific reducing agent in the cortex, CHEC-treated
samples were also immunostained for other related mole-
cules, including HSP40 and HSP90. We did not observe any
reduction of higher-molecular-weight complexes of these
other proteins after peptide treatment (data not shown).

In vitro studies of a-synuclein disaggregation

To further determine the functional relevance of the ef-
fects of CHEC treatment on HSP70 monomer levels, we
tested the peptide in an established in vitro model of a-
synuclein aggregation, a model generally used to simulate
the aggregate pathology of Parkinson’s and Lewy body
diseases.20 Exposure of human SY5Y neural cells to rote-
none (a mitochondrial complex 1 inhibitor) resulted in the
accumulation of a-synuclein aggregates in lysates of the
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cells, as has been described.20 In the rotenone-treated cul-
tures, also treated with CHEC-9 (50 nM, 10 min after
rotenone exposure), we found increased HSP70 immuno-
staining in unreduced, non–heat-denatured gels, as was ex-
pected from the in vivo experiments (Fig. 3A). In these
cases, the monomeric isomers of HSP70 were much less
distinct than observed for rat cortex. There were striking
differences in the migration of a-synuclein bands, with a
clear shift to lower-molecular-weight aggregates after pep-
tide treatment. These differences were seen by direct ob-
servation of the western blots and in density plots of the
blots (three of the five different experimental pairs are
shown; Fig. 3B), and after quantification of the largest ag-
gregate bands appearing on the gels (Fig. 3C). The vari-
ability in the extent of synuclein disaggregation, i.e., in the
different observed sizes of the reduced bands appearing after
peptide treatment, would be expected if a chaperone-related
mechanism were operative, since such a mechanism may
produce intermediates of various sizes.21 The involvement
of HSP70 was tested directly by pretreatment of the cultures

with VER-155008, a specific HSP70 inhibitor that targets the
amino-terminal ATPase (nucleotide binding) portion of the
HSP70 molecule. Measurement of the largest aggregate bands
from these lysates suggested that CHEC-9’s disaggregation
activities fell to control levels after HSP70 inhibition (Fig 3C).

Synuclein aggregates also appeared without rotenone
treatment, but inconsistently, presumably related to the level
of endogenous oxidative stress of the cells.22 We did not
include these no-rotenone conditions in our measurements
because of these inconsistencies in the in vitro model and
questionable relevance to in vivo mechanisms. Rotenone
consistently exaggerated synuclein aggregation in all cases,
overcoming the variable baseline and allowing the peptide’s
disaggregation effects to be readily quantified.

HSP70 ATPase activity

An investigation of peptide effects on HSP70’s ATPase
activity was prompted by the results with VER-155008,
which inhibits HSP70 at the nucleotide binding site, and by

FIG. 1. Binding and effects of oral CHEC-9 in the frontal cerebral cortex of rats. (A) CHEC immunostaining in frontal
cortex cytosol 150 min after 1 mg/kg CHEC-9 per os. Gels were run under non-reducing conditions. (Left panel) Im-
munopositive bands appeared only in CHEC-9–treated rats. Loading controls were partially transferred Coomassie Blue–
stained gel bands (see Methods). (Right panel) Immunoprecipitation of cytosolic samples with CHEC-9 reactive antibody
also comparing peptide- and vehicle-treated rats. Elution of the affinity matrix required boiling and chemical reduction of
the samples prior to electrophoresis. These blots, immunostained for HSP70, showed bands also in the 70-kD region,
prominent in CHEC-9–treated rats. Loading controls were glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Data are
representative of five CHEC—vehicle pairs. (B) The response of cytosolic HSP70 to CHEC treatment. Multiple examples of
paired CHEC-9– and vehicle-treated rats (C9 and V) run on 12.5% polyacrylamide gels. Individual pairs, shown before and
after boiling and disulfide reduction, are aligned vertically. LC-loading control is GAPDH for reduced samples. (C) Two
examples of cytosolic samples run on 7% gels in which higher-molecular-weight species containing HSP70 were recovered
in vehicle-treated rats. (D) Quantification of the results. HSP70 immunostaining in the cytosol of rats treated with CHEC-9
was significantly increased in gels without heat denaturation and chemical reduction (unred.). After inclusion of these steps
(red.), the differences were no longer significant. Plasma samples also show differences in HSP70 levels, in these cases
independent of pretreatment (see text). n = 8 for each condition. (**) p < 0.01.
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the dependence of HSP70 monomerization on ATP.19,23

These experiments showed that HSP70/HSP40 ATPase was
potentiated by CHEC-9 in solution (Fig. 3D; a starting
mixture of HSPs 40 and 70 was required to demonstrate
baseline activity). All controls (omitting various reagents)
were negative, except there was a non-significant trend for
the highest concentration of CHEC (50 nM) to hydrolyze
ATP in the absence of HSP40/70.

Discussion

Peptides of DSEP/dermcidin

The CHEC-9 peptide fragment and its parent polypeptides
have been consistently identified as ‘‘survival-promoting.’’ 24–30

The active species include full-length DSEP when expressed
and exogenously applied synthetic amino-terminal peptides,
including Y-P30, CHEC-9, and CHEC-7. DSEP has also

FIG. 3. In vitro and solution assays following treatment with the CHEC peptide. Heat shock protein (HSP) and a-
synuclein immunostaining were measured after CHEC-9 treatment of rotenone-exposed SY5Y cells. Immunoblots are from
SY5Y cell lysates run without heat denaturation and chemical reduction after the cultures were treated with 0.04 lM
rotenone followed by CHEC-9 or vehicle for 24 hr. (A) Quantification of HSP70 immunoreactive bands in lysates. The data
are expressed as percent vehicle. (B) Immunostaining of a-synuclein aggregates. Three of the experiments are shown, with
the western blots and with a densitometric scan. The high-molecular-weight aggregates were diminished and prominent
reduced bands appeared in peptide-treated samples. In other cases, the a-synuclein bands were simply spread to include
lower-molecular-weight oligomers or smaller a-synuclein complexes, species that were not detected in un-reduced non–
heat-denatured vehicle controls after rotenone treatment. (C) Quantification of the results comparing the size of the largest
aggregated band in CHEC-9 and vehicle-treated pairs. Significant differences in the sizes of these large aggregates were
evident in peptide-treated lysates. Pretreating the cultures for 2 hr with HSP70 inhibitor VER-155008 eliminated the
CHEC—vehicle differences. (D) Graph showing HSP70/40 adenosine triphosphatase (ATPase) activities in solution.
Chaperone ATPase activity was potentiated significantly after addition of CHEC-9 to the reaction mixture. As noted in text,
the HSP40/70 combination was required to demonstrate baseline activity. Significance levels are as in Fig. 1. The data in
Fig. 3 were from five CHEC–vehicle pairs in all experimental conditions.

FIG. 2. CHEC-9 treatment produces glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gel shift in unreduced non-
denatured cytosolic samples. Multiple examples of GAPDH immunopositive bands appear near the bottom of gels in the
treated rats (from a total of eight pairs of animals). The shift toward smaller-molecular-weight species is apparent in
densitometric scans of the gels and in the gel lanes (at right).
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been identified as dermcidin, and the carboxy-terminal
portion of the molecule appears to be anti-microbial. A
glycosylated peptide that includes a sequence similar to Y-
P30 may constitute a cachexic factor, also known as pro-
teolysis-inducing factor (PIF).31,32 There are also species
restrictions in that the coding for DSEP/dermcidin may be
limited to primates, although biological activity of the
peptides appears to extend to rats. CHEC-9 and CHEC-7 are
the smallest biologically active fragments of DSEP, and
synthetic versions of these peptides inhibit several isoforms
of secreted phospholipase A2, consistent with their survival
and anti-inflammatory activities.11,12 The enzyme inhibition
has been verified in vitro and in vivo for rats and ex vivo for
human samples, but is greatly attenuated in mouse (C57BL/
6, unpublished observations), a fact that limits the models
available for testing of the peptide. The DSEP/dermcidin
protein and its peptide derivatives therefore have a rich and
diverse biological history.

HSP70 binding

The report of specific HSP70 binding to a peptide that
includes CHEC-9 was suggested to contribute to the pep-
tide’s pro-survival activities.10 HSP70 itself is actually in-
volved in both cell survival and inflammation, as well as
serving a ‘‘triage’’ function by channeling misfolded pro-
teins for either repair or proteasomal destruction.33 We also
investigated HSP70 interactions and found that that HSP70
binding occurs in the cytosol of the CNS after systemic
introduction of the peptide in rats. Peptide immunopositive
bands appeared exclusively in the treated rats and HSP70
was recovered after immunoprecipitation of the same cy-
tosolic fractions of cerebral cortex with a peptide antibody.
There were also consistent effects of CHEC-9 treatment on
HSP70 levels in the cytosol, effects that differed depending
on whether or not the samples were boiled and pretreated
with b-mercaptoethanol, a disulfide reducing agent (Fig. 1B,
D). Heating and chemical reduction precluded oligomeriza-
tion and disrupted differences in tertiary structure responsi-
ble for the unique gel migration properties of the different
HSP70 monomers.18,34 As a result, the quantitative differ-
ences in HSP monomers between peptide- and control-trea-
ted rats disappeared. These observations strongly suggested
that native HSP70 monomers were increased by reduction of
HSP70 oligomers and complexes after systemic peptide
treatment. HSP70 not only oligomerizes with itself but also
binds a number of species, notably large aggregates in need
of repair and co-chaperone complexes that are required for
processing of misfolded proteins.19 Some of these complexes
were in fact observed in vehicle-treated samples when run on
low-percentage gels, although their appearance was variable,
as might be expected, depending on the requirements for
proteostasis during the treatment period. The larger HSP70
complexes may have provided for reduced antibody acces-
sibility or were unable to enter the gel at all when run under
non-denaturing conditions.19

The data showed that CHEC targets these HSP70 com-
plexes in the cytosol, the likely site of the chaperone’s ac-
tivities related to protein repair or disposal. HSP70 is also
secreted from a variety of cell types.35 Therefore, it was not
surprising that plasma HSP70, which is one manifestation of
the secreted chaperone, appeared in excess, regardless of

how the samples are prepared, assuming the increase was
generated intracellularly prior to secretion. Furthermore, the
fact that there was a different response of cytosolic and
plasma HSP70 to peptide treatment argued against some
technical artifact introduced after recovery of the samples.

Therefore, we concluded from these results that peptide
binding to HSP70 serves to mobilize the monomeric forms
of the molecule. The significance of this result may lie in the
well-established fact that monomers of HSP70 are required
for protein targeting and subsequent repair, disaggregation,
and disposal activities (see below). Importantly, this is not
the first demonstration of the ability of a synthetic peptide to
increase the supply of active chaperone monomers. A sim-
ilar effect, demonstrated with similar techniques, has been
reported after peptide treatment of binding immunoglobulin
protein (BiP).36 In the present case, the target was the CNS
and the CHEC peptide was orally available, factors that
should further increase interest in this mechanism of chap-
erone activation.

Glyceraldehyde-3-phosphate dehydrogenase

GAPDH is commonly viewed as a housekeeping protein
and often used as a loading control in polyacrylamide SDS
gels run under reducing conditions. However, GAPDH and
its aggregates have an important role in oxidative stress-
induced brain damage and progressive neurodegenerative
disorders.37 GAPDH aggregation can also be regulated by
HSP70. For example, elevated Hsp70 protects neurons by
removing homotypic and heterotypic (GAPDH + polyQ)
aggregates in a model of Huntington’s disease.4 In the
present study, several of these aggregates appeared on the
gels in the unreduced, non–heat-denatured samples. These
were affected by peptide treatment, as demonstrated by a
shift of aggregates to lower molecular weights. In other
words, the peptide-induced increases in disaggregase ac-
tivity of HSP70 may have affected larger GAPDH aggre-
gates, producing the observed shift in molecular weights.

In vitro disaggregase activity and CHEC-9 targeting
of HSP70 ATPase

The predominance of aggregated versus non-aggregated
forms of HSP70 depends on environmental stress, levels of
ATP, and the presence of denatured proteins.18,19,23,38

Therefore, regulation of monomer–oligomer equilibrium of
HSP70 is potentially important for regulation of its function,
as is the case for many other cellular proteins. The present
study suggested that the reduction of a-synuclein aggregates
after CHEC-9 treatment depended on these HSP70 activities
because the disaggregase activity was eliminated with the
HSP inhibitor VER-150008. Because VER-150008 targets
the amino-terminal ATPase (nucleotide-binding) portion of
HSP70, the result was also consistent with peptide targeting
of the ATPase site on HSP70. The enzyme assays showed
potentiation of HSP70/40 ATPase activity by CHEC-9 and
therefore were also consistent with the targeting of HSP70
ATPase. The results of Blond-Elguindi et al., demonstrating
peptide stimulated production of monomers of the BiP
chaperone, was also via a BiP ATPase.36

Additional support for an enzymatic mechanism under-
lying CHEC-9 activity was found by inspection of the
peptide’s amino acid sequence: Cys-His-Glut-Ala-Ser-Ala-
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Ala-Gln-Cys. This familiar motif consisted of a ‘‘catalytic’’
histidine followed by a metal-binding acidic residue (glu-
tamic or aspartic acid) and flanked by stabilizing cystines.
These are all conserved features of the active site of several
phosphatases and phospholipases. The sequence was there-
fore consistent with a putative enzyme inhibitor, mimetic, or
possibly both. Inhibition of secreted phospholipase A2 by
the CHEC peptide has been demonstrated.11,12 This inhibi-
tion was assumed to be basis for the anti-inflammatory and
neuroprotective properties of the peptide. Interestingly, a
longer DSEP peptide that contains the CHEC sequence Y-
P30 showed phosphatase activity when reacted with the
experimental phosphatase substrate p-nitrophenylphosphate
(pNPP).30 This history, the fact that VER-155008 blocks
HSP70 at the nucleotide binding site, the dependence of
HSP70 monomerization on ATP,19,23 and finally, the pep-
tide’s potentiation of HSP70 ATPase activity in solution, all
led to the suggestion that CHEC acts at the ATPase site of
HSP70 rather than the expected carboxy-terminal substrate/
peptide binding site (see, however, ref. 10). Alternatively,
CHEC binding at the carboxy-terminal site may have oc-
curred because binding in this domain also regulates AT-
Pase activity indirectly via allosteric mechanisms involving
an inter-domain linker.34

Regulation of HSP70 disaggregase activity

The disaggregase functions of HSP70 are complex. The
relationship of ATPase activity to these functions has been
well studied but with mixed results. Experiments that tar-
geted cells with experimentally-induced protein aggregates
characteristic of neurodegenerative diseases (a-synuclein
[Parkinson’s], b-amyloid [Alzheimer’s], polyglutamine
expansion [Huntington’s], tau [Alzheimer’s, tauopathies])
demonstrated that manipulation of HSP70 ATPase activity
indeed effected the chaperone’s pro-survival and dis-
aggregase activities.2,39–41 However, both targeted inhi-
bition and exaggeration of the ATPase increased (or
decreased) cell survival or aggregate protein disposal
mechanisms (alone or together), depending on the model.
The inconsistencies are perhaps explained by the fact that
there are at least two ATP-driven processes associated
with HSP70’s targeting of misfolded proteins—one related
to HSP70 monomer production and a second related to the
catch and release of client proteins or peptides in need of
repair, disposal, or other processing. These different AT-
Pase-dependent steps are currently indistinguishable.23

Adding to this complexity is the fact that other HSPs and
helper molecules participate in these functions. In human
cytosol, for example, HSP110 is a significant collaborator
with HSP70/40/nucleotide exchange factor machinery for
disaggregation activities.42,43 We found no evidence that
the CHEC-9 peptide was directly involved in this or any
other specific protein repair or disposal machinery. Rather
the results suggested that peptide simply augmented this
machinery by mobilizing and increasing the supply of
monomeric HSP70.

Conclusions

The present results highlight the potential of regulating
HSP70 oligomer–monomer equilibrium as a worthwhile
approach to age-related aggregate disease and perhaps to the

aging process itself. Further studies are required to deter-
mine if the principal targets of the CHEC peptide, HSP70 and
sPLA2, as well as the distinct but related functional effects
that have been associated with peptide activity at these tar-
gets, represent independent or interdependent and synergistic
processes. The anti-inflammatory effects of the peptide may
be particularly important in this respect if they can be shown
to operate alongside the disaggregase activity. In the best
case, therefore, peptide structure and dosing regimens might
be optimized to simultaneously target all three of the most
serious pathological changes in aging tissues—inflammation,
cell death, and the accumulation of protein waste.
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