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ABSTRACT: Molecular chaperones facilitate the folding and
assembly of proteins and inhibit their aberrant aggregation.
They thus offer several opportunities for biomedical and
biotechnological applications, as for example they can often
prevent protein aggregation more effectively than other
therapeutic molecules, including small molecules and anti-
bodies. Here we present a method of designing molecular
chaperones with enhanced activity against specific amyloido-
genic substrates while leaving unaltered their functions toward
other substrates. The method consists of grafting onto a molecular chaperone a peptide designed to bind specifically an epitope
in the target substrate. We illustrate this strategy by describing Hsp70 variants with increased affinities for α-synuclein and Aβ42
but otherwise unaltered affinities for other substrates. These designed variants inhibit protein aggregation and disaggregate
preformed fibrils significantly more effectively than wild-type Hsp70 indicating that the strategy presented here provides a
possible route for tailoring rationally molecular chaperones for specific purposes.

To function properly, most proteins should correctly fold
into their native states, assemble into quaternary com-

plexes and eventually be degraded and recycled, while avoiding
uncontrolled aggregation.1,2 Molecular chaperones, which are
key components of the protein homeostasis system that
maintains the integrity of the proteome,3−7 assist essentially
all of these processes by transiently associating with the proteins
involved in them.5−10 Given their remarkable efficiency in
promoting folding and preventing aberrant interactions, major
efforts have been focused on the development of strategies to
harness the activity of molecular chaperones for biomedical and
biotechnological applications.11−21 Nevertheless, the complex
network of interactions of these molecules5−10 has made it
difficult so far to fully exploit the opportunities that they offer.
A major emphasis is being placed in particular on the broad

range of human disorders that arise from the failure of specific
proteins to adopt or maintain their native conformations.2−4,7,22−26

These pathological conditions, which are generally termed
protein misfolding diseases,2 are most commonly associated
with the conversion of specific peptides or proteins from their
soluble functional states into aberrant aggregates known as
amyloid assemblies.2−4,7,22−26 Although the detailed relation-
ship between amyloid formation and pathology remains
unclear, a growing body of evidence suggests that soluble
oligomeric species formed during the formation of amyloid
fibrils are particularly toxic, and that they are linked with the
onset and progression of misfolding diseases.23,27−29 The
inhibition of protein aggregation therefore offers attractive
modifying therapeutic strategies against these conditions.3,22−24,30

Among possible antiaggregation agents, molecular chaper-
ones have attracted considerable interest, as they have been
found to be effective in preventing the misfolding and aberrant

assembly of many pathological proteins.6−10 Compared to
other molecules, such as small molecules and antibodies,31,32

molecular chaperones show a much higher antiaggregation
activity, being effective even at very low substoichiometric con-
centrations.33−36 In particular, 70 kDa heat shock (Hsp70) pro-
teins have been shown to play an essential role in preventing
protein aggregation under both physiological and stress
conditions,6,37,38 and they have been found to be associated
with amyloid deposits in the brains of patients with Alzheimer’s,
Parkinson’s, and Huntington’s diseases.6,9 Overexpression of
Hsp70 has also been found to reduce significantly amyloid-
related toxicity in cellular39,40 and animal41,42 models.
Hsp70 consists of two structurally distinct domains con-

nected by a linker - the nucleotide-binding domain with
ATPase activity, which in Homo sapiens Hsp70 corresponds
to residues 1−383, and the C-terminal substrate-binding
domain, corresponding to residues 397−641. Two sub-
domains can be differentiated within the substrate-binding
domain, a β-sandwich region (residues 397−507) named
substrate-binding subdomain that contains the binding pocket
and an α-helical subdomain (residues 508−641), named
helical lid subdomain, which has been suggested to regulate
the kinetics of substrate binding.43 The helical lid subdomain
comprises five α-helices and C-terminal intrinsically disordered
region of 26 residues and has been proposed to act as a lid
over the β-sandwich subdomain upon substrate binding.44 The
entire helical lid subdomain region has been shown to be highly
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dynamic, and this behavior has been found to represent a
prerequisite for Hsp70 to be able to accommodate a broad
spectrum of client polypeptides into the binding pocket,
including protein oligomers and aggregates.45,46

In vitro and in vivo approaches for potentiating or changing
the activity of Hsp70 have been explored in recent years to
provide new medical tools for neurodegenerative diseases.11−21

Such methods are commonly based on the increase in the
cellular levels of Hsp7018−21,47 or on the stimulation of its
ATPase activity with small molecules or nucleotide exchange
factors to accelerate substrate turnover.17,18 For example, the
overexpression of Hsp70 has found important biotechnological
applications, as the yield of poorly soluble proteins in
prokaryotic or eukaryotic expression systems can be increased
by co-expressing molecular chaperones.47 Similarly, the
stimulation of the ATPase functionality of Hsp70 has been
recently proposed as a possible therapeutic strategy in the case
of protein misfolding diseases, such as Alzheimer’s and
Parkinson’s diseases.18 These two approaches, however, involve
a nonspecific stimulation of the molecular chaperone activities
toward all possible natural substrates. Such nontargeted
approaches can lead in vivo to an impairment of the cellular
functions of the molecular chaperone, with potential patho-
logical consequences, thus limiting their applicability.13,48,49

Furthermore, the design of mutagenic variants with an
engineered ATPase domain to characterize the mechanism of
function of Hsp70 illustrated the difficulty of potentiating the
activity of the molecular chaperone by the manipulation of its
functional domains.50,51

Here we introduce a strategy for increasing by rational design
the affinity of human Hsp70 for a specific substrate protein,
without affecting its activity for other substrates. As a proof
of principle, we apply this strategy to potentiate the binding
and antiaggregation activity of Hsp70 against α-synuclein, a
140-residue protein whose aggregation is associated with
Parkinson’s disease. α-Synuclein is an intrinsically disordered
protein, with an N-terminal region, corresponding to residues
1−60, involved in the binding and anchoring to the
membrane,52,53 a central region (residues 61−95), named the
NAC region, that is hydrophobic and forms the core of
the fibrils,54 and an acidic C-terminal region. In this work, we
have engineered two mutational variants of Hsp70 that
retain the normal functions of the wild-type (wt) form but
exhibit a higher affinity and antiaggregation activity selectively
for α-synuclein, and an additional variant that possesses
improved activity selectively for Aβ42, a 42-residue peptide
closely associated with the onset and progression of Alzheimer’s
disease (Table 1).

■ MATERIALS AND METHODS
Protein Variants: Cloning, Expression, and Purifica-

tion. The different complementary peptides were grafted at
the C-terminal end of human Hsp70 (human Hsp70 1A,
GenBank entry NP005336) by mutagenic polymerase chain
reaction (PCR) with phosphorylated oligonucleotides. The
A90C and 64P α-synuclein variants were obtained by mutagenic
PCR of human wild-type α-synuclein (gi:80475099) using
the QuikChange XLII kit (Qiagen, Venlo, Limburg, The
Netherlands).
Recombinant N-hexa-His-tagged Hsp70 and all the mutant

variants discussed here were overexpressed from the pET-28b
vector (Merck KGaA, Darmstadt, Germany) in Escherichia coli
BL21(DE3) Gold Strain (Agilent Technologies, Santa Clara,

CA) and purified by affinity chromatography as previously
described.55 The monomeric fraction was in each case isolated
by size exclusion chromatography using a Superdex 26/60 G75
column (GE Healthcare LifeSciences, Little Chalfont, U.K.).
The thrombin cleavage efficiency, estimated by mass spec-
trometric analysis, was greater than 99% for all the variants, and
the protein purity, as determined by sodium dodecyl sulfate−
polyacrylamide gel electrophoresis (SDS−PAGE), exceeded
95%. The structural integrity of all the Hsp70 variants was
assessed by far-ultraviolet (far-UV) circular dichroism (CD)
spectroscopy at 25 °C (Figure S1 of the Supporting Information).
All the grafted variants showed CD spectra compatible with
the nativelike structure of the molecular chaperone. Protein
concentrations were determined by absorbance measurements
at 280 nm using theoretical extinction coefficients calculated
with Expasy ProtParam.56

Human wild-type and mutant A90C and 64P α-synuclein
variants were purified as previously reported.28 The protein
purity exceeded 95% as determined by SDS−PAGE analysis.
The protein concentration was determined by absorbance
measurement at 275 nm using an extinction coefficient of
5600 M−1 cm−1.

Circular Dichroism. Far-UV CD spectra for all protein
variants were recorded using a Jasco J-810 spectropolarimeter
equipped with a Peltier holder, using a a 0.1 cm path length
cuvette. Typically, samples contained 5 μM protein in 7 mM
Tris buffer (pH 7.4) containing 170 mM KCl and 5 mM
MgCl2. The far-UV CD spectra of all the variants were
recorded from 200 to 250 nm at 25 °C, and the spectrum of the
buffer was systematically subtracted from the spectra of all
protein samples.

Labeling Reaction. The A90C α-synuclein variant was
labeled with DANSYL-MTS (Toronto research, Toronto, ON)
via the cysteine thiol moiety. The protein was incubated in
the presence of a 5 molar equivalent excess of the dye in PBS
for 3 h at room temperature in the dark. The labeled protein
was then purified from the excess of free dye with a P10
desalting column with the Sephadex G25 matrix (GE
Healthcare LifeSciences, Little Chalfont, U.K.), divided into
aliquots, flash-frozen, and stored at −80 °C. Each aliquot was
thawed immediately prior to use. The labeling efficiency was
>70% as estimated by mass spectrometry. The labeled protein
concentration was estimated by absorbance measurement
at 335 nm using the extinction coefficient of the free dye
(4100 M−1 cm−1).57

Substrate Binding to Hsp70 Variants. The interaction
between the different Hsp70 variants and substrates was
studied in 50 mM Tris buffer (pH 7.4) with 150 mM KCl and
5 mM MgCl2 using fluorescence spectroscopy by titrating
different concentrations of chaperone into a solution containing
2 μM dansyl-NR peptide (N-terminally labeled; Genemed
Synthesis Inc., San Antonio, TX) or 2 μM dansyl α-synuclein
after incubation of the mixtures for 1 h at 25 °C. The fluo-
rescence emission spectrum of each sample was recorded from
400 to 630 nm after excitation at 330 nm, and the reported data
correspond to the average intensity at the maximal emission
wavelength of at least three different samples for which
10 spectra were recorded. The increase in the magnitude of the
fluorescence signal was plotted as a function of molecular
chaperone concentration and analyzed assuming a two-site or a
single-site binding model to determine the fraction of Hsp70-
bound ligand. Fluorescence titrations in the presence of E. coli
protein extract were performed under the same conditions
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described above at a crude extract concentration of 5 μM. The
reported data correspond to the average fluorescence intensity
at 520 nm of four different samples for which 10 spectra were
recorded. The binding models used for fitting the data are
described in the Supporting Information.
Crude extracts from nonexpressing E. coli BL21(DE3) Gold

cells (Agilent Technologies) were obtained in a way similar to
that used for extracts expressing human wild-type α-synuclein
or Hsp70.
The fluorescence competition assay was performed on

10 μM Hsp70 wild type or GHsp70-NAC with 2 μM dansyl-
NR peptide or dansyl-α-synuclein in the presence or absence of
2 μM α-synuclein wild type or 64P.
Luciferase Folding Assays. Refolding of chemically

denatured firefly luciferase (Promega Corp., Madison, WI) by
Hsp70 variants was conducted as described previously.58

Briefly, luciferase (13 mg/mL) was diluted 42-fold into
denaturation buffer [50 mM Tris (pH 7.4), 150 mM KCl,
5 mM MgCl2, 6 M guanidinum hydrochloride, and 5 mM
dithiothreitol]. The denaturation reaction was allowed to
proceed for 40 min at 25 °C, and then a 1 μL aliquot was
removed and mixed with 125 μL of refolding buffer [50 mM
Tris (pH 7.4), 150 mM KCl, 5 mM MgCl2, and 1 mM ATP]
that was supplemented with the indicated chaperone proteins.
Aliquots of 1 μL were then removed from the folding reaction
mixtures and mixed with 60 μL of luciferase assay reagent
(Promega Corp., Madison, WI). Luciferase activity was then
measured with a CLARIOstar plate reader (BMG Labtech,
Allmendgruen, Germany).
α-Synuclein and Aβ42 Aggregation Assays. Seeded

aggregations of α-synuclein were performed at 70 μM protein
in 50 mM Tris (pH 7.4), 150 mM KCl, 5 mM MgCl2, and
20 μM ThT in the presence of 5% preformed fibrils at 37 °C in
quiescence. Reaction mixtures were supplemented with differ-
ent amounts of molecular chaperones. α-Synuclein fibrils were
prepared as follows. Monomeric α-synuclein (70 μM) was
incubated in 300 μL of 50 mM Tris (pH 7.4), 150 mM KCl,
and 5 mM MgCl2 (with 0.01% NaN3 to prevent bacterial
growth) at 37 °C while being constantly shaken at 200 rpm for
4 days. The fibrillar pellet was then centrifuged at 16000 g and
washed twice with 300 μL of buffer. Fibrils were finally
resuspended at a concentration of 100 μM and sonicated for
1 min, at 10% maximum power, with 30% cycles using a probe
sonicator (Bandelin, Sonopuls HD 2070) to generate first-
generation seeds. Second-generation fibrils were prepared by
incubating 100 μM monomeric α-synuclein in the presence
of 10 μM first-generation seeds (in terms of monomer
concentration) in 500 μL of 50 mM Tris (pH 7.4), 150 mM
KCl, 5 mM MgCl2, and 0.01% NaN3 at 37 °C under quiescent
conditions for 13−14 h. The suspension was finally sonicated
for 20 s, at 10% maximum power, with 30% cycles. Aβ42
aggregation assays were performed at 2 μM protein in 50 mM
Tris (pH 7.4), 150 mM KCl, 5 mM MgCl2, and 20 μM ThT at
37 °C in quiescence, in the absence or presence of a 1:200
(Hsp70:Aβ42) molar ratio of the chaperone variants. Emissions
at 480 nm were recorded every 20 min, upon excitation at
440 nm, using a CLARIOstar plate reader (BMG Labtech,
Allmendgruen, Germany). Plates were sealed to prevent
evaporation.
Fibril Disaggregation Assay. α-Synuclein fibril solutions

(10 μM), prepared as described in the previous section, were
incubated overnight at 37 °C under quiescent conditions in the
presence of Hsp70:α-synuclein molar ratios of 0, 1:20, 1:10,

and 1:2 of wt Hsp70 and GHsp70-NAC. The samples were
then centrifuged for 30 min at 16000 g, and 10 μL of the super-
natant of each of the samples was analyzed by SDS−PAGE
using 4 to 12% Bis-Tris NuPAGE gels (Life Technologies,
Paisley, U.K.) in MES buffer under reducing conditions.
Amounts of soluble α-synuclein and Hsp70 were estimated by
densitometry analysis using Image-J (National Institutes of
Health, Bethesda, MD).

■ RESULTS AND DISCUSSION
A Strategy of Grafting Complementary Peptides. The

strategy that we present consists of the introduction into Hsp70
of an additional binding site for a specific epitope in a target
protein (Figure 1). The purpose of this strategy is to selectively
increase the affinity of Hsp70 for the target protein, while
maintaining unaltered its affinity for other substrates. Given
that most regions within the substrate-binding domain of
Hsp70 have been shown to be essential for the substrate
recognition process,43 we engineered the additional binding site
by appending a peptide designed to bind the target epitope at
the C-terminus of the intrinsically disordered region of the
helical lid subdomain (Figure 1b), which has recently been
reported to interact with misfolded protein substrates.59 The
peptides that we graft, which are termed “complementary
peptides”, are designed using a recently introduced method,62

which builds on related approaches aimed at modifying
molecular scaffolds to target specific substrates.60,61 In essence,
this method identifies complementary peptides that bind with
good specificity and affinity to disordered target regions of
protein molecules using a fragment-and-join procedure starting
from smaller peptides found to be interacting within β-strands
in protein structures deposited in the Protein Data Bank (PDB)
(see the Supporting Information).62

With this strategy, the Hsp70 variants that we designed retain
the wild-type sequence but have an additional peptide, which
binds to the target protein, grafted at the end of the disordered
C-terminus of the molecular chaperone. As a result, the
C-terminus of the engineered Hsp70 mutants effectively acts
like a “fishing line”, with a hook (the complementary
peptide, colored green in Figure 1b) that selectively binds the
specific epitope on the target protein, thus creating the
“engineered interaction” shown in Figure 1b.
In this work, we illustrate this design strategy by engineering

Hsp70 to specifically increase its activity toward α-synuclein
(Figure 1). To this end, we engineered a grafted Hsp70
(GHsp70) variant with a complementary peptide designed to
target the NAC region of α-synuclein and two additional
GHsp70 variants that we use as controls: one with a com-
plementary peptide designed to bind to the N-terminal region
of α-synuclein and one with a complementary peptide designed
to target the Aβ peptide (Table 1). We therefore generated
three GHsp70 variants, GHsp70-NAC, GHsp70-N, and
GHsp70-Aβ, designed for being specific to the NAC region
of α-synuclein, the N-terminus of α-synuclein, and the Aβ
peptide, respectively (Table 1).

Affinity and Specificity of GHsp70-NAC for Mono-
meric α-Synuclein. First, we evaluated the structural integrity
of the grafted Hsp70 variants. All of them showed a CD
spectrum compatible with the native-like structure of wild-type
Hsp70 (Figure S1). Thus, we characterized the influence of
the grafted peptide on the normal function of GHsp70-NAC.
To this end, we characterized the ability of GHsp70-NAC to
bind the NR peptide (NRLLLTG), which is frequently used as
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a model substrate.35,55 The NR peptide was N-terminally
labeled with a dansyl fluorophore to allow the study of the
formation
of its complex with GHsp70-NAC following the change in the
fluorescence properties of the dansyl moiety upon titration
of increasing quantities of the molecular chaperone. The
normalized data were then fitted assuming a single-site binding
model (see eq 1 of the Supporting Information). The titration
experiments using the dansylated NR peptide yielded a binding
curve for GHsp70-NAC that is undistinguishable from that of
wild-type Hsp70 (Figure 2a), demonstrating that the design
strategy does not alter the affinity of the molecular chaperone
for the NR peptide (KD = 10 μM).
In addition, we tested the ability of GHsp70-NAC to refold

chemically denatured luciferase (see Materials and Methods).
No significant difference between the grafted mutant and
wild-type Hsp70 was observed (Figure 2b), showing that the
GHsp70-NAC variant retains its refolding activity. These
results indicate that our rational design procedure does not
affect the allosteric regulation and functionality of Hsp70.
Taken together, these findings suggest that the grafting

strategy that we describe in this work does not affect the
binding and functionality of GHsp70-NAC. Thus, we sought to
characterize the binding of GHsp70-NAC for monomeric
α-synuclein with respect to wild-type Hsp70. We would expect
that the insertion of an additional binding site specific for the

NAC region of α-synuclein should increase the affinity for this
substrate. To test this idea, we characterized the ability of the
GHsp70-NAC variant to bind a labeled form of α-synuclein
carrying at position 90 the dansyl fluorophore (dansyl-α-
synuclein). We note that a dansyl group at this position should not
significantly affect the binding, as the engineered peptide binds
an epitope at positions 61−67, while the putative binding site of
wild-type Hsp70 on α-synuclein has been mapped at positions
71−83.35 The formation of the complex was studied by titrating
increasing quantities of GHsp70-NAC into solutions containing
dansyl-α-synuclein (Figure 2c), as described above for dansyl-
NR. The results of the fluorescence titration experiment for
GHsp70-NAC (Figure 2c) are better described assuming a two-
site binding model rather than a single-site binding model (see
Figure S2 and eqs 1 and 2 of the Supporting Information).
Furthermore, the fitting yields a Kd for one of the two binding
sites that is more than 1 order of magnitude lower than that
obtained by fitting the fluorescence data of wild-type Hsp70
with a single-site binding model [from 40 μM of the wild type
to ∼1 μM of GHsp70-NAC (Figure 2c)].
To further verify that the complementary peptide of

GHsp70-NAC binds specifically the selected target sequence
of α-synuclein, we generated an α-synuclein variant
(α-synuclein-64P) with a proline residue inserted into the
target sequence (EQVPTNVGG). If the binding occurs at this
site, we expect the proline insertion to cause a significant

Table 1. Summary of the Three Designed Variants of Hsp70 Employed in This Worka

protein variant complementary peptide target sequence

GHsp70-NAC EILVSYQ EQVTNVG (α-synuclein residues 61−67)
GHsp70-N RASVIQRV KEGVVAAA (α-synuclein residues 12−20)
GHsp70-Aβ FKLSVIT QKLVFFA (Aβ42 residues 15−22)

aThese variants (first column) target three specific epitopes (third column) in two different substrates (α-synuclein and Aβ42). The complementary
peptides, which were grafted at the C-terminus (downstream from the EEVD sequence) of Hsp70 (see Figure 1), are also reported (second
column).

Figure 1. Illustration of the “fishing line” molecular chaperone rational design strategy. Cartoon representation of wild-type Hsp70 (wt Hsp70, panel
a) and the grafted form (GHsp70) (b) bound to α-synuclein (colored red in both panels). The binding pocket of Hsp70 can accommodate a broad
range of protein substrates, including α-synuclein at residues 71−82 (the “Binding site” in panels a and b). The strategy that we describe in this work
is based on the engineering of an additional binding region in the disordered region of the α-helical subdomain, a result obtained by grafting a
complementary peptide (colored green in panel b) at the end of the C-terminus of Hsp70. The new binding site (the “Engineered interaction” in
panel b) is specific for an epitope on the target protein (the β-strand in α-synuclein is colored red in panel b, which is paired with the complementary
peptide colored green). By this approach, we obtain the GHsp70 variant of Hsp70 with an increased affinity and specificity for α-synuclein (b). The
structure of Hsp70 was adapted from PDB entry 2KHO.65
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weakening of the interaction between the complementary
peptide of GHsp70-NAC and α-synuclein. Thus, we performed
fluorescence competition assays with wild-type Hsp70 or
GHsp70-NAC in the presence of 2 μM dansyl-α-synuclein
and 2 μM nonlabeled α-synuclein wild type or α-synuclein-64P
(see Materials and Methods, Figure 2d, and eq 3 in the
Supporting Information). The strength of the competition
between dansyl-α-synuclein and the nonlabeled α-synuclein or
α-synuclein-64P for the binding to the Hsp70 variants can be
estimated from the decrease in fluorescence intensity, which is
proportional to the amount of bound dansyl-α-synuclein, ob-
served upon addition of nonlabeled α-synuclein variants to the
solution. For wild-type Hsp70, we found that α-synuclein-64P
was as efficient as wild-type α-synuclein in competing
with dansyl-α-synuclein (Figure 2d). On the contrary, when
GHsp70-NAC was present in solution, the competition of
wild-type α-synuclein was ∼1.4 fold stronger than that of
α-synuclein-64P (Figure 2d). These results indicate that the
proline insertion was able to largely disrupt the interaction
between the complementary peptide and the target region of

α-synuclein and, therefore suggest that the complementary
peptide of GHsp70-NAC specifically binds the region of
α-synuclein containing the target sequence. The residual
capability of α-synuclein-64P to compete with dansyl-α-
synuclein is likely related with the interaction with the binding
pocket of the substrate-binding domain, which is the same in
both wild-type Hsp70 and GHsp70-NAC.
To confirm the increased specificity of the GHsp70-NAC for

α-synuclein, we performed fluorescence competition assays in the
presence of binary and complex protein mixtures. First, we esti-
mated the capability of α-synuclein to compete for the binding
to GHsp70-NAC with the NR peptide. Having shown in Figure 2
that the affinities of binding of the NR peptide to wild type
Hsp70 and to GHsp70-NAC are the same. Thus, solutions of
10 μM wild-type Hsp70 or GHsp70-NAC with 2 μM dansyl-NR
peptide were incubated in the presence and absence of 2 μM
nonlabeled α-synuclein as described in the previous paragraph
(Figure 3a). Data were then analyzed as reported in the Supporting
Information (eq 4). We found a statistically significant two-fold
greater decrease of bound NR for GHsp70-NAC than for wild-type

Figure 2. Grafted Hsp70 (GHsp70) variants retain normal binding and folding capability. (a) Fluorescence titration assays with 2 μM dansyl-NR of
wild-type Hsp70 (red) and GHsp70-NAC (blue). Data were fitted with a single-site binding model (eq 1 in the Supporting Information). (b) Luciferase
refolding assays of wild-type Hsp70 (red) and GHsp70-NAC (blue). Lines are guides for the eye. (c) Fluorescence titrations of wild-type Hsp70 (red)
and GHsp70-NAC (blue) in the presence of 2 μM dansyl-α-synuclein. Fluorescence titration data of wild-type Hsp70 were fitted using a single-site
binding model (eq 1 in the Supporting Information). Data of GHsp70-NAC were fitted with a two-site binding model (eq 2 of the Supporting
Information). The bar plot shows the increased binding affinity of GHsp70-NAC (Kd ∼ 1 μM) with respect to the wild type (Kd ∼ 40 μM). (d)
Fluorescence competition assays of 10 μM wild-type Hsp70 or GHsp70-NAC, incubated in the presence of 2 μM dansyl-α-synuclein. The decrease in
fluorescence in the presence of 2 μM of α-synuclein wild type relative to the decrease in the presence of the same concentration of α-synuclein 64P is
reported in the bar plot. Fluorescence data were processed using eq 3 in the Supporting Information. The statistical significance of the difference with
the first column was assessed with a t test (**p < 0.01).
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Hsp70, indicating a preferential binding of monomeric
α-synuclein. As a further validation of the enhanced specific
binding of GHsp70-NAC to α-synuclein, we performed
fluorescence titration experiments, monitoring the binding of
wild-type Hsp70 and GHsp70-NAC to dansyl-α-synuclein in
the presence of 0.05 mg/mL cellular protein extract from E. coli
(Figure 3b). This protein extract contains regulators of the
Hsp70 chaperone activity, including ATP, ADP, and cochaper-
ones, thus making the comparison more physiologically
relevant, as well as many potential Hsp70 protein substrates,
which can compete with dansyl-α-synuclein for the binding to
the molecular chaperone. If our predicted binding mechanism
for GHsp70-NAC is correct and the interaction with the grafted
peptide is specific, we expect the cell lysate containing GHsp70-
NAC to show a binding activity for dansyl-α-synuclein higher
than that of the lysate containing wild-type Hsp70. In agre-
ement with these expectations, we found that, particularly at
low molecular chaperone concentrations (up to 5 μM), the
interaction of dansyl-α-synuclein with GHsp70-NAC is signifi-
cantly stronger than that with wild-type Hsp70. The analysis
of the data indicates that at low concentrations (<3 μM), which
are physiologically more relevant, GHsp70-NAC shows a capabi-
lity of binding to α-synuclein ∼1 order of magnitude higher than
that of the wild-type molecular chaperone (Figure 3b, inset).
Finally, as a further validation, to confirm that the observed

effect could specifically be attributed to the grafted peptide, and
not to a generic extension of the C-terminus, we designed
another GHsp70 variant. This new variant, called GHsp70-Aβ,
carries at its C-terminus a peptide of the same length as that
in GHsp70-NAC, but designed to bind to the Aβ peptide
(Table 1). Also, in the case of the new GHsp70-Aβ variant,
we observed a preferential binding for the target protein (Aβ42)
with respect to wild-type Hsp70. In particular, we found that
Aβ42 was able to compete with dansyl-NR better for the binding
to GHsp70-Aβ than for the binding to wild-type Hsp70 and
GHsp70-NAC (Figure S3). GHsp70-Aβ showed a binding
affinity for α-synuclein similar to that of wild-type Hsp70
(Figure S4a), confirming that the generic insertion of a peptide
does not produce nonspecific interactions with α-synuclein.

Overall, these data indicate that the complementary peptide
grafted at the C-terminus of Hsp70 produces a specific increase
in affinity for the target substrate.

Increased Antiaggregation Activity of the Designed
Variants of Hsp70. In addition to their well-established role
in assisting protein folding, it is increasingly being recognised
that molecular chaperones are able to protect against other
dysfunctional protein behavior, including the formation of
amyloid fibrils.6−10 Although the molecular basis of this
inhibition is still to be fully clarified, it has been shown that
the antiaggregation activity of Hsp70 is related to the capability
of the binding pocket to accommodate a broad range of
monomeric and aggregated protein species.45,46 Because
GHsp70-NAC has an affinity for α-synuclein higher than that
of wild-type Hsp70, we investigated whether it might also show
a stronger inhibitory effect on α-synuclein aggregation.
To test this idea, we performed experiments under

conditions where nucleation events are bypassed by introducing
a suitable amount (5%) of preformed seeds into the initial
reactive mixture (see Materials and Methods).63 Under these
conditions, the soluble monomer consumption is mainly
governed by elongation events. Thus, we performed seeded
aggregation assays at increasing concentrations of wild-type
Hsp70 or GHsp70-NAC (Figure 4a,b). We found a specific
concentration-dependent effect of the Hsp70 variants on the
elongation phase of α-synuclein aggregation. The inhibitory
effect was stronger (from 2- to 5-fold) for GHsp70-NAC
(Figure 4b,d). This finding is in agreement with the observation
that the NAC region of α-synuclein represents the self-assembly
interface for the amyloid aggregation process.64 Therefore, the
complementary peptide might be able to interfere with the
elongation phase by binding to the NAC region and making it
inaccessible for further fibril growth and assembly.
To further support this conclusion, we generated another

GHsp70 variant against α-synuclein using a peptide predicted
to bind the N-terminus [GHsp70-N (Table 1)], which is not in
the core of the amyloid fibrils.54 We found that GHsp70-N
was able to inhibit the seeded aggregation of α-synuclein in a
concentration-dependent manner and showed an activity higher

Figure 3. GHsp70-NAC shows a preferential binding for α-synuclein in binary and complex protein mixtures. (a) Fluorescence competition assay of
wild-type Hsp70 and GHsp70-NAC, incubated in the presence of 2 μM dansyl-NR. The relative decrease in fluorescence upon addition of 2 μM
α-synuclein wild type is reported (see eq 4 in the Supporting Information). (b) Fluorescence titrations of wild-type Hsp70 (red line) and GHsp70-
NAC (blue line) in the presence of 2 μM dansyl-α-synuclein and 0.05 mg/mL protein lysate from E. coli cells; error bars over four replicates are
smaller than data points. Given the complexity of the binding occurring in a heterogeneous protein mixture, lines are to guide the eye
(see Supporting Information). The inset reports the ratios between the fluorescence intensities measured in the presence of GHsp70-NAC and in
the presence of wild-type Hsp70 at concentrations of 1.25, 2.5, and 5 μM. These ratios represent the increase in the level of complex formation in the
presence of GHsp70-NAC. In panel a, the statistical significance of the difference with the first column was assessed with a t test (**p < 0.01).
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than that of wild-type Hsp70 but significantly lower than that
of GHsp70-NAC (Figure 4c,d). When compared to wild-type
HSP70, GHsp70-N shows an increase in its affinity for
monomeric α-synuclein similar to that observed for GHsp70-
NAC (Figure S4b). We note, however, that the accuracy of the
fluorescence titration data does not allow to reliably quantify
changes in Kd values smaller than 1 order of magnitude. As a
consequence, the weakened performance of GHsp70-N
compared to that of GHsp70-NAC in inhibiting the aggregation
of α-synuclein could simply reflect a slightly weaker binding
affinity for monomeric α-synuclein, rather than the modulation
of the elongation of the fibrils induced by the binding to the
N-terminus or to the NAC region of the protein. In any case,
these results show that the strength of the activity enhancement
of the designed molecular chaperones can be modulated by

targeting different regions of the target protein or by grafting
different complementary peptides.
As a further test of specificity, we verified that the Hsp70

variant (GHsp70-Aβ) grafted to target Aβ inhibits α-synuclein
aggregation in a way comparable to that of wild-type Hsp70
(Figure 5). Similarly, no significant increase in the inhibitory
effect on Aβ42 aggregation was observed for the Hsp70 variants
(GHsp70-NAC and GHsp70-N) grafted to target α-synuclein
(Figure S5). By contrast, GHsp70-Aβ exhibits an enhanced
ability to prevent Aβ aggregation (Figure S5).
We further observed that GHsp70-NAC not only has an

effect in inhibiting the elongation of α-synuclein fibrils stronger
than that of wild-type Hsp70 but also is better at binding and
disaggregating them (Figure 6). We obtained these results by
incubating α-synuclein fibrils in the presence of different

Figure 5. Specificity of the effects of grafted Hsp70 (GHsp70) variants on α-synuclein aggregation. Seeded aggregation assays of α-synuclein in the
absence (black line) or presence of 2.3 μM wild-type Hsp70 (red), GHsp70-N (green), and GHsp70-NAC (blue). For comparison, the effect of
GHsp70-Aβ (gray) is indistinguishable, within experimental error, from those of wild-type Hsp70 (red) and GHsp70-Aβ (gray).

Figure 4. Inhibitory effects of two grafted Hsp70 (GHsp70-N and GHsp70-NAC) variants on α-synuclein aggregation. Seeded aggregation assays of
α-synuclein in the absence (black line) and presence of 1:32, 1:16, and 1:8 molar ratios (Hsp70:α-synuclein) of wild-type Hsp70 (a, red), GHsp70-N
(b, green), and GHsp70-NAC (c, blue). Dashed lines indicate the slope at time zero for the estimation of the maximal growth rate. (d) Reduction of
the maximal growth rate upon titration of GHsp70 variants; data from panels a−c.
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Hsp70:α-synuclein ratios of wild-type Hsp70 and GHsp70-NAC
and by quantifying the amounts of molecular chaperone and
α-synuclein present in the soluble fraction. We found that
GHsp70-NAC is sequestered more efficiently by the α-synuclein
fibrils and that it is able to disaggregate from α-synuclein mature
fibrils more soluble species than wild-type Hsp70 (Figure 6 and
Figure S6).

■ CONCLUSIONS
Using the case of Hsp70, we have presented a method of
enhancing specifically the affinity and the antiaggregation activity
of a molecular chaperone for a target protein. The results that

we have obtained provide evidence that with the method that
we have proposed it is possible to increase the activity of a
molecular chaperone toward a specific substrate while
maintaining unaffected its normal functionality for its other
substrates (Figure 7).
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