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Hsp70 Inhibits Aggregation of IAPP by Binding to
the Heterogeneous Prenucleation Oligomers
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ABSTRACT Molecular chaperone Hsp70 plays important roles in the pathology of amyloid diseases by inhibiting aberrant ag-
gregation of proteins. However, the biophysical mechanism of the interaction of Hsp70 with the intrinsically disordered proteins
(IDPs) is unclear. Here, we report that Hsp70 inhibits aggregation of islet amyloid polypeptide (IAPP) at substoichiometric con-
centrations under diverse solution conditions, including in the absence of ATP. The inhibitory effect is strongest if Hsp70 is added
in the beginning of aggregation but progressively less if added later, indicating a role for Hsp70 in preventing nucleation of IAPP.
However, ensemble measurement of the binding affinity suggests poor interactions between Hsp70 and IAPP. Therefore, we
hypothesize that the interaction must involve a rare species (e.g., the oligomeric intermediates of IAPP). Size exclusion chro-
matography and field flow fractionation are then used to fractionate the constituent species. Multiangle light scattering and fluo-
rescence correlation spectroscopy measurements indicate that the dominant fraction in size exclusion chromatography contains
a few nanomolar Hsp70-IAPP complexes amid several mmoles of free Hsp70. Using single-particle two-color coincidence detec-
tion measurements, we detected a minor fraction that exhibits fluorescence bursts arising from heterogeneous oligomeric com-
plexes of IAPP and Hsp70. Taken together, our results indicate that Hsp70 interacts poorly with the monomers but strongly with
oligomers of IAPP. This is likely a generic feature of the interactions of Hsp70 chaperones with the amyloidogenic IDPs.
Whereas high-affinity interactions with the oligomers prevent aberrant aggregation, poor interaction with the monomers averts
interference with the physiological functions of the IDPs.
SIGNIFICANCE Molecular chaperone Hsp70 plays key role in delaying and inhibiting aberrant aggregation of proteins in
amyloid diseases. Here, we investigate the effect of Hsp70 on the aggregation of islet amyloid polypeptide (IAPP), which is
involved in thepathologyof type2diabetes. LowsubstoichiometricamountofHsp70 is found todramatically delayaggregation
of IAPP, even without the help of the cochaperones and ATP. Application of a combination of ensemble and single-molecule
biophysical techniques unravels that Hsp70 interacts poorlywith themonomers of IAPPbut stronglywith the oligomers, which
are found to be rare and heterogeneous. These observations suggest a generic mechanism for how chaperones may inhibit
amyloid formation without disturbing the physiological functions of the amyloidogenic intrinsically disordered proteins.
INTRODUCTION

Pathology of type 2 diabetes mellitus (T2DM) is character-
ized by dysfunction of pancreatic b-cells, progressive
decline in insulin secretion, and loss of the b-cell mass.
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Etiology of b-cell damage is multifactorial (1); however,
growing evidence suggests that amyloid aggregation of
the islet amyloid polypeptide (IAPP) is a major cause
of death of the b-cells, particularly at the late stage of
T2DM (2,3). IAPP, a 37-residue peptide hormone, is coex-
pressed and cosecreted with insulin from the pancreatic
b-cells. The triggers for aggregation of IAPP in the
pancreas are not clear, but several different mechanisms,
such as defects in IAPP biosynthesis, folding, trafficking,
and/or processing in response to insulin resistance and
inflammation, have been proposed to be responsible
(4,5). In vitro, IAPP aggregates into soluble oligomers
and insoluble fibrils at micromolar concentrations (6).
Aggregates of IAPP, particularly the soluble oligomers,
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Mechanism of Hsp70-IAPP Interactions
are considered to be the major toxic species affecting
cellular integrity (7–9).

Heat shock protein Hsp70 is a central component of the
cellular chaperone system that plays essential roles in pro-
tein homeostasis under normal and stress conditions by pre-
venting protein misfolding and aggregation (10,11) and
protecting the cells from the cytotoxicity caused by amyloid
aggregation (12). Expression of Hsp70 is found to be
lower in T2DM in the insulin sensitive tissues (13,14).
Furthermore, overexpression of Hsp70 in obese mice delays
or prevents the diabetes-associated symptoms such as
inflammation and insulin resistance (15). Chaperone
complementation studies, either by overexpression or by
exogenous addition of Hsp70, were shown to minimize
the cytotoxic effects of the amyloids in model organisms
of T2DM and other amyloid diseases (16,17). Furthermore,
Hsp70 is found codeposited with IAPP in the islet amyloids
in T2DM (18). Therefore, elevating the levels of Hsp70 and
also improving its specificity for IAPP are being proposed as
therapeutic strategies in T2DM (16,19,20).

In vitro, Hsp70 along with the cochaperones Hsp40 and
the nucleotide exchange factor (NEF) have been reported
to inhibit aggregation of amyloid-b, a-synuclein, polyglut-
amine polypeptides, t protein, and IAPP (21–25). Further-
more, the Hsp70 machinery can also cause disaggregation
of the soluble oligomers and/or the insoluble fibrils in the
presence of ATP (26). Hsp70 is hypothesized to act as a ‘‘fol-
dase’’ in an ATP-dependent catalytic cycle that involves
binding to the exposed hydrophobic patches of the ‘‘mis-
folded’’ or the ‘‘aggregation-competent’’ conformers of the
globular proteins, refolding it, then releasing it in the ‘‘non-
amyloidogenic’’ monomeric forms (12,27). However, it is
unclear howHsp70 interacts with the intrinsically disordered
proteins (IDPs) and how this interaction is regulated.
Biochemical studies have shown ATP-independent inhibi-
tion of amyloid aggregation by Hsp70 and several other
chaperone proteins (28,29). For example, Chien et al. have
reported that Hsp70 delays aggregation of IAPP at substoi-
chiometric (1:200) concentrations, even in absence of ATP
(25). Therefore, inhibitory action of Hsp70 does not neces-
sarily require the catalytic activity, suggesting a ‘‘holdase’’
model of action of Hsp70. However, the substoichiometric
nature of the interaction indicates that Hsp70 must interact
with one or more on-pathway intermediates of IAPP. How-
ever, biophysical characterization of these intermediates
are challenging because of its low abundance and transient
and heterogeneous nature (30). Furthermore, Hsp70 is also
known to exist as monomers, dimers, and higher oligomers
(31–34). Hence, little is known about the properties of the
Hsp70/IAPP complexes. We think that investigations using
single-molecule techniques can help to characterize these
complexes, overcoming the limitations imposed by the het-
erogeneity and the transient nature of the interacting species.

Here, we report that Hsp70 chaperone proteins of diverse
origins, such as the human Hsc70 (UniProt: P11142),
Escherichia coliDnaK (UniProt: P0A6Y8), andMycobacte-
rium tuberculosis Hsp70 (MTB-Hsp70; UniProt: P9WMJ9),
inhibit amyloid aggregation of human IAPP under diverse
solution conditions via ‘‘holdase’’ activity. We have charac-
terized the Hsp70/IAPP complexes using fluorescence-
based single-molecule techniques. Because Hsc70 contains
four native cysteine residues, site-specific labeling of this
protein with fluorophores is difficult. Therefore, we have
used fluorescently labeled DnaK, which contains only one
cysteine residue, for characterization of Hsp70-IAPP com-
plexes. Our results indicate that binding of Hsp70 to the pre-
nucleation oligomers causes strong inhibition of the
amyloid aggregation of IAPP.
MATERIALS AND METHODS

All the chemicals, unless mentioned otherwise were procured from Sigma-

Aldrich (St. Louis, MO). Tetramethylrhodamine (TMR)-maleimide and

EDANS-maleimide were purchased from Thermo Fisher Scientific (Wal-

tham, MA).
Chemical synthesis of IAPP

IAPP was chemically synthesized at 0.1-mmol scale using an automated

peptide synthesizer (aapptec, Louisville, KY) following a protocol

described earlier by Marek et al. (35). Crude IAPP was dissolved in

30 mM acetic acid. The disulfide bond between the cysteines at positions

2 and 7 was induced using hydrogen peroxide. The peptide was stored in

the form of lyophilized powder at �20�C. The lyophilized powder was dis-
solved in 10 mM phosphate buffer (pH 7.4) containing 4 M guanidine hy-

drochloride (GdnCl). This solution was purified by size exclusion

chromatography (SEC) using a Superdex Peptide column (10/300; GE

Healthcare, Dornstadt, Germany) in 20 mM phosphate buffer (pH 7.4) con-

taining 4 M GdnCl. Only the monomeric fraction was collected. Finally, a

PD-10 Desalting Column (GE Healthcare, Dornstadt, Germany) was used

to remove the GdnCl. The stock solution was aliquoted into 100-mL vials,

flash frozen, and stored at �80�C. The mass and purity of the peptide was

verified by mass spectrometry (Fig. S1). Labeling of IAPP with TMR was

performed on the resin after deprotection of the N-terminus of IAPP using

20% piperidine. The resin was washed extensively with dimethylforma-

mide followed by dichloromethane and methanol to remove free TMR.

The peptide was then cleaved from the resin and purified using the proced-

ure mentioned above.
Expression and purification of E. coli DnaK, DnaJ,
MTB-Hsp70, and human Hsc70

Plasmids for E. coli DnaK, DnaJ, Mycobacterium tuberculosis Hsp70 and

human Hsc70 are generous gifts from Dr. Shekhar Mande (National Centre

for Cell Science, Pune, India), Dr. Soumit Sankar Mandal (Indian Institute

of Science Education and Research, Tirupati, India), Prof. Lila Gierasch

(University of Massachusetts, Amhearst, MA), and Prof. Lewis Kay (Uni-

versity of Toronto, Toronto, Canada), respectively. Expression and purifica-

tion of the proteins was performed using the published protocols (36–39).

The DnaK protein was purified first with ion exchange chromatography

using 0–1 M NaCl in a HiTrap column (GE Healthcare, Dornstadt, Ger-

many). The primary fraction of DnaK was eluted in 150 mM NaCl.

DnaJ, Hsc70, and MTB-Hsp70 were purified by Ni-NTA column chroma-

tography (HisTrap; GE Healthcare) using standard protocol. All the Hsp

proteins were finally purified by SEC using a Superdex 200 column (GE

Healthcare, Dornstadt, Germany) in a phosphate-buffered saline (PBS)
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(pH 7.4) buffer containing 1 mM EDTA and 1 mM sodium azide. EDTA is

added to enhance stability of the proteins, preventing degradation by the

trace amounts of metalloproteases that might be present in the solutions.

The fraction containing monomeric Hsp70 was collected, aliquoted into

50-mL vials, flash frozen, and stored at �80�C. The purity of the proteins

was examined by SDS-PAGE (Fig. S2).

The lone cysteine residue (at position 15) of DnaK was used for labeling

with the fluorophores, such as EDANS-maleimide, TMR-maleimide and

Atto425-maleimide using standard maleimide labeling protocol (40).
Measurement of kinetics of aggregation of IAPP

A 100-mM stock solution of IAPP was diluted to 20 mM into PBS (pH 7.4)

containing 1 mM EDTA, 2 mM sodium azide, and 4 mM Thioflavin T

(ThT) into a round-bottom glass test tube (OD¼ 10mm) placed inside a tem-

perature-controlled cell holder in the spectrofluorometer (PTIQuantaMaster;

Horiba, Kyoto, Japan). The solution was stirred continuously using a Teflon

coated stirrer (3 mm � 6 mm) bead at �300 rpm at 37�C. Fluorescence of
ThT (lex¼438nmand lem¼480nm)wasmonitored continuously.Thedura-

tion of the ‘‘lag’’ phase is measured by noting the point at which the tangent to

the early growthphaseof the curve intersects the time axis.To characterize the

effects of Hsp70 on various stages of aggregation, 160 nM Hsc70 or 200 nM

DnaK was added in the beginning (t¼ 0 h), early ‘‘lag’’ (t ¼ 1 h), late in the

‘‘lag’’ (t� 2 h), and in the growth phase (t� 2.4 h) of aggregation of 20 mM

IAPP. Aggregation of TMR-IAPP (2mM)wasmonitored using lem¼ 600 nm

with lex ¼ 520 nm (41). The kinetics of interaction between EDANS-DnaK

and TMR-IAPP was monitored using intermolecular Förster resonance en-

ergy transfer (FRET). Fluorescence of EDANS was monitored using lex ¼
350 nm and lem ¼ 480 nm. FRET efficiency was calculated using the

following: FRET efficiency E ¼ 1 � FDA/FD, where FDA is donor emission

obtained in presence of the acceptor and FD is donor fluorescence in the

absence of acceptor (40). FD was obtained from the fluorescence of

EDANS-DnaK monitored in presence of 2 mM unlabeled IAPP.

For the measurement of binding using fluorescence anisotropy, 400 nM

TMR-IAPP was incubated with different concentrations of DnaK

(0–5 mM) in PBS buffer (pH 7.4) containing 1 mM EDTA and 2 mM so-

dium azide. The instrument ‘‘g’’ factor is calculated using free TMR-IAPP.
Atomic force microscopy imaging

A 10 mL of IAPP/DnaK (20 mM/0.5 mM) solution was collected from the

end of the experiment involving the kinetics of aggregation described

above. The solution was adsorbed onto a freshly cleaved mica sheet for

�2 min. The surface of the mica was then washed gently with Milli-Q water

and dried overnight. The sample was imaged using atomic force micro-

scopy (AFM; AFMWorkshop, Signal Hill, CA) in the tapping mode.
Fluorescence correlation spectroscopy
measurements

The fluorescence correlation spectroscopy (FCS) experiments were per-

formed using a homebuilt cuvette-FCS setup described elsewhere (42).

We used two excitation lasers: a solid-state laser with l ¼ 450 nm (Thor-

labs, Newton, NJ) and a He-Ne laser with l ¼ 543 nm (Newport, Irvine

CA). For measurement of binding of TMR-IAPP and DnaK, TMR-IAPP

(400 nM) solution was incubated with 0–5 mM DnaK in PBS buffer (pH

7.4) in presence of 1 mM EDTA and 1 mM NaN3 at room temperature

(RT). The autocorrelation data were analyzed using a single-component

diffusion model. The visibly distorted autocorrelation curves occurring

because of the appearance of photon bursts are removed from the analysis.

The diffusion time obtained was used to calculate the hydrodynamic radii

(Rh) (43). Calibration of the FCS observation volume was performed using

free rhodamine B (42).
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Burst analysis

Photon count traces obtained from the FCSmeasurements of 100 nM TMR-

DnaK in presence or absence of 20 mM IAPP were recorded with a bin time

of 100 ms. First, the photon counting histograms (PCH) are calculated from

raw photon count data collected over 300 s. Number of photons (DN)

belonging to the bursts observed in the TMR-DnaK plus IAPP sample is

estimated by comparing the PCH (i.e., DN ¼ Ʃn � [P2(n) � P1(n)]).

Here, P1(n) and P2(n) are number of events recording ‘‘n’’ photons in the

bin time from the TMR-DnaK and the TMR-DnaK þ IAPP samples,

respectively. Because mean photon count rates are nearly same in both

the samples, P2(n) � P1(n) is negative for small ‘‘n’’ but positive for larger

‘‘n.’’ Because we are interested in the contributions from the bursts the range

of ‘‘n’’ in the above, summation is chosen such that P2(n)> P1(n). The frac-

tion of photons corresponding to bursts is estimated as DN/N, where N ¼
Ʃn � P2(n) for all ‘‘n.’’ Quantitative analysis of the photon bursts, particu-

larly in presence of a larger concentration of the monomer background, is

quite complex (44). Hence, we performed an approximate estimation. First,

the PCH data were fitted using a Gaussian to determine the baseline and the

standard deviation (SD), although the appropriate function to fit the PCH

data is quite complex (45). Then the threshold for burst detection is set at

3 � SD above the baseline. The basis for choice of such a threshold value

is that it yields nearly ‘‘zero’’ bursts per minute in the control sample (i.e.,

100 nM TMR-DnaK in absence of IAPP (Fig. S3)). The number of bursts,

total photon counts (n) per burst, and the temporal size (t) of the bursts are

then calculated from the raw photon count data using Mathematica. The

brightness of each burst is calculated as ε ¼ n/t.
Two-color coincidence detection

Atto425-labeled DnaK (2 mM) and TMR-IAPP (4 mM) were incubated at

RT overnight, fractionated in SEC using a Superdex 200 column, and

PBS buffer at pH 7.4. The fraction corresponding to 17 mL, after 6� dilu-

tion, is used in two-color coincidence detection (TCCD). The experiments

are performed in our cuvette-FCS setup equipped with two detection chan-

nels (viz, channel 1 (l ¼ 510 5 80 nm and the channel 2 (l ¼ 605 5

70 nm)). First, the sample is excited using 450-nm laser, and photons are

collected with a bin time of 0.5 ms. Photon bursts are detected using a

threshold count, which is 5 � SD above the baseline. The FRET efficiency

(ε) for each burst is estimated using ε ¼ F0
ch2/(Fch1 þ Fch2), where Fch1 and

Fch2 correspond to total number of photons detected in channels 1 and 2,

respectively (46). F0
ch2 ¼ Fch2 � a � Fch1, where a is the leak of the fluo-

rescence of free Atto425 in the channel 2. In our setup, a ¼ 0.22. Contri-

bution from direct excitation of TMR by the 450-nm laser is ignored,

here, because it is found to be less than 5%. It may be noted that r ¼ 0

and 1 correspond to noncoincident events, respectively, due to ch1 and

ch2 only events. Apparent number of monomers of atto425-DnaK per burst

is estimated from the ratio of the brightness of the burst and the brightness

of a monomer. Brightness of a burst is estimated as ε ¼ (Fch1 þ Fch2)/t,

where t is the temporal width of the burst. Brightness of the monomer

(viz, counts per molecule per second is estimated from FCS measurement

(42). For estimation of apparent number of TMR-IAPP molecules per burst

and the stoichiometry of the TMR-IAPP and atto425-DnaK molecules in

each burst, both 450 and 543 nm laser are used for excitation. Channel 1

is used for identification and estimation of the intensity of the atto425

bursts. Leak corrected coincident bursts in channel 2 are used for estimation

of brightness of TMR bursts.
Field flow fractionation- multiangle light
scattering and SEC-multiangle light scattering
measurements

The field flow fractionation (FFF) and the multiangle light scattering

(MALS) instruments are from Postnova Analytics (Landes am Lech,
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Germany). The FFF was used to separate the DnaK/IAPP complexes from

the free IAPP. TheMALS is connected in line with the FFF for the measure-

ments of the molecular weight (MW) and radius of gyration (Rg) of the pro-

teins. IAPP (20 mM) was incubated with 10 mM DnaK in PBS (pH 7.4)

buffer at RT. A 100-mL aliquot of this mixture was injected in the FFF sys-

tem. We have used a 5-kDa cellulose membrane, 0.20 mL/min focus flow

for 6 min, 0.25 mL/min forward flow, and 3 mL/min cross flow in the

FFF. The dn/dc measurements were performed using a refractive index

(RI) detector (Postnova Analytics). The SEC-MALS measurements were

performed in the same setup. In this case, instead of using the FFF mem-

brane assembly, a Superdex 200 column was used for fractionation of the

DnaK/IAPP complexes. The flow rate used in SEC is 0.5 mL/min.
RESULTS

Inhibition of amyloid aggregation of IAPP by
‘‘holdase’’ activity of Hsp70 proteins

First, we examine whether Hsp70 inhibits aggregation of
IAPP in absence of any ATP-dependent activity. Fig. 1 A
shows that the time course of aggregation of IAPP
(20 mM) is characterized by a lag (t ¼ 0–2.5 h), a growth
(t ¼ 2.5–5 h), and a saturation phase (t > 5 h), consistent
with the nucleation-dependent aggregation of amyloid pro-
teins (41). Addition of substoichiometric concentrations of
FIGURE 1 Effect of Hsp70 on aggregation of IAPP. (A–C) Kinetics of aggre

human Hsc70 (A), E. coli DnaK (B), and MTB-Hsp70 (C) is shown. The squa

1:200, and 1:100 of Hsp70/IAPP, respectively. (D) Fold increase of the ‘‘lag’’ ph

conditions is shown. Concentration of DnaJ used is 80 nM and of ATP and ADP

pH 7.4, containing 150 mMNaCl, 1 mM EDTA, and 2 mM sodium azide. The ex

dependent experiments, NaCl and EDTA are substituted with 100 mMKCl and 5

absence or presence of 0.5 mM DnaK are shown. All the experiments have bee
Hsc70 with molar ratio as low as 1:400 can be seen to delay
the kinetics of aggregation dramatically. For example, the
duration of the lag phase is extended by more than 3-fold
in presence of Hsc70. Furthermore, the rate of increase of
fluorescence (i.e., the rate of aggregation in the growth
phase) is also slowed down considerably in presence of
higher concentration of Hsc70 (e.g., at 1: 100 molar ratio).
We then investigated whether the Hsp70 from other organ-
isms, such as E. coli DnaK and MTB-Hsp70 also could
affect the aggregation of IAPP. Fig. 1, B and C show that
both DnaK and MTB-Hsp70 inhibit aggregation of IAPP
strongly, and the inhibitory activity requires only substoi-
chiometric concentrations of the chaperone proteins. It
may be noted that sequence identity between the Hsp70 pro-
teins used here is �50% (47). Therefore, despite large dif-
ferences in the primary sequences, Hsp70 across the
different species possibly share common mechanisms in
protection against amyloid aggregation. This is consistent
with the highly conserved nature of the overall structural or-
ganization of the variants of Hsp70 (47).

To probe whether the inhibitory effect of Hsp70 requires
specific solution conditions, we performed the kinetic ex-
periments in various solution conditions, such as in absence
gation of 20 mM IAPP in presence of substoichiometric concentrations of

res, diamonds, triangles, and circles represent molar ratios of 0:1, 1:400,

ase of aggregation of 20 mM IAPP by 80 nM Hsp70 under various solution

is 2 mM is shown. The solutions are prepared in 10 mM phosphate buffer at

periments are performed at 37�C with continuous stirring. In the ATP/ADP-

mMMgCl2. (E and F) AFM images of the 20 mM IAPP incubated for 48 h in

n performed at least twice. To see this figure in color, go online.
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FIGURE 2 Effect of Hsp70 on different stages of IAPP aggregation.

160 nM Hsc70 (A) or 200 nM DnaK (B) is added to a 20-mM IAPP solution

at different stages of aggregation (viz, at t ¼ 0 (circles)), in the middle of

‘‘lag’’’ phase (t¼ 1 h) (triangles), in the late lag phase (t� 2 h) (diamonds),

and in the growth phase (t � 2.4 h) (squares). Arrows indicate the time

points when Hsp70 was added. Clearly, the effect of Hsp70 is highest if

added at t ¼ 0. Solutions are prepared in PBS buffer containing 1 mM

EDTA and 2 mM sodium azide at pH 7.4 and incubated at 37�Cwith contin-

uous stirring. These experiments have been performed twice. To see this

figure in color, go online.
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or presence of NaCl, KCl, MgCl2, ATP, and ADP. Fig. 1 D
shows that the ‘‘lag phase’’ of the aggregation of IAPP is
greatly extended in presence of low substoichiometric con-
centrations of Hsp70 under all of the solution conditions we
tested. The kinetic data are shown in Fig. S4. Notably, the
inhibitory effects of Hsp70 are not enhanced significantly
in presence of ATP. This is not surprising because inherent
ATPase activity of Hsp70 is known to be poor (11). Howev-
er, the inhibitory effect of DnaK is enhanced considerably
when ATP and the cochaperone DnaJ are present together,
consistent with the previously reported results (25,48).
Furthermore, the inhibitory effect of Hsc70 is observed to
be stronger if NaCl is substituted with KCl. The strong ef-
fects of Hsp70 under the diverse conditions led us to test
whether the observed effects are specific to Hsp70. Hence,
we examined the effect of an unrelated protein of similar
size (viz, bovine serum albumin). Fig. S4 B shows that
bovine serum albumin has no significant effect on the ki-
netics of aggregation of IAPP.

Some literature reports suggest that Hsp70 prevents amy-
loid formation but it promotes amorphous aggregation (28).
We have performed AFM measurements on the aggregates
of IAPP prepared upon incubation with or without DnaK.
Clearly, large quantities of amyloid fibrils are observed in
the sample containing IAPP alone (Fig. 1 E). However,
very little aggregation is observed in presence of DnaK
(Fig. 1 F). Hence, Hsp70 inhibits fibril formation. Further-
more, it does not seem to promote nonfibrillar aggregation
of IAPP.

Taken together, the data presented above indicate that
Hsp70 is a strong inhibitor of amyloid aggregation of
IAPP under diverse solution conditions. Inhibition of the
aggregation in the absence of ATP indicates that it is not
mediated by the catalytic cycle of the ‘‘foldase’’ activity
of Hsp70, rather it is mediated by the ‘‘holdase’’ activity
(25). Unlike the ‘‘foldase’’ activity, which requires the
appropriate cochaperones, specific solution conditions,
and higher concentrations of the chaperone (49,50), the
‘‘holdase’’ activity of Hsp70 appears to be quite robust
and highly efficient. The strong effects of Hsp70 observed
at low substoichiometric concentrations cannot be ex-
plained by its interactions with the monomeric IAPP
(21,25). Therefore, Hsp70 possibly interacts with one or
more on-pathway intermediates of IAPP. The intermediates
could be the prenucleation oligomers or the postnucleation
fibrillar species.
Inhibitory effect of Hsp70 is the strongest at the
prenucleation phase

We then examined whether the inhibitory role of Hsp70 is
mediated via its interactions with the prenucleation oligo-
mers or with the postnucleation fibrillar species or both.
Fig. 2 A shows that the time course of aggregation of a 20
mM IAPP is delayed differently depending on whether the
480 Biophysical Journal 120, 476–488, February 2, 2021
Hsc70 (160 nM) is added in the beginning (i.e., at t ¼ 0),
in the early part of the lag phase (at t ¼ 1 h), at the end
of the lag phase (at t � 2 h) or in the growth phase (at
t � 2.4 h). The inhibitory effect is clearly the highest if
Hsc70 is added at t ¼ 0. The effect is progressively less if
added later. Fig. 2 B shows that DnaK (200 nM) also ex-
hibits similar effects as Hsc70. Strongest inhibition by the
chaperones when it is introduced at t ¼ 0 suggests that the
primary mechanism of the inhibitory action of Hsp70
possibly involves prevention of the nucleation via its inter-
actions with the prenucleation species of IAPP. It may,
however, be noted that the addition of the chaperones,
particularly Hsc70 in the growth phase, affects the rate of in-
crease of the fluorescence of ThT significantly. Hence,
Hsc70 could also interact with the fibrils and slow down
its growth. Interaction and the effect of Hsp70, particularly
in presence of the cochaperones and ATP, on the disaggrega-
tion of the amyloid fibrils have been demonstrated earlier
(26). However, interaction of Hsp70 with the oligomeric in-
termediates remains poorly characterized.

To probe the interactions between Hsp70 and IAPP
further, we consider using fluorescence-based methodolo-
gies, including single-molecule techniques. Although
Hsc70 is the most relevant chaperone in this study, site-spe-
cific labeling of Hsc70 with fluorophores is difficult because
of the presence of four cysteine residues in its primary
sequence. However, DnaK contains only one cysteine resi-
due (at position 15), which could be used for fluorescence
labeling. Because DnaK exhibits similarly strong and robust
inhibition of amyloid aggregation of IAPP, we decided to
use fluorescently labeled DnaK to investigate the interac-
tions of Hsp70 with IAPP. Hence, hereafter most of the
experiments have been performed using wild type or fluo-
rescently labeled DnaK. However, we have also used
Hsc70 whenever possible to examine the validity of the
crucial observations obtained using DnaK.
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Binding of DnaK with the prefibrillar species of
IAPP monitored using intermolecular FRET

To monitor the intermolecular interactions, we used FRET
between EDANS-DnaK and TMR-IAPP. The kinetics of
intermolecular FRET exhibits two distinct phases, a fast
phase (t <mixing time of the samples, �5 s) and a slow
phase (t � 1 h) (Fig. 3 A). The fast phase most likely indi-
cates binding with the preformed oligomers and/or with
the monomers of IAPP. The extremely slow kinetics of the
second phase is consistent with binding of DnaK with the
oligomers or protofibrils of IAPP that form slowly with
time. Therefore, formation of the multimers is likely the
rate-limiting process in this phase.

To examine the time evolution of the aggregation status of
TMR-IAPP, we monitored the fluorescence of TMR under
the same experimental conditions. Because fluorescence of
TMR undergoes self-quenching upon oligomerization, this
assay, introduced by Garai and Frieden, is suitable for moni-
toring both fibrillar and nonfibrillar aggregation (41). The
kinetics of fluorescence of TMR-IAPP exhibits three
distinct phases (Fig. 3 B). These different phases are inter-
preted as the oligomerization phase (t < 2 h), the ‘‘lag’’
phase (t � 10 h), and the growth phase, based on its similar-
ities with the previously reported kinetics of aggregation of
TMR-labeled amyloid-b peptides (41). In presence of
DnaK, the ‘‘lag’’ phase is extended beyond 30 h. The data
presented in Fig. 3 A indicate that the intermolecular
FRET reaches saturation in �10 h. Thus, intermolecular
FRET, which indicates interaction, occurs primarily during
the oligomerization and the ‘‘lag’’ phase of aggregation.
Therefore, binding of DnaK with the prefibrillar species of
IAPP is possibly responsible for the delaying the kinetics
of aggregation.
FIGURE 3 Kinetics of interaction between EDANS-DnaK and TMR-

IAPP. (A) Kinetics of intermolecular FRET between EDANS-DnaK

(150–600 nM) and TMR-IAPP (2 mM) monitored using donor (EDANS)

fluorescence is shown. (B) Kinetics of aggregation of TMR-IAPP moni-

tored by fluorescence of TMR in presence and absence of 300 nM

EDANS-DnaK is shown. Comparison of the kinetics between (A and B) in-

dicates that the interaction occurs in the early phase of aggregation. The so-

lutions are prepared in PBS buffer containing 1 mM EDTA and 1 mM

sodium azide at pH 7.4 and incubated at 37�C with continuous stirring.

These experiments have been performed twice. To see this figure in color,

go online.
Ensemble and single-molecule measurements of
the binding of DnaK with TMR-IAPP

To determine the binding constant of the interactions, we
measured fluorescence anisotropy of TMR-IAPP in the
presence of unlabeled DnaK. Because IAPP is a small pep-
tide, anisotropy of TMR-IAPP (MW ¼ 4.4 kDa) is expected
to increase considerably upon binding to DnaK (MW ¼
69 kDa). Fig. 4 A shows that anisotropy of 400 nM TMR-
IAPP increases in presence of 0–5 mMDnaK in a concentra-
tion-dependent manner. Although the increase in anisotropy
of TMR-IAPP indicates binding to DnaK, the increase is
quite small (�20%). The small increase may indicate poor
binding, which is contradictory with the observations that
even a very low concentration of Hsp70 is shown to alter
the aggregation of IAPP strongly (see Fig. 1). It could
also arise if the Hsp70 binds to a rare species of TMR-
IAPP or if the TMR moiety rotates freely in the IAPP/
Hsp70 complexes.

To examine the interactions further, we use a single-mole-
cule technique (viz, FCS) to measure the hydrodynamic
radius (Rh) of TMR-IAPP in presence of DnaK. Because
Rh is proportional to MW1/3, it is expected to increase by
�2.6 times if IAPP binds to monomeric DnaK. Fig. 4 B
FIGURE 4 Characterization of the IAPP-DnaK interactions by ensemble

and single-molecule techniques. (A) Ensemble fluorescence anisotropy and

(B) hydrodynamic radii (Rh) from FCS measurements of 400 nM TMR-

IAPP in presence of 0–5 mM DnaK are shown. The symbols represent

data. The solid line in (A) is guide to the eye. (C) Rh of 110 nM TMR-

IAPP in presence of 1 mM of DnaK or Hsc70 under various solution condi-

tions is shown. (D) Presence of oligomeric TMR-IAPP is reflected in the

fluorescence bursts in the photon count traces obtained from four identical

FCS measurements on the 400 nM TMR-IAPP sample is shown. The solu-

tions are prepared in 10 mM phosphate buffer (pH 7.4) containing 150 mM

NaCl, 1 mM EDTA, and 2 mM azide and incubated for O/N at RT. In some

of the samples, as mentioned in (C), NaCl and EDTA have been substituted

by 100 mM KCl and 5 mM MgCl2. The experiments have been performed

four times. To see this figure in color, go online.
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FIGURE 5 Characterization of the oligomeric IAPP/TMR-DnaK com-

plexes from photon bursts analysis. Photon count traces (A and C) and auto-

correlation data (B and D) from 10 identical measurements from 100 nM

TMR-DnaK in absence of IAPP (A and B) or in presence of 20 mM IAPP

(C and D) are shown. Clearly, both photon counts and autocorrelation

data are highly heterogeneous in presence of IAPP. (E) comparison of

photon counting histograms (PCH) indicates that �8% of TMR-DnaK is

partitioned into the bursts. (F) Histogram of the brightness of the bursts

is shown. The solid line is a fit assuming a Gaussian distribution. Mean

brightness of the bursts (130 kHz) is �16 times brighter than the mono-

meric TMR-DnaK. The solutions are prepared in PBS buffer containing

1 mM EDTA and 1 mM sodium azide at pH 7.4 and incubated at RT.

The experiments have been performed twice. To see this figure in color,

go online.
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shows that Rh of TMR-IAPP (400 nM) increases in presence
of 0–5 mMDnaK in a concentration-dependent manner. Sur-
prisingly, the shape of the Rh versus [DnaK] plot is consid-
erably different from that was obtained from the anisotropy
measurements presented in Fig. 4 A. Furthermore, the in-
crease of Rh, even in presence of 5 mM DnaK, is only
�30%, which is significantly smaller than the expected
160% increase if all the monomeric IAPP are bound to
DnaK. Therefore, most of the IAPP in the solution must
be free. We have also examined the interactions between
DnaK (and Hsc70) and TMR-IAPP under various solution
conditions, such as in presence or absence NaCl, KCl,
MgCl2, ATP, and ADP. The autocorrelation data obtained
under these solution conditions are shown in Fig. S5.
Fig. 4 C shows that Rh of TMR-IAPP remains unaltered
and almost equal to that of the free IAPP under all the con-
ditions tested here, indicating no significant interaction be-
tween DnaK (or Hsc70) and the predominant species of
IAPP. Hence, the chaperones most likely bind primarily to
the oligomers rather than the monomers of IAPP. The small
increase of anisotropy or Rh is possibly indicative of the
presence of a relatively small population of the oligomers
of IAPP. The presence of the oligomers may be observed
from the photon count traces obtained from the FCS mea-
surements (Fig. 4 D). Clearly, several of the photon count
traces exhibit presence of fluorescence bursts, indicating
the presence of oligomers of IAPP. Consequently, large vari-
ability is observed among the autocorrelation curves as well
(Fig. S6). We note, here, that the presence of the larger
photon bursts distorts the autocorrelation data (Fig. S6).
The autocorrelation data that are visibly distorted are
excluded from the analysis in determination of Rh. Hence,
the nature of the binding curves obtained from the ensemble
anisotropy measurements and FCS measurements differ
considerably (see Fig. 4, A and B). Furthermore, appear-
ances of the photon bursts indicate that fluorescence of the
oligomers of TMR-IAPP is not fully quenched, although
the extent of quenching is not known.
Characterization of the complexes using photon
burst analysis

It may be argued that the above-mentioned heterogeneity is
a characteristic of TMR-IAPP. To verify, we performed FCS
measurements of TMR-DnaK (100 nM) in the presence of
unlabeled IAPP (20 mM). Many fluorescence bursts are
observed in the photon count traces of TMR-DnaK in pres-
ence (Fig. 5 C) but not in the absence of IAPP (Fig. 5 A).
The autocorrelation traces obtained in presence of IAPP
are also highly heterogeneous, as may be expected (Fig. 5
D). The observed photon bursts are indicative of clustering
the TMR-DnaK molecules, possibly on the oligomers or the
protofilaments of IAPP. Quantification of the oligomers in
the midst of a vast majority of the free monomers is difficult
(46). However, comparison of the PCH of TMR-DnaK in
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presence and absence of IAPP shows that �8% of the total
photons are associated with the photon bursts. Hence, �8%
of the 100 nM TMR-DnaK must be associated with the com-
plexes with IAPP oligomers. We then counted the number of
the bursts per minute using a photon count threshold of
mean þ 3 � SD. We observed �16 photon bursts per min-
ute. Furthermore, the probability of detecting a photon burst
in any time bin (equal to the number of the bins associated
with the bursts/total number of bins in 1 min) is found to be
�0.01. In our FCS setup, the average number of molecules
(<N>) observed in the confocal volume from 1 nM solution
is �1.1 (43). Hence, the number concentration of the oligo-
meric complexes giving rise to the photon bursts must be in
the low picomolar range (51). The size of the photon bursts
exhibits a broad distribution (Fig. 5 F). The peak of the dis-
tribution corresponds to �130 kHz. Counts per molecule
of the monomeric TMR-DnaK obtained from the FCS
measurement of the purified TMR-DnaK solution is
�8 kHz. Hence, the average brightness of the complexes
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is �16 times higher than monomeric TMR-DnaK. There-
fore, oligomers of IAPP interact with high affinity with mul-
tiple molecules of DnaK. We note, here, that the approach
outlined above is suitable only for the large bursts because
the small complexes would get masked in the shot noise
of the photon counts. Hence, this approach is not suitable
for characterization of the small complexes.
Characterization of the complexes of DnaK/IAPP
by MALS and FCS after fractionation by SEC
and FFF

The FCS measurements presented above indicate that the
major problem in characterization of the DnaK/IAPP inter-
action is heterogeneity of the complexes. Therefore, we use
SEC to resolve the various species in the heterogeneous
mixture of free IAPP, free DnaK, and the IAPP/DnaK com-
plexes. The SEC is connected to a MALS instrument for
determination of the MW and the size of the DnaK/IAPP
complexes. Fig. 6 A shows the time course of the concentra-
tion of the proteins measured by RI of the solution. It may be
seen that the RI (i.e., the concentration) profile shows a
dominant peak at �28 min. The same figure also shows
the MW obtained from analysis of the MALS data. It may
be seen that the MW of the particles corresponding to this
peak is �75–85 kDa, indicating that DnaK exists predomi-
nantly as monomers. To verify whether this peak consists of
complexes of DnaK with oligomers of IAPP, we compared
FIGURE 6 Characterization of IAPP-DnaK complexes after fraction-

ation by size exclusion chromatography (SEC) or field flow fractionation

(FFF). (A) SEC-MALS and (C) FFF-MALS of 10 mM DnaK in absence

and presence of 20 mM IAPP are shown. The solid lines indicate refractive

index (RI), which is a measure of concentration, and empty symbols repre-

sent molecular weight (MW) measured by MALS. (B) Rh measured using

FCS of TMR-IAPP, TMR-DnaK, and TMR-IAPPþDnaK after purification

using SEC or FFF is shown. Clearly, Rh of TMR-IAPPþDnaK is similar to

TMR-DnaK, indicating binding of TMR-IAPP to DnaK. The solutions are

prepared in PBS buffer containing 1 mM EDTA and 1 mM sodium azide at

pH 7.4 and incubated at RT for O/N. These experiments have been per-

formed four times. To see this figure in color, go online.
the data obtained using DnaK alone. However, the profiles
of the RI and the MW of the samples containing DnaK/
IAPP and DnaK alone appear to be similar. Fig. S7 shows
that similar observations are made using the solutions of
Hsc70/IAPP and Hsc70 alone. We then performed mass
spectrometry measurements on the peak fraction to obtain
an estimate of the relative concentrations of DnaK and
IAPP in the DnaK/IAPP sample. Fig. S8 shows that these
fractions contain DnaK, but no IAPP was detected. There-
fore, concentration of the DnaK/IAPP complexes must be
small. Thus, the major population observed in the RI and
the MALS profiles must originate from the primarily free
DnaK.

To characterize the DnaK/IAPP complexes specifically,
we then used FCS. In these experiments, we used TMR-
IAPP instead of IAPP. Because the DnaK used here is not
fluorescently labeled, the unbound DnaK would not
contribute to the signal in FCS. First, SEC is used to frac-
tionate the DnaK/TMR-IAPP complexes from the popula-
tion of the free TMR-IAPP. The fraction exhibiting peak
intensity is collected for FCS measurements. Fig. 6 B shows
that Rh of the TMR-IAPP/DnaK complexes measured using
FCS is �3.3 nm, which is almost same as that of the
monomeric DnaK but quite larger than that of the free
IAPP (Rh� 1.2 nm). Therefore, FCS measurements indicate
binding of monomeric DnaK to monomers or small oligo-
mers of TMR-IAPP. Because Rh is proportional to
(MW)1/3, the FCS measurements do not have the resolution
to distinguish if these complexes contain monomers or small
oligomers of IAPP. The brightness of these complexes is
found to be �1.2 times the brightness of the free TMR-
IAPP. Thus, the fluorescence of the oligomers of TMR-IAPP
must be considerably quenched (43). The concentration of
the TMR-IAPP/DnaK complexes detected in FCS is
�45 nM (Table S1). We note, here, that the concentrations
of DnaK and IAPP used in these experiments are several
mM. Therefore, concentration of the complexes detected
in FCS is very low, suggesting that most of the DnaK or
the TMR-IAPP in the solution is free.

A well-recognized problem in characterization of nonco-
valent protein-protein complexes by SEC-MALS is that the
complexes may dissociate because of interactions of the
proteins with the matrix of the SEC column. To circumvent
this problem, we attempt to resolve the various species of
the IAPP/DnaK complexes by using FFF, which uses flow
field to separate the molecules based on hydrodynamic
size (52). Fig. 6 C compares the time courses of the RI
and the MW obtained from the mixture of DnaK and
IAPP and the DnaK alone. It may be seen that both the sam-
ples show a peak at�13 min in RI. The MWof the peak lies
within 80–120 kDa, consistent with the SEC-MALS mea-
surements. Once again, we performed FCS measurements
on the TMR-IAPP/DnaK samples fractionated using FFF.
Analysis of the FCS data presented in Fig. 6 B shows that
Rh of the complexes is almost the same as that of the
Biophysical Journal 120, 476–488, February 2, 2021 483
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monomeric DnaK. Once again, the concentration of the
complexes is very low (�15 nM) (Table S1). Therefore,
FFF-MALS/FCS data are consistent with the SEC-MALS/
FCS data. The FCS autocorrelation data and the fits are
shown in Fig. S9. Taken together, the FCS data indicate
that the Rh of the complexes is the same as the complex
of monomeric DnaK binding to monomers or small oligo-
mers of IAPP. However, the population of the complexes
is small.
Single-particle TCCD of the oligomeric complexes

We then use TCCD to detect and characterize the oligomeric
complexes using Atto425-labeled DnaK and TMR-IAPP.
TCCD measurements are performed using our cuvette-
FCS setup (42), which is equipped with two detection chan-
nels (viz, blue and red channels for the fluorescence of
Atto-425 and TMR, respectively). SEC is then used to sepa-
rate the complexes from the predominantly free monomeric
population of DnaK and IAPP. As expected, the SEC profile
exhibits a dominant peak at�28 min (Fig. 7 A). However, in
this experiment, we focus our attention on a fraction eluted
at �18 min, which corresponds to the elution time of larger
species than the monomeric DnaK. The SEC profile exhibits
nearly zero absorbance (at 280 nm). No protein band is
observed in this fraction in the SDS-PAGE either (see
FIGURE 7 Characterization of TMR-IAPP/Atto425-DnaK complexes using T

taining 4 mM TMR-IAPP and 2 mM atto425-DnaK is shown. The fraction elute

atto425-DnaK (lower panel) and TMR-IAPP (upper panel) using excitation wit

ciency (ε ¼ ITMR/[Iatto425 þ ITMR]) of the coincident bursts is shown. (D) Depen

apparent number of monomers (E) and approximate stoichiometry (F) of TMR-I

(F) are obtained using the coincident bursts with both (l ¼ 450 and 543 nm) la
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Fig. S10). Hence, concentrations of DnaK and IAPP eluted
in this fraction must be very low. However, single-molecule
fluorescence measurements by TCCD exhibit large photon
bursts in both the detection channels (Fig. 7 B). Extraction
of the bursts from both the channels using a threshold counts
of baseline þ 5 � SD shows that more than 75% of the
bursts are coincident. Thus, majority of the photon bursts
arise from the complexes of Atto425-Hsp70 and TMR-
IAPP. The histogram of FRET efficiency (ε) of the coinci-
dent bursts is found to be quite broad, ranging from 0 to
1, with a peak at �0.7 (Fig. 7 C). The spread in the values
of ε is particularly wide for the smaller bursts (Fig. 7 D).
This could arise because of the relatively higher photon
shot noise for smaller bursts. However, considerable broad-
ness of the distribution of ε for larger bursts is indicative of
the heterogeneity of the complexes, possibly due to the var-
iabilities in the stoichiometry of Hsp70 and IAPP molecules
and/or due to the differences in the intermolecular arrange-
ments. Although fluorescence of Atto425-Hsp70 does not
exhibit self-quenching (data not shown), fluorescence of
TMR-IAPP experiences considerable quenching upon olig-
omerization (see Fig. 3 B). Hence, it is not possible to esti-
mate the absolute size of the oligomers from the intensity of
the fluorescence bursts. Furthermore, the intensity also de-
pends on the trajectory of the particles inside the confocal
observation volume (45). Therefore, we attempt to obtain
CCD. (A) SEC profile measured by absorbance at 280 nm of a solution con-

d at 17 min is examined using TCCD. (B) Photon counts/ms obtained from

h the blue (l ¼ 450 nm) laser are shown. (C) Histogram of the FRET effi-

dence of ε on the total burst intensity is shown. (E and F) Histograms of the

APP and atto425-DnaK molecules in the complexes are shown. Estimates in

sers on. To see this figure in color, go online.
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an approximate estimate of the number of the Atto425-
DnaK and a lower-bound estimate of the TMR-IAPP mole-
cules in the complexes from the brightness of the bursts
(46). Fig. 7 E shows that the distribution of the number of
Atto425-DnaK molecules per complex is broad, ranging
from 2 to 100 mer, with a peak at around 15 mer. The distri-
bution of TMR-IAPP monomers in the complexes is found
to be relatively narrow, ranging from 2 to 30 mer, with a
peak at 5 mer. However, the number of TMR-IAPP mole-
cules per complex is most likely considerably underesti-
mated because of the quenching of the fluorescence of
TMR in the oligomeric forms. Stoichiometry of TMR-
IAPP and Atto425-DnaK estimated from the ratio of the in-
tensities in the red and the blue channels is found to vary
from�0.1 to 2.0 with the average being 0.6 (Fig. 7 F). How-
ever, because of the presence of FRET between the fluoro-
phore pair and self-quenching of TMR, the estimate of
stoichiometry also should be considered as approximate.
DISCUSSION

Amyloid aggregation of proteins is involved in the pathology
ofmultiple human diseases, such as Alzheimer’s, Parkinson’s
disease, and T2DM. Extensive studies over the past three de-
cades indicate that protein monomers first self-assemble into
soluble low-MWoligomers; the oligomers then possibly act
as sites for nucleation to form small fibrillar aggregates that
grow to larger fibrils. To counteract the numerous pathways
that lead to aberrant aggregation of proteins, cells utilize mo-
lecular chaperones as a defense mechanism (10,12,53,54).
Hsp70 chaperone machinery is the central component of the
chaperone systems, providing protection against aberrant ag-
gregation of cellular proteins under stress conditions. The
commonly depicted mechanism of action is that Hsp70 ma-
chinery, which involves the cochaperones, such as Hsp40
and the NEF, bind to the exposed hydrophobic patches of
‘‘misfolded’’ proteins or the fully unfolded polypeptide
chains and then release it in the correctly ‘‘folded’’ form using
an ATP-dependent catalytic cycle (55). In vitro, Hsp70/
Hsp40/NEFmachinery has been shown to inhibit aggregation
and promote disaggregation of the aggregates of amyloid-b,
a-synuclein, and polyglutamine polypeptides in presence of
ATP (21,25,28). In vivo, overexpression or exogeneous addi-
tion of Hsp70 has been shown to inhibit amyloid aggregation
and rescue cytotoxicity of the amyloids in cell cultures and
model organisms (16,20,56).

Whereas the ‘‘foldase’’ activity of Hsp70 is mediated by
the ATP-dependent catalytic cycle, recent in vitro studies
have shown that Hsp70 can also inhibit amyloid aggregation
in the absence of ATP via ‘‘holdase’’ activity (12,25).
A recent study has demonstrated the protective role of the
secretory Hsp70 in blocking the amyloid-b-induced neuro-
toxicity in Drosophila (56). Holdase activity of Hsp70 has
also been shown to block formation of the toxic oligomers
of a-synuclein (57). Our results demonstrate that Hsp70
strongly inhibits aggregation of IAPP under diverse solution
conditions via ‘‘holdase’’ activity (see Figs. 1, 2, and 3).
Hence, the ‘‘holdase’’ activity of Hsp70 is highly robust, un-
like the ‘‘foldase’’ activity that requires specific solution
conditions and specific cochaperones (26,50). Another strik-
ing feature of the ‘‘holdase’’ activity is that it requires very
low substoichiometric concentration of Hsp70. Inhibition of
amyloid formation by ‘‘holdase’’ action possibly occurs
because of binding of Hsp70 to the polypeptides leading
to blocking of the sites of growth. However, the extent of
the inhibition would depend on the molecular mechanism
of the interactions. For example, if Hsp70 binds predomi-
nantly to the monomers, then in absence of ATP-driven cat-
alytic activity, stoichiometric amount of Hsp70 is required
to observe significant effects. Our results demonstrate that
Hsp70 can exert strong effects, even at low substoichiomet-
ric concentrations. Thus, it must interact with the intermedi-
ates/oligomers rather than the monomers of IAPP (25). The
results presented in Fig. 2 indicate that the effects of Hsc70
or DnaK is the strongest when it is administered at t ¼ 0,
indicating its interaction with the prefibrillar oligomers of
IAPP. This is further supported by the intermolecular
FRET measurements, which show that DnaK interacts
with the species of IAPP that form in the ‘‘lag’’ phase of
aggregation (see Fig. 3). Therefore, we hypothesize that
the Hsp70 inhibits nucleation via interactions with the olig-
omers of IAPP. Similar effects have been observed in the
case of Hsp70 and DnaJB6 on the aggregation of other am-
yloid proteins (30,58).

Low concentration and heterogeneity of the complexes
led us to employ single-molecule fluorescence-based tech-
niques to investigate the nature of these complexes. Little
is known so far about the biophysical properties of the
Hsp70/IAPP complexes. In fact, ensemble anisotropy mea-
surements and FCS measurement of TMR-IAPP in presence
of Hsp70 indicate poor binding (see Fig. 4), contrary to the
observed striking effect of Hsp70 on aggregation of IAPP.
These apparently contradictory observations suggest that
Hsp70 must interact with a rare species (e.g., the ‘‘interme-
diates’’ or the oligomers of IAPP). To detect and charac-
terize the complexes, we have employed several strategies.
The fluorescence bursts of the TMR-DnaK formed in pres-
ence of IAPP suggest that the oligomers of IAPP bind to
multiple molecules of DnaK (see Fig. 5). We find that the
concentration of the bursts (i.e., concentration of the com-
plexes) is in the picomolar range. Determination of the
size of the oligomeric complexes is difficult, but average
brightness of the bursts suggests �10–100 molecules of
DnaK per oligomer. An inherent limitation of the burst anal-
ysis in presence of a high background fluorescence, which
arises from the large population of the free TMR-DnaK, is
that detection of the small oligomers is difficult. Further-
more, analysis of the FCS autocorrelation data becomes un-
reliable in presence of the photon bursts. Therefore, we used
SEC and FFF to separate the large oligomeric complexes.
Biophysical Journal 120, 476–488, February 2, 2021 485
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FCS and MALS measurements on the major (SEC or FFF)
fractions indicate that the size of the DnaK/IAPP complexes
is �90 kDa, possibly containing one molecule of DnaK and
a few molecules of IAPP. However, concentration of the
complexes is very low,�15–45 nM, indicating that majority
of the DnaK and the IAPP in the mixture must be free. FCS
measurements of TMR-IAPP in presence of considerably
high molar excess of DnaK or Hsc70 performed under
various solution conditions also support that the majority
of the IAPP in the mixture is free (see Fig. 4). Taken
together, our results suggest that binding of Hsp70 with
the monomers of IAPP is poor, whereas affinity for binding
to the oligomers is high.

Although the concentration of the oligomers is very
low, the single-molecule techniques have been successful
to detect these species (30,44,46,50,59). Klenerman and
co-workers used TCCD measurements after dilution of
the mM fluorescently labeled protein stock solutions to pico-
molar concentrations (46). Because, compared with the free
protein molecules, the population of the complexes is very
small, a microfluidic device was used to improve the rate
of sampling of the complexes. Here, we have used SEC to
improve the rate of sampling of the Hsp70/IAPP complexes
by eliminating the population of the free monomers. The
SEC-TCCD measurements clearly exhibit the oligomeric
and heterogeneous nature of the complexes consisting
of atto425-DnaK and TMR-IAPP (see Fig. 7). Analysis of
the individual fluorescence bursts reveal that the distribu-
tions of FRET efficiency, and the apparent number and stoi-
chiometry of the TMR-IAPP and Atto425-Hsp70 molecules
in the complexes are quite broad. Broadness of the distribu-
tions reflects the heterogeneous nature of the complexes.
However, MWof the complexes estimated from the average
number of IAPP and Hsp70 molecules present per complex
is�1 MDa and the stoichiometry is�0.6. Owing to the self-
quenching of the fluorescence of TMR, the number of the
IAPP molecules in the complexes is likely underestimated.

The mechanism of the interaction of Hsp70 with substrate
proteins has been a matter of intense studies (38,55,60–62).
Hsp70 is known to be highly promiscuous because of its in-
teractions with a multitude of substrates with diverse poly-
peptide sequences (47). However, most of our knowledge
about howHsp70 binds to its substrates is based on the studies
using model peptides from experiments using peptide li-
braries and phage display (63,64). The octapeptide substrate
for Hsp70 generally contains a six-residue hydrophobic mid-
dle patch flanked by positively charged residues at both ends.
Many polypeptide sequences contain such patches. There-
fore, Hsp70 binds to fully unfolded polypeptides or the
exposed hydrophobic patches in the globular proteins. For
example, Hsp70 machinery can refold denatured luciferase
in vitro (65). Therefore, binding of Hsp70 with globular pro-
teins is considered to be regulated bymisfolding or unfolding
of the protein. However, little is known about how Hsp70
binds to the IDPs because the putative binding motifs in
486 Biophysical Journal 120, 476–488, February 2, 2021
IDPs are possibly exposed all the time. Therefore, how its
interaction with the IDPs is regulated is unclear. The molec-
ular chaperone binding site prediction program Limbo (66)
predicts residues 13–19 heptapeptide (ANFLVHS) of IAPP
as a probable binding site for DnaK. Cryoelectron micro-
scopy reveals that the IAPP monomers in the fibrils exhibit
an S-fold structure comprising triple b-sheets, involving res-
idues 14–20, 26–32, and 35–37 (67,68). Therefore, the pep-
tide comprising residues 13–19 is an important part of the
fibril. Hence, binding of Hsp70 to this peptide can potentially
inhibit nucleation and growth of the IAPP fibrils. Our results
indicate that DnaK binds strongly to the oligomers but
weakly to themonomers. Therefore, we think that the high af-
finity of the interaction with the oligomers might arise from
multivalent binding. The multivalent binding might involve
oligomeric forms of IAPP and the multiple binding sites on
Hsp70, similar to what has been proposed earlier for the
interaction between apolipoprotein E and the oligomers of
amyloid-b (40). Although the polypeptide substrates are
believed to bind to the canonical substrate binding cleft in
the substrate binding domain, the surface of the Hsp70 pro-
teins is capable of interacting with a multitude of cochaper-
one proteins (47). In fact, diversity of the functions of
Hsp70 are hypothesized to originate from its ability to
interact with a diverse array of cochaperones (69). Further-
more, a second binding site that is important for the activity
of the Hsp70 has been reported recently (70). A recent study
suggests involvement of a noncanonical site of Hsp70 in
blocking the oligomerization of a-synuclein (57). Hence,
multivalent binding might involve the alternative binding
sites and/or other protein-protein interaction sites on the sur-
face of Hsp70. Alternatively, compared with the monomers,
the oligomeric forms of IAPP might provide a larger binding
surface, leading to oligomerization-dependent increase of af-
finity. Because the IDPs do not possess defined structure,
high-affinity binding of Hsp70 to the oligomeric but not the
monomeric forms of IAPP is possibly required to regulate
the interaction, ensuring that the physiological functions of
the monomeric IAPP are not affected. Furthermore, FCS
measurements reported in Figs. 5 and 7 suggest that oligo-
mers of IAPP bind to multiple molecules of Hsp70. Recruit-
ment of multiple Hsp70 molecules to the protein rhodanase
has been hypothesized to promote unfolding of the protein
via an ‘‘entropic pulling’’ action (59). A similar mechanism
of actionmay be involved in the disassembly of the oligomers
or the fibrils of the amyloid proteins by the Hsp70 machinery
in presence of ATP (26).

Thus, our data support that Hsp70 alone can inhibit aggre-
gation of IAPP by the ‘‘holding’’ model (21,25) via binding
to the oligomers of IAPP. This is possibly the first step in the
catalytic cycle of the chaperone machinery (21,25). Alterna-
tively, Hsp70 can direct the bound complexes to the degra-
dation pathways (71). Several other heat shock proteins,
such as Hsp90 and Hsp60, also exhibit similar protection
against amyloid aggregation (21,72). We find that Hsp70
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binds weakly with the monomers but strongly with the olig-
omeric forms of IAPP, showing affinity in the picomolar
range. Thus, it is possible that Hsp70 could detect single
particles of aberrant amyloid oligomers and nullify its toxic
effects in vivo. This might be a common feature, which is
important for the regulation of the interactions between
the constitutively expressed molecular chaperones and the
functionally important but amyloidogenic IDPs. Applica-
tion of a combination of ensemble and single-molecule bio-
physical techniques, including SEC-TCCD, enables us to
identify and characterize the rare and highly heterogeneous
oligomers of IAPP that interact with Hsp70.
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of islet amyloid polypeptide fibrils reveals similarities with amyloid-b
fibrils. Nat. Struct. Mol. Biol. 27:660–667.

68. Weirich, F., L. Gremer, ., H. Heise. 2016. Structural characterization
of fibrils from recombinant human islet amyloid polypeptide by solid-
state NMR: the central FGAILS segment is part of the b-sheet core.
PLoS One. 11:e0161243.

69. Kampinga, H. H., and E. A. Craig. 2010. The HSP70 chaperone ma-
chinery: J proteins as drivers of functional specificity. Nat. Rev. Mol.
Cell Biol. 11:579–592.

70. Li, H., H. Zhu,., Q. Liu. 2020. An unexpected second binding site for
polypeptide substrates is essential for Hsp70 chaperone activity. J. Biol.
Chem. 295:584–596.

71. Kettern, N., M. Dreiseidler, ., J. Höhfeld. 2010. Chaperone-assisted
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