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Abstract

The major heat shock protein (Hsp) chaperones Hsp70 and Hsp90 both bind the co-chaperone Hop
(Hsp70/Hsp90 organizing protein), which coordinates Hsp actions in folding protein substrates. Hop
contains three tetratricopeptide repeat (TPR) domains that have binding sites for the conserved
EEVD C termini of Hsp70 and Hsp90. Crystallographic studies have shown that EEVD interacts
with positively charged amino acids in Hop TPR-binding pockets (called carboxylate clamps), and
point mutations of these carboxylate clamp positions can disrupt Hsp binding. In this report, we use
circular dichroism to assess the effects of point mutations and Hsp70/Hsp90 peptide binding on Hop
conformation. Our results show that Hop global conformation is destabilized by single point muta-
tions in carboxylate clamp positions at pH 5, while the structure of individual TPR domains is
unaffected. Binding of peptides corresponding to the C termini of Hsp70 and Hsp90 alters the global
conformation of wild-type Hop, whereas peptide binding does not alter conformation of individual
TPR domains. These results provide biophysical evidence that Hop-binding pockets are directly
involved with domain:domain interactions, both influencing Hop global conformation and Hsp
binding, and contributing to proper coordination of Hsp70 and Hsp90 interactions with protein
substrates.
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The dynamic assembly and functional maturation of
steroid receptor complexes involves the major molecular
chaperones and heat shock proteins Hsp70 and Hsp90
as well as several Hsp-binding co-chaperones. Free re-

ceptor undergoes sequential association with Hsp40,
Hsp70, the dual co-chaperone Hop, and ultimately
Hsp90; only when Hsp90 directly binds receptor is
high-affinity hormone binding established (Scherrer et
al. 1990; Smith 1993). The progression of chaperone
interactions observed with steroid receptors is represen-
tative of Hsp70 and Hsp90 interactions with a variety
of Hsp90 client proteins, so there likely are common
mechanisms underlying the manner in which Hsp90/cli-
ent protein interactions are established (Wegele et al.
2004). Hop provides an important link between Hsp70
and Hsp90 since it can simultaneously bind both
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chaperones and effectively targets Hsp90 to pre-existing
Hsp70–client complexes (Chen and Smith 1998). That
Hop preferentially associates with the ADP-bound form
of both chaperones likely serves to coordinate Hsp
actions at appropriate stages of each chaperone’s
ATPase cycle (Wegele et al. 2004). Additional studies
suggest that Hop plays an active role in the functional
maturation of Hsp/client complexes apart from assem-
bly and release of Hsp from the complex (Odunuga et al.
2004; Carrigan et al. 2005). Much remains to be learned
about how Hop binds to either Hsp, how binding of one
Hsp could influence Hop binding or release from the
second Hsp, and how Hop ultimately influences Hsp
interactions with client proteins.

As with several other Hsp70- or Hsp90-binding co-
chaperones, tetratricopeptide repeat (TPR) domains of
Hop mediate Hsp binding. Co-chaperone TPR domains
typically are composed of three tandem repeats of a
loosely conserved 34–amino acid sequence motif (Smith
2004). Each motif favors formation of two anti-parallel
a-helices, and the core TPR domain consists of six total
a-helices that form a saddle-like structure. The concave
surface of the domain provides an interaction site that
can accommodate specific peptide binding (Scheufler et
al. 2000).

Hop is composed of three distinct TPR domains
(TPR1, TPR2a, TPR2b) and two small domains con-
taining a characteristic aspartic acid–proline (DP) repeat
motif arranged as TPR1-DP1-TPR2a-TPR2b-DP2 (Pra-
papanich et al. 1998; Nelson et al. 2003). TPR2a is
necessary and sufficient for Hsp90 binding (Chen et
al. 1996; Lassle et al. 1997) and specifically binds the
peptide corresponding to the C terminus of Hsp90
(MEEVD) (Chen et al. 1998; Scheufler et al. 2000; Odu-
nuga et al. 2003). An X-ray crystallographic structure
was solved for a co-crystal of TPR2a plus the MEEVD
pentapeptide (Scheufler et al. 2000); this structure
revealed how basic side chains of TPR2a that project
into the binding pocket form a so-called carboxylate
clamp that establishes salt bridges with acidic side chains
on the peptide ligand. Point mutation of carboxylate
clamp positions in TPR2a disrupts Hsp90 binding (Car-
rigan et al. 2004); conversely, point mutation of Hsp90
MEEVD readily disrupts binding to Hop (Chen et al.
1998). The carboxylate clamp basic amino acid positions
are conserved and functionally important in the TPR
domains of other Hsp90-binding co-chaperones (Russell
et al. 1999; Ward et al. 2002; Cheung-Flynn et al. 2003),
and there are corresponding basic amino acids in the
TPR1 and TPR2b domains of Hop that, as discussed
below, are also functionally important.

Interactions between Hsp70 and Hop are seemingly
more complex than those between Hsp90 and Hop.
Similar to TPR2a, a co-crystal structure was obtained

for TPR1 bound to the heptapeptide PTIEEVD (Scheu-
fler et al. 2000), which corresponds to the C terminus of
Hsp70. Co-crystal structures as well as mutagenic and
peptide combinatorial approaches (Brinker et al. 2002)
have helped us to understand interactions that distin-
guish TPR1 and TPR2a interactions with EEVD-con-
taining peptides. Blatch and colleagues (Odunuga et al.
2003) addressed the specificity of TPR–Hsp interactions
by successfully engineering a TPR1 mutant that switches
from Hsp70 to Hsp90 binding; conversely, they were
unable to engineer a TPR2a mutant that gained binding
to Hsp70, lending support to the notion that Hsp70
binding to Hop is more complex than Hsp90 binding.
Consistent with a role for the Hsp70 EEVD motif in
Hop binding, mapping studies have localized Hop bind-
ing ability to the C-terminal half of Hsp70 (Gebauer et
al. 1997; Demand et al. 1998). On the other hand, C-
terminal truncation of the EEVD motif or up to 40 total
amino acids failed to disrupt binding to Hop (Carrigan
et al. 2004), underscoring the conclusion of Hartl and
colleagues (Brinker et al. 2002) based on peptide-binding
studies that additional Hsp70 sites must participate in
Hop binding. As of yet, these sites in Hsp70 have not
been identified. Nonetheless, results showing that TPR1
truncation (Chen et al. 1996; Lassle et al. 1997; Chen and
Smith 1998) and TPR1 point mutation (Van Der Spuy et
al. 2000; Odunuga et al. 2003; Flom et al. 2005; Song and
Masison 2005) block Hsp70 binding affirm the critical
importance of Hop TPR1 for binding Hsp70.

Other Hop domains also influence Hsp70 binding.
For example, carboxylate clamp point mutation in either
TPR2a or TPR2b diminishes Hsp70 binding (Carrigan
et al. 2004), which was interpreted as evidence for
domain:domain interactions within Hop that influence
Hsp70 binding. Point mutation of the C-terminal DP2
minidomain efficiently blocks Hsp70 binding (Chen and
Smith 1998; Flom et al. 2005; Song and Masison 2005)
and induces alterations in the proteolytic digestion pat-
tern of full-length Hop (Nelson et al. 2003), implying a
global conformational change that likely relates to
domain:domain interactions. Additionally, a TPR1 dou-
ble point mutation that disrupts Hsp70 binding induces
a conformational change in the full-length protein with-
out altering TPR1 conformation (Odunuga et al. 2003).
Finally, genetic evidence in yeast favors a functional
interaction between TPR1 and TPR2b (Flom et al.
2005) and between TPR2a and TPR2b (Song and Masi-
son 2005).

These observations underscore the need to better
understand structure/function relationships that influ-
ence Hsp70 and Hsp90 binding to Hop. In this report,
we use circular dichroism spectroscopy (CD) measure-
ments to assess changes in the conformational state of
purified Hop, both full-length protein and individual
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TPR domains, related to carboxylate clamp point muta-
tion or binding to peptides corresponding to the C ter-
mini of Hsp70 and Hsp90.

Results

Co-crystal structures and mutagenic analyses indicate
that carboxylate clamp positions in Hop TPR domains
are important for interactions with peptides correspond-
ing to the C terminus of Hsp70 or Hsp90. Based on
crystallographic structures of isolated TPR domains
that lack bound peptide, the carboxylate clamp side
chains projected into solvent space appear unlikely to
significantly influence Hop TPR domain conformation.
However, published experimental results suggest that
Hop TPR domains and carboxylate clamp residues
might be involved in domain:domain interactions that
can influence the global conformation of full-length Hop
(Odunuga et al. 2003; Carrigan et al. 2004). To directly
address the influence of carboxylate clamp residues on
Hop conformational states, point mutations were intro-
duced into each of the TPR domains, and the mutant
proteins were structurally compared with wild-type Hop
(wtHop). We used site-directed mutagenesis to alter a
carboxylate clamp position in each TPR domain. In
TPR1, lysine 73, which interacts with Hsp70 EEVD
side chains and is necessary for Hsp70 binding, was
substituted either with glutamic acid (K73E) or alanine
(K73A). In TPR2a, arginine 305, which interacts with
Hsp90 EEVD side chains and is necessary for Hsp90
binding, was similarly substituted with glutamic acid
(R305E) or alanine (R305A). Finally, based on homol-
ogy with TPR1 and TPR2a, since lysine 429 in TPR2b is
predicted to contribute to a putative carboxylate clamp
in this Hop TPR domain, thus lysine 429 was similar-
ly substituted with glutamic acid (K429E) or alanine
(K429A). Recombinant proteins were generated in bac-
teria and purified by multistep column chromatography.
Each protein was analyzed by Far UV-CD under differ-
ent pH and temperature conditions as a measure of
protein secondary structure and stability (Fig. 1). Except
where indicated in later figures, alanine substitutions
gave results similar to glutamic acid mutants, thus only
data for glutamic acid mutants are shown.

At pH 7.4 and 4�C, CD spectra for wtHop and all
mutant forms displayed the strong minima at 211 and
222 nm characteristic of proteins with large a-helical
content (Fig. 1A, left). K429 mutants showed reduced
helical structure compared to other Hop mutants, but
the thermal denaturation profile for all proteins was
similar at pH 7.4 (Fig. 1A, right). At pH 5, which
would increase the amount of positive charged carbox-
ylate clamp side chains and therefore neutralize glutamic
acid mutants, each of the mutants had much reduced

helical content compared to wtHop (Fig. 1B, inset on
left), but if mutant spectra are expanded (large view), it
is clear that each still retains a-helical content. In com-
paring temperature-dependent stability at pH 5 or
below, one must bear in mind that the mutant Hop
forms have reduced a-helical content, thus thermal tran-
sitions will initiate from a different point in the unfold-
ing process than wtHop. As expected, the different
starting points are evident in the Mean Residue Ellipti-
city (MRE) data for thermal denaturation (data not

Figure 1. Secondary structure and stability of wtHop and TPR point

mutants. Far UV-CD spectra (left-hand panels) and thermal denatura-

tion curves (right-hand panels) were generated at pH 7.4 (A), pH 5 (B),

and pH 3 (C) using purified recombinant human Hop forms: wtHop

(solid circles), the TPR1 point mutant K73E (open circles), the TPR2a

point mutant R305E (solid squares), or the TPR2b point mutant

K429E (open squares). Representative data from one of three replicate

data sets are shown. For secondary structure measurements, mean

residue ellipticity (MRE) was calculated and plotted vs. wavelength.

At pH 5 (B), unlike at higher or lower pH, the a-helical content of all

mutants was much reduced compared to wtHop (inset panel). In order

to discern differences between point mutants, the MRE scale was

expanded to enhance the mutant spectra. For stability measurements,

the fraction folded was calculated from ellipticity at 222 nm and

plotted vs. temperature. At least 60% renaturation was observed

upon cooling of protein samples, and aggregation was not observed.
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shown). Alternatively, it is clear from representing these
data as fraction folded (Fig. 1B, right) that continued
denaturation occurs at lower temperatures for K73E
and, to a lesser extent, for K429E than for either
wtHop or R305E. These findings suggest either that
TPR1 and TPR2b structures are destabilized by carbox-
ylate clamp point mutation or that global Hop stability
is reduced by these point mutations. At pH 3, below the
theoretical pKa value (4.4) for aspartic and glutamic acid
amino acids, all Hop forms display much-reduced helical
structure and stability, although wtHop retains more a-
helical content than the mutants. For the most part,
carboxylate clamp substitution mutants containing glu-
tamic acid (shown) or alanine (not shown) yielded essen-
tially identical CD spectra. An exception is K73E versus
K73A. If ellipticity at pH 3 taken from the 211 nm
minimum is plotted against temperature (Fig. 2), it is
apparent that reversing the carboxylate clamp charge in
TPR1 (K73E) has a much greater effect on stability than
neutralizing the charge (K73A). Also from Figure 2, it
appears that each of the Hop forms, whether wild-type
or mutant, retains some structure at high temperature.
K73A might have some effect on this residual structure,
since both wtHop and K73A have common ellipticities
at low temperatures but differ at high temperature.
K73E has less initial ellipticity and less final ellipticity
but still displays a minor degree of residual structure.

The results with full-length proteins demonstrate that
all carboxylate clamp mutations affect Hop conforma-
tional state, with a more significant effect at pH# 5.0.
To distinguish whether mutations are influencing the
conformation of independent TPR domains or affecting
Hop global conformation, TPR domains were generated
in bacteria and purified by multistep column chromatog-
raphy. Boundaries for the truncated proteins were based
on the crystallographic structures for TPR1 and TPR2a
(Scheufler et al. 2000) and, in the case of TPR2b, on

sequence homologies with the other TPR domains.
Far UV-CD spectra were obtained for each of the indi-
vidual TPR domains (Fig. 3). At pH 7.4, minor differ-
ences are observed between wild-type and mutant TPR1
(Fig. 3A, left) and between the TPR2a pair (Fig. 3B,
left), but no differences are observed in TPR2b forms
(Fig. 3C, left) or between any of the wild-type/mutant
pairs at pH 5 (Fig. 3, right panels). The net result from
these analyses is that domains lacking or containing
a mutant carboxylate clamp position have similar
conformations and cannot account for the structural
differences observed when comparing full-length
wtHop and mutant Hop forms, particularly at pH 5.0
(Fig. 1). We conclude that point mutations are affecting
global Hop conformation apart from changes in domain
conformations. A reasonable explanation would be that
TPR ligand-binding pockets are also involved in
domain:domain interactions that influence global Hop
conformation.

If carboxylate clamp residues within the ligand-bind-
ing pockets participate in intramolecular interactions,
then one would predict that competitive binding of pep-
tides corresponding to the C-termini of Hsp70 and
Hsp90 would disrupt these intramolecular interactions.
To test this prediction, wtHop was mixed with the fol-
lowing heptapeptides: SRMAAVD as a negative control
peptide, SRMEEVD that corresponds to the Hsp90 C
terminus and has been co-crystallized with TPR2a
(Scheufler et al. 2000), and PTIEEVD that corresponds
to the Hsp70 C terminus and has been co-crystallized
with TPR1 (Scheufler et al. 2000). Far UV-CD spectra
were generated for individual components and for the
wtHop + peptide mixtures (Fig. 4); also, the individual
wtHop and peptide spectra were added to generate a
theoretical additive spectrum for a mixture in which
wtHop and peptide do not interact. Separate spectral
sets were generated at pH 7.4 and at pH 5.0 to increase
the neutral acidic residues in the peptide without affect-
ing protein structure to a large extent. At either pH, the
measured spectrum for wtHop plus control peptide
overlapped with the theoretical additive spectrum (Fig.
4A); thus, the control peptide has no effect on wtHop
conformation. On the other hand, the pH 7.4 spectrum
for either wtHop plus Hsp90 peptide (Fig. 4B, left) or
wtHop plus Hsp70 peptide (Fig. 4C, left) differed from
the corresponding theoretical spectra and showed an
enhancement in helical structure for the spectra corre-
sponding to wtHop plus peptide. Thus, peptide binding
induces a conformational change in wtHop. In contrast
to the altered wtHop conformation observed at pH 7.4,
no apparent change in wtHop conformation is observed
at pH 5 (right), as would be expected if protonated
peptide fails to bind wtHop. These Far UV-CD results
complement crystallographic and calorimetric findings

Figure 2. Structural stability differs with TPR1 point mutations. Far

UV-CD measurements were made for equivalent concentrations of

wtHop (solid circles), K73E (open circles), and K73A (solid square)

at pH 3 over a range of temperatures. The values plotted are the

average (n=3) measured ellipticity (in millidegrees) at the 222 nm

peak vs. temperature for each of the Hop forms. Similar patterns

were obtained if ellipticity was taken from the 210 nm peak.
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that have characterized the binding of Hop to EEVD
peptides (Scheufler et al. 2000; Brinker et al. 2002).

Since peptide binding alters wtHop conformation, we
addressed whether this conformational change could be
attributed to a corresponding conformational change in
the isolated peptide-binding domain. Each of the three
TPR domains was generated and purified as described in
Materials and Methods. The domains were combined or
not with PTIEEVD or SRMEEVD and CD spectra were
obtained, as shown in Figure 5. In contrast to the changes
observed in the CD spectra for full-length protein (Fig. 4),
no changes are observed with isolated domains. The

global conformational change induced by peptide binding
to full-length wtHop could reflect a change in domain:-
domain interactions involving the peptide-binding sites.

We next examined whether peptide binding alters con-
formation of full-length Hop point mutants K73E,
R305E, or K429E (Fig. 6). As observed with wtHop,
control peptide did not alter the conformation of any of
the mutants (Fig. 6, left panels). In contrast to wtHop, the
Hsp90 peptide fails to alter conformation of K73E or
R305E (Fig. 6A,B, middle panels), but peptide does alter
conformation of K429E (Fig. 6C, middle panel). Since
R305 in TPR2a is directly involved in Hsp90 binding

Figure 3. The structure of isolated TPR domains is unaffected by point mutation. Recombinant domain fragments were

individually generated and purified for wtHop, the TPR1 point mutant K73E (A), the TPR2a mutant R305E (B), and the

TPR2b mutant K429E (C). In each set of plots, Far UV-CD spectra were compared for the wild-type (solid circle) or the mutant

domain (open circle). Measurements were made at pH 7.4 (left-hand panels) and at pH 5 (right-hand panels). Protein concentra-

tions ranged from 0.3 mM to 0.8 mM for measurements at pH 7.4 and from 1.5 mM to 4 mM for measurements conducted at pH 5.
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and EEVD interaction, it is likely that SRMEEVD fails to
bind this mutant and thus fails to alter conformation, as
expected. TPR1 is not necessary for Hsp90 binding and
K73E retains binding to full-length Hsp90 (Carrigan et al.
2004), thus one might have expected K73E conforma-
tional change in the presence of SRMEEVD. Several
reasons could explain the absence of K73E conforma-
tional change in the presence of Hsp90 SRMEEVD pep-
tide. One possible reason could be that the peptide
negative charges create a local microenvironment of
lower pH that could affect K73E structure in a way that

the binding pocket is no longer present. Figure 1, B and C,
shows that low pH (pH 5 and pH 3) affects K73E struc-
ture and thermal stability much more than the other
mutants. Another reason could be that K73E has affected
the global architecture of Hop, either in the presence or
the absence of bound SRMEEVD, and it appears to be a
conformation similar to wtHop bound to Hsp90 peptide.
In other words, peptide binding to TPR2a might release a
domain:domain interaction involving the ligand-binding
pocket of TPR1, an interaction that has been already
disrupted with the mutation K73E.

Figure 4. Effects of peptide ligands on wtHop secondary structure. Far UV-CD measurements were obtained for purified

recombinant wtHop (1 mM) in the presence or the absence of synthetic peptide (100 mM). The peptides used were a control

SRMAAVD (A), the Hsp90-related peptide SRMEEVD (B), or the Hsp70-related peptide PTIEEVD (C). Spectra were obtained for

wtHop alone (solid circles), peptide alone (open circles), and the wtHop+peptide mixture (solid squares). Also, theoretical spectra

were calculated by adding the spectra for wtHop alone and peptide alone (open squares). Measurements were made in triplicate at

either pH 7.4 (left-hand panels) or pH 5 (right-hand panels); representative data from one of three replicate experiments are shown.
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Hsp70 peptide stimulates a similar conformational
change in K73E and R305E, while it has some modest
conformation enhancement with K429E (Fig. 6, right
panels). This contrasts with our earlier finding that
binding to full-length Hsp70 is disrupted with all of
these mutants (Carrigan et al. 2004). One could argue
that TPR2a and TPR2b mutations do not directly
alter PTIEEVD binding to TPR1, and thus R305E and
K429E mutants should retain the conformational
change induced by PTIEEVD binding to TPR1 even
if full-length Hsp70 is hindered from binding these
mutants. Nonetheless, co-crystallographic studies argue
strongly that K73E should greatly disfavor EEVD bind-
ing (Scheufler et al. 2000); therefore, one must still
account for how PTIEEVD induces a conformational
change in K73E. One possibility is that PTIEEVD can
bind a unique site in Hop that does not involve carbox-
ylate clamp interactions in TPR1 or other TPR domains.
If such a novel site exists, then this could explain why
each of the point mutants and wtHop are all affected
similarly by PTIEEVD interaction. Another possibility
is that, as we mentioned before, K73E could affect the
overall architecture of Hop and may help the protein
adopt a conformation it adopts when Hsp90 is present.
This conformational change may help K73E to bind to
PTIEEVD.

Discussion

Hop plays a key role in coordinating the actions of
Hsp70 and Hsp90, and Hop TPR domains are clearly
important for Hsp binding. Binding of Hsp90 to the
Hop TPR2a domain appears straightforward and re-
quires the MEEVD terminus of Hsp90, as supported
by mutagenic and co-crystallization studies. Binding of
Hsp70 to Hop is a more complex matter. Previous stud-
ies have shown that multiple TPR domains and DP2 all
affect Hsp70 binding and that the PTIEEVD terminus of
Hsp70 is not required for binding, despite suggestive
evidence from co-crystallization results. We and others
have suggested (Nelson et al. 2003; Odunuga et al. 2003,
2004; Carrigan et al. 2004) that Hop domain:domain
interactions play a role in Hsp70 binding, and it was
our goal here to provide additional structural evidence
for such interactions.

TPR ligand binding pockets influence Hop global
conformation

We have established by CD spectroscopy that carbox-
ylate clamp residues in the ligand-binding pocket of each
of three TPR domains influence the global conformation
and stability of Hop. Under mild conditions at pH 7.4
and 4�C, Hop point mutants K73E (TPR1) and R305E

Figure 5. Peptide ligands do not affect individualHopTPRdomain struc-

tures. Individual TPRdomains were incubated overnight with or without a

100-foldmolar excessofpeptide corresponding toHsp70orHsp90, andCD

spectra were obtained. (A) TPR1 was incubated in the absence or the pres-

ence of the Hsp70-related peptide PTIEEVD, which is known to bind

specifically to TPR1. The MRE values for TPR1 with PTIEEVD were

dividedby 2 to correct for instrument differences. (B) TPR2awas incubated

in the absence or the presence of the Hsp90-related peptide SRMEEVD,

which is known to bind specifically toTPR2a. (C) Since a ligand forTPR2b

isunknown, thisdomainwas incubatedwitheitherHsp70orHsp90peptide.

In no instance did peptide alter the secondary structure of TPRdomains.
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(TPR2a) have a-helical content similar to wtHop (Fig.
1A), but K429E (TPR2b) has an apparent reduction in
a-helical content. At pH 5, all of the mutants have
dramatically reduced a-helical content compared to
wtHop (Fig. 1B). We determined that the apparent
reduction in secondary structure is not due to local
destabilization of TPR domains since the isolated
mutant and wild-type domains have similar CD spectra
at both pH 7.4 and pH 5 (Fig. 3). Therefore, TPR
ligand-binding pockets appear to influence Hop global
conformation in the absence of bound Hsp70 or Hsp90.

These findings extend to all TPR domains an earlier
observation (Odunuga et al. 2003) that point mutations
in TPR1 can alter Hop conformation beyond any
change in the isolated domain conformation.

Further support for the involvement of TPR ligand-
binding sites in domain:domain interactions is provided
by our observation that the SRMEEVD or PTIEEVD
peptides, but not a control peptide, can alter the wtHop
CD spectrum at pH 7.4 (Fig. 4). When CD measure-
ments are made at pH 5, which should promote
more protonation of the peptide carboxylates, no

Figure 6. Peptide ligands differentially affect structures of HopTPRmutants. Far UV-CD spectra were obtained for the TPR1 point

mutantK73E(A), theTPR2apointmutantR305E(B), andtheTPR2bpointmutantK429E(C) (in eachcase, 1mMpurified, full-length

recombinant protein) in the presence or the absence of synthetic peptide ligand (100mM).The peptides usedwere control SRMAAVD

(left-hand panels), Hsp90-related peptide SRMEEVD (middle panels), or Hsp70-related peptide PTIEEVD (right-hand panels).

Spectra were obtained formutant Hop (mutHop) forms alone (solid circles), peptide alone (open circles), and the mutHop+peptide

mixtures (solid squares). Also, theoretical spectra were calculated by adding the spectra for mutHop alone and peptide alone (open

squares). All measurements weremade at pH7.4, and the data shown are representative of three replicate experiments.
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conformational difference is noted with addition of
SRMEEVD (Fig. 4B). On the other hand, PTIEEVD
induced a conformational change at pH 5, although
different from the change noted at pH 7.4 (Fig. 4C).
Importantly, peptides did not induce a corresponding
conformational change in the individual domains (Fig.
5). These observations implicate TPR ligand-binding
pockets in domain:domain interactions and raise the
possibility that Hsp binding at one TPR site could influ-
ence Hop’s global conformation and perhaps impact
Hsp binding at an alternative TPR site.

SRMEEVD interactions with carboxylate clamp mutants

When the effect of peptide binding was examined for
carboxylate clamp point mutants, neither the control
peptide nor Hsp90 peptide (SRMEEVD) had an effect
on K73E conformation. This was unexpected for
SRMEEVD since its binding site has been localized to
TPR2a (Scheufler et al. 2000) and K73E is known to
retain binding to Hsp90 (Carrigan et al. 2004). Our
interpretation is that SRMEEVD likely binds K73E
but does not induce a conformational change because
that change has already resulted from K73 mutation. In
other words, we think this result provides evidence that
TPR1 interaction with another Hop domain is relieved
by SRMEEVD binding to TPR2a.

As expected, SRMEEVD did not induce a conforma-
tional change in R305E (Fig. 6B), the TPR2a mutant
that lacks Hsp90-binding ability (Carrigan et al. 2004).
Furthermore, SRMEEVD induces a conformational
change in K429E (Fig. 6C), which is consistent with
retention of Hsp90-binding ability by this TPR2b car-
boxylate clamp mutant.

We have observed that while Hsp90 binds Hop
readily and stoichiometrically in a purified system,
Hsp70-binding levels are much reduced compared to
the level observed in Hop complexes purified from
cell extracts (Chen et al. 1996), although Hop–
Hsp70 binding may be enhanced by the Hsp70 co-
chaperone Hsp40 (Hernandez et al. 2002). Our obser-
vation that SRMEEVD induces a conformational
change in wtHop but not in K73E suggested the
possibility that SRMEEVD binding at TPR2a might
release TPR1 from intramolecular interactions and
enhance TPR1 interaction with Hsp70. However,
when we added SRMEEVD to a mixture of wtHop
and Hsp70, we did not observe an increase in Hsp70
binding (results not shown). Apparently, there is
some factor or condition in cells and crude cell
extracts that further facilitates Hsp70–Hop binding;
whether MEEVD binding at TPR2a will assist in this
interaction awaits identification of other factors
required for Hsp70 binding.

PTIEEVD interactions with carboxylate clamp mutants

The Hsp70 peptide (PTIEEVD) induced conformational
changes in all three carboxylate clamp point mutants
(Fig. 6) despite the fact that none of these mutants
retains Hsp70-binding ability (Carrigan et al. 2004).
This is especially surprising for K73E since the TPR1-
PTIEEVD co-crystal showed that K73 carboxylate
clamp position participates directly in peptide binding,
and a switch to glutamic acid at this position should
greatly disfavor peptide binding. An intriguing possibi-
lity suggested by these data is that PTIEEVD binds a
unique site in Hop that is separate from the TPR ligand-
binding pockets. Thus, even though PTIEEVD is not
required for Hsp70 to bind Hop (Carrigan et al. 2004),
an exchange of PTIEEVD interactions between the
putative unique site and TPR1, which is suggested by
co-crystallographic results, could influence Hsp70 activ-
ity in the context of client protein complexes.

Conclusions

This study demonstrates that the TPR ligand-binding
sites are involved in domain:domain interactions as well
as the previously described roles in Hsp binding. There
are independent indications for interaction between
TPR1 and TPR2b (Odunuga et al. 2003; Carrigan et al.
2004; Flom et al. 2005), between TPR2a and TPR2b
(Chen et al. 1998; Song and Masison 2005), and between
TPR1 and DP2 (Nelson et al. 2003; Carrigan et al. 2004;
Flom et al. 2005). As of yet, however, there is no definitive
biochemical evidence for the exact domain pairings that
form intramolecular interactions in Hop. As supported
by our findings here, carboxylate clamp residues appear
to participate both in intramolecular and Hsp-binding
interactions. Since these distinct interactions involving
the same TPR domain are likely to be mutually exclusive,
there is the intriguing possibility that Hsp binding stimu-
lates structural changes in Hop that could translate into
changes in Hop interactions with the alternative Hsp.
TPR binding site exchange might be an important aspect
of Hop’s ability to coordinate Hsp70 and Hsp90 interac-
tions and to promote progressive assembly and refolding
of client protein complexes.

Materials and methods

Generation of Hop recombinant proteins

Bacterial expression plasmids for wild-type and mutant Hop
forms were generated as previously described (Carrigan et al.
2004). All forms of Hop were subcloned into pET28a for
expression of untagged proteins in bacteria. Bacterial cell
lysates were then purified by three-step chromatography
(AKTA FPLC, Amersham Biosciences). Briefly, bacterial cell
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lysates were fractionated by HiPrep 16/10 Heparin-Sepharose
chromatography followed by Resource Q-FPLC and 16/60
Superdex 200 FPLC. Final peak fractions for Hop were pooled
and concentrated using Amicon Centricon-10 filters (Milli-
pore). The purity of all Hop forms was judged to be >95%.
The following full-length mutants were generated: K73E and
K73A (TPR1 mutants), R305E and R305A (TPR2a mutants),
and K429E and K429A (TPR2b mutants).

Purification of TPR domains

Hop truncation mutants that separately encode each TPR
domain were first expressed as C-terminal fusions with GST
using a bacterial expression plasmid (pGex-5X). The TPR1 con-
struct encoded amino acids 1–122, the TPR2a construct encoded
amino acids 214–362, and the TPR2b construct encoded amino
acids 349–481. All cDNA sequences were verified by automated
sequencing. Bacterial extracts containing GST-fusion proteins
were separately loaded onto a 5-mL glutathione-Sepharose 4B
resin column (Amersham Biosciences). Columns were washed
with 15 mL of ice-cold phosphate-buffered saline (PBS) to
remove unbound proteins, and the GST-TPR fusion was eluted
with 10 mM reduced glutathione in 50 mM Tris-HCl. Glu-
tathione was removed from the eluate by dialysis against PBS
containing 0.02 mg/mL complete protease inhibitors (Roche
Diagnostics). The TPR domain was cleaved from the purified
GST-fusion by digestion at room temperature for 16 h with 10
units of Factor Xa protease per milligram of GST-fusion. After
protease digestion, the samples were reapplied to an equilibrated
1-mL glutathione-Sepharose column to capture free GST and
undigested GST-TPR. Removal of the Factor Xa protease was
accomplished by applying the flowthrough of the glutathione-
Sepharose column onto a 1-mL HiTrap Benzamidine Sepharose
4 fast flow column (Amersham). Proteins were analyzed on a
precast 4%–20% gradient gel (BioRad) and quantitated by
measuring protein absorbance at 280 nm.

Peptide synthesis

PTIEEVD and SRMEEVD, corresponding respectively to the
Hsp70 or Hsp90 C terminus, and a negative control peptide
(SRMAAVD) were synthesized using an automated Advanced
ChemTech MPS-396 peptide synthesizer by the Peptide Core
Facility at Mayo Clinic Rochester. Peptides were cleaved from
a solid support resin, and side-chain protecting groups were
removed by acid hydrolysis. Crude peptides were purified by a
Beckman Integrated Analytical High Performance Liquid
Chromatography. Peptide integrity was assessed by amino
acid analysis, mass spectrometry, and sequence analysis.

Secondary structure analysis

Proteins were equilibrated overnight in experimental buffers
(10 mM sodium acetate, 10 mM boric acid, 10 mM sodium
citrate for pH 3 and pH 5; 10 mM Tris-HCl at pH 7.4). CD
spectra were recorded on an AVIV 215 Circular Dichroism
spectrometer (AVIV Biomedical Inc.). Protein secondary struc-
ture was measured through Far UV-CD spectra (260–200 nm),
in the continuous mode, taking measurements every 1 nm with
an averaging time of 5 sec at 4�C. Readings were taken with
protein solutions (up to 4 mM concentration) in 0.2-cm path-
length cells. Far-UV CD spectra were analyzed in triplicate.

Thermal denaturation

The maximum a-helical signal (ellipticity at 222 nm) for each
particular protein was chosen and used to analyze protein
unfolding. The ellipticity of the maximum a-helix signal
(,222 nm) was monitored every 2�C, from 4�C to 90�C, with
an equilibration time of 1 min between each temperature point
and an averaging time of 60 sec. Refolding curves from 90�C to
4�C were collected immediately after the unfolding curves
using the same parameters. All proteins achieved at least 60%
refolding, and aggregation was not evident by light scattering
measurements.

The thermal denaturation curves were analyzed according to
a two-state transition model. Linear extrapolation of the
folded and the unfolded baselines based on a minimum of 10
points was performed. The fraction folded (FF) at each tem-
perature was calculated by using the equation FF=(ellipticity
observed - ellipticity of the folded state) / (ellipticity of the
folded state - ellipticity of the unfolded state).

The ellipticities of the folded and unfolded states were
derived from the extrapolated baselines. Thermal denaturation
experiments were performed in triplicate. Each data point
averages 30–60 scans per temperature. Errors calculated for
the spectral data points range from 0.27 to 0.3 (pH 7.4), from
0.35 to 0.5 (pH 5), and from 0.36 to 0.55 (pH 3).
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