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I nhibition of protein–protein interac-
tions to control cellular processes and
as a route to novel therapeutics is an ex-

citing yet undeveloped vision. In this Letter
we realize this concept in the context of the
protein chaperone Hsp90. Because many
oncogenic proteins are clients of Hsp90, in-
hibitors of Hsp90 are sought as potential an-
ticancer agents. For example, over one-
quarter of all breast cancers are HER2
positive, that is, they overexpress the cell-
surface protein HER2, and the aggressive-
ness of cancer growth is proportional to the
amount of HER2 produced (1, 2). Hsp90 is
essential for the correct folding and matura-
tion of HER2 and is involved in many interac-
tions with other proteins. Indeed, the func-
tional form of Hsp90 is a complex in which
the chaperones Hsp90 and Hsp70 are
brought together by binding to Hsp Organiz-
ing Protein (HOP) (3). Assembly of this mul-
tiprotein complex is achieved by means of
two independent tetratricopeptide repeat
(TPR) domains on HOP: TPR1, which binds
to the C-terminal tail of Hsp70, and TPR2A,
which binds to the C-terminal tail of Hsp90
(Figure 1) (4). Hsp90 activity is essential for
the folding of many oncogenic proteins be-
yond HER2, including IGFIR, AKT, RAF-1, and
FLT-3, each of which is associated with a dif-
ferent type of cancer (5–8). Inhibition of the
interaction of Hsp90 with HOP, that is, inhi-
bition of the TPR2A�Hsp90 interaction,
thus represents a new and generally appli-
cable approach to the development of anti-
cancer agents.

TPR1 and TPR2A bind their cognate li-
gands with dissociation constants of about
50 and 5 �M, respectively. The C-terminal
peptides of Hsp70 and Hsp90 are similar in
sequence (see Figure 3, panel b), neverthe-
less both TPR1 and TPR2A discriminate
against their noncognate ligands. We have
designed a TPR module, CTPR3, which is sig-
nificantly more stable than either TPR1 or
TPR2A and thus represents a robust scaf-
fold on which to introduce novel activities
(the melting temperature of CTPR3 is 83 °C,
compared to about 50 °C for both TPR1 and
TPR2A) (9). We grafted the Hsp90-binding
residues from TPR2A onto the CTPR3 scaf-
fold to create a module that we named
CTPR390 (10). We showed that CTPR390
binds preferentially to the C-terminal pep-
tide of Hsp90, with moderate affinity
(Figure 3, panel a). To better understand
the details of the interaction of CTPR390
with the Hsp90 peptide and to guide de-
signs for higher affinity binding, we deter-
mined the crystal structure of CTPR390 in
complex with the C-terminal peptide of
Hsp90 (Figure 2, panel a; Table 1). The pep-
tide is clearly visible, bound in the concave
groove of the TPR, in contact with the grafted
Hsp90-binding residues. The interactions
between the peptide and CTPR390 are simi-
lar to those observed in the structure of the
TPR2A�Hsp90 complex (11). For example,
Lys13, Asn17, Asn48, Asn51, and Arg82
make hydrogen bonds to the peptide back-
bone, and Tyr20, Lys21, Lys78, and Arg82
interact with peptide side chains. However,
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ABSTRACT Molecules specifically designed
to modulate protein–protein interactions have
tremendous potential as novel therapeutic
agents. One important anticancer target is the
chaperone Hsp90, whose activity is essential for
the folding of many oncogenic proteins, includ-
ing HER2, IGFIR, AKT, RAF-1, and FLT-3. Here we
report the design and characterization of new
tetratricopeptide repeat modules, which bind to
the C-terminus of Hsp90 with higher affinity and
with greater specificity than natural Hsp90-
binding co-chaperones. Thus, when these mod-
ules are introduced into the cell, they out-
compete endogenous co-chaperones for bind-
ing, thereby inhibiting Hsp90 function. The ef-
fect of Hsp90 inhibition in this fashion is dra-
matic; HER2 levels are substantially decreased
and BT474 HER2 positive breast cancer cells are
killed. Our designs thus provide new tools with
which to dissect the mechanism of Hsp90-
mediated protein folding and also open the
door to the development of an entirely new class
of anticancer agents.
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not all of the TPR�peptide interactions
seen in the TPR2A�Hsp90 complex are
present or optimized in the CTPR390�

peptide complex, consistent with the obser-
vation that CTPR390 binds to the Hsp90
peptide more weakly than does TPR2A.

In a second round of designs, we sought
to improve the affinity of the designed TPR
for the Hsp90 peptide. Because electrostatic
interactions play a key role in TPR�peptide
binding, we investigated the possibility of
modulating binding affinity by re-engi-
neering the charge on the back face of the
TPR. The CTPR390�, CTPR390, and
CTPR390� designs all have the peptide rec-
ognition residues from TPR2A grafted onto
the CTPR3 framework but have negative,

neutral, or positively charged
back faces, respectively
(Figure 2, panel b). It is possible
to engineer such dramatic
changes in charge because the
designed CTPR3 module is ro-
bust and can accommodate
many modifications.

We measured the binding af-
finity of the three charge variants,
CTPR390�, CTPR390, and
CTRP390�, to the C-terminal
peptide of Hsp90. It is clear from
the data presented in Figure 3,

panel a, that the charge on the back face
has a significant effect on the affinity of the
TPR protein for the peptide. Binding affinity
increases dramatically as the charge on the
back face becomes more positive, with a
dissociation constant for the CTPR390�

Hsp90 peptide interaction of less than
1 �M. Thus CTPR390� binds to the
C-terminal peptide of Hsp90 more tightly
than the TPR2A domain of HOP. Not only af-
finity but also specificity is critical for func-
tional ligand binding in vivo. We therefore
tested the binding of CTPR390� to the
C-terminal peptides of both Hsp90 and
Hsp70. The data in Figure 3, panel b clearly
show that CTPR390� discriminates against
the noncognate Hsp70 ligand extremely

well. Under the typical assay conditions,
binding to Hsp70 peptide is essentially un-
detectable. We therefore estimate that
CTPR390� binds to Hsp90 at least 100–
1000 times more tightly than it binds to
Hsp70. This discrimination between cog-
nate and noncognate ligands is much
greater than that of TPR2A, which prefers
cognate over noncognate ligand by only
about 10-fold.

Hsp90 functions in multichaperone com-
plexes to aid in the folding and maturation
of its client proteins (12, 13). Previous stud-
ies have shown that overexpression of the
TPR domain of protein phosphatase 5 in
CV-1 cells causes a decrease in Hsp90-
mediated glucocorticoid receptor matura-
tion (14, 15). CTPR390� binds tightly and
specifically to Hsp90 and therefore has the
potential to compete with endogenous TPR
containing co-chaperones for binding to
Hsp90. Inhibiting the formation of the cor-
rect Hsp90�co-chaperone complexes in
vivo should inhibit Hsp90 activity and thus
prevent the folding of Hsp90-dependent cli-
ent proteins. We therefore tested the effect
of CTPR390� in vivo using BT474 HER2
positive breast ductal carcinoma cells. Puri-
fied CTPR390� was introduced into BT474
cells using ProteoJuice (Novagen). We con-
firmed that CTPR modules could be deliv-
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Figure 1. Hsp Organizing Protein (HOP). Schematic repre-
sentation of HOP protein indicating the two indepen-
dent TPR domains, TPR1 and TPR2A, which interact with
the C-terminal tails of Hsp70 and Hsp90, respectively.
The circle highlights the TPR2A-Hsp90 interaction.

a b
CTPR390− CTPR390 CTPR390+

Figure 2. CTPR390 designed proteins. a) X-ray crystal structure of CTPR390 in complex with the C-terminal peptide of Hsp90. The backbone of CT-
PR390 is shown as a ribbon, and side chains of residues of the TPR that directly interact with the peptide are displayed as sticks in yellow. The
C-terminal Hsp90 peptide is shown as sticks in purple. b) Surface representation of the electrostatic potential of the back/convex face of CT-
PR390� (negative back face), CTPR390 (neutral back face), and CTPR390� (positive back face). The color range, from deep red to deep blue, corre-
sponds to values of the electrostatic potential from �16 to � 20 kT e�1, where k is the Boltzmann constant, T is absolute temperature, and e is a
proton’s charge. The figures were produced using GRASP (http://trantor.bioc.columbia.edu/grasp/) (32).
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ered in this fashion, by using fluorescence
microscopy to detect the intracellular deliv-
ery of Alexa-labeled CTPR390�. To test the
effects of CTPR390� treatment on the levels
of Hsp90 client proteins, we used Western
blot analysis to compare the amounts of

HER2 and phosphorylated HER2 (the func-
tional form of HER2) relative to the amount
of a non-Hsp90-dependent control protein,
glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (Figure 4; also see Supplemental
Note in Supporting Information). Clear

concentration- and time-
dependent decreases in
the levels of HER2 and
phosphorylated HER2
were observed when the
cells were treated with
CTPR390�. The reduc-
tions in HER2 and phos-
phorylated HER2 levels
are significant, with the
levels of phosphorylated
HER2 decreasing to less
than 20% of the starting
value at the longest post-
treatment time-point.

It has been shown that
inhibition of Hsp90 by
the N-terminal active site
inhibitor 17-AAG results
in a significant decrease
in the cellular levels of
Hsp90-dependent pro-

teins, for example, HER2 in breast cancer
cells. 17-AAG is now in clinical trials as a
treatment for several different cancer types
(16, 17). A side effect of the inhibition of
Hsp90 with 17-AAG-like inhibitors is the in-
duction of Hsp70 production. Induction of
Hsp70 is undesirable, because its antiapop-
totic function counteracts the effect of
Hsp90 inhibition (18, 19). We therefore
tested the effect of CTPR390� treatment
on Hsp70 levels in BT474 cells. Figure 4
shows Western blot analysis of BT474 ex-
tracts after treatment of the cells with
CTPR390�. No induction of Hsp70 is ob-
served.

In summary, we have designed a TPR
module, CTPR390�, which is more stable
and binds more tightly and more specifically
to Hsp90 than endogenous Hsp90-binding
co-chaperones. Treatment of BT474 cells
with CTPR390� results in a decrease in the
levels of HER2 with consequent inhibition of
cell proliferation. Furthermore, inhibition of
Hsp90 in this fashion does not result in the
undesired elevation of Hsp70 levels. To our
knowledge, this is the first example of using
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Figure 3. Binding activity and specificity of the CTPR390 proteins. a) Plot of equilibrium response levels (response
units) versus protein concentration for CTPR390� (negative), CTPR390 (neutral), and CTPR390� (positive). All pro-
teins were tested for binding to an N-terminally biotinylated peptide, which corresponds to the C-terminal peptide
of Hsp90, attached to a neutravidin chip. TPR binding is monitored by surface plasmon resonance (SPR). The disso-
ciation constants were calculated by fitting the data to a steady state 1:1 binding model and are KD CTPR390/Hsp90 �
200 �M; KD CTPR390�/Hsp90 � 1 �M; KD CTPR390�/Hsp90 too weak to measure). b) Comparison of the binding of
CTPR390� to the Hsp90 and Hsp70. N-terminally biotinylated peptides corresponding to the C-termini of Hsp70 or
Hsp90 were attached to neutravidin chips, and binding of CTPR390� was monitored by SPR. The corresponding
C-terminal sequences of the Hsp70 and Hsp90 peptides are shown. Equilibrium response levels (response units) are
plotted versus protein concentration.

TABLE 1. Data collection and refinement statistics

CTPR390�Hsp90

Space group R3
Unit cell dimensions
a, b, c (Å) 100.67, 100.67, 161.57
�, �, � (deg) 90, 90, 120
Resolution (Å) 30–2.85
Rmerge (%)a 7.5 (39.7)
I/�Ia 21.18 (1.16)
Completeness (%)a 99.4 (99.7)
Redundancya 5.18 (5.28)
Unique reflections 13878
Rwork/Rfree 27.1/28.2
RMSD bond (Å) 0.005
RMSD angle (deg) 0.708

aValues in parentheses correspond to the highest resolution bin.
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an engineered Hsp90-binding TPR to inhibit
chaperone function. Our designs thus pro-
vide new tools with which to dissect the
mechanism of Hsp90-mediated protein
folding. Moreover, although here we achieve
inhibition in vivo using a designed protein,
for therapeutic applications one can easily
imagine inhibiting Hsp90 in this same novel
fashion, but using a small molecule.

METHODS
Protein Design. CTPR3, which is the framework

for the functional designs, was created and char-
acterized as previously described (9). One TPR re-
peat contains two tandem �-helices, which we re-
fer to as the A and B helices. CTPR390�,CTPR390,
and CTPR390� all incorporate the same ligand-
binding residues (10), such that the sequences of
the first, second, and third A helices of all of these
proteins are as follows: first A helix � AEAWKNLG-
NAYYK; second A helix � ASAWYNLGNAYYK; third
A helix � AKAWYRRGNAYYK. CTPR390�, CTPR390,
and CTPR390� differ in their back face charge.
This was accomplished by manipulating the se-
quence of the solvent-exposed B helix, at posi-
tions that statistical analyses of all TPR sequences
show can accommodate either negatively or posi-
tively charged residues (20). Within each of these
proteins, the sequence of the first, second, and
third B helices are the same. The repeated B-helix
sequence in CTPR390� is DYDEAIEYYQKALEL,
in CTPR390 it is DYQKAIEYYQKALEL, and in
CTPR390� it is KYQKAIKYYQKALKL. Underlined
residues highlight the positions of the solvent-
exposed charged residues.

Cloning and Molecular Biology. Genes encoding
the TPR proteins were constructed as previously
described (10, 21). The final product was sub-
cloned into the pProEx-HTA vector (GibcoBRL,
Gaithersburg, MD) to create genes incorporating
an N-terminal His6-tag, followed by a TEV cleav-
age site. Construct identity was verified by DNA se-
quencing (W. M. Keck Facility, Yale University,
New Haven).

Protein Expression and Purification. All proteins
were overexpressed and purified, essentially as
previously described (9, 10, 21). As a final step,

protein was loaded onto a size exclusion column,
the HiLoad Superdex HR-75 column (Amersham
Bioscience, Uppsala, Sweden). Protein concentra-
tion was measured by UV absorbance at 280 nm,
using extinction coefficients at 280 nm calculated
from amino acid composition (22).

Protein Crystallization and Data Collection. Puri-
fied CTPR390 protein was concentrated to 20 mg
mL–1 in 10 mM Tris-HCl, 50 mM NaCl, pH 7.5. Crys-
tals of CTPR390 in complex with the C-terminal
five amino acids of Hsp90 (Ac-MEEVD-COOH pep-
tide) using a protein to peptide ratio of 1:4 were
obtained at 295 K. Using microbatch-under-oil
screening at the high-throughput crystallization
laboratory at the Hauptman-Woodward Medical
Research Institute Inc. (HWI, Buffalo, NY) (23), a
few crystallization conditions were identified. Only
one crystallization condition (0.1 M NaH2PO4,
40% (w/v) PEG 20 000, 0.1 M CAPS, pH 10.0)
could be reproduced in our laboratory, and we op-
timized that condition by the sitting-drop vapor dif-
fusion method, using 2-fold diluted initial formula-
tion as the well solution. The final crystallization
condition contained 50 mM NaH2PO4, 20% (w/v)
PEG 20 000, and 50 mM CAPS, pH 10.0. The well
solution was mixed in equal volumes (2 �L) with a
protein�peptide complex solution (1:4 molar ra-
tio) at 30 mg mL–1 protein concentration. Crystals
appeared within 1 week and reached sizes of ap-
proximately 80 	 80 	 50 �m3 within 2 weeks.
Crystals were flash-cooled under a nitrogen gas
stream (100 K). Data were collected to 2.85 Å reso-
lution at NSLS beam line X12C, Brookhaven Na-
tional Laboratory.

Structure Determination and Refinement. The
data set was indexed, scaled, and integrated us-
ing the HKL2000 program (24). The crystal belongs
to the space group R3 with unit cell dimensions
of a � b � 100.67 Å, c � 161.57 Å and � � � �
90°, � � 120°. The CTPR390 structure was solved
by molecular replacement using the program
MOLREP (25) in the CCP4i suite (26). The struc-
ture of the consensus TPR, CTPR3 (9), was used
as search model (PDB id 1NA0), and there were 5
molecules present in the asymmetric unit. The
structure was refined with the programs CNS (27)
and Refmac5 (28) with TLS refinement (29) in the
late stages of the refinement to a resolution of
2.85 Å. Iterative rounds of refinement model ad-
justing in COOT (30) were carried out until R fac-
tors converged to a final value of R/Rfree � 28.4/
29.2 for the structure without ligand–peptide built.

The ligand–peptide was built in the difference
electron density map Fo � Fc first in the CTPR390
unit with stronger positive density using as start-
ing backbone conformation the Hsp90 peptide
from the TPR2A�Hsp90 complex (PDB id 1ELR)
(11). After refinement of the model with one pep-
tide copy, the other peptides were built by symme-
try operations of the refined peptide chain in the
binding pockets of the other protein chains, and
the complete model was refined. Water molecules
were automatically added in COOT and were vali-
dated with the electron density maps. The final
model with one peptide molecule in each binding
groove of the five TPR molecules in the asymmet-
ric unit converged to R/Rfree � 27.1/28.2. The ge-
ometry and stereochemical properties of the
model was checked with the program Molprobity
(31). Crystallographic statistics are shown in
Table 1. More detailed description of the struc-
ture determination will be presented elsewhere;
the atomic coordinates are being deposited in the
Protein Data Bank.

Surface Plasmon Resonance-Based Binding
Assays. Surface plasmon resonance measure-
ments were performed using a BIACORE 3000
(BIACORE AB, Uppsala, Sweden) as previously de-
scribed (10). Neutravidin was immobilized on a
CM5 sensor chip through standard amide cou-
pling, and then 200–300 relative units (RU) of
N-terminally biotinylated 24-mer peptides of
Hsp90 and Hsp70 (W. M. Keck Facility, Yale Univer-
sity, New Haven) were loaded onto the neutravi-
din chip in HBS-EP buffer (150 mM NaCl, 3 mM
EDTA, 0.005% (v/v) polysorbate 20, 10 mM
HEPES, pH 7.5). Binding was monitored in RU
when TPR proteins were passed over immobilized
peptides at different protein concentrations, in
HBS-EP buffer, at a flow rate of 40 �L min�1 us-
ing KINJECT mode. Any nonspecific binding was
corrected for by subtraction of binding to neutravi-
din alone for each TPR concentration tested. The
response values (Req) at the equilibrium were plot-
ted versus the protein concentration, dissociation
constants (KD) were determined by fitting the data
to a one-site binding model using the following
equation:

Req �
Rmax�P�

KD � �P�
where Req is the equilibrium response, KD is the
dissociation constant, [P] is the protein concentra-
tion in the mobile phase, and Rmax is the equilib-
rium response at saturation.

Protein Transfection into BT474 Cells. BT474 is
a human ductal breast cancer cell line that endog-
enously overexpresses HER2. Cells were cultured
in RPMI-1640 media supplemented with 10%
heat-inactivated fetal bovine serum, 2 mM glu-
tamine, 10 �g mL–1 insulin, penicillin, and strepto-
mycin in a humidified atmosphere of 5% CO2 at
37 °C. Purified CTPR390� protein was transfected
into cultured BT474 cells using ProteoJuice re-
agent (Novagen) following the procedures recom-
mended by the manufacturer. Briefly, 2 	 105 cells
were plated in each well of a 6-well plate 24 h
prior to transfection. Transfection mixtures con-

CTPR390+
(µg)

3 6 24 3 6 24 3 6 24
5 10 15 0

h
WB:

HER2

p-HER2

Hsp70

GAPDH

Figure 4. CTPR390� down regulates HER2 and phosphorylated HER2 levels in vivo. CTPR390�
protein (5, 10, and 15 �g) was transfected into BT474 cells, and the cells were harvested 3, 6,
and 24 h post-transfection. Cell lysates (25 �g total protein for each sample) were analyzed by
Western blotting, probing with antibodies specific for HER2, phosphorylated-HER2, Hsp70, and
GAPDH. ProteoJuice alone did not show any effects on HER2 expression levels.
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sisted of ProteoJuice reagent and different
amounts of purified CTPR390� (5, 10, and 15 �g)
and Opti-MEM media in a total volume of 100 �L.
The protein and ProteoJuice reagent ratio was 1:1
(v/w). After incubating the transfection mixture at
RT for 20 min, another 900 �L of Opti-MEM media
was added and mixed. The transfection mixture
was added directly to cells in different wells, and
they were allowed to grow for 3, 6, and 24 h. Alexa-
labeled CTPR390� protein was transfected under
the same conditions to confirm the delivery under
the fluorescence microscope. After 3 h of incuba-
tion with the cells, the transfection mixture was
supplemented with complete media and allowed
to grow to 24 h. Prior to performing microscopic or
immunoblotting analysis, cells were washed with
cold PBS three times to remove any untransfected
protein in the media. Cells were photographed on
a Nikon Eclipse TE2000-U fluorescence micro-
scope with an X20 objective with X1.5 intermedi-
ate magnification.

Western Blot Analysis. For Western blotting, the
washed cells were scraped into cold lysis buffer
(50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM
EDTA, 1 mM EGTA, 0.1% SDS, 1% NP-40, 1 mM
Na3VO4, 25 mM NaF, 25 mM �-glycerol-
phosphate) supplemented with Complete pro-
tease inhibitors (Roche Molecular Biochemicals).
After being incubated on ice for 30 min, the lysates
were centrifuged at 14,000 rpm (4 °C) for 15 min
to remove insoluble material. Total protein concen-
tration was determined using the BCA assay
(Pierce). Cell lysates of 25 �g total protein were
separated on a 4�12% gradient SDS-polyacryl-
amide gel (Biorad) followed by transfer to a
0.45 �m PVDF membrane. Membrane was blocked
in 5% nonfat milk in Tris-buffered saline contain-
ing 0.1% Tween 20 (TBST) with 1 mM Na3VO4 for
1 h at RT on a shaker. Primary antibodies were di-
luted in TBST 5% BSA at concentrations of 1:2000
(anti-HER2,sc-284, Santa Cruz Biotechnology),
1:200 (antiphosphor-HER2, clone PN2A, Neomark-
ers), and 1:5000 (HRP conjugated anti-GAPDH,
ab9482, abCam). Membranes were incubated with
the primary antibodies at 4 °C overnight and then
washed five times with TBST, at RT. Secondary HRP
conjugated antibodies (antimouse antibody from
Santa Cruz Biotechnology, Inc., antirabbit from
Amersham, antirat from Stressgen/Assay designs)
were diluted 1:2000. Membranes were incubated
in the secondary antibodies at RT for 1 h and
washed 4 times in TBST and once in TBS, fol-
lowed by chemiluminescent detection (ECL solu-
tion, Amersham). Quantitative analysis of the in-
tensity of Western blot bands was performed using
Kodak 1D software.
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