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Abstract

sp90 is an essential and ubiquitous molecular chaperone that is required for the proper
H folding of a set of client proteins at a late stage in their folding process. In eukaryotes,

cytoplasmic Hsp90 is absolutely essential for cell viability under all growth condi-
tions. The functional cycle of the Hsp90 system requires a cohort of cochaperones and cofac-
tors that regulate the activity of this chaperone. Hence, Hsp90 function is highly complex; in
order to understand that complexity, several groups have attempted to map out the interaction
network of this chaperone in yeast and mammalian systems using the latest available proteomic
and genomic tools. Interaction networks emerging from these large scale efforts clearly demon-
strate that Hsp90 plays a central role effecting multiple pathways and cellular processes. In
yeast Saccharomyces cerevisiae, Hsp90 was shown to interact directly or indirectly with at least
10% of the yeast ORFs. The systematic application of large scale approaches to map out the
Hsp90 chaperone network should allow the determination of the mechanisms employed by
this chaperone system to maintain protein homeostasis in the cell.

Introduction

Hsp90 is an abundant and essential molecular chaperone present in all eukaryotic cells.
Hsp90 has been implicated in mediating the folding of a specific set of substrate proteins,
which are typically called ‘clients’. Hsp90 clients are thought to interact with the chaperone in
a nearly native state at the late stage of de novo folding;" alternatively, Hsp90 can also enhance
the rate of reactivation of heat denatured proteins under stress conditions.” Although no com-
mon sequence or structural features have yet been identified for Hsp90 clients, however, many
of the early clients that were identified fell into two functional classes: transcription factors®
and protein kinases.? These early observations suggested the involvement of Hsp90 in modu-
lating signaling pathways. Hsp90 is, therefore, considered to be particularly important for cell
cycle control, organism development, and response to environmental stresses.”® Hsp90 has
become a novel anti-cancer drug target, and there are several drugs that specifically bind to
Hsp90 and are in clinical trials.”®

Hsp90 is a dimeric protein consisting of three domains: an N-terminal ATP-binding do-
main, a middle region, and a C-terminal domain involved in homodimerization. The N-terminal
domain has a unique fold termed the Bergerat fold.” Although the ATPase activity of Hsp90 is
weak, ATP binding and hydrolysis is crucial to the chaperone function.'” Several drugs that
have been designed to target Hsp90, such as geldanamycin, bind in the ATP pocket at the
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N-terminal domain. In eukaryotes, the C-terminal domain of cytosolic Hsp90 ends with a
conserved EEVD motif. This motif has been shown to be essential for the interaction of cyto-
solic Hsp90 with cofactors that contain o-helical tetratricopeptide repeat domains (TPR).
The Hsp90 functional cycle has been intensively investigated, however, due to the com-
plexity of this chaperone system and the diversity of the clients, a full understanding of the
molecular aspects of the cycle is still lacking. It is known that the activity of Hsp90 requires the
involvement of other chaperone systems such as Hsp70 and Hsp40 as well as several cofactors
(Fig. 1). The Hsp90 functional cycle has been well-studied for the case of steroid hormone
receptors (Fig. 1).>!! It is thought that the monomeric inactive receptor is initially recognized
by the Hsp70/40 system and, subsequently, transferred to Hsp90. The formation of a complex
between Hsp70 and Hsp90 is mediated by the scaffold protein Hop/p60 (Stil in yeast). In
yeast, Stil has been shown to be an activator of the Hsp70 ATPase and an inhibitor of Hsp90
ATPase, although mammalian Hop does not seem to have such an effect.'>'? Subsequently,
other cyclophilins (e.g., yeast Cpr6 and Cpr7) and immunophilins (e.g., yeast Cns1) as well as
the cochaperone p23 (Sbal in yeast) interact with the Hsp70/40-Hop-Hsp90-substrate com-
plex resulting in the release of Hsp70/40 and Hop. p23 stabilizes the Hsp90-receptor complex
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Figure 1. The Hsp90 functional cycle. A nascent polypeptide chain of a steroid hormone
receptor, for example, is initially recognized by the Hsp70/Hsp40 system. Hop (yeast Sti1)
binds both Hsp70 and Hsp90 to form the intermediate complex allowing the transfer of the
substrate protein to Hsp90. Subsequently, p23 (yeast Sbal) and other cyclophilins and
immunophilins (indicated by PPI) bind Hsp90, releasing Hsp70/Hsp40 and Hop. In the result-
ing mature complex, Hsp90 is stabilized in the ATP state by p23. If the substrate is a protein
kinase, Cdc37 is also involved in stabilizing this complex (not shown). Upon entry of the
hormone into the cell, the receptor binds the hormone and is released from Hsp90. The release
is promoted by Ahal which enhances the ATPase activity of the chaperone and, in mammalian
cells, is also possibly promoted by the acetylation of the chaperone.
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in the ATP state. Upon arrival of the hormone into the cell, the receptor binds the hormone
and is released from Hsp90 upon hydrolysis of the chaperone-bound ATP to ADP; the recep-
tor is then active as a dimer and translocates into the nucleus. The ATPase activity of Hsp90 is
enhanced by the cofactor Ahal/Hch1.""1% It has also been demonstrated that Hsp90 activity
can be regulated by phosphorylation by the phosphatase Ppt1'® in yeast and by acetylation/
deacetylation by an unknown HAT and by HDACG in mammalian cells, respectively.!”"18
Several other Hsp90 cofactors are also known, such as Cdc37 and CHIP, and they affect the
chaperone activity in different manners. It is generally thought that different Hsp90 cofactors
target the chaperone to different sets of substrates.

Recently, several systematic genomic and proteomic approaches were employed in order to
map out the Hsp90 molecular interaction network. These approaches provide a global view of
the influence of the Hsp90 system on multiple processes and complexes in the cell. They also
shed more light on the mechanism of Hsp90 function. The description of these approaches
follows below.

Mapping the Hsp90 Physical Interaction Network

The Hsp90 physical interactors represent a class of proteins that either directly interact with
Hsp90 or that are part of complexes that interact with Hsp90. Most of these Hsp90 physical
interactors are thought to mainly include Hsp90 cofactors and cochaperones as well as Hsp90
clients. Two different methods have been employed to map out such interactors: (1) pull-down
or immunoprecipitation of the chaperone to isolate Hsp90-containing complexes followed by
mass spectrometry to identify proteins in those complexes, and (2) two-hybrid method to
identify proteins that, predominantly, directly bind to Hsp90.

Isolation of Hsp90 Complexes Followed by Mass Spectrometry

Isolation of Hsp90 complexes followed by mass spectrometry to identify components of the
complexes is an effective and straight forward approach to explore the Hsp90 interactors. Ma-
trix assisted laser desorption ionization time of flight (MALDI-ToF), tandem electrospray mass
spectrometry (MS/MS), or liquid chromatography coupled with tandem mass spectrometry
(LC-MS/MS) have been extensively used to identify single proteins or protein mixtures'® in
gels or in solution. While protein identification might be robust, this approach greatly depends
on the quality of purified complexes.

This method has been used to isolate Hsp90 complexes either by affinity pull-down of
ta;ged Hsp90 in yeast or by coimmunoprecipitation of Hsp90 from mammalian cells. Zhao et
al*’ introduced a TAP-tag to endogenous Hsp90 in yeast, while keeping the gene under the
control of its own promoter. The TAP-tag is a tandem affinity purification tag containing two
IgG binding domains from Protein A and a calmodulin binding peptide motif separated by a
tobacco etch virus (TEV) protease cut site.”! Yeast has two virtually identical HSP90 genes, one
termed HSP82, which is heat shock induced, while the other is termed HSC82, which is con-
stitutively expressed. The proteins are localized in the cytoplasm. Strains were constructed in
which endogenous HSC82 or HSP82 were C-terminally TAP-tagged, in addition, a third strain
was constructed in which HSP82 was deleted, while HSC82 was N-terminally TAP-tagged.
Hsp90-containing complexes were then isolated on IgG beads, released using TEV protease,
further purified on calmodulin beads in the presence of calcium, and then released by addition
of EGTA to chelate the calcium. This apé)roach allowed the isolation of native protein com-
plexes that were purified to more than 10° fold to virtual homogeneity. Since the EEVD motif
at the C-terminus of Hsp90 is essential for the interaction of Hsp90 cofactors with the chaper-
one, most of the useful complexes were obtained from the third strain in which HSC82 was
N-terminally TAP-tagged and HSP82 was deleted. It should be noted that, in this approach,
the addition of the tag might affect Hsp90 activity. Indeed, the yeast strain with N-terminally
TAP-tagged Hsp90 had slight temperature sensitivity. Isolated proteins were identified by mass
spectrometry and some ‘hits’ were then verified using reverse pull-downs in which the identi-
fied proteins were TAP-tagged and pulled-down.
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To identify Hsp90 interactors in mammalian systems, Falsone et al** used a commercially
available anti-Hsp90 antibody to immunoprecipitate Hsp90 complexes from human embry-
onic kidney (HEK293) cells. One of the hits was verified by determining that its levels were
sensitive to the inhibition of Hsp90 by the drug geldanamycin. It should be noted that in the
human genome there are seventeen genes which have been detected to belong to the Hsp90
family.2 Six of these genes were recognized as functional, while the other eleven genes were
classified as pseudogenes. These Hsp90s are present in different compartments of the eukary-
otic cell further complicating the studies on mammalian Hsp90.

Two Hybrid Screens

The yeast two-hybrid (2H) system is one of the most widely used methods to screen or
confirm protein-protein interactions.>* The basic principle of this system is that a protein X,
the bait, is fused to a DNA binding domain (DBD), which is commonly derived from the
Gal4 or LexA transcription factors. Protein Y, the prey, is fused to a transcription activation
domain (AD). If proteins X and Y interact, then AD and DBD are brought close to each other,
triggering the activation of a downstream reporter gene.

Despite the popularity of this method, there are several drawbacks that have to be consid-
ered. The interactions have to occur in the nucleus and a nuclear targeting sequence is present
in the constructs used. In this regard, yeast Hsp90 is predominantly cytoplasmic and it has been
reported that the chaperone has a cytoplasmic localization signal in its sequence.?” The nuclear
localization signal in the DBD domain may not be strong enough to bring the large Hsp90 to
the nucleus and this is indeed observed for full-length yeast Hsp90 (R. Zhao and W.A. Houry,
unpublished results). Also, the DBD-Hsp90 fusion might not be fully active. It has been re-
ported that a C-terminal Hsp90-Gal4 fusion can support yeast growth better than an N-terminal
Gal4-Hsp90 fusion.?® Also, the interaction between Hsp90 and its client proteins is probably
transient and the interaction might not be strong enough to activate the downstream reporter
gene. Nevertheless, this approach has been successfully used by the Piper and Houry groups***-**
to map out the Hsp90 2H interaction network using an ordered array of about 6000 yeast
OREFs fused to Gal4 activation domain that was created by Uetz et al.”

Mapping the Hsp90 Genetic Interaction Network

Hsp90 genetic interactors represent a class of proteins that are involved in a pathway where
Hsp90 also plays key functions in parallel. Hsp90 genetic interactors may or may not directly
interact with the chaperone, but both, the chaperone and its genetic interactor, are required for
the successful function of a particular essential cellular process or pathway, and consequently,
for cell viability. The large scale identification of Hsp90 genetic interactors has been success-
fully used for yeast Hsp90.%

Synthetic Genetic Array

Synthetic genetic array (SGA) analysis is based on the principle of synthetic lethality devel-
oped for the budding yeast Saccharomyces cerevisiae™® For this organism, about 80% of the
open reading frames are nonessential.’’ Tong et al®” developed automated methods to screen
for synthetic lethality of a given knockout strain against the systematic gene deletion array®>%®
consisting of about 4700 haploid strains each of which has a marked deletion of one nonessen-
tial gene. A knockout strain is mated with the deletion array to eventually obtain strains with
double deletions. If these strains are sick or not viable, then the two deleted genes are said to be
genetic interactors. Putative hits can be verified by tetrad analysis or random spore analysis.
The detailed method and its application has recently been reviewed in reference 34.

This screen is ideally designed for a query of nonessential gene; however, it is also suitable
for an essential gene query if a conditional knockout, such a temperature sensitive mutant of
the essential gene, is available. Hsp90 is essential in all eukaryotic cells. A number of tempera-
ture sensitive yeast Hsp82 mutants such as Hsp82(G170D), Hsp82(G313S), and
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Hsp82(E381K) have already been identified and characterized.> An SGA analysis of Hsp90
interactors has recently been carried out using a strain in which 4582 is deleted and HSP82 is
rendered temperature sensitive by introducing the G170D mutation.? The screen was carried
out at the semi-permissive temperature of 35°C.

Chemical Genetic Screen/Drug Screen

The chemical genetic screen or drug screen is based on the principle of synthetic lethality
and takes advantage of the unique bar codes introduced to mark each deletion mutant in the
systematic deletion array.** These bar codes can be amplified using common primers. In this
method, the bar-coded haploid deletion mutants of the nonessential genes®' are pooled and
grown in liquid culture containing an Hsp90 specific drug inhibitor, geldanamycin, to chal-
lenge Hsp90 function. Strains containing deleted genes that are synthetic lethal or synthetic
sick with Hsp90 will die or grow slower compared to other strains. The same experiment is
repeated in the absence of the drug. The common primers are then used to amplify genomic
DNA from the pooled strains and the resultant products are hybridized onto specific DNA
oligo array chips. Strains that do not grow or that grow slowly in the presence of the drug will
not give a signal or will give a lower signal when compared to the signal obtained in the absence
of the drug. The hits obtained from applying this technique should closely overlap with the hits
obtained from the SGA analysis as both methods depend on the same principle of synthetic
lethality. Zhao et al** employed this method to determine yeast Hsp90 genetic interactors
using the drug geldanamycin (geldanamycin screen or GS).

The Hsp90 Interactome

Yeast is currently the ideal system for large-scale genetic and proteomic studies due to the
ready availability of many tools for such studies in this organism. Figure 2A gives an overview
of the number of hits obtained using the four different methods described above for yeast
Hsp90 as reported by Zhao et al.’ The Hsp90 interactors (over 600 ORFs) represent about
10% of the yeast proteome and are distributed among multiple cellular functional categories
(Fig. 3) suggesting that Hsp90 is involved in many processes. One feature that stands out in
Figure 2A is that there is little overlap among the different datasets obtained using the different
methods. This reflects the experimental differences between the methods used as each method
favors certain types of interactions. The best overlap was obtained between the SGA and the
geldanamycin screen (GS). A total of 451 Hsp90 genetic interactors were identified from the
two screens with an overlap of 49 hits. These 49 hits represent a high fidelity dataset that could
then be pursued further for more detailed biochemical studies. The overlap is considered to be
reasonable.

On the other hand, the physical interaction screens gave a total of 208 hits with an overlap
of only 10 hits between the TAP and 2H screens (Fig. 2A), which is less than expected. The
differences might arise because the 2H screen predominantly detects binary interactions, while
the TAP method detects interactions between the bait and a complex of polypeptides that need
not directly bind to the protein bait. Hence, the 2H screen might reveal weaker interactions
than the TAP screen.

It is interesting to note that no protein was simultaneously detected by the four methods
used and that only Cpr6, Cpr7, Stil, and Mon1 were detected by three of the four screens.
Cpr6, Cpr7, and Stil are all well-established Hsp90 cofactors, while the interaction of Hsp90
with Mon1 has not been reported before; therefore, Mon1 is likely an Hsp90 substrate. Mon1
is poorly studied; however, it is known to form a complex with another protein termed Cczl
that binds the vacuolar membrane and is involved in homotypic vacuole fusion.**?” This might
implicate Hsp90 in vacuolar trafficking.

There were 22 proteins that were found to have the unique property of interacting with
Hsp90 physically and genetically (Fig. 2A).%° These proteins are either important cofactors of
the Hsp90 chaperone system that become essential when the chaperone’s activity is reduced.
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Figure 2. The Hsp90 interactome. A) Venn diagram showing the overlap among proteins iden-
tified by Zhao et al? to interact physically or genetically with yeast Hsp90. Reproduced wtih
permission from reference 20, ©2005 Elsevier. B) Overlap in the 2H yeast Hsp90 interactors
identified by Zhao et al?® and Millson et al.?® C) Features of the mammalian Hsp90 interactors
identified by Falsone et al?? as compared to yeast orthologues.

Alternatively, these proteins are substrates of Hsp90 that physically interact with the chaper-
one. In this scenario, Hsp90 might affect directly or indirectly the folding of two proteins X
and Y and is found to physically interact with X (one of the 22 proteins). X and Y have to be
genetic interactors such that strains deleted of both the X and Y genes are not viable. Hence,
when Hsp90 function is compromised, X and Y will not fold properly and synthetic lethality
results when X is deleted in a strain background with reduced Hsp90 activity. Identifying two
proteins to be physically as well as genetically interacting is not expected to be common and
might be a peculiar property of chaperones.

2H screens for yeast Hsp90 have also been carried out by Millson et al.”*® Initially, the
group used full length Hsc82 as bait; however, even with DBD domain fused to the C-terminus
of Hsc82, which is reported to have similar activity as the wild type chaperone, only four
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Figure 3. Hsp90 influences multiple cellular processes. The yeast Hsp90 interactors identified
by Zhao et al.?° are distributed among a variety of functional categories. Functional categories
which contain more than 10% of interactors for each screening method are listed.

interactors were identified including the known Hsp90 cofactors Ahal and Hch1.” To detect
Hsp90 clients that probably only weakly interact with Hsp90, Millson et al repeated the 2H
screen using a mutant Hsp82(E33A). This form of Hsp90 is barely functional and is thought
not to proceed to the final maturation step in the chaperone functional cycle due to failed ATP
hydrolysis, which in turn is thought to hold the client proteins tighter rendering them easier to
detect by 2H. A total of 177 genes including some known Hsp90 cochaperones and substrates
were identified using this approach.?® In this regard, it is surprising to find that one-third (59
out of 177) of the ORFs identified by Millson et al*® are putative membrane proteins, putting
into question the validity of this screen.

In comparison, Zhao et al*® used full length yeast Hsp82 as well as the different domains of
Hsp82 as baits. This approach might be better in identifying physiological substrates and co-
factors of Hsp90 as compared to the use of an inactive mutant of the chaperone.”® A total of 90
Hsp90 interactors were identified*® mostly by binding to Hsp90 domains as only 8 interactors
were found to bind to full length Hsp82. In this screen, only 6 proteins out of the 90 are
putative membrane proteins.

Eight proteins overlap between the 2H datasets of Zhao et al** and Millson et al*® (Fig. 2B).
These proteins are: Ahal, Arr3, Bsd2, Cnsl, She3, Slt2, Sor2, and Tah1. This low overlap might
reflect differences in experimental conditions and baits used. The 8 proteins are probably robust
interactors of Hsp90. In fact, it is already known that Aha1'*!® and Cns1°® are Hsp90 cofactors
that interact with Hsp90 in vivo and in vitro. Furthermore, Zhao et al?® and Millson et al?®
verified the interaction of Hsp90 with Tah1 and SIt2, respectively, using in vitro assays.

The high throughput analysis of mammalian Hsp90 interactors is limited. Physical interactors
of mammalian Hsp90 in HEK293 cells were identified using a simple procedure of immuno-
precipitation of Hsp90 complexes and the identification of proteins in those complexes using
nano-LC-MS/MS.* Falsone et al* identified 39 proteins as Hsp90 interactors (Fig. 2C). These
proteins include metabolic enzymes, ribosomal subunits, and components of the cytoskeleton.
However, many of the known Hsp90 interactors were not detected. The identified proteins are
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mostly housekeeping proteins and are abundant in the cell. This reflects the nature of the
coimmunoprecipitation method; that is, most of the weak and transient interactions, espe-
cially with low abundance proteins, are missed. However, even for the short list of human
Hsp90 physical interactors obtained, it is noticed that 36 out of 39 of the interactors (except
for P04075, QINR45 and Q96KMS) have close yeast orthologues (Fig. 2C). Some of these
orthologues (yeast Actl, Mdh3, Tdh3, and Yer156¢ which correspond to human P63261,
P00338, P00354, and QIHBO07, respectively) were also found to physically interact with the
yeast Hsp90 by TAP?%or 2H?® screens (Fig. 2C). This may suggest that not only the Hsp90
chaperone machinery itself, but also the core Hsp90 chaperone network may be somewhat
conserved across organisms.

Perspectives and Future Directions

The integrated approach used by Zhao et al* could also be used for other chaperone sys-
tems in yeast. The ultimate goal of mapping the chaperone interaction networks in the cell is to
determine the in vivo mechanisms that govern protein homeostasis. In other words, if these
screens are repeated often enough and if high fidelity data sets are obtained using multiple
methods under different conditions, can a set of rules be eventually derived that would allow us
to a priori predict how a given protein will fold inside the cell: what chaperone systems are
recruited to help in the folding process and what types of interactions are important for proper
de novo folding?

None of the current reported large-scale interaction studies on Hsp90 have been able to
find a consensus sequence or structural motif that is preferentially recognized by this chaper-
one. This is in contrast to other simpler systems such as Hsp60 in E. coli (GroEL) in which
preferential binding of GroEL to af folds or TIM barrels has been suggested.?*“ This seems
to point to the functional complexity of the Hsp90 system and the fact that substrate specific-
ity is probably dictated, to a certain extent, by the cofactors and cochaperones of Hsp90. There-
fore, mapping the chaperone interaction networks must be carried out using multiple genetic
and proteomic screens and varying experimental conditions in order to obtain a comprehen-
sive view of the cellular protein folding landscape and in order to minimize false negative and
false positive hits. For example, even with the integrated proteomic and genomic approach
employed by Zhao et al,”® some well-established Hsp90 interactors were missed such as Sbal/
p23 and Hap1. The interaction between Hsp90 and Sbal/p23 is stable only in the presence of
ATP. In another example, physical interactions with membrane proteins are usually difficult to
detect. The application of a recently developed split-ubiquitin membrane yeast two-hybrid
system might allow the detection of such interactors.*"

With the development of new techniques, the integrated approach used by Zhao et a
could also be applied for mammalian Hsp90: genetic interactors can be revealed using RNA
interference technology, while physical interactors can be studied using 2H and pull-down/
mass spectrometry methods. Furthermore, investigating Hsp90 interactors in a particular tis-
sue or organ, such as human liver or kidney, might be more meaningful than a whole
genome-wide screen of Hsp90 interactors. The interactions identified in these organs or tissues
could reveal site-specific roles of Hsp90. Finally, quantitative proteomics has been used as a
sensitive method to monitor the dynamics of a proteome.*® Future studies should concentrate
on examining the change of the Hsp90 interactome under different stress conditions. Hence,
the hope is that future chaperone networks will evolve from static pictures to dynamic entities.
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