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ABSTRACT Multiprotein complexes figure
prominently in all cellular processes. Disrupting
formation of these complexes can modulate key
cellular pathways and offers new possibilities for
therapeutic intervention. A new study illustrates
an efficient approach for developing high-affinity
mimics that inhibit protein�protein interactions.

R ecent genome-wideproteomic stud-
ies tell us that the majority of pro-
teins in eukaryotic cells physically

interact with at least one partner (1). To-
gether with genetic approaches that probe
functional relationships, these studies re-
veal an extensive network of protein interac-
tions and identify mechanisms of cross-talk
between cellular processes. This informa-
tion opens up opportunities for developing
molecules that disrupt key interactions in-
volved in disease pathways. On page 161 of
this issue, Cortajarena et al. use protein en-
gineering to design a high-affinity inhibitor
for the interaction between the 90 kDa heat
shock protein (Hsp90) and Hsp organizing
protein (HOP). By disrupting the HOP�

Hsp90 interaction, the molecule developed
by Cortajarena et al. reduces cellular levels
of a growth factor receptor that figures pre-
dominantly in breast cancer, and kills cul-
tured breast cancer cells.

Hsp90 is a molecular chaperone. Chaper-
ones are a class of ATP-dependent en-
zymes that assist in the folding and matura-
tion of client proteins. Many proteins
depend upon this activity in order to func-
tion, and Hsp90 is essential for eukaryotic
cell viability. Indeed, it is one of the most
abundant proteins in human cells. Hsp90
operates at the end stages of folding. Newly
synthesized proteins bind to Hsp70, an-
other chaperone. By an ATP-driven mecha-
nism that is mediated by co-chaperones,
Hsp70 prevents aggregation of the bound
protein, resolves misfolded structure, and
facilitates proper folding. The protein is then
handed off to Hsp90. Hsp90 binding stabi-

lizes the protein and maintains it in the
proper conformation for function (2). This
process is thought to involve an ATP-dep-
endent “clamping” action, although the
structural and biochemical details are not
yet known.

Among the �100 known clients of Hsp90
are proteins that promote cell growth and
survival. Not surprisingly, cancer cells often
have elevated levels of Hsp90. One client
protein is human epidermal growth factor
receptor-2 (HER2). HER2 is overexpressed
in 25–30% of breast cancers, and increased
levels of HER2 are associated with inferior
prognosis (3). Both Hsp90 and HER2 have
thus been a focus of drug design efforts.
Molecules that inhibit Hsp90 ATPase activ-
ity are in clinical trials (4). A monoclonal an-
tibody against HER2 (trastuzumab, also
known as Herceptin) is in widespread use,
and molecules that inhibit HER2 kinase ac-
tivity are undergoing development (3). The
protein created by Cortajarena et al. does
not target enzyme function, so it can poten-
tially be used in conjunction with ATPase
and kinase inhibitors.

Hsp90 has no chaperone activity on its
own. HOP provides the physical linkage be-
tween Hsp90 and Hsp70 that is necessary
to coordinate their functions. HOP binds to
both proteins via a common protein interac-
tion module known as the tetratricopeptide
repeat (TPR) domain. TPR motifs, named for
their 34-amino acid repeating units, consist
of two interacting, antiparallel �-helices
(helix A and helix B). The functional domain
is assembled from 3–16 TPR motifs packed
in a parallel fashion (Figure 1, panel a). The
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A helices form a concave surface to which
the target peptide binds. The TPR-binding
peptides from Hsp90 and Hsp70 are very
similar. They are located at the extreme
C-terminus of each protein, and they are
composed primarily of the EEVD sequence.
Nevertheless, the TPR domains of HOP can
discriminate between the two ligands: TPR1
binds the TIEEVD peptide from Hsp70, while
TPR2A recognizes the MEEVD peptide from
Hsp90 (5).

The strategy taken by Cortajarena et al.
was established �10 years ago, when Chen
et al. showed that the isolated TPR domain
from protein phosphatase 5 (PP5) acts as a
dominant negative mutant (6). PP5 is an en-
zyme that binds to the same MEEVD se-
quence of Hsp90 and works with Hsp90 to
process steroid receptor proteins. When the
TPR domain was overexpressed in cells, it
out-competed endogenous PP5 for binding
to Hsp90 and thus inhibited proper folding
of steroid receptors.

In order to generate inhibitors with
greater affinity and specificity, Regan and
coworkers had to make several key design
improvements. They first created an ex-
tremely stable, idealized TPR motif to be
used as a template (7). The idealized TPR se-
quence was generated from a statistical
analysis of 1837 TPR motifs from 107 pro-
teins. Structural and biophysical studies
confirmed that the new sequence retained
the TPR fold and that stability increased with
addition of TPR subunits. The idealized

three-TPR protein (CTPR3) ex-
hibited a melting temperature
of 83 °C, compared with a
value of 47–50 °C for the
similar-sized TPR domains
from PP5 and HOP.

Cortajarena et al. then
“tuned” CTPR3 for binding to
Hsp90. They grafted onto it
five Hsp90-binding amino ac-
ids from the TPR2A domain of
HOP to create the CTPR390
protein. The binding residues

(colored green in Figure 1, panel b) are all lo-
cated in the A helices. CTPR390 bound the
MEEVD peptide but with 40-fold less affin-
ity than TPR2A. How then can affinity be
improved?

To address that problem, Cortajarena
et al. turned to the B helices. Residues in
the B helices do not make direct contact
with the substrate. They can, however, con-
tribute to binding by forming long-range
electrostatic interactions. CTPR390� and
CTPR390� were created by substituting ba-
sic and acidic residues, respectively, at
solvent-exposed positions in the B helices.
In this way, the back faces of each molecule
became almost entirely positively and
negatively charged (Figure 1, panel b).
CTPR390� bound the negatively charged
MEEVD peptide 5-fold more tightly than
TPR2A. Importantly, binding specificity
not only was retained but was improved.
CTPR390� showed at least a 100-fold pref-
erence for the Hsp90 peptide over the iden-
tically charged Hsp70 peptide, compared
with the 10-fold preference exhibited by
TPR2A. Clearly, binding affinity and specific-
ity are dictated by both direct and indirect in-
teractions formed by side chains on con-
cave as well as convex surfaces of the TPR
domain.

The design of CTPR390� is noteworthy
because charges are used to tighten bind-
ing to the ligand without modifying the
amino acids at the physical binding inter-
face. The high density of positive charges on

the back face pulls the peptide against the
binding surface formed by the A helices. The
high stability of CTPR3 was no doubt criti-
cal to the success of this approach, because
the penalty paid for concentration of like
charges is thermodynamic destabilization.
The work of Cortajarena et al. may facilitate
development of potent inhibitors by allow-
ing researchers to improve affinity without
extensive redesign of binding interfaces.

REFERENCES
1. Gavin, A. C., Aloy, P., Grandi, P., Krause, R., Boesche,

M., Marzioch, M., Rau, C., Jensen, L., Bastuck, S.,
Dumpelfeld, B., Edelmann, A., Heurtier, M., Hoffman,
V., Hoefert, C., Klein, K., Hudak, M., Michon, A.,
Schelder, M., Schirle, M., Remor, M., Rudi, T., Hooper,
S., Bauer, A., Bouwmeester, T., Casari, G., Drewes,
G., Neubauer, G., Rick, J., Kuster, B., Bork, P., Russell,
R., and Superti-Furga, G. (2006) Proteome survey re-
veals modularity of the yeast cell machinery, Nature
440, 631–636.

2. Shames, D. S., and Minna, J. D. (2008) IP6K2 is a cli-
ent for HSP90 and a target for cancer therapeutics de-
velopment, Proc. Natl. Acad. Sci. U.S.A. 105, 1389–
1390.

3. Moasser, M. M. (2007) Targeting the function of HER2
oncogene in human cancer therapeutics, Oncogene
26, 6577–6592.

4. Bishop, S. C., Burlison, J. A., and Blagg, B. S. (2007)
Hsp90: a novel target for the disruption of multiple
signaling cascades, Curr. Cancer Drug Targets 7,
369–388.

5. Brinker, A., Scheufler, C., von der Mulbe, F., Flecken-
stein, B., Herrmann, C., Jung, G., Moarefi, I., and Hartl,
F. U. (2002) Ligand discrimination by TPR domains:
relevance and selectivity of EEVD-recognition in
Hsp70-Hop-Hsp90 complexes, J. Biol. Chem. 277,
19265–10275.

6. Chen, M. S., Silverstein, A. M., Pratt, W. B., and Chink-
ers, M. (1996) The tetratricopeptide repeat domain of
protein phosphatase 5 mediates binding to glu-
cocorticoid receptor hetercomplexes and acts as a
dominant negative mutant, J. Biol. Chem. 271,
32315–32320.

7. Main, E. R. G., Xiong, Y., Cocco, M. J., D’Andrea, L., and
Regan, L. (2003) Design of stable �-helical arrays from
an idealized TPR motif, Structure 11, 497–508.

8. Scheufler, C., Brinker, A., Bourenkov, G., Pegoraro, S.,
Moroder, L., Bartunik, H., Hartl, F., and Moarefi, I.
(2000) Structure of TPR domain-peptide complexes:
critical elements in the assembly of the Hsp70-
Hsp90 multichaperone machine, Cell 101, 199–210.

a b

Figure 1. X-ray structures of TPR domains. a) Structure of the
HOP TPR2A domain bound to the MEEVD peptide from Hsp90
(8). The three TPR motifs are colored blue, green, and red.
The extra C-terminal helix shown in yellow caps the last TPR
helix and increases solubility of the protein. b) Structure of
the idealized TPR domain CTPR3 (7). Side chains in green in-
dicate positions where Cortajarena et al. grafted binding
residues from TPR2A to generate CTPR390. Side chains in
blue denote solvent-exposed positions where the same re-
searchers substituted positively charged amino acids to gen-
erate CTPR390�.
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