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Specific binding of tetratricopeptide repeat (TPR) proteins to
heat shock protein 70 (Hsp70) and heat shock protein 90 (Hsp90)
is regulated by affinity and phosphorylation

Victoria A. Assimon?, Daniel R. Southworthl, and Jason E. Gestwicki2"
1Program in Chemical Biology, University of Michigan, Ann Arbor, M1 48109

2Department of Pharmaceutical Chemistry, University of California at San Francisco, San
Francisco, CA 94158

Abstract

The heat shock proteins Hsp70 and Hsp90 require the help of tetratricopeptide repeat (TPR)
domain-containing co-chaperones for many of their functions. Each monomer of Hsp70 or Hsp90
can only interact with a single TPR co-chaperone at a time and each member of the TPR co-
chaperone family brings distinct functions into the complex. Thus, competition for TPR binding
sites on Hsp70 and Hsp90 appears to shape chaperone activity. Recent structural and biophysical
efforts have improved our understanding of chaperone-TPR contacts, focusing on the C-terminal
EEVD motif that is present in both chaperones. To better understand these important protein-
protein interactions on a wider scale, we measured the affinity of five TPR co-chaperones, CHIP,
Hop, DnaJC7, FKBP51, and FKBP52, for the C-termini of four members of the chaperone family,
Hsc70, Hsp72, Hsp90a, and Hsp90pB, in vitro. These studies identified some surprising selectivity
amongst the chaperone-TPR pairs, including the selective binding of FKBP51/52 to Hsp90a/p.
These results also revealed that other TPR co-chaperones are only able to weakly discriminate
between the chaperones or between their paralogs. We also explored whether mimicking
phosphorylation of serine and threonine residues near the EEVD motif might impact affinity and
found that pseudophosphorylation had selective effects on binding to CHIP but not other co-
chaperones. Together, these findings suggest that both intrinsic affinity and post-translational
modifications tune the interactions between Hsp70/90 and the TPR co-chaperones.

Introduction

The molecular chaperones heat shock protein 70 (Hsp70) and heat shock protein 90 (Hsp90)
are essential regulators of cellular protein quality control, where they use ATP turnover to
play broad roles in protein folding, trafficking, and degradation (1-6). In part, Hsp70 and
Hsp90 are able to engage in so many different pathways because they collaborate with co-
chaperones (7). Co-chaperones, including the tetratricopeptide repeat (TPR) domain-
containing proteins, bind to chaperones and help determine whether “clients” will be folded,
degraded, or sent to other fates. Because of this, there is great interest in studying the
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protein-protein interactions (PPIs) between chaperones and co-chaperones in order to better
understand how these complexes form, how they are regulated, and how “decisions” are
made. This knowledge is important because imbalances in protein quality control have been
linked to a range of diseases, including cancer and neurodegeneration (8-13).

TPR domains are comprised of tandem 34 amino acid motifs, which form amphipathic
antiparallel a-helix hairpins that stack on one another (14). Two of the most well studied
TPR domain-containing proteins are Hop (Hsp70/Hsp90 organizing protein) and CHIP
(carboxyl terminus of Hsp70 interacting protein) (15-18). Like all co-chaperones of this
class, Hop and CHIP have no homology outside of the TPR domain. It is this diversity that
allows the TPR co-chaperones to bring unique capabilities into chaperone complexes. For
example, Hop uses multiple TPR domains to bind both Hsp70 and Hsp90 at the same time,
coordinating these two chaperone systems and favoring client folding (19-24). In contrast,
CHIP is an ubiquitin E3 ligase with a TPR domain and an effector U-box domain (25). This
co-chaperone favors addition of polyubiquitin chains to Hsp70/90-bound clients, promoting
their proteasomal degradation (26,27). Other important TPR proteins include FKBP51 and
FKBP52, which work with Hsp70 and Hsp90 during the maturation and trafficking of
steroid hormone receptors (28-30), and DnaJC7, which contains both a TPR domain and a
J-domain that binds Hsp70s (31,32). Together, these observations suggest that the ultimate
fate of chaperone-bound clients (e.g. whether they are folded, degraded, trafficked, or
matured) may be guided, in part, by the “choice” of which TPR co-chaperone is bound.

The constitutive and heat-inducible paralogs of Hsp70 in the cytoplasm, termed Hsc70
(HSPAS) and Hsp72 (HSPA1A) respectively, contain a highly conserved EEVD motif at
their respective C-termini. This four amino acid sequence binds to the concave face of the
TPR domains, as revealed by mutagenesis and structural studies (33-35). In the bound form,
key contacts are made between the chaperone’s carboxy terminus and conserved, cationic
residues in the TPR domain. Like Hsp70s, both paralogs of Hsp90 in the cytosol (Hsp90a
and Hsp90p) contain this same conserved, C-terminal EEVD motif. The striking thing about
this observation is that, outside of this small motif, the two Hsp90s share no structural or
sequence homology with the Hsp70s. Yet, the sequence of all four chaperones terminates
with the same four amino acids, EEVD. In contrast, the other paralogs of Hsp70 and Hsp90,
which are located in the endoplasmic reticulum, mitochondria and chloroplast, do not have
EEVD motifs, suggesting that the TPR interactions may have evolved to specifically
mediate quality control in the cytosol and nucleus.

More information about the interactions between TPR co-chaperones and cytoplasmic
Hsp70s/Hsp90s, might help us understand a key step in protein quality control. Indeed,
pioneering studies by multiple groups have examined the structures and affinities of
important TPR-EEVD interactions, including Hop-Hsp70/90 (3,36,37), PP5-Hsp70/90
(38,39), CHIP-Hsp70/90 (40-43), and FKBP52-Hsp90 (44). This system has also been
engineered to develop selective scaffolds for synthetic biology (45-47). However, a side-by-
side comparison of the natural interactions has not yet been performed and is important
because competition for TPR-domain proteins in the cytosol appears to be a major
determinant of quality control. In this study, we used a fluorescence polarization (FP)
platform to systematically compare the affinities of five different human TPR co-chaperones
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(Hop, CHIP, DnaJC7, FKBP51, and FKBP52) for the C-termini of the four cytosolic
Hsp70/90s. We found that some co-chaperones, such as FKBP51 and FKBP52, have a
strong preference for Hsp90s over Hsp70s. Other co-chaperones, including HOP, CHIP and
DnalJC7, have a modest (~2-fold) preference for Hsp70s. Using chimeric peptides, we found
that a single residue adjacent to the EEVD motif was important for some of this selectivity.
Interestingly, none of the TPR co-chaperones could discriminate between the paralogs of
Hsp70 or Hsp90, suggesting that they might work with both forms equally. Finally, we were
inspired by recent reports (48) to explore the effects of mimicking C-terminal
phosphorylation of Hsp70s and Hsp90s on their affinity for TPR co-chaperones. We found
that binding to CHIP was strongly decreased, while other TPR co-chaperones were
unaffected. Together, these studies provide a resource for understanding how interactions in
this system are regulated.

Experimental Procedures

Plasmids

Human CHIP, Hop, FKBP51, and FKBP52 were expressed from a pET151 vector such that
they contained an N-terminal His-tag and TEV cleavage site. Site-directed mutagenesis for
Hop mutants (K8A, R77A, N223A, and R305A) was performed using the Phusion Site-
Directed Mutagenesis Kit protocol (New England Biolabs, Ipswich, MA). Human DnaJC7,
Hsp72 (HSPALA), Hsp72AEEVD, and E. coli DnaJ were expressed from a pMCSG7 vector
with an N-terminal His-tag and TEV cleavage site. Lastly, HIP was expressed from a
pET28a vector with an N-terminal His-tag and Thrombin cleavage site.

Protein Expression and Purification

Hsp72 and Hsp72AEEVD proteins were expressed in Escherichia coli (E. coli) BL21 (DE3)
cells. Liter cultures of terrific broth were grown at 37 °C until an ODggq of 0.6. Cultures
were cooled to 25 °C and induced with isopropyl f-D-1-thiogalactopyranoside (IPTG; final
concentration of 500 uM). Afterwards, cultures were grown overnight at 25 °C. For protein
purification, cell pellets were re-suspended in His-binding buffer (50 mM TRIS, 10 mM
Imidazole, 500 mM NaCl, pH 8) supplemented with protease inhibitors. Cells were lysed by
sonication, pelleted by centrifugation, and the supernatant was applied to Ni-NTA His-Bind
Resin (Novagen, Darmstadt, Germany). The resin was washed with His-binding buffer,
followed by His-washing buffer (50 mM TRIS, 30 mM Imidazole, 300 mM NacCl, pH 8).
The protein was then removed from the resin using His-elution buffer (50 mM TRIS, 300
mM Imidazole, 300 mM NaCl, pH 8). Before further purification by an ATP-agarose
column (Sigma), MgCl, and KCI was added to the eluted sample (final concentration:
MgCl, = 10 mM, KCI =10 mM). The sample was then applied to the ATP-agarose column,
was first washed with buffer A (25 mM HEPES, 5 mM MgCl,, 10 mM KCI, pH 7.5) and
then was washed with buffer B (25 mM HEPES, 5 mM MgCl,, 1M KCI, pH 7.5). The
column was then washed a third time with buffer A and then eluted in buffer A containing 3
mM ATP. The pure protein was concentrated and exchanged into buffer A for storage. Note
that the N-terminal His-tags were not removed.
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Human CHIP, Hop, Hop mutants, FKBP51, and FKBP52 were expressed in E. coli BL21
(DE3) cells. Liter cultures of terrific broth were grown at 37 °C until an ODgqq of 0.6.
Cultures were cooled to 18 °C before induction with IPTG (final concentration of 500 uM)
and then grown overnight. For protein purification, cell pellets were lysed and first purified
using the batch Ni-NTA His-Bind resin protocol described above. The N-terminal His-tag
was then removed using TEV protease. The sample was then further purified by size
exclusion chromatography using a prep grade XK 16/100 Superdex 200 column (GE
Healthcare Life Sciences) in a 50 mM HEPES, 10 mM NaCl, pH 7.4 buffer. Human HIP
was purified using previously described methods (49).

The human TPR protein DnaJC7 and E.coli DnaJ were expressed in E. coli BL21 (DE3)
cells. Liter cultures of terrific broth were grown at 37°C until an ODggg of 0.6 was reached.
Cultures were then cooled to 18°C before induction with IPTG (500 pM) and then grown
overnight. Cell pellets were re-suspended in DnaJC7/DnaJ His-binding buffer (50 mM
TRIS, 10 mM Imidazole, 750 mM NaCl, pH 8) supplemented with protease inhibitors. Cells
were lysed by sonication, subjected to centrifugation, and the supernatant was then applied
to Ni-NTA His-Bind Resin (Novagen, Darmstadt, Germany). The resin was washed with the
DnaJC7/DnaJ His-binding buffer, followed by an extensive wash with DnaJC7/DnaJ His-
washing buffer 1 (50 mM TRIS, 30 mM Imidazole, 750 mM NaCl, 3% ethanol, pH 8). The
resin was washed a third time with DnaJC7/DnaJ His-washing buffer 2 (50 mM TRIS, 30
mM Imidazole, 100 mM NaCl, 3% ethanol, pH 8). Finally, the protein was then removed
from the resin with the His-elution buffer (50 mM TRIS, 300 mM Imidazole, 300 mM NacCl,
pH 8). The purified protein was concentrated and exchanged into a 50 mM TRIS, 300 mM
NaCl, pH 7.4 buffer for storage. Note that N-terminal His-tags were not removed.

Preparation of Apo Hsp70 protein

Hsp70 protein was made apo (e.g. nucleotide free) using extensive dialysis in 3 mL cassettes
(catalog number = 66330, Life Technologies). First, the protein was dialyzed into 25 mM
HEPES, 10 mM KCI, 5 mM EDTA, pH 7.5 at 4 °C for two days. Next, it was dialyzed into
25 mM HEPES, 10 mM KClI, pH 7.5 at 4 °C for another two days and then stored at —80 °C.
Fresh buffers were made daily.

Fluorescence Polarization Assays

General Procedures—All Experiments were performed in 384-well, black, low volume,
round-bottom plates (catalog number = 4511, Corning, NY). Polarization values in
millipolarization units (mP) were measured at an excitation wavelength at 485 nm and an
emission wavelength at 530 nm using a Molecular Devices Spectramax M5 plate reader
(Sunnyvale, CA). For binding experiments, equilibrium-binding isotherms were constructed
by plotting FP readings as a function of the protein concentration at a fixed concentration of
a tracer. All experiments were performed at least twice in triplicate. Results are shown as the
average and standard error of the mean (SEM) of all measurements. All experimental data
were analyzed using GraphPad Prism 6 software.

TPR co-chaperones binding to Hsp70/90 C-terminal probes—Fluorescent C-
terminal Hsp70 and Hsp90 peptides were custom ordered from GenScript (Piscataway, NJ)
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and designed to have an N-terminal 5-Carboxyfluorescein (5-Fam) via a 6-carbon spacer
(aminohexanoic acid). These probes were stored as 5 mM DMSO stocks at —30 °C. Before
use, the tracer solutions were diluted in the assay buffer (50 mM HEPES, 75 mM NacCl,
0.001% Triton X-100, pH 7.4 or 9.4) to a working concentration of 0.1 uM. Note that 5-Fam
(pK, ~6.4) has pH-sensitive fluorescence, so no binding experiments were performed at low
pH values. To each well was added 16 pL of a TPR co-chaperone (CHIP, Hop, DnaJC7,
FKBP51, FKBP52, or HIP) from a 2-fold dilution series made using the assay buffer. Final
concentrations of protein ranged from 0 to 125 uM. Next, 4 uL of a 0.1 uM 5-Fam-labeled
C-terminal Hsp70/90 peptide was added to each well, to give a final concentration of 20 nM
and a total assay volume of 20 pL. The plate was covered from light and allowed to incubate
at room temperature for 30 minutes, which was determined to be at equilibrium.

FP competition experiment with C-terminal Hsp70/90 probes—We also
determined the ability of full-length Hsp72 or Hsp72AEEVD to compete with the C-terminal
Hsp72 probe (5-Fam-GSGPTIEEVD) for binding to a TPR protein (CHIP, Hop, or
DnalJC7). First, 6 uL of a TPR co-chaperone was added to each well (final concentration:
CHIP = 0.5 uM, Hop = 2.5 uM, or DnaJC7 = 2.5 uM). This amount equals the concentration
of the TPR co-chaperone at which 50% of the FP probe (5-Fam-GSGPTIEEVD) is bound,
based on binding experiments. Next, 10 pL of Hsp72 or Hsp72AEEVD from a 2-fold
dilution made using the assay buffer (50 mM HEPES, 75 mM NacCl, 0.001% Triton X-100,
pH 7.4) was added. Final concentrations of Hsp72/Hsp72AEEVD ranged from 0 to 40 uM.
Finally, 4 pL of a 0.1 pM 5-Fam-GSGPTIEEVD was added to each well, to give final a
concentration of 20 nM and a total assay volume of 20 uL. The plate was covered from light
and allowed to incubate at room temperature for 30 minutes.

Binding of a florescent ATP analog to Hsp72/Hsp72AEEVD—The florescent ATP
analog, Fam-ATP (N6-(6-Amino)hexyl-ATP-5Fam), was purchased from Jena Bioscience
(catalog number = NU-805-5FM, Jena, Germany). To a plate, was added 16 pL of a 2-fold
dilution series of protein (Hsp72 or Hsp72AEEVD). Dilution series were made using the
assay buffer (100 mM TRIS, 20 mM KCI, 6 mM MgCl,, 0.01% Triton X-100, pH 7.4).
Final concentrations of proteins ranged from 0 to 25 pM. Apo (nucleotide free) Hsp72/
Hsp72AEEVD must be used in order to achieve substantial and reproducible binding to the
Fam-ATP probe. Next, 6 L of a 3.3 mM solution of ATP or ADP was added to each well,
to give a final concentration 1 mM. Finally, 4 uL of a 0.1 uM Fam-ATP was added to each
well, to give a final concentration of 20 nM and a total assay volume of 20 uL. The plate
was allowed to incubate at room temperature covered from light for 30 minutes.

FP competition experiment with Fam-ATP—We also determined the ability of
unlabeled ATP to compete with the Fam-ATP probe for binding to Hsp72/Hsp72AEEVD.
First, apo Hsp72 or Hsp72AEEVD was added to each well to give a final concentration 0.5
UM. This amount equals the concentration of Hsp72/Hsp72AEEVD at which 50% of the FP
probe (Fam-ATP) is bound base on binding experiments. Next, a 2-fold dilution of ATP
made using the assay buffer (100 mM TRIS, 20 mM KCI, 6 mM MgCl,, 0.01% Triton
X-100, pH 7.4) was added. Final concentrations of ATP ranged from 0 to 300 pM. Finally,
Fam-ATP was added to each well, to give a final concentration of 20 nM and a total assay
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volume of 20 pL. The plate was covered from light and allowed to incubate at room
temperature for 30 minutes to in order to reach equilibrium.

Binding of Fam-HLA substrate to Hsp72/Hsp72AEEVD—HLA substrate FP probe
was custom ordered form the University of Michigan Proteomics & Peptide Synthesis Core.
This probe was designed to have a 5-Fam N-terminal of the following sequence:
RENLRIALRY. This probe the stored as 5 mM DMSO stocks at —30 °C. Before use, probes
were diluted in the assay buffer (100 mM TRIS, 20 mM KCI, 6 mM MgCls, 0.01% Triton
X-100, pH 7.4) to a working concentration of 0.1 uM. To a plate, was added 16 pL of a 2-
fold dilution series of protein (Hsp72, Hsp72AEEVD, or CHIP). Dilution series were made
using the assay buffer. Final concentrations of the protein ranged from 0 to 25 uM. Apo
(nucleotide free) Hsp72/Hsp72AEEVD must be used in order achieve substantial and
reproducible binding to the Fam-HLA probe. Next, 4 L of a 0.1 uyM Fam-HLA was added
to each well, to give a final concentration of 20 nM and a total assay volume of 20 L. The
plate was allowed to incubate at room temperature covered from light for 1 hour.

Luciferase refolding assay

Experiments were performed as described previously (50). Briefly, working stocks of
denatured luciferase were prepared by mixing 10 uL of 200 uM native luciferase (Promega)
with 30 pL of 8 M GnHCI for 1 hour at room temperature. Denatured luciferase stocks were
stored at —80 °C until use. To white 96-well plates, was added denatured luciferase (final
concentration of 100 nM), Hsp72 or Hsp72AEEVD (final concentration of 1 pM), and
various concentrations of E. coli DnaJ or human DnaJC7 to give a final volume of 25 pL in
refolding buffer (20 MM HEPES, 120 mM KAc, 1.2 mM MgAc, 15 mM DTT, 60 mM
creatine phosphate, 35 U/mL creatine kinase, 5 ng/uL BSA, pH 7.4). The reaction was
initiated by adding 10 pL of 2.5 mM ATP to give a final concentration of 1 mM. Plates were
covered and incubated at 37 °C for 1 hour. Next, 25 L of Steady-Glo reagent (Promega)
was added to each well and luminescence values were measured immediately using a
Molecular Devices Spectramax M5 plate reader (Sunnyvale, CA).

Results and Discussion

The binding of Hsp70 to TPR co-chaperones is largely mediated by Hsp70’s EEVD motif

Previous work, largely on CHIP and Hop, had shown that the EEVD motif provides the
majority of the TPR interaction affinity, with less affinity (typically <20%) coming from
secondary contacts (42,51-54). To ask whether this was also the case in other TPR-
chaperone complexes, we generated a mutant Hsp72 construct that lacked an EEVD motif
(Hsp72AEEVD). This mutant was normal in binding nucleotide (SI Fig 1A and 1B) and a
client peptide derived from the MHC class | antigen HLA-B2702 (Fam-HLA) (Sl Fig 1C),
showing that the EEVD motif doesn’t directly contribute to these activities. We next tested
whether this otherwise functional Hsp72AEEVD mutant could compete with the Hsp72
tracer (Fam-GSGPTIEEVD) for binding to TPR co-chaperones (Sl Fig 2B). We found that
Hsp72AEEVD was unable to compete for tracer binding, even at 40 uM, whereas wildtype
(wt) Hsp72 could (SI Fig 2B). These results suggest that interactions outside of the
canonical EEVD-TPR binding site are relatively weak, consistent with recent structural
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studies on Hsp70 and CHIP (42). Based on this result, we decided to focus strictly on the C-
termini of Hsp70s and Hsp90s to further understand their interactions with TPR proteins.

of the TPR co-chaperones for binding to Hsp70 and Hsp90

In an effort to understand what factors influence binding to the molecular chaperones, we
first determined the affinity of chaperone C-termini for full-length TPR proteins using a FP
assay. In these studies, we focused on some of the best studied TPR co-chaperones: CHIP,
Hop, DnaJC7, FKBP51 and FKBP52. In addition, we included HIP as a negative control
because this co-chaperone binds Hsp70s in a region outside the EEVD motif (55). For our
FP experiments, we measured the ability of TPR proteins to interact with fluorescently
labeled peptides corresponding to the C-termini of Hsc70 (Fam-SSGPTIEEVD), Hsp72
(Fam-GSGPTIEEVD), Hsp90a (Fam-DDTSRMEEVD), and Hsp90p (Fam-
EDASRMEEVD). Using this platform, we found that CHIP, Hop, and DnaJC7 bound to
both Hsp70s and Hsp90s (Fig 1A). Of these complexes, CHIP had the tightest affinity,
binding Hsc70 with a Kp of 0.62 + 0.06 pM and Hsp72 with a Kp of 0.51 £ 0.03 uM. We
also found that CHIP, Hop, and DnaJC7 bound Hsc70 and Hsp72 with ~2-fold tighter
affinity than Hsp90a and Hsp90p (Fig 1 and Sl Fig 3). Interestingly, we found that FKBP51
and FKBP52 did not interact with appreciable affinity (Kp >75 uM) with Hsp70s. Rather,
they specifically bound to Hsp90a and Hsp90p with K values between 1 and 2 uM (Fig 1
and Sl Fig 3). Another important observation was that no specificity was observed between
paralogs (i.e. Hsc70 versus Hsp72), suggesting that TPR co-chaperones do not discriminate
between them. The negative control, Hip, did not interact with any of the C-terminal tracers,
as expected. Finally, a reversed Hsp90 peptide (Fam-DVEEM) had no affinity for any of the
TPR co-chaperones (Sl Figure 4), consistent with previous results (41).

The Met residue of the Hsp90 C-terminus (MEEVD) influences binding preferences

Previous work (35) had suggested that the residue immediately N-terminal to the EEVD
motif contributes to the differences between binding of Hsp70s and Hsp90s to TPR co-
chaperones. The cytosolic Hsp70s end in either IEEVD or VEEVD, while Hsp90s terminate
with MEEVD. To test whether this residue contributes to affinity, we generated a chimeric
mutant in which the Ile residue of an Hsp70 tracer was replaced with a Met (Fam-
GSGPTMEEVD). This chimera had a weakened interaction with CHIP, Hop, and DnaJC7
(Fig 2A and 2C), instead having an “Hsp90-like” affinity. Consistent with the model, this
result suggested that the Met residue of Hsp90s might be important in the affinity
differences between Hsp70s and Hsp90s. However, placing the Met in the context of Hsp70
C-terminus was not able to provide binding to FKBP51 and FKBP52 (Kp > 75 uM) (Fig 2C
and Sl Fig 5), so other features must be responsible for the selectivity of FKBP51/52 for
Hsp90s. To further explore the role of the lle/Met residues, we generated the corresponding
mutant Hsp90a tracer in which we switched the Met residue to an lle (Fam-DDTSRIEEVD)
and tested its binding. FKBP51 and FKBP52 no longer bound the mutant Hsp90a (Kp >25
uM) (Fig 2C and Sl Fig 5), reducing the affinity by at least 12-fold compared to wt Hsp90a.
Co-crystal structures of FKBP52 bound to a MEEVD peptide show the Met of MEEVD
forms a critical hydrogen bond with Lys-282 of FKBP52’s TPR domain, which is important
in stabilizing the binding of this peptide (44). Similarly, the mutant had other binding
preferences that mirrored those of Hsp70’s. For example, CHIP and DnaJC7 had increased
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affinity (=2-fold) for the mutant in comparison to the wt (Fig 2C and Sl Fig 5). However, the
mutant did not bind Hop (Kp >25 uM), so residues other than the lle/Met must be critical.
Taken together, these data illustrate that the lle/Met position is a major contributor to
differences between the binding affinities for Hsp70s and Hsp90s, but that other regions are
important for specific pairs.

Polar contacts dominate binding of TPR co-chaperones to Hsp70/Hsp90

The EEVD motif is strongly electronegative and the corresponding surface of the TPR
domain tends to be electropositive (Fig 3A) (25,35,56). To explore the role of possible polar
interactions in selectivity, we mutated the last Glu of the EEVD motif to either a neutral Ala
(Fam-DDTSRMEAVD) or a cationic Lys (Fam-DDTSRMEKYVD). Using FP, we found that
all of the TPR proteins had slightly decreased affinity for the Ala mutant tracer (Fig 3C).
FKBP51 was most sensitive to this change, binding the Ala mutant with a Kp of 4.63 £ 0.38
UM, a ~4-fold decrease in affinity. The mutant Lys tracer (Fam-DDTSRMEKVD) had
significantly decreased affinity for all TPR proteins (=3-fold). Again, FKBP51 and FKBP52
were most sensitive to this change (Kp > 25 puM). Next, we performed additional FP assays
in which binding of wt Hsp70 and Hsp90 C-terminal tracers to TPR co-chaperones was
measured at elevated pH. All of the TPR co-chaperones had reduced affinity at high pH (Fig
3D and Sl Fig 6), supporting the idea that polar contacts are critical for the formation of
EEVD-TPR domain complexes. However, the binding preferences did not dramatically
switch, so pH seems unlikely to regulate TPR preferences.

TPR1 and TPR2A of Hop selectively interact with the C-termini of Hsp70 and Hsp90 in the
full-length protein

Hop is unique among the TPR co-chaperones studied here in that it contains three TPR
domains that are termed: TPR1, TPR2A, and TPR2B (Fig 4A). Previous co-crystallographic
and in vitro binding studies have shown that TPR1, when studied as an isolated protein,
prefers to bind the C-terminus of Hsp70, whereas the isolated TPR2A domain binds tighter
to Hsp90’s C-terminus (35). In the co-crystal structures, the N-terminal portions of the
peptides seemed to dictate selectivity by occupying different hydrophobic patches within
their respective TPR domains. We wanted to test whether this discrimination was preserved
in full-length Hop because it seemed possible that the binding properties could be
significantly altered in the context of the multi-domain protein, instead of isolated domains.
Accordingly, we introduced single point mutations into full-length Hop that disrupt the
critical “carboxylate clamps” required for EEVD binding. Two of the point mutations (K8A
and R77A) were in the TPR1 domain, while the other mutations (N223A and R305A) were
in Hop’s TPR2A domain (Fig 4A and 4B). Using our FP assay, we tested the ability of these
mutant proteins to interact with Hsp70 and Hsp90 tracers. Hop8A and HopR77A did not
interact with appreciable affinity (Kp >25 uM) to Hsp70, but had normal affinity for Hsp90s
(Kd values ~ 6 to 8 uM) (Fig 4C and SI Fig 7). Conversely, TPR2B mutants, HopN223A and
HopR305A selectively interacted with Hsp70 (Kp of 2-4 uM) but not Hsp90s. Taken
together, this work supports the conclusions made from studying individual domains of Hop.
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The TPR domains and J domain of DnaJC7 are modular

DnaJC7 is unique among the TPR co-chaperones studied here in that it contains both TPR
domains and a J-domain. Thus, it has two ways of interacting with Hsp70s and we were
interested in understanding whether the TPR interaction could impact the J-domain activity.
A common assay for studying J protein activity is the refolding of denatured firefly
luciferase (50), which strictly requires addition of both an Hsp70 and a J protein. We found
that a prototypical J protein, DnaJ, could stimulate refolding of denatured luciferase by both
Hsp72 and Hsp72AEEVD (Fig 5A), as expected. Surprisingly, we found that DnaJC7,
despite its TPR domains, also had equal activity for both Hsp72 and Hsp72AEEVD (Fig
5B). Compared to the positive control, DnaJC7 had relatively mild activity in this assay, but
the results clearly showed that the TPR domain interaction does not impact the availability
of the J domain. The C-terminal region of Hsp72 has a long disordered region between the
parts of the chaperone that are involved in contacting the TPR- and J-domains, which might
allow the two interactions to act independently.

Phosphorylation of Hsp70/Hsp90 C-termini dramatically affects binding to CHIP, but not
other TPR co-chaperones

Recently, Muller and co-workers have used an in vitro phosphorylation assays, coupled with
mass spectrometry, to detect phosphorylation sites on the C-termini of both Hsp70 and
Hsp90. They also showed that phosphorylation of serine and threonine residues in the C-
termini of Hsp70 and Hsp90 weakens binding to CHIP (48). Thus, although it remaisn to be
seen whether this phosphorylation event occurs in cells, we wondered if it might be a more
general regulatory mechanism for TPR binding. To test this idea, we generated FP tracers
that mimicked phosphorylation (Fig 6A) and measured their binding to TPR proteins.
Consistent with previous data (48), the affinity of CHIP for the mutant Hsp70 Fam-
SSGPEIEEVD and Hsp90 Fam-DDTERMEEVD tracers was reduced by more than 8-fold
(Fig 6A). However, Hop had mildly enhanced binding (~2-fold) to pseudophosphorylated
Hsp70 and Hsp90 C-termini (Fig 6B) and the binding of DnaJC7, FKBP51, and FKBP52
was unaffected (Fig 6B). Thus, mimicking phosphorylation of the C-termini of Hsp70 and
Hsp90 seemed to tune the affinity for select TPR co-chaperones, but not others.

Conclusions

The molecular chaperones Hsp70 and Hsp90 work with TPR co-chaperones to mediate
protein triage and quality control. In this study, we characterized how TPR co-chaperones,
including CHIP, Hop, DnaJC7, FKBP51, and FKBP52, bind the C-termini of four cytosolic
human Hsp70s and Hsp90s in vitro. Some TPR co-chaperones showed a preference for
binding to the chaperones. For example, CHIP, Hop, and DnaJC7 had a 2-fold overall
preference for Hsp70s over Hsp90s. Using point mutants, we learned that the Ile/Met residue
adjacent to the EEVD motif was one feature that gives rise to these differences. Moreover,
we found that mimicking phosphorylation of Ser/Thr residues in the C-termini reduced
affinity for CHIP and modestly enhanced affinity for Hop, but that this modification had
little effect on the interactions with other TPR proteins. This result was surprising, given the
dramatic increase in size and charge at these sites and their proximity to the EEVD-TPR
contact. Finally, no specificity was observed when comparing chaperone paralogs (i.e.
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Hsc70 versus Hsp72) in any of these platforms. This was also surprising because the
expression of the paralogs is regulated by quite different mechanisms and a few reports have
started to identify pathways that rely on one and not the other (57-59). However, from the
TPR’s point-of-view, they appear to be degenerate. Together, these studies expand our
understanding of chaperone-TPR interactions. It is important to emphasize that some of
these conclusions have been suggested by previous studies (vide infra). The comprehensive
approach taken here was designed to provide the full spectrum of interaction affinities and
reveal broader patterns. Some of the surprising results from this approach include the
findings that FKBP51 and FKBP52 do not bind Hsp70s and that pseudophosphorylation has
no effect on binding to DnaJC7, FKBP51, and FKBP52. Thus, TPR interactions are perhaps
tuned by unexpected mechanisms.

What are the implications of these results for understanding chaperone-mediated quality
control? Before this work, one formal possibility was that different TPR co-chaperones
might display a clear hierarchy of affinity constants. This scenario would have suggested a
model in which certain TPR co-chaperones could effectively out-compete others to drive
quality control “decisions”. However, with a few exceptions (e.g. FKBP51/52 binding
exclusively to Hsp90s and selectivity within Hop TPR domains), there were no dramatic
differences between the observed affinity constants (see Figure 1). So, what other factors
might contribute to selectivity in this system? One possibility is that secondary contacts (e.g.
those outside the EEVD motif) might help tune the interactions. However, there appears to
be comparatively little energy in these interactions, so their contributions might be expected
to be relatively small. Another possibility is that the expression levels of the individual TPR
domain co-chaperones, rather than their intrinsic affinity values, may dominate which
complexes are most likely to form. For example, Hop expression is known to be induced in
response to certain stress conditions, such as infection (60), which could reshape the
dynamics of which TPR interactions are favored. However, this model seems unsatisfying
by itself. Rather, an addition to this model is suggested by the observations that mimicking
phosphorylation dramatically weakens the affinity of the CHIP-Hsp70/Hsp90 complexes,
while enhancing the corresponding Hop complexes. Specifically, it seems plausible that
post-translational modifications (PTMs) might help guide which TPR co-chaperone is bound
by the specific chaperone. In the case of phosphorylation, contact with CHIP is apparently
disfavored, while interactions with other TPR co-chaperones are spared or even enhanced
(in the case of Hop). This mechanism is appealing because it would allow quality control
“decisions” to be shaped by signaling pathways, providing a way for cells and organisms to
adjust their proteomes in response to cues or changing conditions. Even this model seems
rather incomplete, so we also favor the idea that other features might ultimately be found to
contribute to the choice of which TPR co-chaperone is bound. These features might include
the structure of the client, whether it directly interacts with co-chaperones, and the
subcellular co-localization of all the components. Future work will need to explore how
these factors guide the selection of TPR-chaperone pairs. These results suggest that, except
for the special cases of FKBPs and individual Hop domains, features other than affinity of
the EEVD-TPR contacts might play dominant roles.
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There has been great interest in targeting these protein-protein interactions to treat diseases
(61-65). Many of these strategies are focused on inhibiting EEVD-TPR contacts, such as
that between Hop and Hsp70/90, which are important in cancer. However, our results
suggest that such approaches may have unintended consequences. For example, androgen
receptor (AR) is dependent on Hop-Hsp70 for its maturation (66), but it also requires CHIP-
Hsp70 for its degradation (67,68). Thus, it isn’t clear what effect an EEVD-TPR inhibitor
might ultimately have on levels of that client. One might conceivably achieve greater
selectivity by developing inhibitors of the secondary contacts between chaperones and TPR
co-chaperones, which presumably occur at sites that are less degenerate than the EEVD-TPR
contact. However, like others (42), we found that secondary contacts (e.g. those outside the
EEVD) contribute relatively little binding free energy. Thus, it may be difficult to identify
compounds that compete with the interactions by binding at these secondary contacts.
Despite this challenge, some progress has been made with derivatives of the natural product
sansalvamide A, which inhibit some Hsp90-TPR interactions, but not others (64,65).
Although the mechanisms are not yet clear, these molecules are thought to act at allosteric
sites on Hsp90, avoiding the problem of weak affinity in the secondary contacts. It is
becoming more widely appreciated that allosteric inhibitors are effective against otherwise
“undruggable” protein-protein interactions (69). Our results support the continued focus on
allosteric sites, rather than TPR-EEVD inhibitors, in the pursuit of reagents for fine-tuning
protein quality control.
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Acknowledgments

V.A.A. was supported by a pre-doctoral fellowship from the NIH (F31 AG043266-02). J.E.G. acknowledges the
financial support of NIH NS059690 and GM109896. We would like to thank Y. Osawa (University of Michigan)
for his generous gift of the Hip expression vector. We would also like to thank I. Taylor (UCSF) for helpful

conversations.

Abbreviations

5-Fam
FKBP51
FKBP52
CHIP
FP
Hsp70
Hsp90
Hop

Hip

5-Carboxyfluorescein

51-kDa FK506-binding protein

52-kDa FK506-binding protein

Carboxyl terminus of Hsc70 interacting protein
Fluorescence polarization

Heat shock protein 70

Heat shock protein 90

Hsp70/90 organizing protein
Hsp70-interacting protein
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IPTG Isopropyl p-D-1-thiogalactopyranoside
NBD Nucleotide binding domain
PTMs Post-translational modifications
TPR Tetratricopeptide repeat
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(B) DnalC7 binds to both Hsp70s and Hsp90s.

Polarization (mP)

250
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(A) Summary of binding affinities of TPR co-chaperones for Hsp70 and Hsp90 C-termini.

Kp (uM1)
TPR Protein| SSGPTIEEVD (Hsc70) GSGPTIEEVD (Hsp72) DODTSRMEEVD (Hsp90a) EDASRMEEVD (Hsp20B)

CHIP 0.62 £0.06 0511003 1.03 £0.07 132:0.11

Hop 270+0.14 264013 539062 6.26 £ 0.87
DnalC7y 297+031 2471021 6.83 +1.63 6.19£0.97
FKBP51 =100 =100 1.24 +0.08 205014
FKBP52 =75 =75 1.61+0.36 1.02:0.14

Hip =40 =40 =40 >40

(C) FKBP52 binds specifically to Hsp90s.

(D) Hip does not interact with the C-termini of Hsp70s or Hsp90s.

DnalC7

250

Polarization (mP)

Polarization (mP)

200

is ¥

10 20 30
Protein Concentration (uM)

Fig 1.

Binding of full-length TPR co-chaperones to the C-termini of cytosolic Hsp70s and Hsp90s.
(A) Summary of affinity values, measured by FP. Experiments are the average of the results
from at least two independent experiments performed in triplicate each. Error bars represent
the standard error of the mean (SEM) of all measurements. Representative binding curves

40 [}

20 40 60
Protein Concentration (M)

10 20 30
Protein Concentration (M)

are shown for (B) DnaJC7 (C) FKBP52 and (D) the negative control Hip.
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(A) The mutant C-terminal Hsp72 probe, GSGPTMEEVD, (B) The mutant C-terminal Hsp90a probe, DDTSRIEEVD,

has decreased affinity for CHIP by FP. has increased affinity for CHIP by FP.
250 250
-8~ Fam-GSGPTIEEVD (wt) -8~ Fam-DDTSRMEEVD (wt)
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(C) The binding affinities of TPR proteins for mutant Hsp72 (GSGPTMEEVD) and Hsp90a (DDTSRMEEVD) C-terminal probes.

14 14
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TPR Proteins TPR Proteins

Fig 2.

Tk?e lle residue of Hsp70 (GSGPTIEEVD) and Met residue of Hsp90a (DDTSRMEEVD)
strongly influence binding preferences. (A) CHIP preferentially binds the C-terminus of
Hsp72 (GSGPTIEEVD) over the C-terminus of Hsp90a. (DDTSRMEEVD). A mutant C-
terminal Hsp72 probe (GSGPTMEEVD) has decreased affinity for CHIP. (B) A mutant C-
terminal Hsp90a probe (DDTSRMEEVD) has increased affinity for CHIP. (C) The binding
affinities of TPR proteins for mutant Hsp72 (GSGPTMEEVD) and Hsp90a
(DDTSRMEEVD) C-terminal tracers. Affinities were measured by FP using full-length TPR
proteins. Experiments are the average of the results from at least two independent
experiments performed in triplicate each. Error bars represent SEM of all measurements.
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(A) The Hsp70/90 binding interface (groove) on TPR proteins

is highly electropositive.

Page 18

(B) Switching the polarity of the EEVD motif disrupts
binding of TPR co-chaperones to Hsp90a by FP.
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o
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K :
(C) Binding affinities of TPR co-chaperones for Hsp90a EEVD 0
motif mutant FP probes.
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(D) The binding of CHIP, and other TPR co-chaperones, to C-termini of Hsp70s and Hsp90s is pH dependent. CHIP
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Fig 3.

Protein Concentration (pM)

The binding of TPR co-chaperones to Hsp70/90 involves polar contacts in the EEVD motif.
(A) The Hsp70/90 binding interface of TPR co-chaperones has a strong electropositive
character. Surface representation of Hop’s TPR1 domain (PBD code = 1IELW) is shown as
an example. Cationic residues (Lys and Arg) are highlighted in gray. Images were prepared
using PyMOL. (B) Switching a glutamic acid in the EEVD motif to an alanine slightly
decreased the affinity of TPR co-chaperones for Hsp70/90, while replacement with a lysine
greatly decreased binding. (C) Affinities of TPR co-chaperones for Hsp90a mutant tracers
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DDTSRMEAVD and DDTSRMEKVD. (D) Binding of TPR co-chaperones to C-termini of
Hsp70s and Hsp90s is pH dependent. Representative results are shown of CHIP binding
GSGPTIEEVD. There was no change in the intrinsic fluorescence of the Fam fluorophore
under these pH conditions (data not shown). All affinities were measured by FP using full-
length TPR proteins. Experiments are the average of the results from at least two
independent experiments performed in triplicate each. Error bars represent SEM of all
measurements.
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(A) The domain architecture of the TPR co-chaperone Hop.

K8A R7TA

N223A

R305A

=

2

TPR1
—_

Hsp70
binding site

TPR2A TPR2B
S

Hsp90
binding site

(B) Structures of Hop TPR1 and TPR2A domains bound to Hsp70/90 C-terminal ligands.

Hop Mutant

K8A
R77A
N223A
R305A
wt

TPR1 (PDB = 1ELW) TPR2A (PDB = 1ELR) ) ;-“
Ko (M)
SSGPTIEEVD (Hsc70)  GSGPTIEEVD (Hsp72) DDTSRMEEVD (Hsp90a) EDASRMEEVD (Hsp90B)
>25 >25 6.53 £0.94 8.30+1.68
>25 >25 6.49 +£0.97 9.81+2.31
3.33+£0.20 2.94+0.30 >25 >25
4.05+0.32 3.82+0.20 >25 >25
2.70+0.14 2.64+0.13 5.39+0.62 6.26 +0.87

(D) Hop R77A binds specifically to Hsp90s.

(E) Hop R305A binds specifically to Hsp70s.
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Fig 4.

Protein Concentration (uM)

Protein Concentration (uM)

Hop’s TPR1 and TPR2A domains selectively interact with the C-termini of Hsp70 and
Hsp90. (A) Schematic of the domain architecture of Hop. Gray lines indicate point
mutations made in Hop’s TPR1 and TPR2A domains. (B) Structures of Hop’s TPR1 domain
(PBD = 1ELW) and TPR2A domain (PBD = 1ELR). Residues that were mutated in these
domains are highlighted in Gray. Hsp70/90 C-terminal peptides are shown in black.
Structures were prepared using PyMOL. (C) Table summarizing binding affinities of Hop
point mutants (K8A, R77A, N223A, and R305A) for chaperone tracers. Affinities were
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measured by FP using full-length Hop. The results are the average of triplicates and the error
bars are SEM. Representative data are shown from two independent replicates. (D) Hop
R77A binds specifically to Hsp90s. (E) Hop R305A binds specifically to Hsp70s.
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(A) DnalJ-mediated refolding of luciferase.
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Fig5.
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(B) DnaJ-mediated refolding of luciferase.

80000

Hsp72

=B Hsp72AEEVD

600004 =-O+« DnalC7 alone

40000+

Luminescence

20000+

0.01

DnalC7 Concentration (M)

The TPR and J domain regions of DnaJC7 are modular. (A) Addition of DnaJ, a prototypical
J protein, stimulated refolding of firefly luciferase by either Hsp72 or Hsp72AEEVD. (B)
Likewise, DnaJC7 worked with both Hsp72 and Hsp72AEEVD to refold denatured
luciferase. The results are the average of triplicates and the error bars are SEM.

Representative data are shown from two independent replicates.
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(A) CHIP has decreased affinity for pseudophosphorylated Hsp70/90 C-termini.
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(B) Binding affinities of TPR co-chaperones for pseudophosphorylated Hsp70/90 C-termini.
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Fig 6.

M?micking phosphorylation of Hsp70/90 selectively weakens binding to CHIP. (A) CHIP
has decreased affinity for Hsp70/90 C-termini that contain phosphomimetic residues. (B)
Binding affinities of other TPR co-chaperones for mutant Hsp70/90 C-termini. All affinities
measured by FP using full-length TPR proteins. Experiments are the average of the results
from at least two independent experiments performed in triplicate each. Error bars represent
SEM of all measurements.
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