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Abstract

The molecular chaperone Hsp90 is an essential eukaryotic protein that makes up 1-2% of all
cytosolic proteins. Hsp90 is vital for the maturation and maintenance of a wide variety of substrate
proteins largely involved in signaling and regulatory processes. Many of these substrates have also
been implicated in cancer and other diseases making Hsp90 an attractive target for therapeutics.
Hsp90 is a highly dynamic and flexible molecule that can adapt its conformation to the wide
variety of substrate proteins with which it acts. Large conformational rearrangements are also
required for the activation of these client proteins. One driving force for these rearrangements is
the intrinsic ATPase activity of Hsp90, as seen with other chaperones. However, unlike other
chaperones, studies have shown that the ATPase cycle of Hsp90 is not conformationally
deterministic. That is, rather than dictating the conformational state, ATP binding and hydrolysis
shifts the equilibrium between a pre-existing set of conformational states in an organism-
dependent manner. /n vivo Hsp90 functions as part of larger heterocomplexes. The binding
partners of Hsp90, co-chaperones, assist in the recruitment and activation of substrates, and many
co-chaperones further regulate the conformational dynamics of Hsp90 by shifting the
conformational equilibrium towards a particular state. Studies have also suggested alternative
mechanisms for the regulation of Hsp90’s conformation. In this review, we discuss the structural
and biochemical studies leading to our current understanding of the conformational dynamics of
Hsp90 and the role that nucleotide, co-chaperones, post-translational modification and clients play
in regulating Hsp90’s conformation. We also discuss the effects of current Hsp90 inhibitors on
conformation and the potential for developing small molecules that inhibit Hsp90 by disrupting the
conformational dynamics.

Introduction

Hsp90 is an essential eukaryotic protein making up 1-2% of all cytosolic proteins, and it is a
member of the class of proteins known as molecular chaperones. Molecular chaperones are
required for maintaining the correctly folded state of proteins within the cell. Hsp60
(GroEL) and Hsp70 (DnaK) represent two well studied members of this class of proteins.
Both Hsp60 and Hsp70 interact with nascent polypeptide chains and promote their folding
by interacting with hydrophobic surfaces on substrate proteins (Gomez-Puertas et al., 2004;
Kurt et al., 2006; Rudiger et al., 1997; Weissman et al., 1995). Once substrates are bound,
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the chaperone undergoes subsequent rounds of ATP hydrolysis causing conformational
changes within the chaperone (Young et al., 2004). These conformational changes lead to
the release of the substrate either into the cytosol by Hsp70 or into the lumen of the Hsp60
folding machine where proper folding can occur (Walter & Buchner, 2002).

Similarly, Hsp90 binds and hydrolyzes ATP and is believed to interact with hydrophobic
surfaces on substrate (client) proteins. Unlike other chaperones, Hsp90 appears to act largely
at later stages of the folding pathway (McLaughlin et al., 2002). Unlike the substrates of
other chaperones, Hsp90 clients have already achieved a partially folded or almost fully
folded conformation before interacting with Hsp90 (Jakob et al., 1995; McLaughlin et al.,
2002) suggesting that Hsp90 must adapt its conformation to match each client or that
different conformations recognize different clienys. Conformational changes within Hsp90
then induce subtle conformational rearrangements within the client protein facilitating the
binding of ligands or partner proteins (Richter & Buchner, 2001; Young et al., 2001; Zhao et
al., 2005). Hsp90 interacts with clients that are found primarily in signaling and regulatory
processes including steroid hormone receptors, kinases, and transcription factors (Caplan et
al., 2007; Pearl & Prodromou, 2006; Picard, 2006; Richter & Buchner, 2001). For a
complete list of the currently identified Hsp90 client proteins see http://www.picard.ch/
downloads/Hsp90interactors.pdf. Many of Hsp90’s client proteins, including p53, Cdk4, c-
src and v-src, are oncogenic or otherwise required for cell proliferation, making Hsp90 an
attractive target for anti-cancer therapeutics (Neckers, 2007). Inhibition of Hsp90 with small
molecules such as geldanamycin and its derivatives has been shown to be antitumorigenic,
and several of these compounds are currently in clinical trials (Chiosis et al., 2003; Neckers
& lvy, 2003; Solit et al., 2008; Workman, 2004). Hsp90 has also been implicated in other
diseases including Alzheimers (Dickey et al., 2008), vascular disease (Shah et al., 1999), and
viral diseses (Geller et al., 2007). In the case of RNA viruses, capsid proteins are clients of
Hsp90, and Hsp90 inhibitors reduce viral replication because capsid proteins become
misfolded and are targeted for degradation. The viruses also appear unable to bypass the
requirement for Hsp90 through mutation making Hsp90 an attractive anti-viral target (Geller
et al., 2007). Hsp90 also plays a role outside of protein folding by buffering phenotypic
variation and allowing these variations to present themselves only under conditions of stress.
When mutations that reduce the cellular levels of Hsp90 were studied in Drosophila, unusual
developmental morphologies were observed. These altered morphologies were the result of
an increased expression of cryptic genetic variations. With even lower levels of Hsp90
expression, more and more genetic variations became expressed (Rutherford & Lindquist,
1998). In nature, transient changes in the expression level of Hsp90 would allow for the
selection of new phenotypic traits assisting in the evolution of the organism. The ability of
Hsp90 to buffer genetic variation has also been observed in Arabidopsis thaliana indicating
that Hsp90’s role in evolution may be conserved across species (Sangster et al., 2008).

Hsp90 has been shown to be a highly flexible and dynamic molecule, and large
conformational changes have been observed in the presence of nucleotide. While it is clear
that the conformational dynamics of Hsp90 play an important role in recognizing and
activating client protiens, the conformational changes and determinants of substrate
recognition associated with Hsp90 function remain unclear. It is also of tremendous
importance to understand the various means for regulating the dynamics and therefore
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function of Hsp90. The exact nature of the conformations of Hsp90, their function, and
regulation has become an area of intense study in recent years, and, as discussed below,
much progress has been made in understanding the conformational dynamics of Hsp90 and
the role that these dynamics play in chaperone function.

Architecture of Hsp90

Hsp90 is highly conserved from bacteria to eukaryotes with ~50% sequence similarity
between E£. coliand humans. In humans, Hsp90 exists mainly as four isoforms with two
cytosolic forms (Hsp90a, Hsp90pB), a mitochondrial version (Trapl) and a form in the
endoplasmic reticulum (Grp94). All versions of Hsp90 exist as obligate dimers consisting of
three domains per monomer (Figure 1). The C-terminal domain (CTD, brown) is the site of
dimerization, the middle domain (MD, green) has been implicated in client binding, and
ATP binds to the N-terminal domain (NTD, blue) (Pearl & Prodromou, 2006). The
nucleotide binding pocket in the NTD is the most conserved aspect of Hsp90 across species,
and has been identified as related to the GHKL superfamily of ATPases, which include
MutL and DNA gyrase (Bergerat et al., 1997; Dunbrack et al., 1997). As with other GHKL
superfamily proteins, binding and hydrolysis of nucleotide leads to local and global
conformational changes in the protein. For example, the binding of nucleotide leads to
dimerization of the N-terminal domains and these changes represent a key step in the
chaperone cycle of Hsp90. Other important conserved structural features include the lid
(Figure 1, purple), a helix-loop-helix motif adjacent to the nucleotide binding pocket
(Prodromou et al., 1997; Stebbins et al., 1997), and the catalytic loop (Figure 1, cyan), a
region between the NTD and MD that is essential for catalysis (Meyer et al., 2003). These
regions are also involved in the conformational dynamics of Hsp90, and the details of these
structural changes and their importance in function are discussed in the following sections.

Despite the high similarity, there are important differences in the overall domain
organization of the different Hsp90s (Figure 2). A repetitive charged region (Figure 1, red)
that varies in length is present at the C-terminal end of the NTD in yeast and cytosolic
higher eukaryotic Hsp90s as well as in Grp94. This charged region is also present in the
bacterial protein HtpG, but it is significantly shorter in length. This region was originally
believed to be a flexible tether between the two domains, but crystal structures have shown
structured elements on either side of this charged region that are part of the NTD leaving
only a few amino acids as the linker between the NTD and MD (Ali et al., 2006; Huai et al.,
2005; Shiau et al., 2006; Soldano et al., 2003). Though the charged region is dispensible in
yeast, it has been implicated in the binding of substrates. Truncation mutants containing the
N-terminal domain and the charged region show higher affinity for peptide and non-native
substrates than mutants lacking the charged region (Scheibel et al., 1999). The yeast and
cytosolic higher eukaryotic proteins also have a C-terminal MEEVD peptide that is
important in the binding of co-chaperones. Co-chaperones are helper proteins that form
complexes with Hsp90 and are thought to function in client protein loading and in regulating
the ATPase cycle and therefore the conformation of Hsp90. Many co-chaperones also
function independently of Hsp90 as chaperones or have other functions in the cell. The co-
chaperones Hsp70, Hop and FKBP52, amount others, contain TPR-domains that bind Hsp90
via the C-terminal MEEVD. Currently no co-chaperones have been identified for Trap1,
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Grp94 or HtpG, suggesting that they have evolved alternate methods for controlling the
chaperone cycle.

Global conformational changes in the full-length protein

Structural studies of Hsp90 have shown the molecular chaperone to be a highly dynamic and
flexible molecule, and the conformational variability of Hsp90 is essential in its interaction
with and activation of client proteins. As mentioned above, Hsp90 interacts with a wide-
variety of substrate proteins and the large differences in both size and shape amongst these
client proteins indicates that Hsp90 must adapt its conformation according to the
conformation of the client protein. The ability to adapt structurally may be one mechanism
by which Hsp90 is able to recognize such a wide variety of client proteins. A crystal
structure of the bacterial Hsp90 shows the apo (nucleotide-free) protein in an open V-like
conformation with only the CTDs dimerized (Figure 3) (Shiau et al., 2006). In this structure
hydrophobic surfaces are presented along the inner cleft of the dimer suggesting a means of
substrate recognition (Figure 3, purple, residues 8-23, 326-342, 368-384, and 586-612;
Hsp82 numbering). A SAXS study of apo HtpG revealed a much more extended
conformation in solution (Figure 3) (Krukenberg et al., 2008). It is possible that both
conformations are functionally relevant as a means of differentiating between client proteins.
For example, the extended structure may bind to larger client proteins such as telomerase
whereas the crystal structure can more tightly interact with smaller substrates such as steroid
hormone receptors. An additional apo conformation that is remarkably similar to the crystal
structure of the endoplasmic reticulum homolog, Grp94, has also been described for HtpG
(Figure 3). Interestingly, in a citrate synthase aggregation assay the Grp94-like state prevents
the aggregation of citrate synthase whereas the extended state has no effect, further
supporting the idea that different Hsp90 conformations recognize different client proteins.

The apo conformation of Hsp90 is also variable across species. SAXS and EM studies of
human Hsp90 (hHsp90), yeast Hsp90 (yHsp90), and pig Hsp90 show a conformation that is
even more extended than the conformation seen in HtpG (Bron et al., 2008). The
mitochondrial Grp94 also exists in a similar extended conformation in solution (Krukenberg
et al, in press). An additional conformation similar to the HtpG crystal structure was also
observed for yHsp90, hHsp90, pig Hsp90 (Bron et al., 2008). The structural differences
between prokaryotic and eukaryotic Hsp90 may be indicative of the interaction with
different client proteins or of differing methods of regulating the conformational cycle.

While structural variability exists for Hsp90 in the absence of nucleotide, it is known that
nucleotide also plays an important role in regulating the conformational dynamics of Hsp90.
The ATP binding pocket of Hsp90 is unique to the GHKL superfamily of proteins and is
characterized as a Bergerat fold (Dutta & Inouye, 2000), and the ATPase activity of Hsp90 is
essential for function.. Due to the similarity of the ATPase domain to the GHKL
superfamily, a conformational cycle, similar to MutL and DNA Gyrase, with Hsp90 acting
as a molecular clamp after NTD dimerization was originally proposed (Dutta & Inouye,
2000). Structural studies of full-length Hsp90 demonstrate that NTD dimerization does
indeed occur across species. In the presence of the non-hydrolyzable ATP analog,
AMPPPNP, and the co-chaperone p23, which binds the NTD, yHsp90 was crystallized in a
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closed conformation where the NTDs are dimerized (Figure 3) (Ali et al., 2006). In this
state, the hydrophobic surfaces are less well exposed than in the apo state but still accessible
on the outer edges of the dimer cleft (Ali et al., 2006) suggesting that the molecular clamp
analogy is not the most appropriate description of Hsp90’s interaction with client proteins.
The closed state does not allow sufficient room between the monomers for a client protein
and the placement of the hydrophobic surfaces indicates that clients bind to the outer edges
of the dimer cleft. This hypothesis was confirmed by an EM reconstruction of Hsp90 bound
to a client protein that shows the client bound to the side of the dimer (Vaughan et al., 2006).
Because the AMPPNP-bound state was crystallized in the presence of a co-chaperone, it was
unknown if this state was accessible through nucleotide binding alone. Negative-stain EM
and SAXS studies reveal that the AMPPNP-bound state is accessible in the absence of co-
chaperone and HtpG and hHsp90 also sample the closed AMPPNP-bound state (Krukenberg
et al., 2008; Southworth & Agard, 2008).

In the presence of ADP, an even more compact structure was observed for HtpG (Figure 3)
(Shiau et al., 2006). In this compact state the hydrophobic surfaces are buried in the core of
the protein suggesting a means for client protein release. The compact ADP-bound crystal
structure was initially quite controversial, especially because it has not been observed by
SAXS. Recent negative-stain EM and cross-linking studies, however, demonstrate the
presence of the compact ADP state in HtpG, yHsp90, and hHsp90 suggesting that this state
is functionally relevant (Southworth & Agard, 2008). In eukaryotes the ADP state is only
observed in the presence of small levels of cross-linker highlighting the transient nature of
the conformation. The relevance of the ADP-state is further supported by cross-linking
studies of Grp94 (Chu et al., 2006). Of the known structures, the observed cross-links are
only compatible with the compact ADP crystal state. The state was most likely not seen by
SAXS due to the higher concentrations of the SAXS experiments. The higher concentration
appears sufficient to disrupt the compact conformation. Hsp90 may self-chaperone in order
to open the ADP state back to the apo state resetting the conformational cycle.

These structures illustrate the amazing flexibility of Hsp90 with the NTD moving by ~50A
between each state and point to a conserved conformational cycle. An additional
conformation, intermediate to the open apo and closed AMPPNP-bound states observed in
other homologs, is observed in the full-length crystal structure of nucleotide bound Grp94
(Figure 3) (Dollins et al., 2007). The structures of Hsp90 taken together suggest a
nucleotide-dependent conformational cycle (Figure 5). In this cycle, Hsp90 begins in an
open state with a variable open angle. The addition of ATP then causes a conformational
shift to a more closed state. The Grp94 crystal structure may represent an intermediate
between the extended and closed states, or the Grp94 state may be a catalytically inactive
state. The cycle continues with the hydrolysis of ATP and the conversion to a more compact
state where all hydrophobic surfaces are now buried, thus releasing client proteins/co-
chaperones. The compact state would then open and return to the extended conformation to
begin the cycle again. While the evidence implys a conserved conformational cycle across
homologs especially HtpG, yHsp90, and hHsp90, the degree of conservation with other
homologs including Grp94 and Trapl remains an open question.
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Local structural changes in the NTD due to nucleotide binding

While the crystal structures correspond to remarkably large changes in Hsp90’s
conformation, the individual domain structure remains largely conserved. The flexibility of
Hsp90 comes mainly from rigid body motions centered at the NM (between the NTD and
MD) and MC (between the MD and CTD) interfaces. There are, however, important local
changes that occur in the NTD and these local changes facilitate the global rearrangements
discussed above. The largest local changes occur in the lid (residues 94-124, Hsp82
numbering, Figure 1, purple) which consists of a helix-loop-helix positioned near the
binding pocket and these motions communicate the nucleotide state of Hsp90 to the rest of
the protein especially the domain interfaces. Crystal structures have revealed that the lid is
highly variable in its orientation, and molecular dynamics simulations with the human NTD
confirm that the most significant local changes upon nucleotide binding involve the lid
(Colombo et al., 2008). In one orientation seen in cytosolic human Hsp90 (hHsp90) loop 2
of the lid (L2, see Figure 4A, blue) is displaced by more than 9A into the nucleotide binding
pocket potentially blocking the binding of ligand (Stebbins et al., 1997). In an alternate
crystal form of the hHsp90 NTD and in crystal structures of the isolated yeast (yHsp90)
NTD, L2 is moved away from the binding pocket allowing nucleotide to bind (Figure 4A,
red) (Prodromou et al., 1997; Stebbins et al., 1997). A dramatically different arrangement for
the lid is seen in the yHsp90 full-length structure with the non-hydrolyzable AMPPNP
bound (Ali et al., 2006). In this conformation the lid now covers the nucleotide binding
pocket trapping the bound AMPPNP (Figure 4B). This lid position also exposes
hydrophobic surfaces that are buried in other lid conformations, and this hydrophobic
surface forms part of the NTD dimerization interface stabilizing the closed AMPPNP-bound
state. The endoplasmic reticulum homolog, Grp94, has a unique 5 amino acid insertion in
the lid (residues 182-186) leading to a structural rearrangement of the lid in response to
nucleotide that is different from other Hsp90 homologs (Figure 4C). Although the lid
position is unique in nucleotide-bound Grp94, this conformation also leads to the exposure
of a large predominantly non-polar surface (Immormino et al., 2004) as seen in AMPPNP-
bound yHsp90. The hydrophobic surface may also serve as an interaction site for NTD
dimerization in Grp94. In the absence of nucleotide the isolated NTD of Grp94 overlays
well with the yeast and human conformations shown in Figure 4A (blue) (Dollins et al.,
2005). In the full-length Grp94 structure bound to nucleotide the lid becomes disordered
(Dollins et al., 2007).

The structural variability of the lid is even more pronounced in the bacterial homolog HtpG.
In structures of the isolated NM domain the lid of HtpG (residues 96-126) is largely
disordered (Huai et al., 2005). From the portion of the lid that is ordered in the crystal
structure it can be seen that the addition of ADP causes H3 and H4 to partially unwind.
Molecular dynamics simulations also show a loss of lid structure for hHsp90 when ATP is
bound. The lid loses a-helical content and gains flexibility as a consequence of interactions
with the nucleotide (Colombo et al., 2008). This is in contrast to other GHKL family
members such as MutL where the lid becomes more ordered in the presence of nucleotide
(Ban et al., 1999). Two additional lid positions are seen in different crystals of ADP-bound
HtpG (Figure 4D) (Shiau et al., 2006).
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As observed with the yHsp90 AMPPNP-bound structure and the Grp94 structure,
rearrangements in the lid region lead to larger conformational rearrangements in the protein
such as NTD dimerization. Other global conformational rearrangements have also been
proposed as resulting from rearrangements in the lid. The full length structure of apo HtpG
supports this idea. In this structure the lid adopts a unique position orthogonal to the NTD -
sheet as opposed to parallel to the B-sheet as seen in other structures (Figure 4) (Shiau et al.,
2006). This lid conformation precludes ATP binding by positioning residue F123 where the
base and sugar of the nucleotide would be positioned, blocking access to the binding pocket.
If the lid is positioned as seen in the ADP-bound form of HtpG, steric clashes occur between
the NTD and MD in the apo structure suggesting that the binding of nucleotide must cause
the lid to become disordered or the rearrangement of the NTD in relation to the MD.
Simulations also show that local conformational changes in the lid region are coupled to
larger conformational changes. While the lid becomes more flexible upon the binding of
ATP, Essential Dynamics and Covariance analysis of the simulations shows that the rest of
the NTD becomes more constrained with a stronger interaction network across the entire
NTD (Colombo et al., 2008).

The role of conformation in regulating the ATPase cycle of Hsp90

The ATPase cycles of cytosolic yeast and human Hsp90

While the structural studies provide a convincing picture of the Hsp90 conformational cycle
and its dependence on nucleotide, many questions remain about the molecular mechanism of
Hsp90 and the connections between conformation, ATPase activity, and client activation. All
Hsp90 homologs studied so far have ATPase activity and this activity is essential for the
functioning of Hsp90 in the cell. The ATPase activity varies between homologs, but overall
this activity is low especially in comparison to other known enzymes (Table 1). The precise
regulation of the ATPase rate is also essential. Mutant Hsp90s with either a faster (T22I) or
slower (T101l) ATPase rate result in temperature sensitive growth phenotypes and are
unable to fully activate glucorticoid receptor (GR) /n vivo (Nathan & Lindquist, 1995;
Prodromou et al., 2000). Using biochemical and structural studies, the pathways involved in
the hydrolysis of ATP as well as key structural factors involved in the regulation of the cycle
are beginning to be understood.

From the crystal structures of the isolated NTD and the full-length protein, it is clear that
local conformational changes in the lid region as well as global changes leading to NTD
dimerization occur in the presence of nucleotide. The structural studies alone do not reveal
the role of conformation in regulating the ATPase cycle. Thorough biochemical
characterization of the kinetic cycle of yHsp90 shows that NTD dimerization is required for
attaining the correct catalytic conformation and this conformational change determines the
rate of hydrolysis. Mutant yHsp90 lacking the C-terminal dimerization domain has a
significantly impaired ATPase rate (Prodromou et al., 2000; Richter et al., 2001) supporting
a role for NTD dimerization in the hydrolysis of ATP. This was confirmed with an Hsp90
heterodimer containing only one NTD. The heterodimer has one third the ATPase rate of the
wild-type (WT) protein (Richter et al., 2001). This data together with results showing the
rate-limiting step to be a conformational change upon ATP binding (Hessling et al., 2009;
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Weikl et al., 2000) suggest that NTD dimerization is the rate-limiting step. A recent FRET
study reveals that upon ATP binding a slow transition occurs to an intermediate open state.
This intermediate open state may be characterized by the lid folding over the nucleotide
binding pocket and exposing hydrophibic surfaces important for dimerization as discussed
above. NTD dimerization then occurs in a second slow transition to another intermediate
state. A final conformational change to the catalytically active state occurs and ATP is then
rapidly hydrolyzed (Hessling et al., 2009). The structures of the intermediate states have yet
to be determined and it will be interesting to see if the Grp94 structure captures the open
intermediate as proposed in Figure 5.

Further biochemical studies of yHsp90 have dissected the regions of the NTD that are
important for controlling the ATPase rate. The N-terminus and the lid regulate the rate of
NTD dimerzation and therefore the rate of ATP hydrolysis. Removal of the lid abolishes all
ATPase activity, but, surprisingly, a heterodimer lacking the lid on only one NTD (lidless)
has a substantially increased ATPase rate (Richter et al., 2006). Structural studies reveal that
the lid serves to inhibit NTD dimerization and the increase in activity in the lidless
heterodimer is due to an increase in NTD dimerization (Hessling et al., 2009; Richter et al.,
2006). The increased dimerization promoted by the lidless heterodimer is dependent upon
the first 24 amino acids of the N-terminus. In the closed yeast AMPPNP structure these
residues form the dimerization interface. When these 24 amino acids are deleted from the
lidless NTD, the ATPase activity of the heterodimer is inhibited (Richter et al., 2006)
presumably because the site of NTD dimerization has been disrupted.

Initial biochemical studies of hHsp90 suggested that the human protein had a substantially
different hydrolysis mechanism without dimerization of the NTDs. Recent structural and
biochemical studies have shown that the molecular mechanism of hydrolysis is largely
conserved between yHsp90 and hHsp90 although important differences in the regulation of
the cycle exist. A mechanism that depends upon NTD dimerization predicts a degree of
cooperativity between the two NTDs, but initial Kinetic studies of hHsp90 indicated that the
two ATP binding sites do not interact cooperatively (McLaughlin et al., 2004). The
dimerization of the NTDs and the structure of the lid in the AMPPNP-bound state also
suggest that ATP is trapped in the binding pocket during hydrolysis. Nucleotide exchange
studies have confirmed this hypothesis for yHsp90 (Weikl et al., 2000), but in hHsp90 ATP
can freely exchange throughout the hydrolysis cycle (Richter et al., 2008) bringing into
question the conserved nature of the ATPase cycle.

As discussed above, a negative-stain EM comparison of yHsp90 and hHsp90 in the presence
of nucleotide demonstrate that both homologs populate the closed conformation as seen in
the AMPPNP-bound yeast structure (Southworth & Agard, 2008). Recent biochemical
studies provide additional evidence that the ATPase mechanisms are indeed conserved
between yHsp90 and hHsp90. Like yHsp90, C-terminal dimerization and the presence of
both NTDs is required for the ATPase activiy of hHsp90 (Richter et al., 2008; Vaughan et
al., 2009). Removal of the lid in hHsp90 also leads to a complete lose of activity in the
homodimer, while the heterodimer between the lidless mutant and WT shows a strong
increase in the ATPase activity (Richter et al., 2008). As expected for a mechanism requiring
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NTD dimerization, point mutations that increase NTD dimerization also show an increase in
ATPase activity for both yeast and human Hsp90 (Vaughan et al., 2009).

hHsp90 also populates at least one intermediate conformation between the open and closed
states observed by EM and the rate-limiting step for hydrolysis is a conformational change
upon the binding of nucleotide further supporting the idea of a conserved mechanism
(McLaughlin et al., 2004).

The observed differences for yHsp90 and hHsp90 lie in the regulation of the cycle instead of
in the underlying mechanism. hHsp90 has a higher activation energy leading to a more
transient closed state than the yeast protein (Richter et al., 2008). Negative-stain EM
analysis of hHsp90 supports this idea. Unlike yHsp90 the closed AMPPNP-bound state of
hHsp90 can only be seen by EM in the presence of very low levels of cross-linker
(Southworth & Agard, 2008). The transient nature of the closed state also explains hHsp90’s
inability to trap ATP during the hydrolysis cycle and the lack of cooperativity between the
two ATP binding sites. yHsp90 and hHsp90 may have evolved different levels of regulation
because of the different client proteins that they encounter. The slower rate of ATP
hydrolysis by hHsp90 may indicate that in humans Hsp90 clients require longer interaction
times with Hsp90 in order to be fully activated. Also, the transient nature of the closed state
for hHsp90 suggests that co-chaperones or other means of regulation may play a larger role
in humans than in yeast.

cycles of HtpG, Grp94, and Trapl

The ATPase cycle of the bacterial HtpG has been less well characterized, but it appears that
it shares the same hydrolysis mechanism as both yHsp90 and hHsp90. HtpG progresses
from a similar open to closed state in the presence of nucleotide as is seen for both yHsp90
and hHsp90 (Krukenberg et al., 2008; Southworth & Agard, 2008). Also, hydrogen-
deuterium exchange mass spectrometry (HX-MS) experiments have demonstrated that an
intermediate conformation exists before the closed state and the conversion from the
intermediate to closed state is the rate-limiting step in the hydrolysis reaction. Like yHsp90,
HtpG traps the nucleotide during the cycle (Graf et al., 2009) suggesting that the closed state
is less transient than observed for hHsp90. This is supported by negative-stain EM and
SAXS experiments where the closed state is readily observable in the presence of AMPPNP
(Krukenberg et al., 2008; Southworth & Agard, 2008).

It is less clear whether or not the ER homolog, Grp94, or the mitochondrial homolog, Trapl
follow the same pathway as other Hsp90s. For Grp94, ATP binding proceeds via a one-step
mechanism unlike other homologs, and NTD dimerization has not been directly measured.
Like other homologs, the rate-limiting step is either hydrolysis or a conformational change
prior to hydrolysis, and ATP is not trapped by Grp94 during hydrolysis (Frey et al., 2007).
Like hHsp90 this may be due to a transient closed state. . For Trapl, hydrolysis or a
conformational change is also rate-limiting, and like Grp94 nucleotide is not trapped during
hydrolysis. Based on tryptophan fluorescence binding of ATP to Trapl is a two-step process
(Leskovar et al., 2008). Given the structural and sequence similarities of Grp94 and Trapl to
other Hsp90s it appears most likely that the overall hydrolysis cycle is conserved across
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homologs. The differences are therefore most likely due to differences in the apo structures
or the regulation of the cycle.

The importance of dimerization

NTD and CTD dimerization are required aspects of Hsp90’s function, and it is essential to
understand the implications of dimerization on the molecular mechanism of Hsp90. CTD
dimerization is required for hydrolysis mainly as a way of facilitating the additional
dimerization of the NTDs, and dimerization at the NTD is required to stabilize the
catalytically active conformation of the NTD and MD. Hsp90 missing only the CTD retains
WT ATPase activity as long as the two monomer are connected by a cross-linker (Wegele et
al., 2003) demonstrating that the NTD and MD are sufficient for catalysis. Cross-linked
NTDs lacking the MD exhibit 100 fold lower ATPase activity than WT (Wegele et al.,

2003), supporting a catalytic role for the MD. Residues in the MD near the interface with the
NTD (the catalytic loop, Hsp82 residues 375-388) are essential for the hydrolysis of ATP
(Meyer et al., 2003), and NTD dimerization serves to orient the catalytic loop so that
hydrolysis can occur. Catalysis at both NTDs is not required for full activity as a
heterodimer containing one WT NTD and one NTD that is unable to bind ATP is fully active
(Richter et al., 2001) supporting the hypothesis that NTD dimerization establishes the
catalytically active NM conformation.

Recent evidence confirms that interactions between the two monomers are required for
attaining the catalytic conformation and this conformation may be distinct from the
conformation seen in the yeast AMPPNP-bound crystal structure. An interaction network
between the NTD of one monomer and the MD catalytic loop of the other monomer has
been described (Figure 6) (Cunningham et al., 2008). By examining the ATPase activity of a
series of yHsp90 heterodimers, it was shown that the loop containing T22, V23, and Y24
(Hsp82 numbering) forms a hydrophobic network with residues L376, L378, and R380 (part
of the MD catalytic loop) of the opposing monomer. Disruption of this network through
mutagenesis leads to a loss in ATPase activity. R380, has previously been shown to be
essential for the ATPase activity of yHsp90 (Meyer et al., 2003). In the AMPPNP-bound
structure of yHsp90, R380 is the only residue contacting the y-phosphate, and the
hydrophobic network may serve to stabilize this interaction. MD simulations confirmed the
importance of these hydrophobic contacts by showing the stabilization of the interaction
network in the presence of ATP(Morra et al., 2009). The involvement of the middle domain
in the binding of nucleotide is further supported by HX-MS data showing increased
protection of the MD catalytic loop upon the addition of ATP (Graf et al., 2009). This
protection could be accounted for by residues 22—-24 packing against the arginine containing
loop in the opposite monomer (Figure 6).

Both the biochemical evidence and the simulations suggest that the inter-protamer
hydrophobic network serves to stabilize the hydrolysis competent state and that this
conformation is different then the one seen in the yeast AMPPNP-bound crystal structure. A
mutation on the examined NTD loop, T22F, causes an increase in the ATPase activity of
yHsp90 but a phenylalanine at this position would cause steric clashes within the yeast
AMPPNP-bound crystal state (Cunningham et al., 2008). An alternate conformation
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observed in the simulations optimally accommodates the T22F mutation (Morra et al.,
2009). The increased HX-MS protection of the MD catalytic loop in the presence of ATP
also supports the idea that the catalytic conformation is not the one observed in the yHsp90
AMPPNP-bound crystal structure.

Interaction networks in Hsp90 must also extend beyond the NTD and MD. CTD
dimerization facilitates NTD dimerization through large conformational changes at the MC
interface that convert Hsp90 from the open state to the closed catalytic state. The MD rotates
by 80° between the apo HtpG crystal state and the yeast AMPPNP-bound crystal state. For
NTD dimerization to occur nucleotide binding must propagate a signal over the entire length
of the protomer. In support of this hypothesis, MD simulations of full-length Hsp90 found
an increase in communication efficiency between residues in the NTD and CTD upon the
addition of nucleotide (Morra et al., 2009). Interestingly, while both ATP- and ADP-bound
Hsp90 show residues communicating over a distance of 80A, each nucleotide activates a
different set of communicating residues between the NTD and CTD as shown in Figure 7.
These different pathways may determine the different conformations of Hsp90 in the
presence of ATP or ADP, and further mutational studies could be used to elucidate each
networks role in establishing Hsp90’s conformation.

Hsp90 exists in a dynamic equilibrium between conformational states

As discussed, the structures of Hsp90 suggest a deterministic mechanism for the role of ATP
in the conformational cycle (Figure 5) much like has been demonstrated for other
chaperones. The crystal structures, however, present only static representations of the
conformation of Hsp90 under different conditions. Additional experiments that examine the
structure of Hsp90 in solution or that capture the dynamics of the protein show that unlike
many other ATPases, Hsp90 is stochastic in nature. Instead of nucleotide binding/hydrolysis
determining the conformation, Hsp90 exists in a dynamic equilibrium between different
conformational states, and nucleotide binding/hydrolysis shifts the equilibrium between the
already existing conformations.

MD simulations of the NTD showed that the lid spontaneously converts from the nucleotide
free conformation to the nucleotide bound conformation (Colombo et al., 2008) suggesting
that a continuum of conformations may exist and nucleotide serves to stabilize one
conformation over another. Kinetic studies provided the first biochemical evidence that
Hsp90 exists as a mixture of states in the presence of nucleotide and the relative amounts of
different conformations is homolog specific. Analysis of the yHsp90 ATPase cycle shows
that upon ATP binding approximately 80% of the molecules shift to a presumably closed
state (Weikl et al., 2000). Negative-stain EM and SAXS provide structural evidence that
bound to AMPPNP, yHsp90 is largely in the closed conformation seen in the yeast
AMPPNP-bound crystal structure but a small population of the open conformation remains
even with saturating nucleotide (Southworth & Agard, 2008). The same studies demonstrate
that AMPPNP-bound hHsp90 remains largely in the open state and the closed state can only
be observed in the presence of low levels of cross-linker. Kinetic studies suggest that the
mitochondrial Trapl is also predominantly (70%) in a closed state in the presence of ATP
(Leskovar et al., 2008), whereas Grp94 remains largely in an open state (97%) in the
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presence of nucleotide (Frey et al., 2007). SAXS data for Grp94 confirms that it is mostly in
an open, extended state in the presence of nucleotide (Krukenberg et al, in press)..
Interestingly, bacterial HtpG has tuned the nucleotide response so that maximal levels of
both the open and closed conformations are present even with saturating amounts of
nucleotide (Krukenberg et al., 2008; Southworth & Agard, 2008).

Homolog specific differences seen in the conformational equilibria may shed light upon the
differences in ATPase activity that have been reported. At 37°C yHsp90 has the highest
ATPase activity, HtpG has a moderate level of activity, and hHsp90 has the lowest activity
(C. Cunningham, personal communication). The relative ATPase rates correlate well with
the proportion of the closed state observed in solution. For yHsp90, the conformational
equilibria in the presence of nucleotide can be shifted completely to the closed state by
deleting the first eight amino acids (A8-Hsp90) (Mickler et al., 2009). The ATPase activity
of this mutant is doubled in comparison to WT further supporting the hypothesis that
differences in ATPase rates relate to the extent of the closed state present in solution.

Due to these results, the emerging picture of Hsp90’s conformational cycle must include a
dynamic equilibrium between the open and closed states in the presence of nucleotide.
Recent experiments indicate that the cycle is even more complex. As mentioned, FRET
studies of yHsp90 describe two intermediate states between the previously described open
and closed states, and based on calculations of the energy barriers between the states, all
states are also accessible in the absence of nucleotide. The role of nucleotide is not to
determine conformation but to lower the energy barriers between the states (Hessling et al.,
2009; Mickler et al., 2009). Cryo-EM and SAXS data for the pig Hsp90 protein (Bron et al.,
2008) reveal two open conformations for the apo protein. One conformation results in a
structure with the same opening angle as the HtpG apo crystal structure but with the NTDs
in a more extended conformation forming a V-like structure. In the second conformation the
NTDs rotate away from one another giving a structure described as a “‘flying seagull’
because of the resulting bend in the NM domains of the protein. HtpG also has at least two
apo conformations in solution. SAXS studies identified an extended conformation shown in
Figure 3 (Krukenberg et al., 2008) and a conformation almost identical to the Grp94 crystal
structure (Krukenberg et al, in press). Though the exact conformations for the apo states may
not be conserved, the dynamic equilibria between apo conformations or nucleotide-bound
conformations are conserved from bacteria to humans. /n vivo, equilibria between
nucleotide-free and nucleotide-bound states must also be taken into account because of the
relatively weak affinity of ATP for Hsp90.

Interestingly, all of the observed states appear to be roughly iso-energetic further
highlighting the stochastic nature of the chaperone cycle. This is important in terms of
understanding where the energy derives from for activating client proteins. Currently, this
remains an open question that requires further exploration. It will also be important to
understand how co-chaperones and other means of regulation affect the conformational
dynamics especially in the context of client activation. The role of co-chaperones in the
chaperone cycle is discussed in the next section.
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The role of co-chaperones in regulating the conformational cycle of Hsp90

While nucleotide provides one means for influencing the conformation of Hsp90, protein
binding partners of Hsp90 also influence its conformational dynamics. yHsp90 and hHsp90
are found in large heterocomplexes with other proteins known as co-chaperones. Co-
chaperones are essential for the correct function and regulation of Hsp90 /n vivo, and an ever
growing number have been discovered (Table 2). Co-chaperones also provide a potential
method for the recognition of different client proteins by Hsp90. A minimal set of necessary
co-chaperones has been established for the progesterone receptor (PR), the glucocorticoid
receptor (GR), and the kinase Chk1 providing information about the role of different co-
chaperones and about the specific requirements among client proteins. /n vitro, GR requires
the fewest number of co-chaperones (only Hsp70 and Hop) in addition to Hsp90 for the
reconstitution of steroid binding activity (Arlander et al., 2006; Dittmar & Pratt, 1997,
Kosano et al., 1998). For the /n vitro reconstitution of PR, Hsp70, Hsp40, Hop and p23 are
required in addition to Hsp90 (Kosano et al., 1998). The kinase Chk1 also requires Hsp90,
Hsp70, Hsp40, and Hop for maximal activation, but unlike PR the kinase specific co-
chaperone p50 is also required and p23 is not (Arlander et al., 2006). These differences in
co-chaperone requirements may provide a mechanism for differentiating between client
proteins.

The reconstituted systems also reveal the formation of specific heterocomplexes at different
stages throughout the chaperone cycle (Figure 8). Both Chk1 and PR bind Hsp40 to begin
the cycle. Hsp40 brings the client into complex with Hsp70. The initial Hsp90 complex then
forms with Hop mediating the interaction between Hsp70 and Hsp90 allowing the client
protein to be transferred to Hsp90. In the case of Chka, this initial complex also includes
p50. Hsp70 dissociates from the intermediate complexes and the late-stage complexes form.
For Chkl1, this complex includes the kinase, Hsp90, and p50. The steroid hormone receptors
are in complex with Hsp90 and p23 at this stage. Activated client proteins are then released
from the Hsp90 complex (Felts et al., 2007; Hernandez et al., 2002; Kosano et al., 1998;
Smith, 1993). The diagrams in Figure 8 detail the minimal systems required for activation,
but numerous other co-chaperones have been identified and are believed to play important
roles in the regulation of the chaperone cycle in vivo (Table 2). For example, the
immunophilin FKBP52 is found in complex with Hsp90, GR/PR, and p23 /n vivo, FKBP52
also increases the hormone binding ability of GR and is essential for the correct activation of
PR Jin vivo (Chadli et al., 2008; Riggs et al., 2003).While some co-chaperones such as Hsp70
and Hsp40 are required for client recruitment, other co-chaperones regulate both the ATPase
activity and the conformational dynamics of Hsp90.

p23 arrests the ATPase cycle of Hsp90

Since it was first identified in complex with Hsp90 and unactivated PR (Smith et al., 1990),
p23 has been shown to bind Hsp90 directly and this binding is greatly enhanced by the
presence of ATP (Grenert et al., 1999; Johnson & Toft, 1995; Sullivan et al., 1997). ADP
inhibits complex formation (Johnson & Toft, 1995; Sullivan et al., 1997) suggesting that p23
stabilizes the ATP bound form of Hsp90 and hydrolysis of ATP subsequently releases p23
from the complex.
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p23 binds directly to the NTD of Hsp90 although contacts are also made with Hsp90’s MD
(Ali et al., 2006; Martinez-Yamout et al., 2006). The complex promotes or stabilizes the
closed conformation and leads to the inhibition of the ATPase activity with inhibition
observed for both yHsp90 and hHsp90 (McLaughlin et al., 2002; McLaughlin et al., 2006;
Richter et al., 2004; Siligardi et al., 2004). Biochemical data demonstrate that p23
preferentially binds to the NTD dimerized state (McLaughlin et al., 2006; Prodromou et al.,
2000; Richter et al., 2004), and a crystal structure of the full-length yeast protein bound to
residues 1-134 of p23 (the complete protein is 160 residues). confirms that p23 stabilizes the
closed AMPPNP-bound form of Hsp90 (Figure 9) (Ali et al., 2006).. The affinity of Hsp90
for p23 can be tuned with Hsp90 mutants that either increase or decrease NTD dimerization.
The A107N and A8-Hsp90 mutants that show increased amounts of the closed state have
increased affinity for p23 (Richter et al., 2004; Siligardi et al., 2004), wherase T101l and
F349A that decrease the ability of Hsp90’s NTDs to dimerize interact more weakly with p23
(Siligardi et al., 2004). As expected, truncation of the NTD domain so that dimerization no
longer occurs abolishes the binding of p23. These mutants could be used to better
understand the exact role of p23 in Hsp90 mediated client protein activation by tuning the
pathway’s dependence on p23.

The data evoke a model where p23 traps Hsp90 in an N-terminally dimerized state with a
functional consequence of inhibiting the ATPase activity of Hsp90. As determined by kinetic
studies, p23 uses a mixed inhibition mechanism, and the binding of p23 increases the K, for
AMPPNP binding to Hsp90. If the p23:Hsp90 complex cannot bind AMPPNP once it is
formed, the increase in Hsp90’s affinity for AMPPNP in the presence of p23 would result
from the relatively higher affinity of p23 for the AMPPNP-bound Hsp90 rather than Hsp90
alone (McLaughlin et al., 2006). The motion of the lid over the nucleotide binding pocket
when p23 binds (Figure 9) blocks access to the nucleotide binding pocket supporting this
model. Though the exact mechanism of inhibition remains unclear, one hypothesis is that
p23 traps Hsp90 in a pre-hydrolysis state. The crystal structure is unable to provide any
insight into the mechanism of inhibition, but as suggested by the biochemical and
computational evidence discussed above, the crystal structure may represent a catalytically
inactive state and p23 may therefore prevent the necessary NM domain rearrangements
required for hydrolysis.

Promoting the closed state of Hsp90 and inhibiting the ATPase activity has the functional
consequence of stabilizing client proteins in a complex with Hsp90 and p23. This has been
observed for both GR and PR (Dittmar & Pratt, 1997; Kosano et al., 1998). p23 may serve as
a molecular timer for the activation of client proteins, and once clients are activated p23 is
released, hydrolysis occurs, and client proteins dissociate. Either the slow hydrolysis of ATP
in the presence of p23 or the dynamic dissociation of p23 allowing hydrolysis to occur could
lead to dissociation of the p23:Hsp90 complex. There is evidence for both of these models
suggesting that the actual mechanism may be a combination of both. In yeast, A8-Hsp90
(increased ATPase activity) hydrolyzes ATP even at saturating levels of bound p23 (Richter
et al., 2004). Complete inhibition of hHsp90’s ATPase was observed in the presence of p23
but the binding of other co-chaperones may displace p23 and overcome inhibition
(McLaughlin et al., 2006). In the absence of other co-chaperones stochastic fluctuations in
the p23:Hsp90 complex, as observed in lysates (Johnson & Toft, 1995), could allow
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hydrolysis to occur and the chaperone cycle to continue.. Also, the half-life (T12) of the
human p23:Hsp90 complex is 40 seconds at 37°C whereas the Ty, of hydrolysis is 7
minutes (McLaughlin et al., 2006) providing additional corroboration for the dynamic nature
of the p23:Hsp90 complex.

Hop traps Hsp90 early in the conformational cycle

Unlike p23, the co-chaperone Hop functions early in the chaperone cycle. Hop isa TPR
domain containing protein that binds as a dimer to the C-terminal MEEVD of Hsp90.
Through this interaction, Hop facilitates the transfer of substrate from Hsp70 to Hsp90
(Wegele et al., 2006). Though the main interaction between Hop and Hsp90 is mediated by
the C-terminus of Hsp90 other regions of Hsp90 are involved in the interaction. The affinity
of Hop for Hsp90 decreases with increasing truncations of Hsp90’s N-terminus (Richter et
al., 2003) suggesting that Hop’s interaction with Hsp90 spans the entire monomer. On the
contrary, a recent biophysical study of Hop indicated that the MD and CTD of Hsp90 is
sufficient to recapitulate WT Hop binding (Onuoha et al., 2008). Further structural studies
will be required to reconcile this apparently conflicting evidence.

Hop binds Hsp90 in both the absence and presence of nucleotide although a small decrease
in binding in the presence of ATP has been reported (Grenert et al., 1999). Like p23, Hop
inhibits the ATPase activity of Hsp90, but unlike p23 this inhibition is strictly
noncompetitive (Onuoha et al., 2008; Prodromou et al., 1999; Richter et al., 2003; Siligardi
et al., 2004). Whereas p23 stabilizes Hsp90 in the closed conformation, Hop stabilizes
Hsp90 in the open state and prevents conversion to the closed state (Johnson et al., 1998).
Hop and p23 act at different steps in the chaperone cycle by recognizing/stabilizing different
conformations of Hsp90; once Hsp90 has significantly populated the closed state the affinity
for p23 is much higher than the affinity for Hop allowing the cycle to progress. As with p23,
the binding affinity of Hop for Hsp90 can be modulated with Hsp90 mutants. As expected
for a model where Hop binds the open state, mutants that promote the closed state show
decreased affinity for Hop. A8-Hs90 and A107N, which have increased NTD dimerization,
bind Hop less tightly (Onuoha et al., 2008; Richter et al., 2003) The inhibition of Hop can be
reversed by the addition of other co-chaperones that presumable disrupt the binding of Hop
to Hsp90. Both the co-chaperones Cpr6é and PP5, two TPR-containing co-chaperones that
compete with Hop for binding to Hsp90, have been shown to reverse the inhibition of Hop
providing a mechanism for the progression of the chaperone cycle (Prodromou et al., 1999).

All of this data points to a mechanism of inhibition where Hop binds Hsp90 in the open state
and blocks the conversion to the closed state. A recent FRET study confirms thatin the
presence of ATP and Hop, the conformational transition for Hsp90 from the open to the
closed state no longer occurs (Hessling et al., 2009). While Hop undoubtedly stabilizes an
open conformation of Hsp90, it is also likely that Hop binding in and of itself causes a
conformational change in Hsp90 increasing the inhibitory potential of Hop. A SAXS study
of the Hop:Hsp90 complex suggests a conformational change upon complex formation. The
radius of gyrations (Rq) for Hsp90 and Hop alone are 62.2 and 55.2 A respectively with
corresponding maximum interatomic distances (Dmay) 0f 207 and 193 A. The Hop:Hsp90
complex has an Rg of 61.5 A and a Dy, Of 204 A (Onuoha et al., 2008). This decrease in
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the overall size of the complex compared to Hsp90 alone is indicative of a conformational
change.

p50, a kinase specific co-chaperone, also traps Hsp90 in an open conformation

The co-chaperone p50 also inhibits the ATPase activity and affects the conformational
dynamics of Hsp90, but its mechanism differs from both Hop and p23. p50 is a kinase
specific co-chaperone and is thought to assist in the transfer of kinases to Hsp90
(Grammatikakis et al., 1999; Lee et al., 2002; Stepanova et al., 1996). Domain mapping has
shown that p50’s N-terminal domain is critical for binding kinases whereas the middle and
C-terminal domains interact with Hsp90 (Grammatikakis et al., 1999; Roe et al., 2004; Shao
et al., 2003). Biochemical studies show that p50 binds to Hsp90 in a 1:1 ratio withthe
interaction occuring largely at the NTD of Hsp90. The interaction also requires the charged
loop and deletion of the CTD leads to a loss in affinity (Roe et al., 2004; Siligardi et al.,
2002; Zhang et al., 2004). The crystal structure of the C-terminal region of p50 (residues
148-348) bound to the NTD of Hsp90 shows a dimer for p50 but in this configuration the
dimer interface is small and may arise solely from crystal contacts (Roe et al., 2004).
Biochemical studies suggest that p50 may initially bind Hsp90 as a monomer because the
Kp for dimerization (80 uM) is less than the Kp for complex formation (4 uM) (Zhang et al.,
2004). If this is the case, the increased local concentration of one p50 monomer bound to
each Hsp90 NTD may lead to the dimerization of p50 even though the Kp, for p50
dimerization is relatively weak.

The crystal structure also indicates a mechanism for the inhibition of Hsp90’s ATPase
activity. R167 of p50 points into the nucleotide binding pocket of Hsp90 and forms a
hydrogen bond with the catalytic glutamate of Hsp90 (E33). Nucleotide still binds, but the
catalytic water is no longer coordinated for hydrolysis (Roe et al., 2004). The crystal
structure also reveals another potential means of inhibition where p50 blocks the conversion
of Hsp90 from the open to the closed state. When the p50:Hsp90 dimer is docked onto one
NTD of the yHsp90 AMPPNP-bound crystal structure, p50 sterically clashes with the
second Hsp90 NTD (Figure 10B). Also, in the crystal, p50 forms a dimer between the two
NTDs of Hsp90 potentially blocking Hsp90’s transition to the closed state (Figure 10A).
When docked onto the full-length apo crystal form of HtpG, the p50 dimer fits perfectly into
the cleft of the Hsp90 dimer potentially stabilizing Hsp90 in an open conformation (Figure
10C). p50 may therefore block the formation of the closed state, and be unable to bind once
the closed state has formed. Biochemical studies using the Hsp90 mutants T221 and T1011
confirm the preference of p50 for the open conformation of Hsp90 (Millson et al., 2004).

Interestingly, for p50 to bind to the full-length apo conformation a structural rearrangement
must occur between the NTD and MD of Hsp90 (Figure 10C). Solution studies of the
p50:Hsp90 complex also indicate that complex formation causes a conformational change in
Hsp90. As measured by SAXS, both the Rq and Dpax of hHsp90 decrease when p50 binds.
The Rg and Dpyax shift from 64.6 and 219 A respectively for Hsp90 alone to 62.7 and 200 A
in the presence of p50 (Zhang et al., 2004). HX-MS also shows changes in the protection of
hHsp90 in the presence of p50 consistent with a conformational change. Two peptides (77—
85 and 221-235, Hsp90p numbering) in the NTD of hHsp90 that were not perturbed in the
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p50:Hsp90 crystal structure show increased protection in the presence of p50. Increased
protection in a middle domain peptide adjacent to the NTD also occurs when p50 binds. The
stabilization pattern observed is consistent with an increased interaction between the NTD
and MD in the presence of p50 but this interaction is incompatible with the NM domain
orientation in the apo crystal structure (Phillips et al., 2007) implying that p50 binding
causes a rearrangement of the Hsp90 NM domain.

Ahal activates the ATPase of Hsp90

Unlike the other co-chaperones discussed, Ahal stimulates the ATPase activity of Hsp90
(Lotz et al., 2003; Meyer et al., 2004; Panaretou et al., 2002). Ahal binds mainly to the MD
domain of Hsp90 and this interaction is mediated by the N-terminal portion of Ahal (N-
Ahal) (Lotz et al., 2003; Meyer et al., 2004; Siligardi et al., 2004). N-Ahal has been
crystallized in complex with the MD of Hsp90 (Meyer et al., 2004) providing the precise
positioning of Ahal on Hsp90. When aligned with either the closed crystal structure or the
open crystal structure, Ahal binds to Hsp90 at the edge of the dimer cleft approximately 90°
from the dimer interface (Figure 11). Studies using gel filtration and NMR show that Ahal
competes with both Hop and p23 for binding to Hsp90 (Harst et al., 2005; Martinez-Yamout
et al., 2006), indicating that Ahal acts at multiple stages of the chaperone cycle to disrupt
inhibition by other co-chaperones. Ahal may displace Hop from early complexes and p23
from mature complexes stimulating the ATPase activity and allowing for the continuation of
the chaperone cycle.

Ahal stimulates the ATPase activity of Hsp90 by promoting or stabilizing a conformation of
Hsp90’s NM domain that optimally positions the MD catalytic loop for catalysis (Figure
12). In the full-length apo crystal structure, the catalytic loop is positioned so that R380, part
of the hydrophobic interaction network discussed above, makes contacts with the rest of the
MD and is removed from contacts with the NTD (Figure 12B). In the closed AMPPNP-
bound crystal state, the loop has less a-helical structure causing R380 to orient towards the
NTD where it contacts the y-phosphate of ATP (Figure 12C and Figure 6). Even though in
the Ahal:Hsp90 complex parts of the catalytic loop are disordered, the orientation is much
more consistent with the loop conformation found in the closed state (Figure 12).
Interestingly, the R380A mutant, which has a decreased ATPase rate, is not activated by
Ahal (Meyer et al., 2003) implying that R380 is critical in the Ahal mediated activation of
Hsp90. The importance of the catalytic loop in Ahal mediated activation is further
highlighted by the insensitivity of the Hsp90 E381K (located on the catalytic loop) mutant to
activation, even though the mutation alone has very little affect on the ATPase activity
(Meyer et al., 2003). All of the evidence suggests that Ahal promotes or stabilizes a
conformation of Hsp90 that occurs after NTD dimerization and has increased interactions
between the MD and NTD. Data showing that the Hsp90 F349A mutant, located at the NM
interface and potentially involved in interdomain communication, is hypersensitive to Ahal
also supports this conclusion (Meyer et al., 2003; Siligardi et al., 2004).

Though it is clear from these studies that NTD dimerization and rearrangement of the NM
domain is important for Ahal’s effect on Hsp90, it is not clear if Ahal simply stabilizes the
catalytic conformation once it forms or if binding of Ahal results in a conformational
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change in Hsp90 leading to catalysis. A recent FRET study suggests that Ahal directly
induces structural changes in yHsp90. Ahal binding results in the rapid acceleration of
conformational changes between the NTD and MD similar to the acceleration seen in the
lidless Hsp90 mutant, which shows increased NTD dimerization. The FRET results also
suggest that Ahal binding allows Hsp90 to bypass the first conformational intermediate after
nucleotide binding leading to an accumulation of the second NTD dimerized intermediate
instead (Hessling et al., 2009). Given the dynamic nature of Hsp90, it most likely samples all
of the states along the kinetic pathway and the binding of Ahal serves to shift the
equilibrium towards the catalytically active conformation thus increasing the ATPase activity
of Hsp90.

Alternate methods for controlling the conformational cycle of Hsp90

As illustrated above, co-chaperones provide an elegant layer of regulation for the
conformational cycle of Hsp90, and this regulation is essential for the proper function of
cytosolic yeast and human Hsp90. Bacterial HtpG and the ER homolog Grp94, however,
have no known co-chaperones. Given the importance of this additional level of regulation for
the cytosolic yeast and human proteins, it is highly possible that HtpG and Grp94 have
developed alternative means of regulation that extend beyond the effects of nucleotide
binding. While this regulation has yet to be well defined for HtpG or Grp94, a few possible
mechanisms have been suggested.

Recent work demonstrates a role for pH in controlling the conformation of HtpG
(Krukenberg et al., in press). SAXS studies at varied pH reveal that apo HtpG exists in
predominantly two conformational states, an extended state and a Grp94-like state, and the
equilibrium between these two states is optimized so that maximal levels of both
conformations are present at physiological pH. pH shifts in either direction drastically alter
the relative populations of the two conformations. As discussed previously, these states
appear to play different roles in the binding of client proteins. In the citrate synthase
aggregation assay only the Grp94-like state is able to prevent the aggregation of citrate
synthase (Krukenberg et al, in press). The use of pH to control the conformation of Hsp90
appears to be a uniquely bacterial trait. /7 vivo bacteria may use the pH equilibrium as a
sensor to modulate HtpG’s conformation in times of metabolic stress. It is also possible that
the finely tuned conformational equilibrium serves only to optimize the levels of both
conformations in the absence of c-ochaperones, and each conformation binds a specific
subset of client proteins.

An alternative mechanism for controlling conformation involving Ca2* binding has been
suggested for Grp94. Because the ER functions as a Ca2* storage organelle, the role of Ca2*
in the function of Grp94 has been investigated, and studies defined Grp94 as a Ca2* binding
protein (Macer & Koch, 1988; Van et al., 1989). A surface plasmon resonance study
suggests that Ca2* binding alters the conformation of Grp94 (Ying & Flatmark, 2006), and a
study investigating the effect of Ca2* on peptide binding to Grp94 concluded that the
divalent cation causes a conformational change in Grp94 promoting the binding of peptide
(Biswas et al., 2007). As with pH and HtpG, Ca2* binding may provide a means for Grp94
to access/stabilize alternative conformations that bind specific client proteins. Ca2* could
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also be used to modulate Grp94 conformation in times of stress. More direct structural
studies will be required to determine the exact nature and extent of these conformational
changes.

The relationship between client protein binding and Hsp90 conformation

The conformational dynamics of Hsp90 are undoubtedly directly involved in the activation
of client proteins. Changes in Hsp90 most likely confer structural changes upon the client
protein itself. As another level of regulation, it is also possible that client proteins
themselves affect the conformation of Hsp90. Client induced changes in Hsp90 may be one
method that allows Hsp90 to differentiate between the wide-array of clients. Given the
differences in how specific client proteins are activated, i.e. PR versus Chk1, the transfer of
this information from the client to Hsp90 is essential. While the exact nature of the
interaction between client proteins and Hsp90 remains largely a mystery there is emerging
evidence to support this idea. Some of the first evidence for client proteins altering the
conformation of Hsp90 came from studies investigating the stability of the p50:Hsp90
complex. Complexes formed by only Hsp90 and p50 are sensitive to high salt
concentrations, but when a kinase is added, the complex becomes salt resistant (Hartson et
al., 2000). Kinase binding may cause a structural rearrangement in Hsp90, p50 or both
conferring salt resistance on the complex. The potential for client binding to change Hsp90’s
conformation is not a trait unique to kinases. The ligand binding domain of GR stimulates
the ATPase rate of hHsp90 (McLaughlin et al., 2002) suggesting that GR shifts the
population of human Hsp90 towards the closed catalytic state. This correlates well with data
suggesting that hHsp90 has such a low basal ATPase rate because it does not significantly
populate the closed state. This conclusion is further supported by data showing that Hop
inhibits the stimulated rate but has little effect on the basal rate (McLaughlin et al., 2002)
and p23 much more dramatically inhibits hHsp90 in the presence of GR (McLaughlin et al.,
2002) than in the absence. It will be of great interest to test other client proteins for their
ability to stimulate the ATPase activity of Hsp90. If differences are seen between clients, this
would support the hypothesis that ATPase stimulation is one method for Hsp90 recognition
of specific client proteins. This most direct evidence for client binding influencing the
conformation of Hsp90 comes from a 3D reconstruction of the p50:Hsp90:Cdk4 complex
from negative-stain EM (Vaughan et al., 2006). The reconstruction shows an asymmetric
complex with two Hsp90 monomers, one p50 monomer, and one Cdk4 kinase monomer.
The Hsp90 dimer is in a conformation similar to the closed AMPPNP-bound state except the
NTDs are not dimerized. One NTD hinges backwards away from the other and p50 binds
between the two NTDs. Cdk4 interacts with the outer edge of the complex. The kinase
contacts the Hsp90 MD with what appears to be the C-lobe, and the N-lobe contacts one
Hsp90 NTD and p50. Previous studies, discussed above, indicate that p50 binds as a 1:1
complex with Hsp90 and this complex is locked in a conformation more closely related to
the apo crystal structure. To reconcile these results, it has been suggested that the kinase
initially binds a dimer of p50 and this complex is recruited to Hsp90 forming a symmetric
complex. A structural rearrangement then occurs displacing one p50 monomer and leading
to the asymmetric complex observed by EM (Figure13) (Vaughan et al., 2006). More studies
will be required to test this hypothetical pathway and to determine the individual effects of
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p50 and Cdk4 on the conformation of Hsp90. While both p50 and Cdk4 may influence
Hsp90’s conformation, most likely there is a synergistic effect on Hsp90’s dynamics when
both are bound. It will also be important to understand how these conformational changes
affect the structure of the kinase. The shift from a complex with two p50 monomers bound
to one monomer may be the key step in the activation of the client. To test this hypothesis,
further structural studies in combination with /n vitro assays of kinase activation will be
required.

The effect of phosphorylation and acetylation on the conformational

dynamics of Hsp90

Apart from co-chaperones and client proteins, post-translational modifications may provide
additional levels of regulation for the dynamics of Hsp90. While it is clear that acetylation
and phosphorylation are important aspects of Hsp90’s /n vivo function, the precise role of
these modifications in the chaperone cycle is not well understood. Hyperactylation of Hsp90
disrupts the binding of both client proteins and co-chaperones (Kekatpure et al., 2009;
Kovacs et al., 2005; Scroggins et al., 2007; Yu et al., 2002). Regulation of Hsp90’s
acetylation status occurs primarily through HDAC6 which binds directly to Hsp90
(Kekatpure et al., 2009), and inhibition of HDACS6 leads to the hyperacetylation of Hsp90
(Yu et al., 2002). Hsp90 contains a least two acetylation sites and one site as been mapped to
K294 (Hsp82 numbering) at the junction of the NTD and MD (Scroggins et al., 2007).
Given the location of this site, acetylation may lead to conformational changes in the NM
domain disrupting the binding of clients and co-chaperones alike. Structural analysis of the
acetylated protein will be required in order to investigate this possibility.

Phosphorylation also plays an important role in the function of Hsp90 and may be involved
in conformational dynamics. As with acetylation, increased phosphorylation negatively
regulates Hsp90’s interaction with client proteins (Adinolfi et al., 2003; Ogiso et al., 2004;
Wandinger et al., 2006). The phosphatase PP5 directly associates with Hsp90 via a TPR-
domain, and PP5 directly dephosphorylates Hsp90 (Wandinger et al., 2006). Evidence
suggests that phosphorylation may be more complex with differing roles on Hsp90 function
depending on the client protein involved. Phosphorylation at S225 and S254 in Hsp90
causes a decreased affinity for the aryl hydrocarbon receptor (AhR) (Ogiso et al., 2004). In
another example, c-src directly phosphorylates Hsp90 on Y300 and unlike other clients this
phosphorylation event is required for the binding of eNOS to Hsp90 (Duval et al., 2007).
Further studies will be required to determine the effect of phosphorylation on the
conformation of Hsp90.

Small molecules also shift the conformation of Hsp90

As discussed, the conformational dynamics of Hsp90 are essential for proper function. Also,
multiple layers of regulation affect the conformation suggesting that small molecule
inhibitors of Hsp90’s conformational dynamics may be potent inhibitors of chaperone
function providing important therapeutics for Hsp90 related diseases. Currently, the majority
of small molecule Hsp90 inhibitors compete for binding with ATP and were not designed to
influence the conformation of Hsp90. There are, however, indications that some of these
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inhibitors function not only by blocking the binding of nucleotide but also by shifting the
conformation of Hsp90 to a state that is incapable of client protein binding.

As would be expected for small molecules occupying the nucleotide binding pocket,
inhibitor binding causes local changes in the lid of Hsp90 (Immormino et al., 2004; Stebbins
et al., 1997). Binding of the inhibitor geldanamycin (GA) leads to a lid conformation of
Hsp90 (Stebbins et al., 1997) similar to the conformation seen in the isolated apo hHsp90
NTD (Figure 3A, red). This conformation is unlike the lid state seen in the nucleotide bound
complexes where hydrophobic surfaces are accessible for NTD dimerization. The local
changes in the NTD induced by the inhibitor most likely correlate with changes in the global
structure of the Hsp90 dimer. The GA-bound lid conformation suggests that GA and
nucleotide have very different effects on the overall structure of Hsp90.

In vivo, the binding of GA to Hsp90 leads to the destabilization and degradation of client
proteins (Mimnaugh et al., 1996; Schulte et al., 1995; Whitesell et al., 1994). In most cases
the destabilization is due to the disruption of Hsp90:client complexes as observed for the
kinases v-src and ber-abl (An et al., 2000). GA also disrupts the binding of p23 (An et al.,
2000; Sullivan et al., 1997) further suggesting that the inhibitor alters the normal
conformation of Hsp90. The disruption of the p23:Hsp90 complex indicates that GA prefers
to bind Hsp90 in an open state. This claim is further substantiated by evidence showing that
preformed p23:Hsp90 complexes are less inhibitable than free Hsp90. GA also increases the
presence of Hop and Hsp70 in pull-downs of Hsp90 (An et al., 2000; Sullivan et al., 1997).
Though GA binds to an open conformation of Hsp90, this conformation is distinct from the
conformation of apo Hsp90. As measured by SAXS, GA causes a decrease in the Ry of
Hsp90 (Zhang et al., 2004). In HX-MS experiments, DMAG, a derivative of GA, and
radicicol, an inhibitor similar to GA, cause changes in the protection of amide protons in all
three domains of Hsp90 (Phillips et al., 2007). Radicicol also increases the protease
sensitivity of Hsp90 as compared to the apo protein (Nishiya et al., 2009).

Other small molecule inhibitors that function via alternative mechanisms appear to also
cause global conformational changes within Hsp90. Novobiocin is a small molecule
inhibitor that binds to the CTD of Hsp90 (Marcu et al., 2000a; Marcu et al., 2000b; Soti et
al., 2002). Like GA and radicicol, novobiocin inhibits the formation of Hsp90 complexes
with client or p23, but unlike GA it also reduces the affinity of Hsp90 for TPR-containing
co-chaperones that bind to the CTD (Allan et al., 2006; Yun et al., 2004). The disruption of
these Hsp90 complexes suggests that novobiocin causes structural rearrangements within
Hsp90 that are distinct from the changes seen with GA. Epigallocatechin gallate (ECGG) the
active ingredient found in green tea also directly binds to Hsp90 and acts as an AhR
antagonist. As opposed to disrupting the interaction of Hsp90 with AhR, ECGG functions by
stabilizing the interaction between Hsp90 and AhR (Palermo et al., 2005). All of these
compounds suggest that influencing the conformation of Hsp90 with small molecules is a
viable strategy for the development of future therapeutics.
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Concluding remarks

Structural dynamics play an important role in the function of Hsp90, and understanding the
complete conformational ensemble is imperative for defining Hsp90s molecular mechanism.
Large conformational changes occur throughout the ATPase hydrolysis cycle, and the
conformational state is not rigorously determined by the bound nucleotide. Instead
nucleotide binding shifts a conformational equilibrium between states that are also sampled
in the absence of nucleotide. /n vivo Hsp90 will also sample nucleotide bound and unbound
states simultaneously due to the weak interaction with ATP. For the cytosolic eukaryotic
Hsp90s, co-chaperones regulate the conformational state of Hsp90 by shifting the
equilibrium and the finely tuned regulation is essential for proper chaperone function. Other
levels of regulation exist in the form of post-translational modifications such as
phosphorylation and acetylation, but the exact nature of these effects is poorly understood.
Other modifications will also require investigation to determine their importance in the
regulation of Hsp90. Disrupting the conformational dynamics of Hsp90 provides an
attractive target for new therapeutics for the treatment of cancer and potentially vascular
disease and Alzheimer’s, and inhibitors currently in clinical trials show signs of altering the
conformation of Hsp90 and thereby disrupting the binding of client proteins.

While a much clearer picture of the mechanism of Hsp90 has emerged over the past few
years, many outstanding questions still exist and require investigation. To begin with, the
exact nature of the interaction of client proteins with Hsp90 is largely uncharacterized, and it
is essential to understand how client protein binding affects the conformation of Hsp90 and
vice versa. This information is key to understanding how Hsp90’s conformational changes
relate to the activation of client proteins. Another open question is the origin of the energy
required for remodeling of the client protein. Because the ATPase activity is low and not
strongly coupled to the conformational changes that occur, it is unclear where the force
originates from to drive the conformational changes in Hsp90 and any consequent changes
that occur in the client protein. Also, important differences exist between different homologs
and each homolog has uniquely determined the relative amounts of each conformation
present under different conditions. Understanding how the equilibria are established and the
functional consequences for shifting the equilibria will provide critical information about the
molecular mechanism of Hsp90. Ultimately, a more detailed understanding of Hsp90, its
dynamics and interactions, will pave the way for the development of more targeted
therapeutics.
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Figure 1.
Hsp90 exists as a homodimer with three domains per monomer. The crystal structure of the

bacterial homolog, HtpG (PDB code 210Q), is shown as both a cartoon representation and a
surface representation. The domains of one monomer are colored blue (NTD), green (MD),
and brown (CTD). The other monomer is colored grey. The NTD binds nucleotide and
contains a variable charged loop (red) and the conserved lid region (purple) which is
adjacent to the nucleotide binding pocket. The middle domain contains the conserved
catalytic loop (cyan) which is essential for ATP hydrolysis. The CTD provides the
constitutive dimer interface.
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Figure 2.
Domain architecture for different Hsp90 homologs. The domains are colored with the N-

terminal domain (NTD) in blue, the middle domain (MD) in green, and the C-terminal
domain (CTD) in brown.
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Figure 3.
Full-length structures of Hsp90. The NTD is shown in blue, the MD in green and the CTD in

brown. The second monomer of the biological dimer is shown in grey. In all structures
exposed hydrophobic surfaces are highlighted in purple. A) Surface representations of the
apo and ADP HtpG structure (Shiau et al., 2006); 210Q and 210P) and the yeast AMPPNP-
bound structure (Ali et al., 2006). B) Surface representations of the apo HtpG solution state
(Krukenberg et al., 2008) and the Grp94 crystal structure (Dollins et al., 2007).
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Figure 4.
Variation in the N-terminal domain of Hsp90 occurs mostly in the lid. All structures are of

the N-terminal domain of Hsp90 with the lid highlighted in red or blue. A) Two
conformations of the isolated hHsp90 NTD (1YER and 1YES). In one conformation (blue)
loop 2 (L2) extends into the nucleotide binding pocket. Large motions in the lid can also be
seen in B) the NTD from the full length yeast structure (2CG9), and C) the isolated NTD of
Grp94 bound to ADP (1TBW). D) Three additional lid conformations are observed in
crystals of HtpG (2I0R, 210Q, and 210P).
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Figure 5.
The structures of Hsp90 suggest a nucleotide-dependent conformational cycle. In this cycle,

the binding of ATP shifts the conformation from an open structure (1) to a NTD-dimerized
closed structure (3). The Grp94 crystal structure (2) may represent and intermediate along
this path or non-catalytic conformation. The hydrolysis of ADP causes a further compaction
of the protein (4) and the release of nucleotide restarts the conformational cycle.
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Figure 6.
A hydrophobic interaction network is formed between the MD catalytic loop and the NTD

of opposing monomers. The NTD is shown in blue, the MD in green and the CTD in brown.
ATP and the residues involved in the interaction network are shown as spheres with residues
from the NTD shown in dark purple and residues from the MD shown in lavender. In the
expanded view, the second monomer is shown in beige.
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Figure 7.
Molecular dynamics simulations have shown different long range communication networks

between the NTD and CTD in the presence of ATP or ADP. Residues that participate in
long-range communication are shown on the yeast AMPPNP-bound crystal structure. The
NTD is shown in blue, the MD in beige, and the CTD in green with the second monomer
shown in grey. Long-range interactions observed only in the presence of ATP are shown in
purple. Interactions seen only in the presence of ADP are shown in orange. Interactions
observed with both ATP and ADP are shown in dark grey.
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Figure 8.
Proposed chaperone cycles for the activation of the progesterone receptor and the Chk1

kinase. The progesterone receptor (PR) or Chk1 are first bound by Hsp40 followed by
recruitment to Hsp70. Next, a complex with Hsp90, Hop, and Hsp70 forms. This
intermediate complex also includes the kinase-specific p50 in the case of Chk1. The mature
complex is then formed when Hsp70 and Hop dissociate. The mature complex for PR
requires the binding of the additional factor, p23.
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Figure 9.
Crystal structure of the p23:Hsp90 complex. A) Residues 1-134 of yeast p23 were

crystallized in complex with the full-length yeast Hsp90 (PDB code, 2CG9). The two
monomers of Hsp90 are shown in brown and green while p23 is shown in red. B) An
expanded view of the ATP binding pocket shows that the active site lid (shown in light blue)
folds over the bound nucleotide when p23 is present. This conformation blocks access in and
out of the ATP binding pocket.
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Figure 10.
Crystal structure of p50 bound to Hsp90. A) In the crystals the C-terminal region of p50

(red) and the NTD of Hsp90 (blue) form a heterotetramer with p50 forming a dimer between
the two NTD domains of Hsp90. B) p50 binding is incompatible with the dimerized NTDs
of the Hsp90 closed state. The two NTDs of Hsp90 are shown in blue and beige and they are
shown in the configuration seen in the yeast AMPPNP-bound crystal state. Docking of the
p50:Hsp90 crystal dimer onto one NTD of the closed state reveals steric clashes between
p50 (red) and the second Hsp90 NTD (beige). C) The p50:Hsp90 heterotetramer from A is
aligned with the two NTDs from the apo bacterial crystal structure suggesting a mechanism
for blocking the closure of Hsp90. One monomer of the apo structure is shown in green and
the other in beige. For Cdc37 to bind to this structure, the NTDs of the apo state would have
to move as seen by the blue Hsp90 NTDs.
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Figure 11.
Ahal binds Hsp90 on the edge of the cleft. By docking the N-Ahal:MD-Hsp90 complex on

the full length apo (A) and ATP (B) crystal structures, the approximate orientation of Ahal
can be determined. Ahal is colored in grey while one monomer of Hsp90 is green and the
other monomer is beige.
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Figure 12.
Ahal binding to Hsp90 causes a rearrangement in the MD catalytic loop. A) N-Ahal (grey)

was crystallized in complex with the MD of Hsp90 (green). The catalytic loop, shown in red,
is partially disordered in the crystal structure. B) The catalytic loop in the apo full length
structure (beige) has more a-helical structure than in the Ahal:Hsp90 complex, and the
catalytically required R380 (shown in sticks) forms contacts with the MD in the apo
structure. C) In the closed AMPPNP-bound crystal structure the catalytic loop, shown in
purple, orients R380 towards the NTD where it interacts with the y-phosphate of ATP. The
loop structure in the Ahal:Hsp90 complex is closely related to the loop structure in the
closed state.
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Sy

Figure 13.
Proposed model for Hsp90:p50:Cdk4 complex formation. Initially the kinase Cdk4 binds to

a dimer of p50. This complex is then recruited to a dimer of Hsp90 to form a symmetric
complex. A conformational rearrangement the occurs and one monomer of p50 is displaced
leading to the asymmetric complex observed by EM.
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Table 1

Kinetic parameters of ATP hydrolysis for homologs of Hsp90 at 25°C

Homolog K (M)  ATPase rate (s™)

hHspood 190 0.0009
yHspoot 100 0.0015
HpGS! 250 0.011
Traptd 154 0.0027
Grp94€ 92 0.006

Parameters were taken from the following

Y\cLaughlin et al., 2004

b)WeikI etal., 2000

Yeraf et al., 2009
a)
)

i

measured at 30°C

Leskovar et al., 2008

Frey etal., 2007
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Table 2

Partial list of Hsp90 associated co-chaperones

Protein Function
Ahal stimulates ATPase activity*
pS0 blocks ATPase activity and is thought to be kinase specific *
Cpr6 TPR-containing and peptidy-prolyl-isomerase (Johnson et al., 2007)
FKBP52 TPR-containing and peptidy-prolyl-isomerase (Riggs et al., 2003)
GCUNC-45 TPR-containing that blocks progression of cycle (Chadli et al., 2006)
Hop TPR-containing and scaffolds Hsp70-Hsp90 interaction ™
Hsp70 recruits substrates to Hsp90 *
NudC CHORD-domain containing (Te et al., 2007)
p23 blocks ATPase activity and traps client proteins in complex with Hsp90 *
PP5 TPR-containing and phosphatase*
Ssel part of Hsp90 complex in budding yeast (Liu et al., 1999)
Tahl TPR-containing (Zhao et al., 2005)

For a list of additional co-chaperones see http://www.picard.ch/downloads/Hsp90interactors.pdf

*
References can be found in the text.
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