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Background: Tah1 and Pih1 are Hsp90 interactors that form a ternary complex with the chaperone.
Results: NMR structure of Tahl revealed the presence of two tetratricopeptide repeat motifs followed by a C helix and an

unstructured region.

Conclusion: Tahl can bind simultaneously two other proteins using different interaction modes.
Significance: The study provides important insights into protein complex assembly.

Tahl and Pih1 are novel Hsp90 interactors. Tahl acts as a
cofactor of Hsp90 to stabilize Pih1. In yeast, Hsp90, Tahl, and
Pih1 were found to form a complex that is required for ribo-
somal RNA processing through their effect on box C/D small
nucleolar ribonucleoprotein assembly. Tah1 is a minimal tet-
ratricopeptide repeat protein of 111 amino acid residues that
binds to the C terminus of the Hsp90 molecular chaperone,
whereas Pih1l consists of 344 residues of unknown fold. The
NMR structure of Tahl has been solved, and this structure
shows the presence of two tetratricopeptide repeat motifs fol-
lowed by a C helix and an unstructured region. The binding of
Tahl to Hsp90 is mediated by the EEVD C-terminal residues of
Hsp90, which bind to a positively charged channel formed by
Tahl. Five highly conserved residues, which form a two-carbox-
ylate clamp that tightly interacts with the ultimate Asp-0 resi-
due of the bound peptide, are also present in Tahl. Tahl was
found to bind to the C terminus of Pih1 through the C helix and
the unstructured region. The C terminus of Pih1 destabilizes the
protein in vitro and in vivo, whereas the binding of Tah1 to Pih1
allows for the formation of a stable complex. Based on our data,
a model for an Hsp90-Tah1-Pih1 ternary complex is proposed.
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Tahl (TPR”-containing protein associated with Hsp90) is a
small protein of 111 amino acids (12.5 kDa). We discovered this
previously uncharacterized protein during a proteomic screen
for Hsp90 interactors (1). We demonstrated that Tahl is a
novel Hsp90 cofactor that modulates the chaperone activity.
Tahl was found to interact with Hsp90 as well as with another
protein that we termed Pih1 (also called Nop17; 344 residues)
(1). Hsp90-Tah1 function to stabilize Pih1 and to promote the
formation of an Rvb1l-Rvb2-Tahl-Pihl complex, which we
named the R2TP complex (2). Rvb1l and Rvb2 are two highly
conserved AAA+ helicases involved in many different critical
complexes in the cell (3, 4). The R2TP complex is highly con-
served from yeast to mammalian cells and has been shown to be
required for the proper assembly of box C/D small nucleolar
ribonucleoproteins (5, 2), for the assembly of RNA polymerase
II (6, 7), and for the stability of the phosphatidylinositol 3-ki-
nase-related kinases through binding to TEL2 (8). Further-
more, both human Pih1 (PIH1D1) and human Tah1 (RPAP3)
have been shown to regulate apoptosis (9, 10).

A TPR motif typically consists of 34 amino acids that adopt a
helix-turn-helix structure. The motif is defined by a pattern of
small and large hydrophobic amino acids, with no positions
being completely invariant. The motif was initially discovered
in cell cycle regulatory proteins Cdc23 and Nuc2 (11, 12). Most
TPR proteins contain between 3 and 16 TPR repeats (13, 14),
with adjacent TPR motifs packed in a parallel fashion, resulting
in a spiral of a-helices forming a right-handed superhelical
arrangement that is typically capped by a C-terminal hydro-
philic helix. As a result, a concave and a convex ligand binding
interface are formed, making TPR proteins ideal for mediating
protein-protein interactions and for acting as scaffolds for the
assembly of multiprotein complexes (15, 16). TPR proteins
have been implicated in a wide range of cellular activities, such

” The abbreviations used are: TPR, tetratricopeptide repeat; ITC, isothermal
titration calorimetry; VHL, von Hippel-Lindau; HSQC, heteronuclear single
quantum coherence.
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as cell cycle regulation, transcriptional control, protein trans-
port, and protein folding (17, 18).

Several TPR proteins are known to bind the C termini of the
Hsp70 and Hsp90 chaperones and to act as cofactors that mod-
ulate the function of these chaperones (19, 20). Several groups
have reported the crystal structures of TPR domains in complex
with peptides that include the C-terminal EEVD residues of
Hsp90 and Hsp70 (21-24, 16). These structures provide
insights into the molecular basis of TPR-ligand recognition.
Typically, the TPR domains in these structures consist of three
TPR motifs and a C-terminal cap helix (see below). In this
regard, Tahl is rather unusual because, based on secondary
structure analysis programs, it has only two predicted TPR
motifs but can still interact with Hsp90 (1, 2). We had demon-
strated that Tahl interaction with Hsp90 is mediated by the C
terminus of the chaperone (2). We also showed that the C-ter-
minal fragment of Tahl, consisting of residues 76 —111, can
bind to Pih1 (2).

In order to understand the basis by which this minimal TPR
domain protein attains a folded and stable structure and how it
interacts with Pih1 and Hsp90, the NMR structure of Tah1 was
solved, and its interaction with Pihl and Hsp90 was investi-
gated. Our findings show that Tahl1 is a stable two-TPR repeat
protein with a C-terminal cap helix and an unstructured region.
Tahl forms a positively charged channel in which the MEEVD
model peptide binds. Furthermore, the C terminus of Tah1 was
found to bind to the C terminus of Pih1. Biochemical and bio-
physical studies suggest a model of the Hsp90-Tah1-Pih1 ter-
nary complex.

EXPERIMENTAL PROCEDURES

Plasmid Construction—The construction, expression, and
purification of full-length Tah1 and Pih1 have been described
previously (2). Pih1(1-230), Pih1(1-284), Pih1(231-344),
Tah1(1-74), and Tah1(1-93) were amplified from yeast Sac-
charomyces cerevisiae S288C genome, cloned into p11 expres-
sion vector (25), and expressed with an N-terminal His, tag
followed by tobacco etch virus protease cleavage site. To
make Pih1-Tahl, Pih1-Tah1(75-111), and Pih1-Tah1(94—
111) fusion constructs, the Pih1 coding sequence was amplified
using forward and reverse primers carrying an Ndel and a Hin-
dIII site, respectively. The Tahl, Tah1(75-111), and Tah1(94 -
111) were amplified using primers carrying HindIII and BamHI
sites. The Ndel-HindIII Pih1 coding sequence was then ligated
together with the HindIII-BamHI Tahl coding sequence con-
structs and inserted into the Ndel/BamHI sites in p11.

Site-directed mutagenesis was carried out following proto-
cols described in the Stratagene QuikChange site-directed
mutagenesis kit instruction manual (Stratagene, La Jolla, CA).
Each mutation was confirmed by DNA sequencing.

Protein  Purification—All  His.-tagged proteins were
expressed in E. coli BL21(DE3) gold (pRIL) and purified using
Ni**-NTA resin (Qiagen) according to the manufacturer’s pro-
tocols. For labeled samples required for NMR measurements,
cells were grown in M9 medium supplemented with
["*NINH,Cl and/or ['®*Clglucose as nitrogen and carbon
sources, respectively. The purified proteins were typically dia-
lyzed and stored in buffer A (25 mm Tris-HCL, pH 7.5, 100 mm

FEBRUARY 17,2012+VOLUME 287+NUMBER 8

Structure of Minimal TPR Domain Protein Tah1

KCl, 10% glycerol, and 1 mm DTT). Tobacco etch virus (TEV)
protease was used to remove the His, tag. The concentrations of
purified proteins were determined using the Bradford assay (26).

Size Exclusion Chromatography—Size exclusion chromatog-
raphy was performed using a calibrated Superdex 200 or 75 HR
10/30 column (GE Healthcare) attached to an AKTA FPLC sys-
tem (GE Healthcare). The column was equilibrated with buffer
B (25 mm Tris-HCI, pH 7.5, 100 mm KCI, 10% glycerol, and 1
mM DTT). To test the oligomeric state of the purified proteins,
atleast 500 ug of protein in a total volume of 500 ul were loaded
onto Superdex 200. To test the interaction between Tah1/Tahl
fragments with Pih1/Pihl fragments, 250 ug of each protein
were mixed in a total volume of 250 ul and loaded onto Super-
dex 75. Where indicated, W'T Tah1 was preincubated with 450
uM of MEEVD peptide overnight at 4 °C prior to the addition of
Pih1l. Molecular weight standards used were purchased from
Sigma or Bio-Rad: thryoglobulin (669 kDa), apoferritin (443
kDa), a-amylase (200 kDa), alcohol dehydrogenase (150 kDa),
bovine serum albumin (66 kDa), ovalbumin (44 kDa), carbonic
anhydrase (29 kDa), myoglobin (17 kDa), cytochrome ¢ (12.4
kDa), aprotinin (6.5 kDa), and vitamin B, (1.4 kDa). All exper-
iments were performed at 4 °C, and absorbance was monitored
at 280 nm.

Isothermal Titration Calorimetry—Purified Tahl and its
mutants were dialyzed overnight at 4 °C in buffer C (20 mm
Tris-HCI, pH 8.0, 1 mm EDTA, and 5 mMm NacCl). Protein con-
centrations were determined by absorbance at 280 nm using an
ND-1000 Spectrophotometer (Thermo Scientific). The
MEEVD peptide (663.7 daltons), containing an acetyl moiety at
the N terminus and a free C-terminal carboxylate group, was
synthesized at the Synthesis of Peptide Service at the Centro de
Investigacion Principe Felipe (Valencia, Spain) using a 433A
Applied Biosystems synthesizer and Fmoc (N-(9-fluorenyl)me-
thoxycarbonyl) chemistry. The peptide was weighed on an ana-
lytical balance (Mettler) and dissolved in buffer C. Samples
were filtered using a 0.45-um pore syringe filter (Pall Life Sci-
ences) and degassed.

Isothermal Titration Calorimetry (ITC) measurements were
performed at 4 °C in buffer C using a VP-ITC microcalorimeter
(Microcal) with a cell volume of 1.458 ml. Peptide concentra-
tion in the needle was 450 uMm, and Tah1 concentration in the
cell was 30 uMm. The syringe speed was set at 310 rpm, and a
150-s delay time was maintained between each injection. Heat
of dilution was determined in a separate experiment by inject-
ing peptide into buffer in the same sequence. The enthalpy
value of the first injection was omitted due to experimental
errors, and thermodynamic parameters were derived using a
non-linear least square curve-fitting algorithm (Microcal Ori-
gin) to an n-identical independent binding model with three
variables: association constant (K},), enthalpy (AH), and stoichi-
ometry (n). Other thermodynamic parameters and their S.D.
values, namely dissociation constant (K,), Gibbs free energy
(AG), and entropy (AS), were derived from K, and AH.

NMR Experiments—Purified proteins were dialyzed in buffer
D (25 mm NaH,PO,/Na,HPO,, pH 8, and 100 mm NaCl) and
concentrated to a final concentration between 400 um and 1
mM, depending on the NMR experiment. 10% D,O was present
in the final solution. All two- and three-dimensional NMR
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experiments were acquired at 293 K using Bruker Avance II
spectrometers equipped with a TCI cryoprobe and working at
600.13 or 899.58 MHz for 'H. Tah1-MEEVD backbone assign-
ment was achieved using a set of three-dimensional experi-
ments based on J couplings: HNCO, HNCA, HNCACB, CBCA-
CONH, and HBHACONH. Side chain assignments were based
on the analysis of hCCH-TOCSY and HcCH-TOCSY experi-
ments together with "H,"N-NOESY-HSQC, aliphatic 'H,"*C-
NOESY-HSQC, and aromatic *H,**C-NOESY-HSQC. Addi-
tionally, '>C direct detection experiments CC-COSY and
CACO were used for the assignment of Asx and Glx residue
side chains. Upper distance limit constraints were calculated
from two-dimensional *H,"H NOESY, two-dimensional **N-
filtered 'H,"H NOESY, three-dimensional 'H,"*C NOESY-
HSQC, and 'H,'>N NOESY-HSQC. Spectral windows of 12
ppm for 'H, 28 ppm for '°N, and 16 ppm (HNCO), 30 ppm
(HNCA), or 62 ppm (CBCA(CO)NH) for *C were used with
their center set at 4.7, 115, 175, 53, and 39 ppm, respectively.
The relaxation delay used was 1.1 s, and 8 —32 scans were col-
lected. The '>C direct detection experiments were acquired
with 60 scans, relaxation delays of 1.4 s, and acquisition times of
72 ms. NMR spectra were acquired and processed using TOP-
SPIN (version 2.1, Bruker BioSpin, Rheinstetten, Germany) and
analyzed using CARA software (ETH, Zurich, Switzerland).
Two-dimensional "H,">N HSQC experiments were used to fol-
low the binding of Tahl to MEEVD peptide. *°N-labeled Tahl
was concentrated to 0.6 mwm, and the peptide was titrated to a
final concentration of 0, 0.3, 0.6, 0.89, 1.17, 1.7, and 2.2 mm.
Chemical shift changes for the combined 'H and '°N nuclei
(AS‘:VI;) and signal broadening were used to map the interac-
tions with peptide.

Structure Calculations—Assignment of the NOESY spec-
trum of Tahl was performed using the algorithm ATNOS-
CANDID integrated in the UNIO routine (27). Manual modi-
fications were performed after inspection of the results. TALOS
software (28) was used to calculate angle restraints derived
from the chemical shifts in addition to the constraints already
calculated by the UNIO routine. Hydrogen bond constraints
were also obtained by solvent exchange and adequately intro-
duced into the structure calculations. HADDOCK (29) was
used to model the interaction between Tahl and MEEVD using
the data from NMR titrations, single point mutagenesis, and the
solvent accessibility surfaces. Intermolecular NOEs were
obtained from the '*N-edited two-dimensional NOESY and
introduced into the structure calculations (supplemental Fig.
1). 500 random structures were minimized in the simulated
annealing procedure using CYANA 2.1 (27), and the 20 con-
formers with lowest energy were selected. A summary of the
constraints utilized can be found in Table 1. Energy minimiza-
tion of this family of structures was performed using AMBER
10.0 in a water box of 10 A (30) and the AMPS-NMR portal
within the WeNMR gateway (available on the World Wide
Web), which includes a molecular dynamics step for the struc-
ture minimization. Evaluation of the structure was done using
PSVS (31) and CING (available on the World Wide Web). Val-
idation outcome is summarized in Table 2. The protein second-
ary structure was assigned using TALOS (28). The full reso-
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nance assignment of the complex has been deposited in the
BMRB data base with entry number 17312.

Confocal Microscopy and in Vivo Analysis of Pihl Stabi-
lity—pAG415GPD-EGFP-Pih1 plasmid was constructed using
Pih1 ORF obtained from the Yeast FLEXGene collection (32).
Pihl ORF was first subcloned into Gateway® donor vector
pDONR201 and then subcloned into the EGFP fusion expres-
sion vector pAG415GPD-EGFP following a published protocol
(33). The plasmids p416ADH-GFP and p416ADH-GFP-
Pih1(282-344) were constructed by amplifying the relevant
Pihl fragment from pET22-Pihl (2) and GFP from pRSET-
S65T (Clontech) and then ligating the fragments into the yeast
expression vector p416ADH (34). pChFP-VHL was a gift from
Dr. Judith Frydman (Stanford University).

S288C WT cells and rpt6-25 mutant cells (a gift from Dr.
Charles Boone, University of Toronto) transformed with either
EGFP-Pih1 or GFP-Pih1(282-344) were grown in appropriate
synthetic media to Ay, of 0.5 at room temperature, and then
the temperature was shifted to 37 °C. At the indicated time
points, cultures were pelleted, and a 1.5-ul suspension was
spotted onto a glass slide for image analysis. Images were cap-
tured using the Quorum WaveFX Spinning Disc Confocal
System.

To test the stability of GFP and GFP fusion proteins in vivo,
the plasmids p416ADH-GFP and p416ADH-GFP-Pih1(282-
344) were transformed into yeast strain W303. The cells were
grown to midlog phase, and then cycloheximide was added to
the culture at a final concentration of 50 ug/ml. Equal volumes
of cell cultures were then withdrawn at different time points
and lysed. Proteins were separated on 12% SDS-polyacrylamide
gels, followed by immunoblotting using anti-GFP antibody
(G1544, Sigma).

RESULTS

NMR Structure of Tahl-MEEVD—Initial attempts to deter-
mine the NMR structure of free Tahl were unsuccessful
because the protein was not stable long enough at the concen-
trations needed for the heteronuclear NMR experiments. The
addition of MEEVD, resembling the C-terminal residues of
Hsp90/Hsp70, stabilized the protein and allowed the determi-
nation of the solution NMR structure of Tah1 in complex with
the peptide (see “Experimental Procedures”). Such instability of
apo-TPR domains has been observed before for other proteins,
such as for protein phosphatase 5 (35). The MEEVD peptide
used in our studies was acetylated at the N terminus (mimick-
ing a peptide bond). The structure calculations relied on 2051
meaningful upper distance limit values derived from the 'H,"H
NOE intensities and 156 dihedral angle constraints (Table 1).
The average total target function for the family of 20 conform-
ers with the lowest energy was 0.93 * 0.06 A% (CYANA calcu-
lations), and the root mean square deviation for residues 2—92
calculated with respect to the mean structure was 0.47 + 0.08 A
for the backbone atoms and 0.86 * 0.07 A for the heavy atoms.
After energy minimization with AMBER, the final cluster had a
target function of 0.64 = 0.09 A2, and the root mean square
deviation increased to 0.56 + 0.15 A for the backbone and
0.96 * 0.15 A for the heavy atoms (Table 2).
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Summary of the experimental constraints used in the structure determination of Tah1-MEEVD

Residues

All (116, Tahl + MEEVD)

Structured (2-92, Tah1)

NOE-based distance constraints

Total 2051 1896

Intraresidue (i = j) 359 321

Sequential (|i — j(: 1) 502 446

Medium range (1 < |i — j| <5) 680 651

Long range ([i — j| =5) 505 478

Intermolecular 5

NOEs/restrained residue 18.5 20.8
Hydrogen bond constraints 8 8
Dihedral angle constraints

¢ (degrees) 78 78

s (degrees) 78 78
Total no. of constraints 2215 2051
Total no. of constraints/residue 20.0 22.5
Long range constraints/residue 4.6 53

TABLE 2

Summary of the quality statistics for the ensemble of 20 structures calculated for Tah1-MEEVD

Residues

All (116, Tahl + MEEVD) Structured (2-92, Tah1)

Root mean square deviation values

All backbone atoms 3.8 A 0.56 A

All heavy atoms 41A 0.96 A
Ramachandran plot from Procheck

Most favored regions 91.9% 93.2%

Additionally allowed regions 8.1% 6.8%

Generously allowed regions 0.0% 0.0%

Disallowed regions 0.0% 0.0%
Ramachandran plot from Richardson’s laboratory

Most favored regions 97.6% 98.2%

Allowed regions 2.3% 1.8%

Disallowed regions 0.1% 0.0%
Structure quality factors: Overall statistics (mean score * S.D.)

Procheck G-factor (¢/is only) 0.22 0.26

Procheck G-factor (all dihedral angles) —0.09 -0.07

Verify3D 0.19 = 0.03 0.26 = 0.04

Prosall (-ve) 0.43 = 0.05 0.64 = 0.05

MolProbity clashscore 1.24 * 0.96 114 + 1.9
Structure quality factors: Overall statistics (Z-score)

Procheck G-factor (¢/i only) 1.18 1.34

Procheck G-factor (all dihedral angles) —-0.53 —0.41

Verify3D —4.33 —3.21

Prosall (-ve) -0.91 —0.04

MolProbity clashscore 1.31 1.33

The final family of 20 conformers of Tahl obtained after
energy minimization is shown in Fig. 1. The protein consists of
five antiparallel a-helices (Fig. 1, A and B). Residues 2—33 (in
red) form the first TPR motif, residues 38 — 66 (in blue) form the
second TPR motif, and residues 73-91 (in green) form a long C
helix that interacts mainly with helix 2B. The last 20 C-terminal
residues of Tahl (residues 92—111) are unstructured, with no
long range NOEs involving protons in this segment of the pro-
tein (Table 1). The mobility of this unstructured region does
not follow the general tumbling of the molecule. Some of the
conformers of the family of structures present a 3,, helix
encompassing residues 71-73 (shown in orange in the second-
ary structure schematic of Fig. 14). The protein is stabilized by
hydrophobic interactions mainly involving the following resi-
dues: Gly-11, Leu-14, Ala-23, Tyr-27, Leu-30, Ile-31, Ala-45,
Leu-48, Ala-57, Cys-61, Gly-64, Leu-65, Leu-80, and Leu-84.

A positively charged channel ~11 A wide and 21 A long is
formed by residues belonging to helices 1A, 2A, and C (Fig. 1, C
and D). The MEEVD peptide resides in this channel and stabi-
lizes Tah1. 'H,'>N HSQC spectra of Tahl in the presence and
absence of MEEVD are very similar, indicating that the overall
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fold of the protein is not significantly affected by the presence of
the peptide. The interaction between Tahl and the pentapep-
tide is characterized by few low intensity NOEs (supplemental
Fig. 1), which translates into a disordered ensemble of conform-
ers for the peptide (Fig. 1B8). However, the information obtained
from these NOE values together with the docking calculations
as well as the titration experiments described below provide a
clear orientation of the peptide inside the Tah1 binding channel
as shown in Fig. 1, B-D, with the peptide lying generally parallel
to the helices forming the pocket.

Tahl Binding to MEEVD—To identify Tahl residues that
interact with MEEVD, 'H,"*N HSQC spectra were acquired for
labeled Tahl in the presence of increasing concentrations of
MEEVD peptide (Tahl at 0.6 mm and MEEVD titrated from 0
to 2.2 mM final concentration). According to these measure-
ments and assuming a single binding site, the measured affinity
of Tahl for the peptide is on the order of 1 um. By mapping the
chemical shift changes observed in the titration to the Tahl
structure, residues of Tah1 affected by MEEVD binding can be
identified (Fig. 2). Resonance changes with A8!!Y = (((A8")* +

avg

(A8N/5))/5)" (in ppm) values that are more than one S.D. away
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FIGURE 1. Tah1 solution structure. A, alignment of yeast Tah1 with TPR domains of mouse CHIP (22), human HOP (21), the engineered protein CTP390 (16),
G83R human serine/threonine protein phosphatase 5 (23), and S. cerevisiae Tom71 (24). The structures of all of these domains have been solved with a bound
EEVD peptide. The secondary structure sequence of Tah1 is highlighted on top with the helical boundaries indicated. The five highly conserved residues
forming the dicarboxylate clamp are indicated by an asterisk. In the alignment, identical residues are shown in white and highlighted in red, whereas highly
similar residues are shown in red. The alignment was done using ClustalW2 (43) with default parameters followed by manual inspection and drawn using
ESPript (44). B, ribbon representation of the 20 lowest energy conformers of the NMR solution structure of Tah1 bound to MEEVD. The first TPR motif is colored
in red, the second in blue, and the C helix in green. Helices are labeled according to the common TPR nomenclature. The last 20 amino acids of Tah1 are
unstructured. The MEEVD peptide is in gray with its N terminus in orange and its C terminus in yellow. C, the electrostatic surface potential (red, <—3 kT/e; blue,
>3 kT/e) of the lowest energy conformer of Tah1 calculated using DelPhi (45) is shown with the positively charged channel facing the reader. Some residues
of interest are highlighted. D, a close-up view of the Tah1 channel of the lowest energy conformer. Side chains of the residues contributing to the positively charged
channel are shown in stick representation with nitrogen in blue, oxygen in red, and hydrogen in white. Carbon is colored pink for Lys-8 and Asn-12 in helix 1A, cyan for
Asn-43 and Lys-50 in helix 2A, and bright green for Lys-79 and Arg-83 in helix C. All structure figures were generated using PyMOL (Schrodinger LLC, New York).

from the mean value were selected as being significant. Many  Leu-48, and Lys-50), which forms the base of the channel where
residues that exhibit significant changes in chemical shift are the pentapeptide binds. In addition, there are some residues
located in helix 2A (Gly-40, Asn-43, Lys-44, Ala-45, Ala-47, with high A8!!Y values belonging to helix 1A (Asn-12, Leu-14,

avg
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FIGURE 2. Mapping the binding of MEEVD to Tah1 by NMR. Shown is a plot of the weighted average chemical shift differences (AS;'\Z,) in the "H,"N HSQC

HN

spectrum between free Tah1 and Tah1 bound to MEEVD (1:10 protein/peptide). The horizontal pink line represents the value of A8.(; thatis one S.D. away from

the mean value. The secondary structure of Tah1 is shown on top.

and Phe-15), helix 1B (Ile-31), helix C (Leu-84), and the
unstructured region (Gly-92 and GIn-95). Residues Lys-6 and
Lys-8 in helix 1A, Ser-69 and Ala-71 between helix 2B and helix
C, and Arg-83 in helix C disappear due to line broadening.
None of the residues in helix 2B showed a significant change in
chemical shift, consistent with the fact that residues from helix
2B do not contribute to the channel (Fig. 1, B-D). Residues 1- 4
do notappear in the HSQC spectra of the free or peptide-bound
Tahl, and residues 108 and 109 in the unstructured region do
not shift, whereas residues 35, 38, 97, and 105 are prolines.

Complementary experiments were carried out by titrating
!>N-labeled Tahl with unlabeled Hsp82-MC (residues 260 —
709 of yeast Hsp82; Tahl at 200 um and Hsp82-MC titrated
from 0 to 400 um). The addition of 2 eq of Hsp82-MC to Tahl
caused the complete disappearance of the 'H,">N HSQC signals
due to relaxation apart from those belonging to the unstruc-
tured C-terminal region of Tahl. The addition of 0.5 eq of
Hsp82-MC to Tahl demonstrated that residues most affected
by Hsp82-MC binding to Tahl are located in the channel cre-
ated by the three a-helices, as observed with the peptide (data
not shown).

In parallel with the NMR titration experiments, binding
studies of Tahl and Tah1 mutants to MEEVD were also carried
out using ITC experiments (supplemental Fig. 2) to determine
residues critical for mediating this interaction. The mutational
studies were based on the NMR titration results of Fig. 2 as well
as on the alignment shown in Fig. 1A of other TPR domains
whose structures were solved in complex with an EEVD pep-
tide. Based on these structures, it was found that five highly
conserved residues are typically involved in mediating electro-
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static interactions with the peptide and form a two-carboxylate
clamp that tightly interacts with the ultimate Asp-0 residue of
the bound peptide. These residues are also conserved in Tah1,
namely Lys-8, Asn-12, Asn-43, Lys-79, and Arg-83 (Fig. 1, A, C,
and D). Asn-12 and Asn-43 show significant chemical shift
changes upon MEEVD binding to Tahl (Fig. 2), whereas the
'H,"” N HSQC signals of Lys-8 and Arg-83 disappear, indicating
chemical exchange. No significant chemical shift changes were
detected for Lys-79; however, Leu-84, which is directly after
Arg-83, exhibits significant chemical shift changes (Fig. 2), indi-
cating that the peptide binds to this region of the protein. The
measured dissociation constant (K,;) by ITC for the Tahl-
MEEVD interaction is 0.55 £ 0.06 uM, similar to that obtained
by NMR above, with a stoichiometry of about 1:1 (Table 3). The
interaction is mainly enthalpically driven. The positive entropy
of binding might reflect the release of water molecules from the
binding site upon the interaction of MEEVD with Tahl. Con-
sistent with the known complex structures and with our NMR
titration experiments, mutation of residues that form the two-
carboxylate clamp either reduces (K8A and N12A of helix 1A)
or abolishes (N43A of helix 2A, K79A and R83A of helix C)
binding of MEEVD to Tahl. Furthermore, Mutation of the
Lys-50 residue of helix 2A, which exhibited the highest chemi-
cal shift change upon MEEVD titration (Fig. 2), was found to
reduce peptide binding affinity to Tahl. All of these residues
form the positively charged channel of Tah1 (Fig. 1D).
Interestingly, Lys-79 and Arg-83 are part of helix C in Tahl
rather than of helix 3A of a third TPR motif as in the case of the
other TPR domain proteins (Fig. 14). Indeed, removal of helix
C by truncating Tahl at residue 74 (Tah1(1-74)) results in a
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TABLE 3
Thermodynamic parameters for the interaction of MEEVD peptide with Tah1 and its mutants
Protein K, AG AH AS n
M kcal mol ~* kcal mol ™* cal mol ' K™!

Tahl 0.55 (0.06)" -7.9(0.1) —6.9(0.1) 3.8 (0.4) 1.14 (0.01)
Tah1(K8A) 36.76 (13.11) —5.6(2.0) —5.3(L5) 1.1 (5.4) 1.26 (0.24)
Tah1(N12A) 18.83 (3.26) —6.0(0.1) —4.6(0.7) 4.9 (2.4) 0.76 (0.08)
Tah1(N43A) No binding No binding No binding No binding No binding
Tah1(K50A) 23.20 (6.64) —-5.9(0.2) —4.9(0.8) 3.6 (3.0) 1.17 (0.01)
Tah1(Q56A) 0.65 (0.06) —~7.8(0.1) —7.0(0.1) 3.1 (0.3) 1.17 (0.01)
Tah1(R66A) 0.83 (0.10) —7.7(0.1) —7.6(0.1) 0.3 (0.5) 1.09 (0.01)
Tah1(K79A) No binding No binding No binding No binding No binding
Tah1(R83A) No binding No binding No binding No binding No binding
Tah1(1-74) No binding No binding No binding No binding No binding
Tah1(1-93) 0.30 (0.06) —-8.3(0.1) —-3.2(0.1) 184 (0.4) 0.73 (0.01)

“ Numbers in parenthesis represent S.D.

soluble protein that has only two TPR motifs but that cannot
bind the MEEVD peptide (Table 3). On the other hand, removal
of the unstructured region of Tahl (Tah1(1-93)) does not sig-
nificantly affect peptide binding and gives a similar K, and # as
WT protein but a higher AS, possibly indicating higher solvent
contribution upon peptide binding to Tahl. Finally, consistent
with the NMR results of Fig. 2, mutation of residues in helix 2B
(Q56A and R66A) has no effect on MEEVD binding to Tahl1.

C Termini of Tahl and Pihl Are Required for Tahl-Pihl
Interaction—We had proposed and shown earlier that Tahl
forms a ternary complex with Hsp90 and Pihl (2). This was
based on pull-down assays, yeast two-hybrid screens, and func-
tional assays. Pihl itself was found to be an unstable protein
that is stabilized by its interactions with Tahl and Hsp90. We
found that the C terminus of Tah1 (residues 76 -111; Figs. 1A
and 3A) is required for its interaction with Pih1 (2). To further
characterize the interaction between Tahl and Pihl and to
understand how the stability of Pihl is modulated by the
Hsp90/Tahl system, we mapped the interaction surface
between Tah1 and Pih1 by size exclusion chromatography.

Aswe demonstrated before (2), full-length Pih1 protein has a
tendency to aggregate and to form multiple oligomeric states
that spread across the Superdex 200 size exclusion column (Fig.
3B). As shown in the figure, purified Pih1 typically migrates as
two peaks on the column; one peak is close to the void volume,
above 669 kDa, whereas the other peak is around 50 kDa, close
to the molecular mass of a Pih1 monomer (see also Fig. 3C).
Upon isolation, this monomeric Pih1 did not readily reaggre-
gate within the time frame of the experiment (Fig. 3, Band C, a).
Because Pih1 does not contain any known motifs, we examined
the Pih1 sequence and noticed that the Pihl C-terminal region
contains hydrophobic and proline-rich patches. Several C-termi-
nal truncation constructs were then made to find a stable and well
behaved fragment of this protein. Pih1(1-230) and Pih1(1-284)
had such characteristics. Both, Pih1(1-230) and Pih1(1-284)
eluted as monomers on Superdex 200 (Fig. 3B) and Superdex 75
size exclusion columns (Fig. 3C, a). These observations suggest
that the aggregation-prone property of Pih1l might result mainly
from the Pih1 C-terminal sequence (addressed further below).

In order to stabilize Pih1, we initially naively fused full-length
Pihl to full-length Tahl. The Pih1-Tahl fusion construct
spreads out and runs predominantly as large oligomers and
higher order aggregates on a Superdex 200 column (Fig. 3B).
However, when Pihl is fused to the C-terminal 75-111 frag-
ment of Tah1, which contains the C helix and the unstructured
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region of Tahl (Fig. 1, A and B), the Pih1-Tah1(75-111) fusion
protein migrates as a stable, possibly monomeric protein (Fig.
3B). This is consistent with our earlier observation that Pihl
physically interacts with Tahl through the Tahl C terminus
(2). When Pih1 is fused to the unstructured C-terminal region
of Tahl, the Pih1-Tah1(94-111) fusion protein migrates as
higher order oligomers, similar to the Pih1-Tahl fusion pro-
tein. These results suggest that amino acid residues in the C
helix and the unstructured region of Tahl may play an impor-
tant role in stabilizing the interaction of Pih1 with Tahl. The
aggregation of the Pih1-Tah1 fusion might be due to destabiliz-
ing steric structural clashes present in such a bigger fusion.
Consistent with the requirement for the C terminus of Tah1
to mediate the Tahl-Pihl interaction, the deletion of the C
helix and the unstructured region of Tah1 (Tah1(1-74)) or only
of the unstructured region (Tah1(1-93)) abolished the binding
to Pihl (Fig. 3C, b). Note that, unexpectedly, Tah1(1-93)
migrates faster than Tah1 or Tah1(1-74) on the size exclusion
column for undetermined reasons. The deletion of the C termi-
nus of Pih1 also abolished the binding of Tah1 to Pih1 (Fig. 3C,
¢). Hence, the C terminus of Pihl is required for binding to
Tah1. This was further confirmed by observing that the isolated
Pih1(231-344) fragment can bind to Tah1 (Fig. 3D). This is in
agreement with a recent report showing that residues 199 —344
of Pih1 are sufficient for binding to Tah1 (36). Finally, the pres-
ence of excess MEEVD peptide did not abolish the Pih1-Tah1l
interaction (Fig. 3C, d), suggesting the presence of a Pih1-Tah1-
MEEVD ternary complex, which is consistent with our pro-
posal of the presence of Pih1-Tah1-Hsp90 ternary complex (2).
C Terminus of Pih1 Destabilizes the Protein—The C terminus
of Pih1 seems to play a major role in the destabilization and
aggregation of the purified protein in vitro (Fig. 3B). To assess
whether this is also true in vivo, initially, WT and rpt6-25
mutant yeast cells (a proteasome fs mutant) expressing full-
length EGFP-Pih1 (enhanced GFP fused to the N terminus of
Pih1) were grown to midlog phase at room temperature, and
then the temperature was shifted to 37 °C for 2 h (Fig. 4A4). At
the indicated time points, EGFP-Pih1l was visualized in vivo
using confocal fluorescence microscopy. At the permissive
temperature (room temperature), EGFP-Pih1 was distributed
in the cytoplasm and nucleus in both WT and rpt6-25 strains.
However, although EGFP-Pih1 localization was unchanged in
the WT strain at 37 °C, the inhibition of proteasome-mediated
degradation in rpt6-25 strain at this non-permissive tempera-
ture induced rapid recruitment of EGFP-Pih1 to discrete foci in
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FIGURE 3. Mapping the interaction between Tah1 and Pih1. A, schematic diagram of the different Tah1 and Pih1 constructs used in the binding experiments.
The theoretical molecular weights of the constructs are provided on the right. B, size exclusion chromatography of Pih1 constructs on Superdex 200
column. The elution volume is indicated at the bottom, and the elution positions of the molecular weight standards are indicated at the top of the lanes.
C, elution profiles for the different Pih1 (panel a), Tah1 (panel a), and Pih1 + Tah1 (panels b-d) constructs on a Superdex 75 column. D, elution profiles
of Tah1 (100 wg), Pih1(231-344) (100 wg), and the mixture of Tah1 (100 ng) and Pih1(231-344) (100 ng) on a Superdex 75 column as observed by

absorbance at 280 nm (top) or SDS-PAGE analysis (bottom).

the cytoplasm. These cytoplasmic foci became more prominent
after 2 h of incubation at 37 °C. The clustering of EGFP-Pihl in
the cytoplasm was fully reversible because shifting the temper-
ature back to room temperature led to the complete dissipation
of the foci within 45 min. We hypothesized that these cytoplas-
mic foci of Pih1 may resemble those formed by misfolded pro-
teins like von Hippel-Lindau (VHL) factor when expressed in
yeast. The proper folding of VHL requires the presence of its
cofactor elongin BC (37); the absence of elongin BC leads to the
misfolding, ubiquitination, and subsequent degradation of
VHL in WT yeast cells (38). Therefore, EGFP-Pih1 was co-ex-
pressed with ChFP-VHL (cherry fluorescent protein fused to
the N terminus of VHL) in rpt6-25 strain to assess whether
aggregated Pihl was with the VHL misfolded protein foci.
Complete colocalization of EGFP-Pih1l with ChFP-VHL (Fig.
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4B) was observed, suggesting that cytoplasmic foci of EGFP-
Pih1 consist of misfolded EGFP-Pihl.

To explicitly test whether the C terminus of Pih1 is respon-
sible for destabilizing the protein, GFP was fused to the 282—
344 C-terminal fragment of Pihl, and the localization of this
fusion protein, GFP-Pih1(282-344), was assessed in both WT
and rpt6-25 mutant cells. We observed GFP-Pih1(282-344)
aggregation in 70% of mutant cells but not in WT cells, even at
the permissive temperature (Fig. 4C). Furthermore, GFP-
Pih1(282-344) was rapidly degraded when translation was
arrested by the addition of cyclohexamide in log phase WT
cells, whereas GFP was stable (Fig. 4D). This is also consistent
with our previous observation that the depletion of endogenous
Tahl in yeast results in the rapid degradation of endogenous
Pih1 (2).
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A heat shock at 37°C | heat shock at 37°C _ .
| > after 45 min
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FIGURE 4. The C terminus of Pih1 destabilizes the protein. A, shown are confocal fluorescence images of S288C WT and rpt6-25 yeast cells expressing
EGFP-Pih1. The cells were grown at room temperature (RT) and then exposed to heat shock for 2 h. The rpt6-25 cells were then allowed to recover at room
temperature. B, confocal fluorescence images of rpt6-25 cells co-expressing EGFP-Pih1 (green) and ChFP-VHL (red) after exposure to heat shock for 45 min. C,
confocal fluorescence images of S288C WT and rpt6-25 cells expressing GFP-Pih1(282-344) at room temperature. D, Western blot, using anti-GFP antibodies,
of W303 WT cells expressing GFP or GFP-Pih1(282-344) grown to midlog phase after treatment with cyclohexamide to arrest translation. The Western blot

against Hsp90 is shown as a control.

These results strongly suggest that the C terminus of Pih1 is
responsible for Pih1 instability and aggregation. Furthermore,
it is interesting to note that Pih1(282-344) can act as a degra-
dation tag in yeast.

DISCUSSION

The structure of Tahl is rather unique in that it has only two
TPR motifs and a C helix and yet is stable and able to bind the
MEEVD peptide. All other known TPR domains that interact
with Hsp90/Hsp70 consist of three TPR motifs and a capping
helix (Fig. 14). Hence, the structure of Tahl was rather unex-
pected (39). The C helix of Tah1 is not a regular solubility helix
as it appears in other TPR proteins, because it hosts two of the
five highly conserved residues that establish electrostatic inter-
actions with MEEVD (Figs. 1 and 2 and Table 3). Hence, the C
helix serves the role of the third TPR motif in other domains.
The dissociation constant of 0.5 wuM that we obtained for
MEEVD binding to Tahl by ITC and NMR measurements is
consistent with the one obtained for the hepta- and decapep-
tides described by Millson et al. (39); however, it differs from
that for the unprotected peptide, which was reported to have a
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K, of about 35 um. It is also consistent with the K, obtained for
full-length Hsp90 binding obtained by Eckert et al. (36).

The major overall difference between the structure of Tahl
and that of other TPR domains that bind Hsp90/Hsp70 is that
helix 1A and helix C are closer to helix 2A than they are in the
other TPR repeat proteins, and, as a result, the binding channel
is narrower (Fig. 5). Also, helix 2B appears to be slightly further
away from helix 2A in Tahl compared with other TPR
domains. It is reasonable to suggest that this tight packing of
helices contributes to the stability of Tahl. The majority of
residues that are typically conserved in TPR domains and that
are critical for stabilizing the hydrophobic core of these pro-
teins are conserved in Tah1 (40). Hence, Tahl can be consid-
ered to be a minimal TPR domain protein that can bind to
Hsp90/Hsp70. The only other minimal stable TPR domain that
we know of is that of rat Tom20 (95 residues), which has only
one TPR that binds to the mitochondrial targeting presequence
but not to Hsp90/Hsp70 (41).

Helices 1B and 2A of Tahl are closest in terms of primary
sequence and length to the consensus helices found in TPR
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FIGURE 5. Comparison of Tah1 structure with that of other TPR domains. Shown is the ribbon representation of the lowest energy Tah1 structure without
the unstructured region overlaid with the three TPR motifs (in white) of mouse CHIP2 (Protein Data Bank entry 2C2L) (22), human Hop TPR2A (1ELR) (21), the
engineered protein CTP390 (3KD7) (16), human G83R protein phosphatase 5 TPR domain (2BUG) (23), human Hop TPR1 (1ELW) (21), and S. cerevisiae Tom71
(3FP2) (24). The structure alignment was carried out in Coot (available on the York Structural Biology Web site) (46).

motifs, which are typically 14 residues long (40). Helix 1A of
Tah1 consists of 16 residues and has an additional turn at the C
terminus (Fig. 5). In contrast, helix 1A in Tom?71 and protein phos-
phatase 5 is 20 and 19 residues long, respectively, with the addi-
tional turns present at the N terminus of the helix. Helix 2B of
Tahl (12 residues) is shorter than that of equivalent helices in the
other domains of the family, but helix C (18 residues), which is the
equivalent of helix 3A in other domains, is longer. The angle
between the two helices within a TPR motif in Tah1 is similar to
that measured for other TPR motifs and is about 155-165°.

The NMR measurements of Fig. 2 and the binding experiments
of Fig. 3, coupled with the single point mutation ITC results (Table
1 and supplemental Fig. 2), indicate that the amino acid residues
involved in binding the Hsp90 C-terminal sequence are Lys-8,
Asn-12, Asn-43, Lys-50, Lys-79, and Arg-83. These results are in
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agreement with our previous (2) and current data showing that
neither TPR motifs of Tah1 alone (Tah1(1-75)) nor the C termi-
nus of Tah1(76-111) can bind to Hsp90 on its own. Instead, the
five helices of Tah1 are necessary for the binding.

The binding of Tah1 to Pih1 stabilizes Pih1 and is found to
be mediated by the C-terminal unstructured regions in the
respective proteins. The C helix and the unstructured region
of Tah1 are required for this interaction (Fig. 3, B and C).
Although we currently have no structural information on the
fold of the Pih1 C terminus, it is predicted, using Jpred (42),
to predominantly consist of 3 strands. However, this region
of the protein seems to be “problematic” because it leads to
Pih1 aggregation in vitro (Fig. 3B) or to its destabilization in
vivo (Fig. 4). Furthermore, Pih1(282-344) can lead to the
degradation of GFP in vivo (Fig. 4D). It is interesting to note
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FIGURE 6. Model of the Hsp90-Tah1-Pih1 complex. Model of the complex
formed by Pih1 (blue), Tah1 (represented by its electrostatic surface poten-
tial), and Hsp90 (yellow) based on the results of our analysis. The C-terminal
region of Pih1 interacts with the C helix and the unstructured C terminus of
Tah1, whereas the MEEVD peptide at the very C terminus of Hsp90 binds in the
positively charged channel of Tah1. Data also indicate that Pih1 and Hsp90 directly
interact (dotted line).

that the pI of Pih1(231-344) and Pih1(282-344) is 9.3 and
9.7, respectively, whereas the pI of Tahl(75-111) and
Tah1(94-111) is 4.7 and 3.8 (also see Fig. 1C), respectively.
Hence, the stabilizing interaction between these two pro-
teins is expected to be mainly electrostatic.

In Fig. 6, we present a schematic of the interactions of
Tahl with Hsp90 and Pih1. Our experiments suggest that the
Hsp90 C terminus will bind within the channel formed by
Tahl. On the other hand, the C terminus of Tahl will form
strong interactions with the C terminus of Pihl. However,
our earlier data (2) as well as those of others (36) suggest that
Hsp90 directly binds Pih1 as well. Such a positioning of bind-
ing partners would allow this small TPR domain protein to
form a ternary complex with Hsp90 and Pih1. Our data col-
lectively suggest that Tahl is essential for the formation of
the Hsp90-Tah1-Pihl ternary complex that stabilizes Pih1.
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LEGEND FOR SUPPLEMENTARY FIGURE

Supplementary Fig. 1. °N-edited 2D *H,"H-NOESY spectrum

2D NOESY spectrum highlighting a number of unambiguously assigned NOEs derived from the
peptide. Black labels correspond to intra-peptide NOEs, while red labels correspond to inter-
molecular NOEs. Intra-peptide NOEs were consistently more intense than inter-molecular NOEs
suggesting a labile interaction between the peptide and the protein. These NOESs were essential to
establish the orientation of the peptide in the protein channel, but they did not affect the Tahl

overall structure.

Supplementary Fig. 2. ITC binding curves for the interaction of the MEEVD peptide with
Tah1l and its mutants

The upper panels show the calorimetric titrations for 26 injections of 450 uM of MEEVD
peptide into 30 uM of Tahl or its mutants with 150 s between injections. The lower panels show
the integrated heat values from the upper panels as a function of the peptide/Tahl molar ratio in
the cell. The solid lines trace the best fit to the experimental points using the n identical

independent binding sites model. The binding parameters are given in Table 3.
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