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Abstract

The 70 kDa heat shock proteins (Hsp70) are molecular chaperones that assist in folding of newly
synthesized polypeptides, refolding or denaturation of misfolded proteins, and translocation of
proteins across biological membranes. In addition, Hsp70 play regulatory roles in signal transduction,
cell cycle, and apoptosis. Here we present a novel assay platform based on fluorescence polarization
that is suitable for investigating the yet elusive molecular mechanics of human Hsp70 allosteric

regulation.

Heat shock protein 70 (Hsp70) is a ubiquitous family of protein chaperones that assists protein
folding and is involved in protein biogenesis, degradation and transport across membranes,
and in the dynamics of macromolecular protein assembly.1 To perform these diverse functions,
Hsp70s interact with a wide repertoire of protein co-chaperones. These regulate the activity of
the Hsp70 chaperone or aid in the folding of specific substrate proteins. Co-chaperones can
harness the ATP-dependent mechanisms of Hsp70 to do conformational work in diverse
functional contexts, including vesicle secretion and recycling, protein transport and the
regulated assembly and/or disassembly of protein complexes. The profound utilization of co-
chaperones and resulting flexibility of functional specification are unique to the cytosolic
Hsp70 and heat shock protein 90 (Hsp90) chaperone system. 1

Hsp70 is composed of two functional domains: the N-terminal ATPase domain and the C-
terminal peptide-binding domain (Figure 1).1’2 The interplay between these domains creates
a ligand-activated, bidirectional molecular switch. ATP and inhibitors of the chaperone’s
ATPase activity drive Hsp70 into the “open” conformation, which results in high rates of
peptide binding and release. However, peptide binding induces a conformational change that
is propagated back to the ATPase domain, and that stimulates the rate of ATP hydrolysis. This,
in turn, leads to the “closed” conformation and facilitates peptide-capture.

The molecular mechanisms underlying of the ATPase and substrate binding/release cycles
have been analyzed in detail only for only a few Hsp70 homologs, including E. coli DnaK and
HscA (Hsc66), Thermus thermophilus DnakK, S. cerevisiae Ssal, and bovine and hamster
Hsc70.3 Even though these proteins are highly conserved, distinct attributes have been noted

Correspondence to: Gabriela Chiosis.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kang et al.

Page 2

in their mechanism of action. In particular, differences in their cycles, with implications for
their chaperone activities have been noted, suggesting that the analysis of other members of
this family will prove essential. Surprisingly, the human Hsp70 (hHsp70) cycle has not been
carefully dissected. The molecular mechanics and kinetics of the hHsp70 allosteric regulation,
as well as the spectrum of interacting co-chaperones, are largely unknown, and represent an
open area of research in the field. To this end, we have developed an assay platform that is
based on fluorescence polarization, and that allows for kinetic measurement of the human
Hsp70 cycle.

Fluorescence polarization (FP) is an assay with wide applicability in the discovery of novel
protein modulators and in measuring real-time interactions between proteins or proteins and
their Ilgands The principle of FP is based on the observation that when a relatively small,
fast-tumbling fluorescent-labeled compound is excited with plane-polarized light, the emitted
light is random with respect to the plane of polarization, resulting in a lower mP value. When
the compound is bound to a molecule with greater mass (in this case Hsp70 or Hsp70 in complex
with its co-chaperones), the complex tumbles much slower and the emitted light is polarized,
resulting in a higher mP value. Thus, the change of mP reflects the interaction between the
fluorescent-labeled compound and the protein. Moreover, the mP value is proportional to the
fractions of bound ligand, and thus FP assays can measure protein—inhibitor interactions in
solution and in real-time.#

To establish an Hsp70 FP assay, we probed whether the peptide alap5 (ALLLSAPRR) binds
to the C-terminal domain of hHsp70 and induces the characteristic conformational switch. This
peptide was reported to bind with high affinity in the absence of ATP to DnaK, the E. coli
Hsp70 (Kg=400 nM) We therefore synthesized a fluorescein isothiocyanate (FITC)-labeled
alap5 (FITC-alap5) (Figure 2) for use in the FP assay, and the chemical integrity and purity of
FITC- alags were confirmed by mass spectrum and high-pressure liquid chromatography
(HPLC).® The peptide was >90% pure as determined by HPLC and demonstrated the correct
molecular mass of 1,500 Da (M+H).

Next, the binding of this peptide to hHsp70 was confirmed by an independent, established
method. As shown in Flgure 3, the peptide enhanced the single turnover ATPase activity of
the chaperone (KCAT) and the magnitude of stimulation was equivalent to that when a ~7-
fold higher concentratlon of a known Hsp70-interacting unfolded polypeptide, carboxymethyl
lactalbumin (CM LA) was used. These data indicate that FITC-alap5 binds productively to
Hsp70, and should therefore serve as a valid reporter in the FP assay.

Next, using the FP assay, we determined that FITC-alap5 (at a flnal concentration of 5 nM)
binds recombinant hHsp70 in a dose-dependent manner (Figure 4) To provide a valuable
biological read-out, the FP ligand has to bind specifically and with good affinity to the protein
of interest. To determine the affinity of FITC-alap5 for hHsp70, we titrated hHsp70 in reactions
containing fluorescent alap5.

As the amount of hHsp70 increased, a greater fraction of fluorescent alap5 was protein-bound
and polarization progressively increased to reach saturation (Figure 4). The signal remained
stable for over 24 h. FITC-alap5 bound well to hHsp70 with an affinity resembling its binding
to DnaK (Ky=426 nM). The assay window reached approximately 110 mP.

To investigate whether the assay can be employed to detect conformational changes in hHsp70,
we included ATP in the reaction and showed that FITC-alap5 binding was significantly reduced
(Figure 5, column 4). To probe whether the assay can also be used to identify interactors that
might augment the affinity of hHsp70 for peptide substrates, we screened several antibodies
raised specifically against Hsp70. We found that alap5 blndlng to hHsp70 was augmented by
an anti-Hsp70 monoclonal antibody (clone C92F3A-5), 10 prepared against human Hsp70
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protein, suggesting that antibody binding may stabilize the closed, high-affinity peptide-
binding conformation (Figure 5, column 5). Importantly, the effect was reversible because ATP
reverted the antibody-induced conformational change to the low-affinity state (Figure 5,
column 6).

The assay was insensitive to low concentrations of DMSO, an organic solvent often used to
dissolve small molecule modulators that could be screened to identify effectors of Hsp70
cycling (Figure 5, column 3). Furthermore, binding of FITC-alap5 to Hsp70 was specific,
because the ligand failed to bind another molecular chaperone, Hsp9011 (Figure 5, column 7).
Conversely, FITC-GM could not bind Hsp70 (Figure 5, column 8). FITC-GM12 is a FITC
labeled geldanamycin (GM), an inhibitor of Hsp90 that interacts with the chaperone through
direct interaction with its ATP-binding regulatory pocket.13

Collectively, these data indicate that FITC-alap5 is a suitable reporter for an hHsp70-specific
FP assay. Moreover, the assay can be used to detect ATP-dependent conformational changes
in the chaperone. Thus, we propose that FITC-alap5 can be co-opted to report on co-chaperone
and protein-mediated effects on hHsp70 peptide binding and release. Because the protein and
ligand are added simultaneously in solution, and a response is read directly, the assay can also
provide important information on the kinetics of Hsp70 cycling and the effect of co-chaperones
or other protein modulators on the mechanism of cycling. This is a great advantage over other
methods that require immobilization of reagents or radioactive ligands. Our FP assay also
utilizes a low amount of protein and ligand in comparison to other biochemical methods, and
is thus, more cost effective. In consequence, we have designed a flexible assay platform that
can be used to conduct real-time biochemical studies on hHsp70 cycling, and moreover, can
be implemented towards the discovery of small molecule hHsp70 modulators.
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Figure 1.

The Hsp70 cycle and design of the Hsp70 assay. In the ADP-conformation, Hsp70 binds to an
unfolded peptide, here labeled with FITC, leading to an increase in the fluorescence
polarization signal. This state interconverts with an ATP-bound state which leads to peptide
release and a decrease of the FP signal. The full spectrum of co-chaperones and other proteins
that regulate the Hsp70 cycle in mammalian cells is still being characterized.
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Figure 2.

Chemical structure of FITC-alap5
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Figure 3.

The peptide FITC-alap5 interacts functionally with hHsp70. At a final concentration of 8 pM,
the peptide activates the single-turnover ATPase activity of hHsp70 as well as a permanently
unfolded polypeptide, CMLA, at a final concentration of 55 uM. The data are from a single-
turnover ATPase assay such that the peptide or DMSO are present at t = 0. Data were plotted
in Prism 4.0.
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Figure 4.

hHsp70 at the indicated concentrations was incubated with FITC-alap5 (5 nM) at 40°C and
the response was measured at 24 h. Fluorescence polarization was read with an Analyst GT
instrument. The assay window data were obtained by subtracting free ligand values from values
recorded in the presence of specified protein concentrations. Each data point is the average of
two experiments. Data were plotted and analyzed in Prism 4.0. Error bars, s.d.
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Figure 5.

Binding of hHsp70 (500 nM) to FITC-alap5 (5 nM) was analyzed by FP. DMSO (2% v/v) had
no effect on peptide-binding to hHsp70 (Hsp70+FITC-alap5+DMSO 2%). Binding of peptide
to Hsp70 was competed by 1 mM ATP (Hsp70+FITC-alap5+ATP). An anti-Hsp70 antibody
(Stressgen#SPA-810) increases the binding of Hsp70 to alap5 by 150mP (Hsp70+FITC-alap5
+anti-Hsp70 Ab), an effect that. is reverted by 1 mM ATP (Hsp70+FITC-alap5+anti-Hsp70
Ab+ATP). The antibody was tested at a 1:100 dilution. The peptide FITC-alap5 (5 nM) does
not interact with Hsp90 (200 nM) (FITC-alap5+Hsp90), and conversely, Hsp70 (500 nM) fails
to interact with a FITC-labeled ligand that is specific for Hsp90 (FITC-GM, 5nM).
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