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Abstract

The Hsp90/Hsp70-based chaperone machinery plays a well-established role in signaling protein function, trafficking and
turnover. A number of recent observations also support the notion that Hsp90 and Hsp70 play key roles in the triage of
damaged and aberrant proteins for degradation via the ubiquitin-proteasome pathway. In the mid-1990s, it was discovered
that Hsp70 is required for ubiquitin-dependent degradation of short-lived and abnormal proteins, and it became clear that
inhibition of Hsp90 uniformly leads to the proteasomal degradation of Hsp90 client proteins. Subsequently, CHIP and
parkin were shown to be Hsp70-binding ubiquitin E3 ligases that direct ubiquitin-charged E2 enzymes to the Hsp70-bound
client protein. Stabilization by Hsp90 reflects the interaction of the chaperone with the ligand binding cleft of the client
protein. These hydrophobic clefts must be open to allow passage of ligands to binding sites in the protein interior, and
they are inherent sites of conformational instability. Hsp90 stabilizes the open state of the cleft and prevents Hsp70-
dependent ubiquitination. In the model we propose here, progressive oxidative events result in cleft opening as the initial
step in protein unfolding, and as long as Hsp90 can interact to stabilize the cleft, it will buffer the effect of oxidative
damage. When cleft opening is such that Hsp90 can no longer interact, Hsp70-dependent ubiquitination occurs. We
summarize evidence that Hsp90 interacts very dynamically with a variety of proteins that are not classic Hsp90 clients, and
we show that this dynamic cycling of Hsp90 with nitric oxide synthase protects against CHIP-mediated ubiquitination.
Scientific interest to date has focused on stringent regulation of the classic client proteins, which have metastable clefts
and are inherently short lived. But, the recognition that Hsp90 cycles dynamically with longer lived proteins with more
stable clefts may permit extension of the triage model to the quality control of damaged proteins in general.
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Introduction The major chaperones involved in the proposed protein

About 25 years ago, Earl Stadtman' noted that oxidative
damage to enzymes in some way triggered their degra-
dation. Subsequently, it has become clear that the ubiquitin-
proteasome pathway is the major route of degradation, but
it has not been clear how proteins that have undergone oxi-
dative or other toxic damage are selected for ubiquitination.
It has been the prevailing view that E3 ubiquitin ligases
perform the role of protein substrate recognition and bring
the ubiquitin-charged E2 enzyme to the substrate (reviewed
in Refs*®). However, in the case of proteins that are
damaged and unfolding, chaperones appear to be respon-
sible for substrate recognition and chaperone-dependent
E3 ligases target the E2 enzyme to the substrate.*
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quality control decision are Hsp90 and Hsp70, which act
together in a multichaperone machinery to regulate the
function, trafficking and turnover of a wide variety of sig-
naling proteins.” Over the past decade, both advances in
our understanding of how Hsp90 interacts with proteins
and the discovery of the role of chaperone-dependent E3
ligases in protein ubiquitination have contributed to a
general model of how Hsp90 and Hsp70 work together to
select proteins that have undergone oxidative or other
toxic damage for degradation. The Hsp90 chaperone
machinery also affects the function and trafficking of pro-
teins,” but this review will focus on the way the machinery
functions in protein quality control.
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We propose that Hsp90 and Hsp70 have essentially
opposing roles in the triage of damaged proteins, in that
Hsp70 promotes substrate ubiquitination and Hsp90 inhi-
bits ubiquitination. In the model of triage that we develop
here, we envision that, as proteins undergo toxic or oxi-
dative damage, their ligand binding clefts open to expose
hydrophobic residues as the initial step in unfolding. The
Hsp90 chaperone machinery regulates signaling proteins
by modulating ligand binding clefts (reviewed in Refs®’).
When cleft opening is such that Hsp90 can no longer inter-
act with the protein to inhibit ubiquitination, E3 ligases
interacting with substrate-bound Hsp70 target ubiquitin-
charged E2 enzyme to the nascently unfolding substrate.
In this way, the Hsp90/Hsp70-based chaperone machinery
may function as a comprehensive protein management
system for quality control of damaged proteins.

The chaperone machinery

Hsp70 and Hsp90 are conserved, abundant and essential
proteins of eukaryotic cells where they are present in the
cytoplasm and nucleus, with paralogs being present in the
mitochondria and endoplasmic reticulum. Both chaperones
have ATP binding sites and possess intrinsic ATPase activity
that regulates their conformation. In each case, the
ATP-bound conformation has a low affinity for binding
hydrophobic peptide and ATP hydrolysis is accompanied
by a conformational change to a state with high affinity
for binding hydrophobic peptide (reviewed in Refs®?). The
conformational changes that occur during the ATPase
cycle of Hsp90 have been reviewed by Wandinger et al.'’
Also, both Hsp70 and Hsp90 possess EEVD motifs at the
C terminus that are binding sites for TPR (tetratricopeptide
repeat) domains. The TPR cochaperones that bind to Hsp90
play a number of roles in the activation and trafficking of
signaling proteins,>'*!" and they in general will not be con-
sidered here. However, one TPR cochaperone, CHIP (C ter-
minus of Hsp70 interacting protein), is a chaperone-binding
E3 ubiquitin ligase® that is important for quality control of
damaged proteins, and it will be a focus of this Minireview.

In contrast to the classic model of chaperones interacting
with unfolded proteins to facilitate their refolding, the
Hsp90 chaperone machinery acts on prefolded proteins in
their native conformations to assist the opening and stabiliz-
ation of ligand binding clefts.” The Hsp90 chaperone
machine acts on proteins in a manner that is not dependent
upon protein sequence, size or structure. Rather, Hsp90
interacts with regions where protein folding clefts merge
with the charged, hydrophilic surface of the protein.
Folding clefts are a general topological feature of proteins
in native conformation, and many of these hydrophobic
clefts must open to permit access of ligands, such as
steroids, ATP, etc., to binding sites in the protein’s interior.

In the absence of the chaperone machinery, these binding
clefts are dynamic in that they shift to varying extents
between closed and open states (Figure 1a). When clefts
open during this molecular breathing process, hydrophobic
residues of the protein interior are exposed to solvent, and
continued opening may progress to nascent stages of
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Figure 1 States of the steroid binding cleft in the GR ligand binding domain
(LBD) and Hsp90 cycling. (a) In the absence of Hsp90, the cleft in the GR LBD
is predominantly closed, opening only very transiently during the course of
normal molecular breathing; thus, high concentrations of steroid are required
to initiate the hormone effect. (b) When stable complexes are assembled with
Hsp90, nearly all the ligand binding clefts are open at any time, and low con-
centrations of steroid are now sufficient for binding. Under conditions of
dynamic cycling, Hsp90 dissociates very rapidly, and the open and closed
states of the cleft are more like the non-Hsp90-bound receptor, so higher con-
centrations of steroid are required for the hormone effect. (c) Steroid binding
within the cleft promotes a temperature-dependent collapse of the cleft
around the ligand to the closed state, which cycles dynamically with Hsp90.
Thus, receptors that have bound steroid under physiological conditions in
the cell are not recovered in association with Hsp90 (A color version of this
figure is available in the online journal)

unfolding. The extent to which the binding cleft is open
determines ligand access and protein function, but these
clefts are inherent sites of conformational instability. The
chaperone machinery assists cleft opening, and Hsp90
binding to the protein stabilizes the open cleft (Figure 1b),
impeding further unfolding and Hsp70-dependent
ubiquitination.

Stable versus dynamic cycling with Hsp90

Hsp90 forms heterocomplexes with proteins in two general
ways. The classical Hsp90 ‘client’ proteins, such as many
transcription factors and protein kinases, turnover rapidly
in the absence of Hsp90 stabilization. These client proteins
have metastable clefts that, in the absence of Hsp90
binding, have a high tendency to further unfold, leading
to protein degradation. These client proteins are assembled
into complexes with Hsp90 that are stable enough to be iso-
lated and analyzed biochemically. Although we call these
‘stable” Hsp90 heterocomplexes, they are constantly under-
going cycles of assembly and disassembly in the cytoplasm
and nucleoplasm.”’ These metastable cleft proteins are quite
profoundly stabilized when they are complexed with
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Hsp90; thus, these client proteins are under stringent
Hsp90 regulation.

Assembly of stable steroid receptoreHsp90 heterocom-
plexes proceeds through an ordered series of events in which
Hsp?70 first binds to the client protein and primes the substrate
for interaction with Hsp90 (assembly is presented in detail in
Ref.%). In stable assembly, both Hsp70 and Hsp90 must com-
plete at least one ATPase cycle, and Hsp90 in the final
complex is in the ATP-bound state. A third protein required
for stable assembly is p23, an Hsp90 co-chaperone that binds
to the ATP-dependent conformation of Hsp90 and stabilizes
the client proteine Hsp90 complex. Other proteins participate
in the assembly machinery but only Hsp70, Hsp90 and p23
are required for stable cycling of steroid receptors with
Hsp90.” Protein kinaseeHsp90 complexes are stabilized by
Cdc37, an adaptor protein that binds to both the kinase and
the chaperone.'

A second form of cycling with Hsp90 is much more
dynamic in that Hsp90 dissociates very rapidly after hetero-
complex assembly and there are very few or no Hsp90 het-
erocomplexes that can be detected by biochemical
techniques. Proteins that engage in ‘dynamic cycling” with
Hsp90 may have ligand binding clefts that are more rigid
in their opening and closing dynamics, probably as a
result of stabilization by water. In the absence of cycling
with Hsp90, these proteins have intrinsically longer
half-lives than client proteins that undergo stable cycling.
These intrinsically more stable proteins, such as the nitric
oxide synthase (NOS) enzymes, are further stabilized by
only a small amount by cycling with Hsp90. Dynamic
cycling of proteins with Hsp90 does not appear to require
Hsp70 for Hsp90 binding or for Hsp90 to pass through an
ATPase cycle. This is inferred from the fact that binding of
purified Hsp90 to purified endothelial NOS (eNOS) and
neuronal NOS (nNOS) and activation of their enzyme
activity has been demonstrated in the absence of ATP and
Hsp70.%71°

Conversion between stable and
dynamic cycling

Proteins that stably cycle with Hsp90 can be converted to a
dynamic cycling mode in a variety of ways. In cells, binding
of steroid to the glucocorticoid receptor (GR) converts it to
dynamic cycling. The steroid receptors bind their ligands
deep within clefts, and steroid binding facilitates a
temperature-dependent collapse of the cleft around the
ligand to a closed cleft state.'® As illustrated in Figure 1c,
this change in the mobility of the ligand binding cleft “trans-
forms’ the GR from stable cycling to dynamic cycling with
Hsp90.%” Dynamic cycling with Hsp90 is important for
the rapid, dynein-dependent movement of the receptor to
the nucleus that is triggered by steroids (reviewed in
Ref.'"). The GR can also be converted to dynamic cycling
by mutation within a short segment in the ligand binding
domain that is required for stable Hsp90 heterocomplex
assembly.” This mutation to dynamic cycling with Hsp90
shifts the dose-response curve for dexamethasone-
dependent transactivation ~100-fold to the right.'”

The GR and other stably cycling client proteins can also
be converted to dynamic cycling by changing the acety-
lation state of Hsp90. Hsp90 is normally deacetylated by
the cytoplasmic histone deacetylase HDAC6, and in
HDAC6 knockdown cells Hsp90 is hyperacetylated.’® The
acetylated Hsp90 has decreased ATP binding affinity, and
it does not interact properly with p23. Thus, it engages
only in dynamic cycling with the GR that, again, manifests
in the cell as an ~100-fold shift to the right in the dose-
response curve for transactivation.'

The p53 tumor suppressor protein is a transcription factor
that is mutated in more than half of all human tumors.*
Some of the p53 mutants are inactive because they form
stable heterocomplexes with Hsp90, and are retained in
the cytoplasm.?! Wild-type p53 does not form biochemically
stable heterocomplexes with Hsp90, but treatment of cells
with an Hsp90 inhibitor affects wild-type p53 function.”
Thus, it appears that wild-type p53 undergoes dynamic
cycling with Hsp90 and mutation to cytoplasmic localiz-
ation converts it to stable Hsp90 heterocomplex assembly
by the same Hsp90 chaperone machinery that forms stable
GReHsp90 heterocomplexes.”

The story developed with ErbB kinases 1 and 2 is an
excellent example of how dynamic and stable cycling with
Hsp90 confer weak and stringent regulation of protein func-
tion and turnover. ErbB-1 is the epidermal growth factor
receptor, and ErbB-2 functions as a ligandless co-receptor
that heterodimerizes with other members of the ErbB
family to amplify signaling. The kinase domain of ErbB-2
is assembled into a stable heterocomplex with Hsp90,
whereas little or no Hsp90 is recovered with ErbB-1.2*
When cells are treated with an Hsp90 inhibitor, ErbB-2 is
polyubiquitinated and rapidly degraded, whereas ErbB-1
is modestly ubiquitinated and slowly degraded.*** Thus,
ErbB-2 undergoes stable cycling with Hsp90 and ErbB-1
undergoes dynamic cycling. The difference in behavior is
accounted for by a short segment within the highly homolo-
gous kinase domains.?** This segment lies in close associ-
ation with the ATP binding cleft, and swapping of an
eight-amino acid section between ErbB-1 and ErbB-2
yields an exchange of dynamic versus stable cycling with
Hsp90 and the appropriate conversion between weak and
stringent Hsp90 regulation of turnover.” A comparison of
sequences of this segment from multiple stably cycling
client kinases and non-clients revealed no motif determining
Hsp90 cycling behavior.?® Tt should be noted that natural,
disease-related mutations occurring in the catalytic
domains of other protein kinases have altered both their
stability and Hsp90 cycling properties.?? 3!

The Hsp90 interactome

Hsp70 (includes Hsp70, Hsc70 and paralogs in organelles)
has been found in association with a wide variety of pro-
teins. Indeed, Hsp70 is the most common protein identified
in screens designed to fish for other proteins that interact
with a candidate protein. It is so commonly found that its
presence is often considered to be a sticky artefact unrelated
to the candidate protein’s function. It may well be that, at
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least at some time in the protein life span, the Hsp70 family
interacts with all eukaryotic proteins.

Although Hsp90 is equally abundant, it is the prevailin%
view that Hsp90 interacts with a subset of proteins.”**?
Studies in yeast suggest that about 10% of the yeast pro-
teome is regulated by Hsp90** and that many different cel-
lular functions are affected.’®® Most of the established
Hsp90 clients have been discovered in random fashion as
various investigators have found that the protein they are
studying is stably bound by Hsp90. A comprehensive list
of Hsp90 clients is maintained by Didier Picard (http://
www.picard.ch/downloads/Hsp90facts.pdf). The list con-
tains proteins for which biochemical evidence for an inter-
action with cytosolic Hsp90 is available, and proteins
where Hsp90 interaction is inferred solely from the effects
of Hsp90 inhibitors (e.g. increased degradation, decreased
activity) without demonstration of an Hsp90 heterocomplex
are not considered.

Both the screens and the biochemical approaches are
biased toward detection of stably cycling client proteins
but they miss the more subtle effects seen with dynamic
cycling. An example is seen with v-src and c-src. v-Src is a
mutated protein kinase that causes cellular transformation
and it was the first protein shown to interact with
Hsp90.”7® Hsp90 co-precipitates with v-src but such
native complexes are not detected with c-src.®** v-Src is
rapidly degraded when cells are treated with an Hsp90
inhibitor but c-src is less susceptible, with a decrease in
protein level being seen only after long treatment inter-
vals.* Thus, c-src appears to cycle dynamically with
Hsp90 and v-src engages in stable cycling. Like v-src,
p210°*"! is a mutated protein that causes cellular trans-
formation and engages in stable cycling with Hsp90,
whereas the cellular protein c-abl cycles dynamically.*

Because we have no idea how many proteins cycle dyna-
mically with Hsp90, we have no idea how large the Hsp90
‘interactome’ is. Again, as with Hsp70, it could be that the
Hsp90 family interacts with all eukaryotic proteins in
either a dynamically cycling or a stably cycling mode, con-
ferring weak or stringent regulation, respectively. We would
propose that dynamic cycling with Hsp90 is a general inter-
action and that a select subset of metastable cleft proteins
that are more conformationally unstable undergo stable
cycling and stringent regulation. The metastable cleft pro-
teins inherently turnover more rapidly and their stringent
regulation by Hsp90 is of particular importance in pathways
of cellular signaling where the activity and amount of
enzymes are brought under rapid control.

The chaperone machinery and
proteasomal degradation

It has been widely accepted that the ubiquitin-proteasome
system is involved in the degradation of damaged and aber-
rant proteins, but it has not been clear how the damaged pro-
teins are recognized and targeted for ubiquitination.” In the
mid-1990s, it was shown that Hsp70 and its co-chaperone
Hsp40 are required for ubiquitin-dependent degradation of
short-lived and abnormal proteins.*”*' Over-expression of
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Hsp70 or Hsp40 decreases the level of abnormal proteins
and improves viability in cellular models of certain neurode-
generative diseases characterized by the accumulation of
aberrant proteins, such as Parkinson’s disease, Huntington’s
disease, and spinal and bulbar muscular atrophy.**~**
Over-expression of these chaperones also ameliorates the
disease phenotype in Drosophila and mouse models of
these diseases,*~*® reviewed in Ref.*

Hsp90 was connected to ubiquitin-dependent degradation
in studies using benzoquinone ansamycins that are quite
specific Hsp90 inhibitors. The first of these ansamycins,
herbimycin A, was found to reverse v-src transformation of
cells to a normal phenotype,””" and it was then used as a
protein-tyrosine kinase inhibitor.”> In a paper that led to an
explosion of work on Hsp90, Whitesell et al.”®> showed that
the target of the ansamycins herbimycin A and geldanamy-
cin is Hsp90, not v-src. Treatment with geldanamycin led
to a disruption of the v-srce Hsp90 heterocomplex and loss
of v-src protein from cells.”® Subsequently, Sepp-Lorenzino
et al>* showed that herbimycin-induced degradation of
several receptor tyrosine kinases occurred via the ubiquitin-
proteasome pathway.

Since the mid-1990s, Hsp90 inhibition has been shown to
promote the proteasomal degradation of several hundred
proteins, including many proteins that promote cancer cell
growth.” The ansamycin antibiotics, such as geldanamycin,
bind in the nucleotide binding pocket near the N-terminus
of Hsp90.°**” This ATP binding site is structurally unique
to the very small GHKL family whose ATP binding
domains contain four common motifs that define a
‘Bergerat fold’ for binding ATP.”®*’ As most of these pro-
teins are bacterial, geldanamycin effects are quite specific
for inhibition of Hsp90 family proteins in eukaryotes. A
variety of Hsp90 inhibitors that are pharmacologically
and toxicologically more appropriate for human use have
been synthesized, and one of them, 17-allylamino-17-
demethoxygeldanamycin, is in phase II clinical trial for
treatment of cancer.®’

Geldanamycin prevents formation of protein aggregates
in models of Parkinson’s disease, Huntington’s disease
and spinal and bulbar muscular atrophy,® ~** and Hsp90
inhibition may prove to be a productive approach to the
treatment of several neurodegenerative diseases. Because
Hsp90 binding to heat shock factor 1 (HSF1) maintains it
in an inactive state® and treatment of cells with geldanamy-
cin induces an HSF1-dependent stress response,®! ~¢¥9%¢ it
is often proposed that geldanamycin alleviates the
phenotype and accumulation of misfolded proteins in
neurodegenerative disease models by inducing a stress
response.*”®' ~* However, as geldanamycin promotes pro-
teasomal degradation of polyglutamine protein aggregates
in Hsfl~/~ cells that cannot mount a stress response, this
explanation is not valid.®”

The game changing observation that treatment with
Hsp90 inhibitors promotes the degradation of Hsp90 client
proteins via the ubiquitin-proteasome pathway”>>* is
explained most simply by the notion that Hsp90 binding
to a client protein inhibits its degradation, and inhibitors
like geldanamycin relieve that inhibition by preventing
cycling with Hsp90. The observation of the chaperone



Experimental Biology and Medicine Volume 235 March 2010

effects on client protein turnover are consistent with the two
essential components of the chaperone machinery having
opposing effects, with Hsp70 promoting ubiquitination
and Hsp90 stabilizing the protein against degradation.

Chaperone-dependent ubiquitin-protein
ligases

Ubiquitination occurs via three sequential steps catalyzed
by activating (E1), conjugating (E2) and ligase (E3)
enzymes, and protein ubiquitination is used to trigger a
wide variety of physiological processes.”®> A number of E3
ligases play a key role in ubiquitin-mediated protein degra-
dation by serving as the specific recognition factors in the
cascade. In some cases, recognition is aided by various
chaperones, but it is not known how many E3s function
in a chaperone-dependent manner, although several
clearly do.®” Two E3s are known to interact with the chaper-
ones of interest here. Parkin is an E3 ligase”® that is targeted
to substrate by Hsp70,”" but it was the discovery of CHIP by
Ballinger et al.”? that germinated a tremendous expansion in
our understanding of chaperone-dependent ubiquitination.

Most of the mechanistic information about CHIP comes
from the laboratory of Cam Patterson where CHIP was dis-
covered, and Patterson and his colleagues have written
several reviews on CHIP function.*”>”* CHIP is a 35-kDa
U-box E3 ligase (sometimes assigned as a member of the
RING domain family of E3 ubiquitin ligases), and it binds
via an amino-terminal TPR domain to both Hsc/Hsp70
and Hsp90.”>”> CHIP possesses a carboxy-terminal U-box
that interacts with the UBCHS5 family of E2 ubiquitin conju-
gating enzymes.”® The fact that CHIP binds to both Hsp90
and Hsp70 led to the notion that both chaperones could
target CHIP to the substrate.*””

The notion that Hsp90 is involved in targeting the
substrate for ubiquitination cannot account for geldanamy-
cin-induced client protein degradation. Geldanamycin
binding to Hsp90 uniformly results in client protein destabi-
lization,”” but geldanamycin prevents client protein cycling
with Hsp90.”> The stable client protein heterocomplexes are
assembled in stepwise fashion through an initial
ATP-dependent priming interaction with Hsp70 followed
by a second ATP-dependent interaction with Hsp90.”> The
interaction with Hsp90 is blocked by geldanamycin,
leaving the Hsp70-bound client protein to be ubiquitinated
in a CHIP-dependent manner. This explanation is very
different from a study of luciferase refolding where it was
concluded that geldanamycin binding shifts Hsp90 from
refolding to degradation mode.”®

Our conclusion that Hsp90-bound CHIP does not target
the client protein for CHIP-dependent ubiquitination does
not mean that CHIP interaction with the TPR acceptor site
has no effect on Hsp90 function. CHIP binding to the TPR
acceptor site on Hsp70 inhibits the chaperone’s ATPase
activity, increasing the reactivation of luciferase after
thermal inactivation in cells.”” This action requires the TPR
domain but not the U-box domain of CHIP. It is possible
that CHIP binding to the TPR acceptor site on Hsp90 has
a similar effect on Hsp90 function that is independent of

its E3 ligase action. Indeed, two other TPR domain proteins
that bind to Hsp90, HOP and Cdc37 have been shown to
inhibit its ATPase cycle.”® Despite the observations with
geldanamycin, several reports® have concluded that an
Hsp90-CHIP complex selectively degrades various Hsp90
client proteins.

Overexpression of CHIP has been shown to increase
ubiquitination and degradation of many established
Hsp90 client proteins, including the examples cited in this
review - GR,”” p53,%' ErbB-2.*2 Of particular interest to
toxicologists is that over-expression of CHIP increases the
turnover of two cytochrome P450 enzymes, CYP2E1** and
CYP3A4,3* that metabolize drugs and xenobiotics. CHIP is
found in aggregates of aberrant proteins involved in neuro-
degenerative diseases, such as a-synuclein (Lewy bodies)
and polyglutamine proteins,®*=® and over-expression of
CHIP suppresses a §re ation and protein levels in cellular
disease models.®>***** The importance of CHIP in the
neuronal response to aberrant, misfolded proteins is empha-
sized by the observations that over-expression of CHIP in
insect and mouse polyglutamine disease models suppresses
toxicity,®*° and that Huntington’s disease transgenic mice
haploinsufficient for CHIP display an accelerated disease
phenotype.®®

Because CHIP has received so much attention, it is often
regarded as the most important E3 ligase involved in
chaperone-dependent ubiquitination and degradation. CHIP
is clearly important, but it should be noted that there is redun-
dancy between CHIP and some other E3 ligases. It was shown,
for example, that both the GR and polyglutamine androgen
receptor are degraded at the same rate in CHIP /"~ and
CHIP"/* mouse embryonic fibroblasts treated with geldana-
mycin”’ CHIP™/~ cytosol also has the same ability as
CHIP"/* cytosol to ubiquitinate a CHIP substrate. Although
in this case, the E3 ligases that are acting redundantly to
CHIP have not been identified, over-expression of either
CHIP or parkin promotes the degradation of nNOS” and
polyglutamine-expanded ataxin-3.”"*! Consistent with the
notion of redundancy, over-expression of E4B, an ubiquitin
chain assembly factor that also has E3 ubiquitin ligase activity,
promotes the degradation of polyglutamine-expanded
ataxin-3 and suppresses neurodegeneration in a Drosophila
model of spinocerebellar ataxia.” In addition to being ubiqui-
tinated by the cytosolic E3 ligase CHIP, CYP3A4 is effectively
ubiquitinated by gp78, an endoplasmic reticulum-associated,
UBC7-dependent, RING-finger E3 ligase.** These examples
of functional redundancy to CHIP E3 ligase action certainly
show that CHIP-dependent degradation of damaged and
aberrant proteins is not exclusive, but it does not diminish
the widespread enthusiasm for CHIP as a central player in
protein triage.

Opposing actions of Hsp70 and Hsp90

on CHIP-mediated ubiquitination

Because CHIP binds via its TPR domain to both Hsp70 and
Hsp90, it was logical to propose that both chaperones may

have the ability to target substrates for degradation.*””
However, it was not until the relative effects of the two
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chaperones on CHIP-mediated nNOS ubiquitination were
studied in a purified system that their opposing roles were
demonstrated directly.”

The NOS enzymes, including eNOS, nNOS and inducible
NOS (iNOS), are important signaling proteins that function
as cytochrome P450-type hemoproteins to catalyze the for-
mation of nitric oxide (NO) and citrulline from L-arginine,
O, and NADPH.***> The NOS enzymes are active as homo-
dimers, with each monomer binding tightly 1 eq each of
FAD, FMN, tetrahydrobiopterin and heme. The prosthetic
heme is the site of oxygen activation, which is required
for the metabolism of r-arginine. NOS activity is Ca”"/
calmodulin (CaM)-dependent, and several signaling path-
ways initiate nNOS and eNOS activity by raising intracellu-
lar Ca*" concentration.

The activity of the NOS enzymes is enhanced by Hsp90, as
shown both by studies in intact cells'***~* and by direct acti-
vation assays with purified proteins.”>~>%~1% Studies with
purified proteins show that CaM and Hsp90 increase the
binding of each other to both eNOS and nNOS,'*!>?%10!
Hsp90 cycles dynamically with NOS, and both direct
binding of purified Hsp90 to purified nNOS and eNOS
and activation of their activities have been demonstrated in
the absence of ATP and Hsp70."°~"> This stands in contrast
to the assembly of stable steroid receptore Hsp90 heterocom-
plexes where both Hsp70 and Hsp90 have to pass through a
complete ATPase cycle and Hsp70 priming of the receptor is
required for Hsp90 binding.’

Treatment of cells with geldanamycin leads to nNOS
degradation via the ubiquitin-proteasome pathway,”®'"
and both CHIP and parkin function as E3 ligases for nNOS
ubiquitination.”'® nNOS is a particularly useful model for
studying the roles of Hsp90 and Hsp70 in CHIP-mediated
degradation and for exploring the relationship between
Hsp90 stabilization of the protein and its interaction with
the heme/substrate binding cleft. Because the binding of
Hsp90 to nNOS does not require Hsp70 priming, the
effects of the two chaperones on nNOS ubiquitination can
be examined independently. Certain mechanism-based inac-
tivators, such as N®-amino-L-arginine (NAA) and the antihy-
pertensive drug guanabenz, cause accelerated nNOS
degradation.'” Many of the inactivators cross-link heme to
the enzyme,'*'®> a modification that was shown in a myo-
globin model to cause opening of the heme binding cleft'®
to yield a more unfolded state of the protein.'”” The reaction
of the inactivator in the heme/substrate binding cleft triggers
nNOS ubiquitination and proteasomal degradation.'**'%

The opposing effects of Hsp90 and Hsp70 on CHIP-
mediated nNOS ubiquitination are illustrated in Figure 2
In the absence of chaperones, there is a basal level of poly-
ubiquitination (lane 2) that may reflect the presence of a
small amount of insect Hsp70 that copurifies with
nNOS.”® Nevertheless, addition of purified rabbit Hsp70
increases nNOS polyubiquitination (lane 3). In contrast,
addition of purified rabbit Hsp90 inhibits both basal (lane
4) and Hsp70-stimulated (lane 5) polyubiquitination. Like
the established Hsp90 enhancement of NO synthesis from
nNOS,"* Hsp90 inhibition of nNOS ubiquitination is pro-
moted by Ca%* /CAM, consistent with the two effects
ensuing from the same interaction with the enzyme.”

Hsp90/Hsp70 chaperone machinery and protein triage 283
Hsp90 - — - + +
Hsp70/40 - - * - T
GST-Ub - + + + +
kDa
=250

50

nNOS-Ub

(relative units)

K
1 2 3 4 5

Figure 2 Hsp90 inhibits basal and Hsp70-stimulated nNOS ubiquitination.
Purified nNOS was preincubated with Hsp70 and its co-chaperone Hsp40,
or with Hsp90, or with both Hsp70/40 and Hsp90 as indicated and then incu-
bated with a purified ubiquitinating enzyme mixture (E1, E2, CHIP,
GST-ubiquitin). The samples were Western blotted by probing with
anti-nNOS. The polyubiquitinated bands from three experiments were
scanned and relative densities are presented in the bar graph as a % of the
Hsp70-stimulated value in lane 3. *P < 0.05, **P < 0.01. The arrow points to
the unubiquitinated/monoubiquitinated nNOS in the Western blot. (From
Peng et al.®®) nNOS, neuronal nitric oxide synthase

To determine whether Hsp90 inhibits ubiquitination trig-
gered by specific attack within the heme/substrate binding
cleft, guanabenz-induced ubiquitination was examined
(Figure 3). Guanabenz is an antihypertensive drug that can
produce impotence, and it inhibits nNOS activity, with
accompanying loss of immunodetectible enzyme.'”
Guanabenz enhances the proteasomal degradation of nNOS
in cultured cells."” Guanabenz treatment leads to the oxi-
dation of tetrahydrobiopterin and formation of a pterin-
depleted nNOS that is catalytically inactive.''® Loss of tetra-
hydrobiopterin from its binding site within the heme/sub-
strate binding cleft destabilizes the nNOS dimer and
enhances nNOS ubiquitination.111 As shown in Figure 3a,
both basal polyubiquitination (lane 1) and the increased ubi-
quitination that ensues from guanabenz-mediated alteration
of the heme/substrate binding cleft (lane 3) are inhibited by
Hsp90 (lanes 2 and 4). In contrast, Hsp90 does not inhibit
the guanabenz-mediated inhibition of nNOS enzymatic
activity. As shown in Figure 3b, in the absence of guanabenz,
Hsp90 causes the previously reported'® enhancement of
nNOS activity (lanes 1 and 2). However, preincubation with
guanabenz inhibits nNOS activity whether or not Hsp90 is
present (lanes 3 and 4). Thus, although CHIP binds equiva-
lently to Hsp70 and Hsp90, Hsp70 promotes nNOS ubiquiti-
nation by CHIP and Hsp90 inhibits ubiquitination.

Although our discussion has centered on nNOS, two
other cytochrome P450 enzymes, P450 2E1 and 3A4,
appear to be regulated in a similar manner.*** In these
cases much less is known since they are membrane-bound
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Figure 3 Effect of Hsp90 on guanabenz-mediated nNOS polyubiquitination. (a)
Inhibition of ubiquitination. NANOS was preincubated with Hsp70/40 under con-
ditions required for enzyme activity and in the presence of guanabenz and/or
Hsp90 as noted at the top of figure. The samples were then incubated with the
ubiquitinating enzyme mixture and Western blotted for nNOS. The relative den-
sities of polyubiquitinated bands are presented as a % of the guanabenz-
stimulated value in lane 3. (b) Guanabenz inhibition of nNOS activity. nNOS
was preincubated as in (a) and nNOS activity was assayed by measuring the
NO-mediated conversion of oxyhemoglobin to methemoglobin. Bars represent
mean + SE for three experiments. P < 0.05, ***P < 0.001. (From Peng et al.,*%)
nNOS, neuronal nitric oxide synthase

proteins and not amenable to the studies described for the
soluble nNOS enzyme. Nonetheless, toxic damage to the
active site also triggers CHIP-mediated ubiquitination of
P450 2E1 and 3A4.5% In the case of 2E1, the protein is
stabilized by Hsp90, as evident by the enhanced ubiquitina-
tion and degradation elicited by geldanamycin.*®

The use of mechanism-based inactivators to distort ligand
binding clefts and trigger proteasomal degradation is being
exploited in the development of drugs that act on specific
Hsp90 clients. CI-1033, for example, is a potent, site-specific
inhibitor of ErbB-1 and ErbB-2""? that induces ErbB-2 ubiqui-
tination and degradation.'” CHIP serves as an E3 ligase for
ErbB-2, and both CHIP and Hsp70 are co-immunoadsorbed
with ErbB-2 from geldanamycin-treated cells,®* consistent

with the notion that site-specific attack of ErbB-2 by
CI-1033 triggers the same chaperone-dependent ubiquitina-
tion observed with nNOS inactivators. Another example is
fulvestrant (ICI 182780), an antiestrogen that causes ubiquiti-
nation and proteasomal degradation of the estrogen receptor
(ER)."™'> Fulvestrant was developed for treatment of
ER-positive breast cancer.'® CHIP is an important E3 ligase
for the ER,'” and complexes containing ER, Hsp70 and
CHIP have been isolated from cell lysates."'® However, as
mentioned above for the GR, degradation of the ER occurs
to the same extent in CHIP ™/~ cells as in CHIP*/* cells,''®
consistent with a redundancy in E3 ligase action.

The triage decision

A model of nNOS triage is presented in Figure 4. The effects
of guanabenz and NAA™ serve as examples of toxic
damage that is targeted to the ligand binding cleft and trig-
gers ubiquitination of nNOS. As cited above, there is reason
to propose that, as nNOS undergoes such toxic damage, the
ligand binding cleft opens as the initial step in unfolding of
the enzyme. As long as Hsp90 can contact even transiently
with the opening cleft, ubiquitination by Hsp70-dependent
ubiquitin ligases, like CHIP, is inhibited. But, as suggested
by the model in Figure 4, a point is reached where unfolding
of the cleft progresses to a state that cannot cycle with
Hsp90, and ubiquitination by Hsp70-dependent E3 ligases
is unopposed. We do not mean to imply in the model that
cycling with Hsp90 would prevent binding of CHIP to
substrate-bound Hsp70. CHIP co-immunoadsorbs with
nNOSeHsp70 complexes undergoing normal dynamic
cycling with Hsp90.'® Thus, it seems that CHIP TPR inter-
action with substrate-bound Hsp70 is not affected but that
Hsp90 inhibits the subsequent ubiquitination step. Because
it is Hsp70-bound CHIP that ubiquitinates the substrate, it
is easy to get the impression that Hsp70 makes the triage
decision. But, in this model it is really the Hsp90 interaction
with the unfolding substrate that determines whether the
ubiquitination will proceed at any moment or not. Thus,
we propose that the key component of the chaperone
machinery for making the triage decision is Hsp90.

Refolding versus cleft stabilization

It was originally thought that Hsp90 and Hsp70 acted to
promote refolding of proteins that aggregated in stressed
cells, but it has subsequently become clear that Hsp70 pro-
motes the proteasomal degradation of unfolded proteins. In
contrast, inhibition of Hsp90 promotes their degradation.
Similarly, in assays in vitro where the catalytic activity of
an enzyme, such as luciferase, is inactivated by mild
heating and recovery of activity is promoted by the chaper-
ones, it has been assumed that Hsp90 and Hsp70 are acting
by promoting the refolding of unfolded protein. An entirely
different conclusion was reached with the steroid receptors
where the focus was on ligand binding activity. When the
Hsp90-free progesterone receptor, for example, is submitted
to mild heating, it loses its ligand binding activity and the
Hsp90/Hsp70-based chaperone machinery and ATP are
required to maintain ligand binding activity.'"”



Pratt et al.

Early stage
unfolding

Inactivator
L] >/V
Ubiquitination

Proteasomal
degradation

Hsp90/Hsp70 chaperone machinery and protein triage

No ubiquitination

Ubiquitin
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(A color version of this figure is available in the online journal)

The GR immediately loses ligand binding activity when
Hsp90 is dissociated at 0°C. The loss of ligand binding activity
reflects the collapse of the hydrophobic ligand binding cleft,
and the Hsp90 chaperone machinery is required to open and
stabilize the cleft in a ligand binding state.” The analogous
event with luciferase would be that mild heating promotes
collapse of the ATP binding cleft and that dynamic cycling
with the chaperone favors the open state of the cleft (as in
Figure 1b), promoting restoration of luciferase activity. Thus,
this traditional assay of refolding may not be assaying refold-
ing, rather it may be assaying the chaperone’s ability to dyna-
mically stabilize a partially unfolded, or open cleft, state of the
protein. This would explain why so many proteins that can
bind both hydrophobic and charged regions possess some
luciferase reactivating (chaperone) activity. If such a simple
analysis were applied, it would markedly change the way
people in the chaperone field view the action of Hsp90 and
perhaps also of Hsp70.

We are proposing here a reinterpretation of early in vitro
studies showing that Hsp90 binds to and promotes
ATP-independent reactivation of selected enzymes inacti-
vated under mild denaturing conditions."® It has been
suggested that ‘this appears to be a non-specific phenomenon
largely divorced from Hsp90’'s biological interaction with
authentic clients in vivo’.* Instead, we would suggest that
these studies reflect the dynamic cycling with Hsp90 that
occurs with the ligand binding clefts of many proteins (e.g.
nNOS, ErbB-1 and c-src) in the cell. The “authentic clients’
are proteins with metastable clefts that are inherently less
stable and are stringently regulated by Hsp90. This stringent
regulation through stable cycling of Hsp90 requires Hsp70
and is ATP-dependent, but the effect is to stabilize the open
state of the metastable cleft. This is the same effect that
dynamic cycling of Hsp90 has on ligand binding clefts that
are more rigid in their opening and closing dynamics.

As we have discussed above, ligand binding clefts can be
mutated to change from one of these Hsp90 cycling modes
to the other. Thus, we think the early ATP-independent, in
vitro interactions of Hsp90 with stable cleft proteins inacti-
vated by mild heating reflect the same fundamental inter-
action of Hsp90 with substrate as occurs with metastable
cleft proteins. It is reasonable to propose then that the machin-
ery to produce ATP-dependent Hsp90 cycling with ‘authentic
clients” developed with eukaryotes as an essential mechanism
from the more primitive and non-essential dynamic Hsp90
effect on ligand binding clefts. This dynamic cycling with
ligand binding clefts appears to have arisen in eubacteria
where Hsp90 is non-essential and is continued in eukaryotes.
Scientific interest, however, has focused almost entirely on the
subset of proteins that cycle stably with Hsp90 and are strin-
gently regulated by the chaperone machinery.

Although the fundamental interaction of Hsp90 with
metastable clefts may be similar to that of clefts in proteins
that cycle dynamically with Hsp90, dynamic cycling of
Hsp90 is not sufficient to fully rescue metastable cleft pro-
teins from proteasomal degradation. As mentioned above,
acetylated Hsp90 is capable of cycling only dynamically
with metastable cleft proteins, such as the GRY A
number of histone deacetylase inhibitors that have been
developed as anticancer drugs induce acetylation of
Hsp90, decreasing its affinity for ATP and abrogating
stable cycling activity. This is accompanied by the degra-
dation of metastable clients, such as mutant p53, ErbB-2,
Raf-1, Ber-Abl and Akt.'?"'??

Concluding remarks

By considering that Hsp90 and Hsp70 act together as a
machinery to modulate ligand binding clefts in properly
folded proteins, we have taken a very different approach
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to explaining how the chaperones may interact with pro-
teins undergoing toxic and oxidative stress. Using the
refolding analysis that is a fundamental assumption of the
chaperone field, one is forced into a model in which the cha-
perones interact with an unfolded state of the stressed
protein to promote its proper refolding. In contrast, the
ligand binding cleft model predicts that Hsp90 interacts
with a stressed protein to stabilize it by preventing inordi-
nate cleft opening that would yield unfolding.

By interacting with clefts, which are a normal topological
feature of properly folded proteins, Hsp90 has the theoretical
potential to cycle dynamically with virtually any protein.
Although Hsp90 is not essential in eubacteria, dynamic
cycling with Hsp90 would enhance enzyme activity and
stability and serve to buffer bacterial enzymes against
oxidative and toxic stress from the environment. When
nucleated cells evolved, the genes for Hsp90 and Hsp70
duplicated,'”® and Hsp90 became an essential protein.** In
primitive eukaryotes (algae), examples of stable client
proteine Hsp90 complexes emerge, suggesting that Hsp90
and Hsp70 may have begun to work together as a machinery
at or just after the transition to eukaryotes. Now, in addition
to dynamic cycling of Hsp90 with more stable proteins,
stable cycling of Hsp90 with inherently instable, metastable
cleft proteins served to buffer against protein damage.
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