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The tetratricopeptide repeat domain (TPR)-containing co-chaperone Hsp-
organising protein (Hop) plays a critical role in mediating interactions
between Heat Shock Protein (Hsp)70 and Hsp90 as part of the cellular
assembly machine. It also modulates the ATPase activity of both Hsp70 and
Hsp90, thus facilitating client protein transfer between the two. Despite
structural work on the individual domains of Hop, no structure for the full-
length protein exists, nor is it clear exactly how Hop interacts with Hsp90,
although it is known that its primary binding site is the C-terminal MEEVD
motif. Here, we have undertaken a biophysical analysis of the structure and
binding of Hop to Hsp90 using a variety of truncation mutants of both Hop
and Hsp90, in addition to mutants of Hsp90 that are thought to modulate the
conformation, in particular the N-terminal dimerisation of the chaperone.
The results establish that whilst the primary binding site of Hop is the
C-terminal MEEVD peptide of Hsp90, binding also occurs at additional sites
in the C-terminal and middle domain. In contrast, we show that another
TPR-containing co-chaperone, CyP40, binds solely to the C-terminus of Hsp90.

Truncation mutants of Hop were generated and used to investigate the
dimerisation interface of the protein. In good agreement with recently pub-
lished data, we find that the TPR2a domain that contains the Hsp90-binding
site is also the primary site for dimerisation. However, our results suggest that
residues within the TPR2b may play a role. Together, these data along with
shape reconstruction analysis from small-angle X-ray scattering measure-
ments are used to generate a solution structure for full-length Hop, which we
show has an overall butterfly-like quaternary structure.

Studies on the nucleotide dependence of Hop binding to Hsp90 establish
that Hop binds to the nucleotide-free, ‘open’ state of Hsp90. However, the
Hsp90-Hop complex is weakened by the conformational changes that occur
in Hsp90 upon ATP binding. Together, the data are used to propose a detailed
model of how Hop may help present the client protein to Hsp90 by aligning
the bound client on Hsp70 with the middle domain of Hsp90. It is likely that
Hop binds to both monomers of Hsp90 in the form of a clamp, interacting
with residues in the middle domain of Hsp90, thus preventing ATP hydro-
lysis, possibly by the prevention of association of N-terminal and middle
domains in individual Hsp90 monomers.

© 2008 Elsevier Ltd. All rights reserved.

Keywords: Hsp90; conformational changes; small angle x-ray scattering;
Hsp organising protein; rigid body modeling

Introduction

*Corresponding author. E-mail address: sejl3@cam.ac.uk. Heat Shock Protein 90 (Hsp90) is an essential stress
Abbreviations used: Hsp90, Heat Shock Protein 90; protein that is involved in the maturation and acti-
Hop, Hsp-organising protein; TPR, tetratricopeptide vation of a number of proteins, collectively known as
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large number of Hsp90 client proteins have been
shown to be upregulated in cell cycle regulation and
apoptosis pathways that are commonly deregulated
in cancer.>® Hsp90 has thus, despite its ubiquitous
nature and importance for cellular V1ab1hty, becomea
validated target for cancer therapeutlcs The Hsp90
mhlbltor 17-AAG is currently in phase II clinical
trials.”

Functionally, Hsp90 does not operate alone but
is dependent on a cohort of co-chaperone proteins
that interact at different stages along the pathway of
client protem maturation in a manner that is depen-
dent on ATP.® The assembly and functional matu-
ration of steroid receptor complexes by the Hsp90
cellular assembly machine have been extensively
studied and are well characterized." In this pathway,
the steroid receptor initially associates with Hsp40
and Hsp70; then, through an interaction between the
Hsp-organising protein (Hop) with both Hsp70 and
Hsp90, the receptor is passed on to Hsp90. ATP
binding to Hsp90 results in the dissociation of Hop
and subsequent interaction of other co-chaperones
such as p23 and large peptidyl-prolyl isomerases
such as FKBP52 or Cyp40; the specific prolyl iso-
merase is believed to be dependent on the steroid
receptor client protein. Hydrolysis of ATP by Hsp90
is believed to result in further conformational
changes that lead to activation of the client protein,
in the case of ster01d receptors to a high-affinity
ligand-binding state.’

The co-chaperone Hop binds to both Hsp70 and
Hsp90. Biochemical and co-crystallographic studies
have shown that the EEVD-containing C-termini of
Hsp70 and Hsp90 bind specifically to the Hop tetra-
trlcopeptlde repeat domains, TPR1 and TPR2a, res-
pectively.'” Hop has been shown to be a dimeric
molecule in solution and binds as a dimer to dimeric
Hsp90."' The binding of Hop to Hsp70 has been
demonstrated to be a more complex process, which
is affected by the presence of Hsp90 and ATP. Trun-
cation of the EEVD motif of Hsp70 does not inhibit
the ability of Hop to co-immunoprecipitate with the
protein.!! Further to this, point mutations in TPR2a
or TPR2b and DP2 have all been shown to have in-
hibitory effects on the binding of Hsp70 to Hop.'*'*
Crystal structures of the individual domains of Hop
bound to Hsp70 and Hsp90 EEVD C-terminal pep-
tides have been solved.'® However, subsequent stu-
dies have demonstrated that mutations in regions of
Hsp90 distant from the C-terminus of the protein
affect the binding of Hop, indicating that Hop
may interact with Hsp90 at multiple sites in order
to facilitate client protein transfer from Hsp70.'
While crystal structures of individual TPR domains
of Hop have been published, no structural data are
presently available for the full-length protein.

In this study, small-angle X-ray scattering (SAXS)
is used in combination with biochemical data and
modelled structures of individual domains of Hop
to obtain a model for the structure of full-length Hop
in solution. In addition, we investigated the effects
that binding of both full-length Hsp90 and the Hsp90
C-terminal SRMEEVD peptide motif have on the

conformation of Hop in solution in order to gain in-
sight into how Hop facilitates the interaction
between Hsp70 and Hsp90 and the transfer of client
proteins to the latter. A series of truncation mutants
of Hop were generated to investigate the dimerisa-
tion interface. Together, these data are used to pro-
duce a solution structure for Hop where the dime-
risation interface is located in the TPR2a domain,
consistent with recent results from other labora-
tories.'® We found that binding of Hop reduces the
conformational space that Hsp90 is sampling in
solution, and that structural changes in Hop are
induced on binding the C-terminal MEEVD peptide,
which may then facilitate further interactions with
other sites on Hsp90. Finally, we propose a mechan-
ism by which Hop may aid the transfer of client
proteins from Hsp70 to Hsp90.

Results

Hop interacts with the C-terminal and middle
domains of Hsp90

The main interaction between human Hop and
Hsp90 has been shown to occur between TPR2a
(Fig. 1) of Hop and the C-terminal SRMEEVD motif
of Hsp90."” However, it has recently been shown
that mutations outside the C-terminal domain of
Hsp90 also affect the binding affinity for Hop.'” To
investigate in detail the binding of Hop to Hsp90
compared to other TPR-containing co-chaperones,
isothermal titration calorimetry (ITC) was used to
measure the binding of various Hsp90 truncation
mutants (Fig. 2) to full-length Hop and the TPR-
containing co-chaperone Cyp40 (Fig. 3, Table 1). A
series of truncation mutants of Hsp90, including
full-length Hsp90, Hsp90MC (a construct containing
middle and C-terminal domains only), Hsp90C
(the C-terminal domain alone) and the TPR binding
C-terminal peptide (SRMEEVD) (Fig. 2), were tit-
rated into a cell containing full-length wild-type (WT)
Hop. Data were fit with three floating variables: stoi-
chiometry, association binding constant (Kps), and
the change in enthalpy of interaction. Full-length
Hsp90 (Hsp90FL) was determined to bind to Hop
with a dissociation constant, Ky (1/Kyps), of 0.69
(£0.04) uM at a stoichiometry of 1.06+0.05, indicating
that Hop binds as a dimer to a dimer of Hsp90. A
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Fig. 1. Truncations of Hop were made that represented
full-length Hop (1-543), Hop A DP2 (1-477) lacking the C-
terminal aspartic acid proline (DP)-rich domain, Hop A
TPR2b and DP2 (1-352) and Hop TPR1+DP1 (1-211).
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construct consisting of the middle and C-terminal
domains of Hsp90 (Hsp90MC) bound to Hop with a
similar affinity, K4=0.72 (+0.05) uM, at a stoichio-
metry of 0.9+0.1. The C-terminal domain (Hsp90C)
bound to Hop with a K4 of 4.3 (=0.2) pM at a stoi-
chiometry of 0.98+0.06, whilst the C-terminal pep-
tide alone bound to Hop with a K4 of 69 (+3) uM at
a stoichiometry of 1.00+0.04. An Hsp90 construct
consisting of the N-terminal and middle domains
did not bind to Hop (data not shown). In order to
investigate if the results seen were specific to Hop or
true of all TPR-containing Hsp90-binding proteins,
the binding of Cyp40 to Hsp90, Hsp90MC, Hsp90C
and the SRMEEVD peptide was examined. In con-
trast to the results obtained for Hop, Cyp40 bound
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Fig. 2. Hsp90 truncations: (1)
Hsp90FL, full-length Hsp90; (2)
Hsp90AC, Hsp90 minus the
C-terminal domain; (3) Hsp90MC,
the middle and C-terminal do-
main of Hsp90; (4) Hsp90C, C-
terminal domain of Hsp90 alone;
(5) SRMEEVD, the C-terminal TPR-

SRMEEVD binding peptide.

to full-length Hsp90 with a similar affinity to that
of the two truncation mutants and the C-terminal
peptide (Table 1). In each case, the stoichiometry of
binding was approximately 1:1, indicating that a
monomer of Cyp40 binds per monomer of Hsp90.
Taken together, these data confirm that the bind-
ing of Hop to Hsp90 is not only limited to the
C-terminal TPR-binding peptide of the protein, but
interactions elsewhere in Hsp90 are also involved.
In agreement with these observations, titration of
a truncation mutant of Hsp90 lacking the entire
C-terminal domain, Hsp90AC, into a solution of
Hop saturated with the SRMEEVD peptide resulted
in a very weak binding interaction; however, this
interaction was not strong enough to accurately
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Fig. 3. Isothermal titration calorimetry experiment of the binding of wild-type Hsp90 to Cyp40 (a) and Hop (b). Hsp90
was injected into a cell containing Cyp40 or Hop. Both co-chaperones bound to Hsp90 with stoichiometries of
approximately 1:1 and dissociation constants of 3.84 and 0.69 uM for Cyp40 and Hop, respectively.
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Table 1. ITC measurements of Hsp90—co-chaperone interactions

Protein complex Nucleotide Kgq (nM AH (cal mol ) AS (cal mol ' K'Y N
WT Hsp90-Hop 0.69+0.04 13,260+126 -16.3 1.06+£0.05
Hsp90MC-Hop 0.72+0.05 —8276+185 -0.06 0.90+0.1
Hsp90 C-Hop 4.3+0.2 -10,360+152 -10.2 0.98+0.06
SRMEEVD-Hop 69+3 —9981+477 -15.9 1.00+0.04
WT Hsp90-Cyp40 3.84+0.29 ~7143+57 0.82 1.05+0.01
Hsp90MC—Cyp40 3.48+0.21 ~7638+74 ~0.65 1.06+0.01
Hsp90C-Cyp40 484022 ~5978+51 429 1.10+0.01
SRMEEVD-Cyp40 12.3+0.7 —6628+122 0.24 0.99+0.02
Hsp90WT-Hop AMPPNP 0.65+0.02 -15,570+120 —23.7 0.91+0.04
Hsp90A116N-Hop AMPPNP 2.2+0.1 —12,230+221 —15.0 1.28+0.16
Hsp90A116N-Hop 0.62+0.08 —14,270+203 -19.2 1.25+0.13
Hsp90T110I-Hop AMPPNP 0.71+0.09 10,370+179 —6.65 1.23+0.10
Hsp90T110I-Hop 0.67+0.06 —11,580+239 —-11.5 1.22+0.02

Isothermal titration calorimetry was used to investigate the interaction between Hsp90 truncation mutants and the TPR-containing co-
chaperones Hop and Cyp40. WT Hsp90 is full-length human Hsp90p, Hsp90MC is a construct containing the middle and C-terminal
domains only, Hsp90C is a construct containing the C-terminal domain only and SRMEEVD is a peptide corresponding to the last seven
residues of human Hsp90p. The interactions between Hop and Hsp90 temperature-sensitive mutations were further investigated in the
absence and presence of the ATP analogue AMPPNP. All experiments were carried out in 50 mM Tris, pH 7.4, 6 mM MgCl,, 20 mM KC1

and 1 mM tris(2-carboxyethyl)phosphine at 25 °C.

determine a dissociation constant using ITC (data
not shown).

In order to investigate the effect of nucleotide bind-
ing on Hop interactions with Hsp90, ITC experiments
were carried out on WT Hsp90 and the mutants
A116N (A107N in yeast Hsp82) and T110I (T101I in
yeast Hsp82). A107N has been shown in yeast to
stabilize N-terminal dimerisation in the presence of
the ATP analogue AMPPNP,'”"'” while T101I is be-
lieved to reduce N-terminal dimerisation and thus
ATP hydrolysis.'”"? Wild-type Hsp90 bound to Hop
with similar K4 values in the absence and presence
of AMPPNP, 0.69 (+0.04) and 0.65 (£0.02) uM, res-
pectively (Table 1). The T110I mutant also bound to
Hop with similar binding affinities in the absence
and presence of nucleotide, 0.9 (£0.09) and 0.67
(£0.06) uM, respectively. In contrast, the A116N mu-
tant bound to Hop with a reduced affinity in the

Table 2. Size and shape determination of Hop truncations
and Hsp90-co-chaperone complexes using SEC and SAXS

Calculated molecular

Protein mass (SEC) (Da) Ry (A)  Dmax (A)
Hop pH 7.4 141,000 552+03 193
Hop pH 5.0 548+04 191
Hop 1-211 32,000 27.5+0.1 85
Hop 1-352 (50 uM) 77,000 41.8+03 136
Hop 1-352 (5 M) 48,000 32.6+0.2

Hop 1-477 121,000 52.1+0.5 189
Hop-SRMEEVD 51.1+04 175
Hsp90 62.2+1 207
Hsp90-Hop 61.5£0.5 204
Cyp40 25,000 305405 108
Hsp90-Cyp40 392,000 63.5+1 210

Hsp90, Cyp40, Hop, Hsp90 co-chaperone complexes and Hop
truncations were analyzed using SEC and SAXS. Following
standard curve generation using molecular mass standards,
molecular weights were calculated based on the retention volume
of the proteins and complexes. Radius of gyration (Rg) values
were calculated using the indirect Fourier transform method and
confirmed by analyzing the very low angle profiles using Guinier
analysis (see Materials and Methods).

presence of AMPPNP, K4=2.2 (£0.1) uM, compared
to the nucleotide-free state, K4=0.62 (+0.08) uM.

The TPR2a domain contains the dimerisation
interface

In order to investigate the domains necessary for
dimerisation of Hop, a series of truncation mutants
of the protein were generated (Fig. 1) and analyzed
using analytical size-exclusion chromatography
(SEC) and SAXS. The oligomeric states of full-length
Hop and Hop truncations were examined using SEC
at various concentrations of protein between 3.25
and 100 uM. Data throughout this concentration
range suggested that full-length Hop and the 1-211
truncation mutant formed dimeric and monomeric
species, respectively (Table 2). At concentrations

120 r r r
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Fig. 4. Determination of the oligomeric status of Hop
truncations using SAXS. P(r) functions deduced from
scattering profiles were obtained for wild-type Hop (red
O), Hop 1-477 (blue [J), Hop 1-352 (green ¢) and Hop 1-
211 (pink A).
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above 50 pM, the 1-352 mutant eluted at a volume
consistent with that of a dimeric molecule. How-
ever, at lower concentrations a shift in the elution
profile was observed, suggesting that the molecule
exists as a mixture of monomeric and dimeric spe-
cies (Table 2).

SAXS was used to obtain further information
on the structure of the Hop dimer in solution. This
technique is valuable for structural analysis of pro-
teins in solution (albeit at low resolution) if struc-
tural details of individual domains are known. It is
well known that the SAXS pattern is sensitive to the
size and shape of a scattering molecule; the former
can be estimated usmg the radius of gyrat1on (Rg)
along with its maximum diameter (D). SAXS
measurements of full-length and truncated Hop

variants were carried out to investigate the oligo-
meric state of the protein in solution. Comparing the
relative Iy with proteins of known molecular mass
and concentration (Fig. 4 and Table 2), our results
clearly indicate that full-length Hop exists in solutlon
as a dimer, consistent with literature results."*"**
Hop was shown to be dimeric at all concentrations
studied (down to 5 uM). As observed in the SEC ex-
periments, SAXS experiments showed that the 1-477
truncation was dimeric. The radius of gyration
obtained (52.1+0.5 A) signifies a relatively modest
reduction in overall size compared to WT. The 1-352
truncation gave a scattering profile indicative of a
dimeric molecule at concentrations above 50 pM;
however, at lower concentrations (below 5 uM) a
reduction in the R, was seen, suggesting a dynamic
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Fig.5. (a) Solution structure of Cyp40. Following GASBOR reconstruction from raw data, the X-ray crystal structure of
the monoclinic form of Cyp40, shown in cyan, was aligned with the ab initio SAXS reconstruction using the program
SUBCOMP. (b) The scattering profile of Cyp40 (blue O) was compared to the theoretical scattering profile of the
crystallized monoclinic (green fit) and tetragonal (red fit) forms of Cyp40, using the package CRYSOL.
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equilibrium. The 1-211 truncation gave a scattering
profile consistent with that of a monomer (Fig. 4).
Taken together, the data suggest that the second TPR
domain, TPR2a, is responsible for the dimerisation
of Hop, consistent with recently published work
from Flom et al. on the yeast homologue Stil.'®
However, it would appear that TPR2b also plays
some role in the monomer—monomer interaction of
the full-length molecule.

Ab initio shape reconstruction of co-chaperones
and investigation of their interactions with Hsp90

SAXS experimental data were collected at protein
concentrations of 10 and 1 mg/mL at camera-to-

[
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detector distances of 1 and 5.25 m, respectively, for
both TPR-containing co-chaperones, Hop and
Cyp40. The two data sets were merged and used
for ab initio shape reconstruction (see Materials and
Methods). Cyp40 is monomeric in solution, yet has
been crystallized in two forms, a monoclinic and a
tetragonal form, which have different conformations
in their TPR domains.”> The shape reconstruction
agrees well with the conformation in the monoclinic
crystal form (Fig. 5b), confirming that Cyp40 in
solution exists in this state™**, suggesting that the
observed structure of the tetragonal crystal form is
likely to be a crystallographic artifact. The scattering
profiles obtained experimentally were compared to
theoretical scattering curves for the two elucidated
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Fig. 6. (a) Solution structure of Hop following GASBOR reconstruction. Rigid-body modeling of the individual
domains of Hop was carried out using the program BUNCH and aligned using SUBCOMP. (b) The experimental data for
WT Hop (red O) compared with the theoretical fit for the modeled structure obtained with BUNCH, shown in blue. (c)
Scattering profile of Hop in the absence (blue @), and presence (red @) of the C-terminal SRMEEVD peptide. The p(r) versus
r plot inset shows clearly that not only is the D, of the protein affected but that protein also adopts a significantly different
conformation. (d) Solution structure of peptide-bound Hop following GASBOR reconstruction. Peptide-bound Hop is
shown in wheat, superimposed over the solution structure of full-length Hop in the absence of peptide (shown in grey).
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Fig. 6 (legend on previous page)

crystal structures using CRYSOL.'” Chi-square
values between theoretical and experimentally ob-
tained data further confirmed that the solution struc-
ture of Cyp40 fit best the monoclinic crystal structure
(Fig. 5b).

To date, no crystal structure exists for full-length
Hop. Shape reconstructions of WT Hop were carried
out using a 2-fold symmetry constraint emphasizing
the dimeric nature of the molecule in solution (Fig.
6a). In addition, the primary dimerisation interface
of Hop has been shown to be located at TPR2a,'
with some contribution likely from TPR2b. Using
the crystal structures of TPR1 and TPR2a and by
using a homology model for TPR2b as well as pre-
dicted structures for DP1 and DP2 (generated using
the protein structure prediction server Lomets®’) we
performed rigid-body modeling of the domains of
Hop with the program Bunch (Fig. 6b). The dimer
interface was assessed by considering another TPR-
containing dimeric molecule of similar size and
shape to Hop, the GlcNac protein.” The full-length
rigid-body model of Hop agreed well with the ab
initio shape obtained. Figure 6a shows our model of
full-length Hop consistent with SAXS, protein engi-
neering and SEC results. The radius of gyration of
free Hop was calculated to be 54 A. In the presence
of the C-terminal SRMEEVD peptide, the R, of
Hop fell from 54+0.8 A to 51+0.7 A (Fig. 6¢, Tables 1
and 2), suggesting that the interaction between the
C-terminal peptide of Hsp90 and Hop induces a
significant structural change in Hop. The solution
structure of Hop bound to the SRMEEVD peptide
generated using shape reconstructions with GAS-
BOR is shown in Fig. 6d, superimposed on the ab
initio model of Hop in the absence of peptide using
the program SUBCOMP.

Interactions between Hop and Hsp90 were inves-
tigated using SAXS and SEC (Table 2, Fig. 7). Human
Hop was shown, using SEC, to form a stable com-

plex with Hsp90, which elutes slightly earlier than
Hsp90 alone. SAXS measurements of Hop, Cyp40,
Hsp90, and complexes between Hsp90 and the two
co-chaperones were carried out. The Ry and D
values were calculated from the scattering profiles of
these proteins and protein complexes (Table 2, Fig.
8). The Ry of free Hsp90 was 62+1 A, whilst that of
free Hop was 54+0.8 A. Upon complex formation
with Hop, the overall radius of gyration fell slightly
to 61.5+1 A. In contrast to this, the smaller co-
chaperone Cyp40 binding to Hsp90 is accompanied
by a significant increase in the overall Ry of the
molecule, to 64+1 A. These data are consistent with
results obtained by SEC and suggest that binding of

Absorbance at 280 nm (a.u.)

Retention volume mL

Fig. 7. Hop-Hsp90 complex formation as observed
with SEC. (1) Hsp90 (blue), (2) Hop (green) and (3) equal
concentrations of Hop and Hsp90 (red) were analyzed by
SEC.
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Fig. 8. SAXS of Hsp90 (blue @) and the Hsp90-Cyp40
(green ¢) and Hsp90-Hop (red M) complexes.

Hop to Hsp90 restricts the overall conformational
flexibility of the Hsp90 dimer.

Discussion

In this study, we have used SAXS in combination
with biochemical analysis to establish solution
structures for two co-chaperones of Hsp90, Hop
and Cyp40, and investigated their interactions with
Hsp90. It has previously been shown that regions
outside of the MEEVD-containing C-terminal do-
main of Hsp90 are important for binding between
Hsp90 and Hop."” Our results agree well with these
findings. Using ITC, we have shown that Hop has a
100-fold greater affinity for full-length Hsp90 than
the SRMEEVD peptide alone. Interestingly, we ob-
served that while no binding was evident between
Hop and a truncation mutant of Hsp90 lacking the
C-terminal domain, Hsp90AC, in the presence of
saturating quantities of the C-terminal peptide, weak
binding between Hop and Hsp90AC did occur. This
suggests that binding of the C-terminal peptide of
Hsp90 to Hop may induce conformational changes
in the co-chaperone that expose residues that are
important in the binding of Hop to areas outside
the C-terminal domain of Hsp90. Hop bound to
Hsp90MC, a construct of Hsp90 containing only the
middle and C-terminal domains, with a similar
affinity to that of full-length Hsp90, suggesting that
interactions between Hop and Hsp90 are limited to
the middle and C-terminal domains. In contrast to
Hop, Cyp40 bound to Hsp90 and both the isolated
C-terminal domain and the Hsp90 MC construct
with similar affinities. Binding to the SRMEEVD
peptide was reduced twofold in comparison to the
C-terminal domain, suggesting that, while not
limited to the SRMEEVD peptide, Cyp40 interacts
solely at the C-terminus of Hsp90.

A recent study has suggested that the minimal
fragment of Hop required for dimerisation is the

Hsp90-binding TPR2a domain.'® Using a combina-
tion of SEC and SAXS, we have shown here that
TPR2a does indeed contain the major dimerisation
interface: truncation mutants of Hop lacking TPR2a
being monomeric, whilst those in which TPR2a was
present gave elution and scattering profiles character-
istic of dimers in both SEC and SAXS experiments.
However, the Hop truncation mutant 1-352 lacking
the TPR2b domain is only dimeric at high concentra-
tions of protein, suggesting that there is an additional,
but weaker, interaction site located in this domain.

The solution structures of Hop and Cyp40 were
investigated using SAXS. The crystal structure of
Cyp40 has been shown to exist in two forms.”” It has
been suggested, however, that the tetragonal form of
the molecule may not exist in solution and that the
characteristic elongated hehx may actually be an
artifact of crystallization.* Here, we have shown
clearly that the solution structure fits more closely to
the structure of the monoclinic crystal form con-
firming this hypothesis (Fig. 5a). Having used the
method of ab initio shape reconstruction to elucidate
the solution structure of a co-chaperone of which the
crystal structure had been solved, we set about the
more challenging task of attempting to use SAXS
data to reconstruct the shape of the larger Hop
co-chaperone for which, to date, no crystal struc-
ture exists. With knowledge of the domain struc-
tures and locations in Hop, and having determined
the dimerisation interface of the molecule, we have
modeled the crystal structures of the two TPR do-
mains previously solved,"’ a homology model of
TPR2b as well as predicted structures for DP1 and
DP2 into the reconstructed molecular envelope, to
obtain a model of Hop in solution. Shape reconstruc-
tions of Hop consistently yielded a ‘butterfly” shape
(Fig. 6a).

Conformational changes that accompany the
binding of Hsp90 to the co-chaperones Hop and
Cyp40 were also investigated using SAXS (however,
this was only performed at low scattering angles,
which does not allow a detailed shape analysis).
Upon binding, Hsp90 and Cyp40 formed a complex
with an overall R, larger than that of Hsp90 alone;
these data agreed well with results obtained by ITC,
suggesting that the Cyp40 binds to Hsp90 at one site
at the C-terminus of the protein, and are also in
keeping with the observation that binding of Cyp40
has no effect on the ATPase activity of Hsp90.2% It
should be noted that unlike Hop, a complex bet-
ween Cyp40 and Hsp90 that did not dissociate upon
progression through a size-exclusion column could
not be obtained. A small peak eluted at a position
corresponding to Cyp40 (data not shown). A free
component in solution during the SAXS experiments
would contribute to the overall scattering intensity. If
significant amounts of free Cyp40 were present,
a reduction in the overall R; would be observed.
Instead an increase in size is measured, suggesting
that although the complex was not stable enough
to withstand passage through a size-exclusion co-
lumn, it remained intact over the course of the SAXS
experiment.
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In contrast to Cyp40, Hsp90 and Hop formed a
stable complex with a rather smaller Ry than Hsp90
alone. This suggests that Hop binds to Hsp90 and
limits the conformational space that a free multi-
domain Hsp90 would normally sample in solution.
Interestingly, binding of the SRMEEVD peptide to
Hop also reduced the R of Hop. The binding of Hop
to the Hsp90 SRMEEVD peptide has been pre-
viously shown to induce conformational changes
resulting in domain-domain interactions in Hop.*’
Shape reconstruction of Hop in the presence of
SRMEEVD appears to suggest that TPR1 and DP1
domains come closer together, although the exact
nature of the interactions that occur upon Hop-
SRMEEVD binding remain speculative; it is possible
to suggest that when Hop binds to the C-terminal
SRMEEVD motif of Hsp90 a conformational change
is induced in Hop, potentially causing the molecule
to close around Hsp90 in the form of a clamp, res-
tricting the dynamics of the molecule and/or
exposing residues in Hop that are responsible for
additional interactions outside the C-terminal do-
main of Hsp90. Here, we have shown that physical
interactions between Hop and Hsp90 are limited to
the middle and C-terminal domains. Interestingly, in
our proposed model of Hop the distance between
the Hsp90-binding site in the molecule and the
C-terminal helix in DP2 is about 80 A, which is
smaller than the distance between the C-terminus of
Hsp90 and the beginning of the charged linker re-
gion of the protein, which measures 85 A, suggest-
ing strongly that Hop cannot interact directly with
the N-terminal domain of Hsp90. TPR2b is essential
for Hsp90 binding'>”’; it is possible that Hop may
interact with Hsp90 initially via TPR2a and clamp
around Hsp90 via TPR2b and DP2. As discussed
later, these movements may have implications in
Hsp70-Hop binding. Deletion of the C-terminal DP2
domain has a relatively small effect on the radius of
gyration, suggesting that as depicted in the shape
reconstruction this domain is unlikely to project into
solution and probably approaches TPR1. If this do-
main was located at the periphery of Hop one would
expect a larger influence on the scattering profile as a
result of a significant reduction in molecular size of
the C-terminally truncated Hop lacking DP2.

The yeast homologue of Hop, Stil, has been shown
to inhibit the ATPase activity of yeast Hsp82,%*”! and
whilst human Hop has no effect on the lower basal
ATPase activity of human Hsp90, it does inhibit the
client-stimulated ATPase activity of the protein.’”
The effects of mutations that influence N-terminal
dimerisation in Hsp90 on Hop binding have been
studied with conflicting results. Johnson et al.'®
showed that mutations in the constitutively ex-
pressed yeast Hsc82 favoring N-terminal dimerisa-
tion inhibited Sti1l-Hsc82 interactions in the presence
of nucleotide, whilst mutations that reduced N-
terminal dimerisation interacted in a manner similar
to that of WT Hsc82. In contrast, Siligardi et al.*
showed that purified Stil did not exhibit any re-
duced interaction with equivalent mutants in the
yeast heat-shock-inducible analogue, Hsp82. Due to

the discrepancy in the observed effects of this set of
mutations, it has been questioned whether the effects
seen were isoform specific or indeed reproducible in
experiments using purified protein. Here, we have
probed the effect of these mutations on Hop binding
using the human homologues. Alall6 in human
Hsp90 is located within the lid segment that closes
over the mouth of the nucleotide-binding pocket.
In yeast, a mutation at the corresponding residue
(A107N) exhibited enhanced N-terminal dimeri-
sation and ATPase activity,'”'* whilst T101I (T1101
in human Hsp90) has been shown to disrupt N-
terminal dimerisation. Here, we have shown that
WT and both A116N and T110I mutants bind to Hop
with similar affinities in the absence of the ATP
analogue AMPPNP, A116N binding to Hop in the
presence of nucleotide is slightly reduced, whilst
T110I binding is unaffected by the presence of
AMPPNP. As all experiments in this study were
carried out using human Hsp90, it is clear that the
results are not specific to yeast Hsc82, and are
reproducible in experiments using purified proteins.
Our data are consistent with a model in which Hop
binds to the nucleotide-free ‘open” state of Hsp90.
This interaction, however, is weakened by the con-
formational changes that occur in Hsp90 upon ATP
binding. The fact that Hop binding to Hsp90 in the
presence of AMPPNP is unaffected, and even
binding to the A116N mutant is merely reduced
and not abolished, highlights the transient nature
of any N-terminal dimerisation in human Hsp90
in the absence of a stabilizing factor such as the
co-chaperone p23.

It has been shown that the mutations W277A and
F325A in the middle domain of yeast Hsc82 reduce
the interaction between Stil and Hsc82. The crys-
tal structure of full-length Hsp90 bound to AMPPNP
and the co-chaperone p23 has recently been
solved.'” The structure shows that upon nucleotide
binding the N-terminal and middle domains of
each Hsp90 monomer interact extensively, and that
this interaction is stabilized by the packing of
Phe200 into a hydrophobic pocket formed by
Pro273, Trp277, Phe292 and Tyr344. Studies show-
ing that Hop binding is disrupted by the mutation
W277A indicate that Hop interacts with this
residue. It is thus likely that binding of Hop to
this site prevents the interaction between the
middle and N-terminal domains of Hsp90 observed
in the structure of the Hsp90-p23 complex. This
interaction is essential for the catalytic residue
(Arg380 in the yeast homologue) to interact with
the y-phosphate of ATP during ATP hydrolysis and
explains the inhibitory effect that Hop/Stil has on
the ATPase activity of Hsp90. Burial of Trp277 upon
N-terminal dimerisation, as favored by mutations
such as A116N, may deprive Hop of an important
second binding site, leading to a reduced affinity as
observed in this study. The fact that results
presented here show that Hop does not directly
interact with the N-terminal domain of Hsp90 sug-
gest that this is the likely mechanism by which Hop
inhibits ATP hydrolysis.
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By analyzing co-evolving amino acids between
Hsp70, Hop and Hsp90, Travers and Fares® de-
monstrated that it may be possible to obtain, a priori,
information on interacting regions between pro-
teins. Functional residues within TPR1 and TPR2A

were shown to interact with Hsp70 and Hsp90, res-
pectively. Several other residues were also identi-
fied, including some of those discussed in this study
as being important for the interaction of Hop with
Hsp90. Interestingly, other residues in Hop were

Closed State

-ADP

Gl g i
©
@

Open State

Fig. 9. Model of the conformational cycle of Hsp90. (a) In the initial step, the open form of Hsp90 is charged with a
client protein; data from this study suggest that Hop may help present the client protein to Hsp90 by aligning the bound
client and Hsp70 with the middle domain of Hsp90. TPR1 and DP2 appear to approach one another in the solution
structure, providing a mechanism in which both domains bind to Hsp70. Dimeric Hop may bind to both monomers of
Hsp90 through the TPR2b and DP2 domains, in the form of a clamp, interacting with the residues in the middle domain of
Hsp90 and preventing ATP hydrolysis (one way in which this may occur is by the prevention of association of N and
middle domains in individual Hsp90 monomers). The conformational changes that occur when Hop binds to Hsp90 may
be responsible for the change in stoichiometric ratio between Hsp70 and Hop in the absence and presence of Hsp90, as
previously described.* (b) Upon ATP binding to Hsp90, the Hsp90-Hop complex is weakened and, together with the
binding of other co-chaperones such as large immunophilins such as Cyp40 or p23, Hop is displaced from the Hsp90
complex. Binding of ATP to Hsp90 then triggers conformational changes in the N and M domains ultimately resulting in
N-terminal dimerisation and formation of a closed state, with composite active sites being formed between N and M
domains of the same monomer. This closed state is further stabilized by p23. (c) The cycle is completed by hydrolysis of
ATP that may be triggered by release of Hop or binding of client or Ahal resulting in the activation and subsequent release
of the client protein and restoration of the open state of Hsp90.
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also shown to co-evolve with residues in Hsp90 and
Hsp70 including residues in TPR2b and the DP2
repeat region, consistent with our results that show
that residues in these domains also contribute to
Hsp90 binding. Co-evolution of amino acids does
not necessarily indicate that these residues interact
with Hsp90/Hsp70 directly, and further work needs
to be carried out in order to investigate the exact role
these residues play in any interaction between Hop
and Hsp70/Hsp90.

The binding of Hop to Hsp70 has long been pre-
dicted to occur via TPR1.193536 Indeed it has been
shown that binding to mutations in TPR1 inhibit
Hsp70 binding to Hop'' as does deletion of the
TPR1 domain. Paradoxically, the distant DP2 do-
main also appears to be involved and is essential for
Hsp70-Hop interactions.'*'* Here a model of the
structure of full-length Hop is presented (Fig. 6a).
Rigid-body modeling of Hop domains based on our
solution scattering data suggests that TPR1 and DP2
domains may approach one another; it is thus pos-
sible that Hsp70 is able to bind to both DP2 and
TPR1 simultaneously, explaining why previous stu-
dies have shown a necessity for both domains in
Hsp70 binding.”” The number of Hsp70 binding
sites on the Hop dimer goes from two in the absence
of Hsp90 to one in its presence.”” The conforma-
tional changes that occur upon Hsp90 binding may
occlude one of the Hsp70 binding sites. Studies on
the nucleotide dependence of binding of Hop to
Hsp90 establish that Hop binds to the nucleotide-
free, open state of Hsp90. However, this complex is
weakened by the conformational changes that occur
in Hsp90 upon ATP binding. Together, the data are
used to propose a detailed model of how Hop may
help present the client protein to Hsp90, by aligning
the bound client on Hsp70 with the middle domain
of Hsp90 (Fig. 9). It is likely that Hop binds to both
monomers of Hsp90 in the form of a clamp, inter-
acting with residues in the middle domain of Hsp90
and thus preventing ATP hydrolysis, possibly by the
prevention of association of N-terminal and middle
domains in individual Hsp90 monomers.

Materials and Methods

Protein expression and purification

Human Hsp90p, the human Hsp90p mutants A116N
and T1101I, and Hsp90p AC were expressed and purified as
previously described.®® Human Hsp90p C-terminal do-
main and Hsp90p MC were produced by subcloning the
DNA corresponding to residues 546-724 and 274-724 of
human Hsp90p into a pET28a expression vector contain-
ing an hexahistidine tag, and purified as previously des-
cribed for Hsp90p.”® Human Hop was expressed in a
pET28a intein-CBD expression vector. Hop truncations
were made by the introduction of a HindIII restriction site
at the desired locations using site-directed mutagenesis
(QuikChange, Stratagene). Plasmids were then cut with
the appropriate restriction enzymes; the fragment corre-
sponding to the truncated gene gel was purified and
relegated into the parent pET28a vector using standard

molecular biology techniques. All expression vectors for
the truncation mutants were sequenced to ensure the
correct truncated gene was present. Full-length Hop and
truncation mutants were purified as intein fusion proteins
by passage through a chitin Sepharose column. CBD tags
were cleaved overnight in the presence of 50 mM DTT. The
eluted untagged proteins were purified on a mono Q
HR10/10 column (Pharmacia) equilibrated in 50 mM Tris,
pH 8.0, and 1 mM DTT. Bound protein was eluted with
a linear salt gradient over 200 mL from 0 to 2 M NaCl
Protein was further purified by gel-filtration chromato-
graphy on either a G75 Sepharose or a G200 Sepharose
HR26/60 column equilibrated in 50 mM Tris, pH 8.0,
150 mM NaCl and 1 mM DTT. The purity and identity
of proteins was determined by SDS-PAGE and mass
spectrometry.

Determination of oligomeric states of Hop and Hop
truncations

Analytical SEC was performed on a Sephadex 200
HR10/30 (Pharmacia) column equilibrated in 50 mM, pH
8.0, 150 mM NaCl, 1 mM DTT and 10% glycerol. The
relative elution volumes of 100 pL of sample containing
between 3.5 and 100 pM Hop, Hop 1-222, Hop 1-352 and
Hop 1-477 were compared with molecular mass stan-
dards (Sigma).

The relative elution volume was calculated as:

Ve = Vo
%~ Vo

Kav =

where V, is the elution volume and Vj is the void volume
determined by the elution of blue dextran 2000 (Sigma)
and V.

Protein interaction assays

Protein interaction was assayed according to previously
published protocols.”” Samples (200 uL) containing 50 pM
of the different proteins and protein complexes were incu-
bated for 10 min at room temperature (25 °C) and 10 min
on ice in 50 mM Tris, pH 8.0, 150 mM NaCl, 5 mM MgCl,
and 1 mM DTT. Samples were separated on a Superose 12
HR 10/30 analytical column, pre-equilibrated in 50 mM
Tris, pH 8.0, 150 mM NaCl, 5 mM MgCl, and 1 mM DTT
at 4 °C on an AKTA Explorer™ system (Amersham-
Biosciences). Fractions (100 mL) were collected, concen-
trated and analyzed by SDS gel electrophoresis.

Small angle X-ray scattering

SAXS data were collected at station 2.1 of the Daresbury
SRS. Intensity of the incident X-rays was monitored by an
ionization chamber installed in front of the sample, which
was contained in a beam-line-specific standard sample
cell. Protein concentrations of between 1 and 10 mg/mL
were used. Reduction of the 2-D SAXS patterns of samples
and corresponding buffers to 1-D scattering profiles was
performed using established procedures. Data acquisition
time was divided in frames of 60 s in order to monitor
radiation damage (buffer and sample were measured in
alternation). Sample-to-detector distances were config-
ured so as to cover the low-angle region characterized by
the momentum transfer interval of 0.002 A~ ! <5 <0.045 A~1.
The modulus of the momentum transfer is defined as
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s=2sin §/N\; where 20 is the scattering angle and N the X-
ray wavelength (1.54 A). Reduction and analysis of 1-D
scattering data sets were performed as previously des-
cribed.*” Radius of gyration, Rg, forward scattering inten-
sity, Iy, and the intraparticle distance distribution function,
p(r), were calculated from the experimental scattering data
using the indirect Fourier transform method as imple-
mented in the program GNOM.*' The maximum linear
dimension, Dy, of the particle was evaluated according
to the characteristic of p(r). In order to check the con-
sistency of the results, radii of gyration were also deter-
mined from the very low angle profiles by using the
Guinier analysis based on the approximation:

Inl(s) = Inly — 47°R2s*/3.

Particle shapes were restored from the experimental
scattering profiles using the ab initio procedure based on
the simulated annealing algorithm to a set of dummy
spheres representing the amino acid chain of the protein
(GASBOR).*? Information from atomic models was ex-
ploited to define the nature of the observed scattering
features in structural terms. Scattering curves were eva-
luated from these models using the program CRYSOL.*
This method takes the solvent effect into account by sur-
rounding the protein with a hydration shell of thickness
3 A and of uniform density different from that of bulk
solvent.

The structure of full-length Hop was obtained using the
rigid-body modelling program BUNCH.** The dimerisa-
tion interface consisting of TPR2a was obtained by
modeling the TPR2a (PDB ID code 1elr) domain onto the
dimerisation interface of the GlcNac dimer (PDB ID code
1w3b).* Rigid-body modeling was carried out using the
TPR1 domain of Hop (PDB ID code lelw); structures for
TPR2b, DP1 and DP2 domains were obtained using the
Web-based structure prediction server Lomets.”> Model-
ling was carried out assuming 2-fold symmetry around
the conserved dimerisation interface at TPR2a (which was
modeled based on the TPR domain interaction in the
dimeric O-linked GlcNac transferase protein®®).

Isothermal titration calorimetry

ITC was performed using a MicroCal VP-ITC instru-
ment (MicroCal Inc., Northampton, MA). A total of 300 pL
of 100 pM WT or mutant human Hsp90p was injected into
a cell containing 8 pM Hop. In experiments looking at the
effect of AMPPNP on Hop binding, saturating amounts of
AMPPNP were calculated based on the K4 between WT
and mutant Hsp90 and the nucleotide and added to the
cell containing Hsp90. In the case of the A116N mutant,
200 uM protein was injected into 10 uM Hop due to the
reduced affinity of this mutant.

Three hundred microliters of 600 UM WT Hsp90p,
Hsp90C or SRMEEVD was injected into a cell containing
30 uM Cyp40 to measure the dissociation constants of
binding for Cyp40, whilst 600 pM or 3.78 mM of Hsp90C
and SRMEEVD, respectively, were injected into a cell
containing 50 and 55 uM Hop, respectively, to measure the
binding constants for Hop with various Hsp90 constructs.

All experiments were carried out in 50 mM Tris, pH 7.4,
6 mM MgCl,, 20 mM KCI and 1 mM tris(2-carboxyethy]l)
phosphine at 25 °C. Parallel experiments were carried out
in which injectant was added to buffer without protein
to correct for the heat of dilution in subsequent data ana-
lysis using the Origin software package (MicroCal Inc.).
Protein and nucleotide concentrations were determined
spectrophotometrically.
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