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Abstract

Molecular chaperones and their associated cofactors form a group of highly specialized proteins
that orchestrate the folding and unfolding of other proteins and the assembly and disassembly of
protein complexes. Chaperones are found in all cell types and organisms, and their activity must
be tightly regulated to maintain normal cell function. Indeed, deregulation of protein folding and
protein complex assembly is the cause of various human diseases. Here, we present the results of
an extensive review of the literature revealing that the post-translational modification (PTM) of
chaperones has been selected during evolution as an efficient mean to regulate the activity and
specificity of these key proteins. Because the addition and reciprocal removal of chemical groups
can be triggered very rapidly, this mechanism provides an efficient switch to precisely regulate the
activity of chaperones on specific substrates. The large number of PTMs detected in chaperones
suggests that a combinatory code is at play to regulate function, activity, localization, and substrate
specificity for this group of biologically important proteins. This review surveys the core
information currently available as a starting point toward the more ambitious endeavor of
deciphering the “chaperone code”.
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1. Introduction

Post-translational modifications (PTMs) encompass a number of specific chemical
modifications that occur on proteins following their synthesis. PTMs can greatly affect the
activity of a protein or its molecular interaction network, and constitute a tool for regulating
protein function as well as one of the means through which proteome complexity is
achieved. Although the identification of PTMs originally relied on shifts of the protein’s
molecular weight and isoelectric properties, the techniques employed have since evolved
tremendously with use of isotope labeling and mass spectrometry. Indeed, the development
of powerful biochemical approaches such as the affinity purification of tagged proteins
coupled with mass spectrometry analysis of the co-purified proteins, in conjunction with
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improved mass precision achieved by the new generation mass spectrometers, has played a
pivotal role in the identification of post-translational-modifying enzymes, their targets and
the PTMs themselves. Some groups of proteins are extensively targeted by PTMs due to the
importance of their precise and rapid regulation. For example, PTMs of nucleosomal
components were shown to orchestrate crucial functions like gene expression, DNA repair
and replication. Patterns of modification were observed on histones, some with overlapping
functions, some opposing and others appearing in a sequential manner. From this seemingly
endless array of PTMs combinations, a “histone code” was nonetheless derived which
opened up a new area of research: “epigenetics” or the study of heritable variations in gene
expression not encoded directly in the DNA sequence.

Molecular chaperones are proteins involved in the folding or unfolding of other proteins as
well as assembly or disassembly of larger macromolecular complexes. As the protocols and
tools utilized in proteomics have improved, it has become apparent that chaperones are
extensively targeted by PTMs, although the enzymes responsible and functional impacts of
these modifications remain, for the most part, poorly understood. Given the overwhelming
number of PTMs detected in chaperones, it is only logical to conclude that a code, similar to
the one that has been proposed for histones, does exist although it will likely take years
before its meaning is fully decrypted. This review aims at compiling the data available so far
in the literature on this subject and the authors hope that this convergence of information
may help others in finding recurring motifs in this new “chaperone code”.

Chaperones represent a wide and eclectic group of proteins and definition of what exactly
constitutes a chaperone is somewhat inexplicit. For this reason we have decided to limit our
reviewing effort to proteins for which there was the most abundant literature in regards to
PTMs, namely, Hsp70, Hsp90 and VCP/p97. Although we have gone to great lengths to
review all relevant studies, the task of compiling the collected data in a concise manner was
an arduous one and we would therefore like to apologize to authors who may have published
works on chaperone PTMs that are not included in this review.

2. Post-translational modification of Hsp70 chaperones

Hsp70 chaperones were first discovered as proteins that are overexpressed in Drosophilain
response to heat exposure [1]. Hsp70 chaperones are not only expressed as a mean of
surviving environmental stress, but have broader roles, notably in assisting de novo folding
of nascent polypeptides by binding to exposed hydrophobic patches which promotes
adoption of their native conformation and prevents their aggregation [2]. In addition to their
function in protein folding, Hsp70 chaperones facilitate translocation of some cargo protein
to their organellar subcompartments [3-5] and control the activity of a number of regulatory
proteins including nuclear receptors, kinases and transcription factors [6]. The most
prominent example is heat shock factor 1 (HSF-1). This transcription factor is maintained
inactive through its association with Hsp chaperones in normal conditions, but is released
during heat shock due to a greater affinity of the chaperones toward heat-denatured proteins,
at which time HSF-1 can bind to Heat Shock promoter Elements (HSE) located in the genes
of inducible forms of Hsp70 and Hsp90 and promote their expression [7].
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The human genome encodes thirteen Hsp70 proteins (and four more distantly-related
Hsp105/Hsp110 proteins), most of which localize predominantly in the cytoplasm like
constitutive Hsc70 and inducible Hsp70, while others are more specialized and directed
toward specific compartments, such as the Endoplasmic Reticulum (ER)-specific BiP/
GRP78 and mitochondrial GRP75 [8]. Hsp70 is a monomer divided in two functional
domains: an N-terminal ATPase domain and a “client” protein binding domain. At the
extreme C-terminal end of most cytoplasmic Hsp70 chaperones lies an EEVD motif that is
known to interact with certain TetratricoPeptide Repeat (TPR)-containing proteins [9,10].

Many cochaperone of Hsp70 are believed to function by modulating the rate at which key
steps occur during the chaperone’s ATP cycle. The diverse members of the Hsp40/Dnal
protein family bind to unfolded client proteins, thereby contributing to Hsp70 specificity,
and have furthermore been shown to activate its ATPase activity, resulting in rapid
hydrolysis of ATP from which the energy to create conformational changes in the chaperone
is derived [11,12]. Bag-1 and Hsp105/Hsp110, on the other hand, have a nucleotide
exchange activity which promotes ADP release and discharge of the Hsp70 substrate [13-
15]. This effect is antagonized by yet another cochaperone, HIP, which stabilizes the ADP-
bound state and prevents premature release of the client protein [14].

Hsp70 and Hsp90 cofactor HOP provides a platform upon which both chaperones can
cooperate to facilitate proper folding. In this model, Hsp70 first interacts with the non-native
protein and then passes it on to Hsp90 which would then more actively unwind the
polypeptide and allow achievement of its native state [16]. CHIP is an E3 ubiquitin ligase
that mediates ubiquitination and subsequent degradation of client proteins (for explanation
see ubiquitin section of Hsp70 below) and could therefore act as a quality control regulator
of the folding pathway [17]. Since both cochaperones are TPR-containing proteins, it is
believed that they compete for chaperone binding through the EEVD matif, thereby
generating an equilibrium between folding and degradation of Hsp cargo.

Expression levels of Hsp70 have been shown to be either up- or down-regulated in a variety
of cancer types [18,19] and although some have questioned its validity as a prognostic
marker [20] it would appear that depletion or inactivation of this chaperone sensitizes tumor
cells to apoptosis [21-23]. Hsp70 can also provide a shielding effect against
neurodegenerative aggregation disorders such as Huntington’s and Parkinson’s disease,
either by directly promoting resolubilization of aggregates or by preventing apoptosis of the
neurons [24,25]. However, Hsp70-mediated protection against cytotoxicity would appear to
be lost with time as concentration of the chaperone decline in an age-dependant manner
[26,27]. Interestingly, centenarians were shown to maintain elevated levels of the chaperone,
which may be a factor accounting for longevity [28].

2.1. Phosphorylation

Phosphorylation is one of the best known and prevalent PTM in the cell. In most cases, a
phosphate group is hydrolyzed from ATP and covalently linked to the hydroxyl group of
serine, threonine or tyrosine of the substrate protein. Numerous wide-ranging studies have
been conducted to identify variations in the phosphoproteome in response to diverse
conditions. In many of these, phosphosites were identified within chaperones of the Hsp70
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family. Unfortunately, given the overwhelming data stemming from such broad analyses, the
role of these modifications on chaperone function has seldom been pursued further. All
modifications encountered in the survey of the available scientific literature have been listed
in a graphical format, starting with PTMs of Hsp70 in Fig. 1. More specific examples are
listed below.

It has been noted previously that Hsp70 translocates from the cytoplasm to the nucleus under
environmental stress such as heat shock [29]. Since tyrosine phosphorylation was identified
as a PTM that is significantly increased following heat shock [30], it appears possible that
such a modification could account for Hsp70’s relocalization. Indeed, it was found that a
specific tyrosine residue (Y525) is phosphorylated directly after heat shock and that
phosphomimetic mutation (substitution of the tyrosine in question by a negatively charged
residue like aspartic acid) increases nuclear accumulation and promotes cell survival
following heat shock [31]. Conversely, one study reported that Hsp70 is hypophosphorylated
overall following heat shock, although this effect could be due to the fact that only the
cytosolic fraction was analyzed in that particular report [32].

Human Akt is a homologue of an oncogene of the murine leukemia virus AKT8 [33].
Unsurprisingly, the expression and activity of this kinase has been shown to be upregulated
in a number of cancers [34]. Deregulation in Akt activity has also been noted in diabetes
mellitus, and in a number of neurodegenerative diseases [35,36]. It has been reported that
Akt could target a number of chaperones in vitro. Among these are Hsp70 and BiP/GRP78,
although the specific phosphosites have not been determined [37]. Akt has also been shown
to phosphorylate various Hsp90 isoforms including Hsp90a., Hsp90p and GRP94 (PTMs of
Hsp90 isoforms will be discussed in greater details in the next section). The modification of
ER-specific chaperones, like BiP/GRP78 and GRP94, by the cytosolic kinase Akt may
appear dubious and could very well be the result of in vitro experimental design that does
not take into account subcellular compartmentalization. On the other hand, there have been
occurrences of resident chaperones of the endoplasmic reticulum being retrotranslocated to
the cytoplasm, along with client proteins [38]. Researchers should however remain cautious
when considering these phosphosites.

Most of the data collected so far on the phosphorylation of Hsp70 have remained somewhat
anecdotal in that, although phosphosites were detected and sometimes effects of such
modifications have been reported, the underlying molecular mechanisms were almost never
clearly identified. However a late-breaking article on chaperone phosphorylation provides a
better picture of the mechanistics of the chaperone code. It was shown that the C-terminus of
both Hsp70 and Hsp90 could be phosphorylated by a number of kinases in vitro [39]. Due to
its proximity to the EEVD motif of both chaperones, this modification resulted in a
modulation in affinity toward their TPR-containing cofactors. Indeed, phosphorylated Hsp
chaperones displayed an increased interaction with HOP and a concomitant reduced binding
to CHIP. Phosphorylation was particularly strong in proliferating cancer cells, where the
balance of chaperone activities is believed to be toppled toward assisted folding of the client
proteins by the HOP/Hsp70/Hsp90 complex rather than ubiquitin-mediated degradation
through the E3 ubiquitin ligase CHIP.
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2.2. Acetylation

Acetylation is a process through which an acetyl group is removed from donor acetyl-
coenzyme A and is covalently linked to a target protein with the help of a Histone
AcetylTransferase (HAT). While co-translational N-terminal acetylation generally targets the
protein for degradation [40], post-translational lysine acetylation can have a wide variety of
effects. Acetylation is a reversible modification and the removal of the acetylation mark is
catalyzed by Histone DeAcetylases Complexes (HDAC), a number of which were shown to
co-immunoprecipitate with Hsp70 [41]. The Histone deacetylase inhibitor FK228 is a potent
anticancer agent [42], but the exact mechanism by which it exerts its effect is still unknown.
One group has shown that this compound promotes acetylation of Hsp70 [43]. Following
treatment with FK228, Hsp70 presents increased binding to various oncogenic or potentially
tumorigenic client proteins (Bcr-Abl, Raf-1, Cdk4, Akt, and survivin) over Hsp90 which
usually ensures their stability [44,45]. These proteins are thus rapidly degraded and could
theoretically account for the anticancer effect of FK228. Acetylation as a prominent protein
modification has garnered more attention in recent years and a number of high-throughput
analyses have uncovered a multitude of acetylated lysines in Hsp70 chaperones [46-48].

2.3. Ubiquitination

In ubiquitination, a small modifying peptide known as ubiquitin is adenylated and loaded
onto a ubiquitin-activating enzyme (E1). Subsequently, the peptide is passed on to one of the
30-40 ubiquitin-conjugating enzymes (E2) before reaching its final target through the help
of one of over 600 ubiquitin protein ligases (E3) that drive ubiquitination specificity [49].
This cascade can be repeated a number of times, creating a chain of covalently linked
ubiquitins. Depending on which lysine residue is used in the preceding ubiquitin peptide to
link to the following ubiquitin module, the significance of this modification can greatly vary.
It is generally considered that K48-linked ubiquitin chains target the substrate protein to
degradation by the 26S proteasome [50]. However, while other linkage types may still direct
the target protein to proteosomal degradation [51], they may also affect the function of
modified proteins by changing their conformation or altering their molecular interaction
network. As mentioned previously, the Hsp70 and Hsp90 cofactor CHIP is an E3 ubiquitin
ligase that ubiquitinates client proteins. Both Hsp70 and Hsp90 have also been shown to be
ubiquitinated themselves by CHIP. The functional significance of this modification is a
matter of debate as some authors have postulated that ubiquitinated Hsp70 is directed to the
proteasome for degradation, while others observed no effect on the steady-state of the
chaperone [52-55]. Parkin is yet another E3 ubiquitin ligase that was found to catalyze the
addition of ubiquitin moieties to Hsp70 [56]. The enzyme mediates the mono-ubiquitination
of Hsp70 at multiple sites with no apparent effect on its stability. As with acetylation,
numerous high-throughput analyses have identified an array of ubiquitinated residues
[47,57-59]. Interestingly, a lot of these sites overlap with acetylation targets (see Fig. 1)
which may suggest a competition between the two modifications.

2.4. Methylation

Protein methylation consists in the enzymatic transfer of a methyl group from a methyl
donor, usually S-adenosylmethionine, to a substrate protein. The residues typically targeted
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by this modification are lysine and arginine, although side chains of histidine, glutamine,
asparagine, glutamic acid, aspartatic acid and cysteine have, on occasions, been shown to be
methylated [60]. In addition, some proteins can also be methylated on their N- or C-terminal
ends. This modification was initially believed to be more stable than phosphorylation or
acetylation, for which reverse enzymes phosphatases and acetylases were known, but a
number of demethylases have since been identified [61,62]. Hsp70 chaperones have been
shown to be methylated on both lysine and arginine residues [63], and the pattern of
methylation can also change during cellular proliferation and under various conditions,
including transformation by the Rous sarcoma virus and arsenite treatment [64]. Recently,
our group discovered an entirely new family of lysine methyltransferases that preferentially
target molecular chaperones [65]. In the case of Hsp70 chaperones, one of these enzymes,
METTL21A, was found to trimethylate multiple Hsp70 isoforms on a conserved lysine
(K561). Another group confirmed that K561 of Hsp70 was indeed the target of methylation,
although in this instance the residue appeared to be dimethylated and the enzyme
responsible for this mark was proposed to be SETD1A [66]. It was further demonstrated that
the modification resulted in translocation of the chaperone from the cytoplasm to the
nucleus, where increased interaction with Aurora kinase B could be observed. Dimethylation
of Hsp70 was found to stimulate Aurora kinase B activity in phophorylating histone H3 and
thus promote mitosis, consistent with the observation that K561 dimethylation of Hsp70 is
elevated in numerous cancer cells.

3. Post-translational modification of Hsp90 chaperones

Hsp90 participates in the post-translational folding and stabilization of a multiplicity of
client proteins as well as the assembly of numerous protein complexes [67]. In fact it has
been shown that in yeast, the Hsp90 homolog interacts with as much as 10% of the proteome
[68]. The Hsp90 family consists of four different isoforms: cytosolic constitutive (beta) and
inducible (alpha) forms, the latter of which has been shown to be secreted in certain
conditions [69], a mitochondrial member (TRAP1) and an ER-resident protein (GRP94).

Hsp90 comprises an N-terminal ATP-binding domain, a middle (M) domain that accounts
for much of Hsp90 affinity toward its various client proteins and a C-domain that mediates
homodimerization of the chaperone [70]. As was the case for Hsp70, Hsp90 cytosolic
isoforms have a C-terminal EEVD motif that targets the chaperone to various TPR-
containing cochaperones [71]. Structural analyses have revealed that large conformational
changes take place upon ATP binding, where the chaperone shifts from an “open” state
where the various domain are free to move about via flexible linker regions to a “closed” or
“tense” conformation [72—77]. The N-terminal domain, through a transient dimerization and
association with the M-domain [78], becomes catalytically active and can thus hydrolyze
ATP to return to the initial open state. The chaperoning function of Hsp90 is the direct result
of these ATP-driven permutations and it is believed that cochaperones act primarily by
affecting these transitions. Ahal and Cpr6 stimulate the ATP cycle, while HOP, p23 and
Cdc37 interfere with it [79-82]. Other molecules are known to affect the ATP cycle of
Hsp90, including Geldanamycin and its analogs which hinder its chaperoning function by
occupying the ATP-binding pocket [83].
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Hsp90 has been implicated in a number of cancers, mostly due to the stabilization of
overexpressed oncogenic proteins, both mutant and normal [84,85]. In this regard, Hsp90
inhibitors are now considered promising anti-cancer agents [86—88]. Despite its deleterious
role in cancer, Hsp90 function is thought to be crucial in promoting evolution and guarding
against possible disease-causing products of mutated genes by acting as a “capacitor” or
“genetic buffer”. Based on this hypothesis, the chaperone binds normally occurring genetic
variants of various proteins that might provide a selective trait in stress conditions or could
otherwise be potentially harmful to homeostatic cells [89-91].

3.1. Phosphorylation

Hsp90 has long been known to be an important phosphoprotein (see [92] for a review and
Fig. 2 for a list of reported Hsp90 modifications). Hsp90 and its ER isoform were initially
believed to be capable of autophosphorylation [93,94]. However, it is more likely that this
activity is rather the result of co-purified kinases. Phosphorylation of Hsp90 has been shown
to be linked to its chaperoning function. In one report, unphosphorylated Hsp90 was found
to bind to the reovirus protein o1 and become phosphorylated in the process of releasing its
client [95]. Moreover, it was demonstrated that geldanamycin, the Hsp90 inhibitor, interferes
with phosphorylation of the chaperone [95].

Early characterization of Hsp90 showed that the pleiotropic kinase CK2 can phosphorylate
Hsp90a at serine residues S231 and S263 as well as corresponding sites (S226 and S255) in
the Hsp90p isoform [96]. The ER-specific isoform GRP94 is likewise phosphorylated by
this kinase [97,98], raising again the logistical question of how an ER chaperone could
possibly be modified by a cytosolic kinase. Although the exact biological function of these
PTMs in human Hsp90 is still unclear, some authors have observed implications in
apoptosome formation, arylhydrocarbon receptor-dependent transcriptional repression, B-
Raf/MKK/ERK signaling and telomerase activation [99-102]. In another report, Hsp90 was
shown to enhance phosphorylation of eukaryotic initiation factor 2a, but only when the
chaperone itself had been phosphorylated beforehand by CK2 [103].

However CK2 is far from being the only serine/threonine kinase directed toward Hsp90. For
example, Polo-like kinases PLK2 and PLK3 can phosphorylate Hsp90a., Hsp90p in vitro
[104]. In the case of Hsp90p, the target residue of these kinases was shown to be S718,
although the exact sites on other Hsp90 isoforms have yet to be identified. The alpha
isoform of Hsp90 was also found to be phosphorylated at T5 and T7 by the DNA-dependent
protein kinase (DNA-PK) and the beta isoform at T89, S391 and T616 in cells
overexpressing the Pregnancy-upregulated Non-ubiquitous Calmodulin Kinase (PNCK)
[105,1086].

One of the most intensely-studied Hsp90 client proteins is the endothelial Nitric Oxide
Synthase (eNOS). The chaperone has an activating effect on the enzyme resulting in
enhanced Nitric Oxide (NO) production [107], which was shown to be a critical regulator of
cardiovascular homeostasis [108] and to be lacking in patients with diabetes mellitus [109].
Reduced eNOS activity is believed to be the leading cause of diabetic vasculopathy. In this
respect, it is interesting to note that high-glucose and diabetes mellitus both promote PKA-
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mediated Hsp90a phosphorylation at T90 and subsequent translocation to cell surface,
which results in impaired eNOS activity and NO production [110].

Hsp90 isoforms were also found to be phosphorylated on tyrosines. For example, Y301 of
Hsp90p is modified by c-Src in a Vascular Endothelial Growth Factor Receptor-2
(VEGFR-2)-dependent manner and has a direct implication in stimulation of eNOS activity
and NO release. As such, tyrosine phosphorylation of Hsp90 could play a crucial role in
mediating the proangiogenic effect of VEGF [111]. Y301 phosphorylation was furthermore
shown to promote interaction with Ahal, which could account for the effect on eNOS
activation as overexpression of the cochaperone itself yielded similar results on NO
production [112].

In addition, Saccharomyces cerevisiae Weel phosphorylates both yeast and human Hsp90a
on the conserved tyrosine Y38 [113]. Notably, this modification appears to occur in the
nucleus during S-phase and leads to the subsequent ubiquitination and degradation of the
chaperone. Non-phosphorylatable mutants showed decreased chaperoning function toward a
subset of client proteins and limited interaction with cochaperones Ahal and p23.

A prominent example of the impact of Hsp90 phosphorylation in defining a functional
chaperone code was published recently and pertains to the role of three phosphosites on the
association of various Hsp90 cofactors [114]. In vitro kinase reactions have shown that
incubation of the chaperone with the kinase Yes results in phosphorylation of Y197, Y313
and Y627. An elegant model was proposed to integrate all interaction data from
phosphomimetic mutants where Hsp90 first complexes with S13-phosphorylated Cdc37 and
a client protein. TPR-containing phosphatase PP5 then joins the complex and
dephosphorylates Cdc37. Next, the cochaperone is tyrosine phosphorylated by Yes, thus
disrupting its association with the client protein which is not released from the complex as it
still interacts with Hsp90. The chaperone itself is then phosphorylated at position Y197,
leading to the release of Cdc37. Subsequent phosphorylation at Y313 promotes association
with Ahal and progression of the ATPase cycle. Once ATP has been hydrolyzed and the
client protein has been chaperoned, final phosphorylation at Y627 antagonizes association
with both Ahal and PP5, with the final outcome being dis-aggregation of the complex. Little
is known, however, about how the modified components, like Hsp90 and Cdc37, are
recycled before another chaperoning cycle can take place. Nonetheless, this report was
important because it points to an integral role of Hsp90 phosphorylation in the chaperone’s
ATPase cycle, and therefore, its chaperoning ability. It also shed light on the equally
essential modification of Hsp90 cofactors, such as phosphorylation of Cdc37.

Although the data collected on Hsp90 phosphorylation mostly pertains to the cytoplasmic
alpha and beta isoforms, a few modifications have been attributed solely to the ER and
mitochondrial counterparts. For instance, GRP94 is phosphorylated by the Golgi apparatus
casein kinase (G-CK) at sites that are distinct from the ones that are targeted by CK2 [115].
Also, mitochondrial kinase PINK1 has been shown to phosphorylate TRAP1 [116].
Phosphorylation of TRAP1 is enhanced under oxidative stress and is crucial in protecting
the cell against apoptosis. Interestingly, this effect was not observed for mutant forms of
PINK that have been associated with autosomal forms of Parkinson’s disease.
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3.2. Acetylation

Acetylation of Hsp90 was initially observed following treatment with the anticancer agent
FK228 [117]. This molecule has the ability, as do many other histone deacetylase inhibitors,
to inhibit growth and induce apoptosis in a variety of tumor cell lines [42,118]. It was found
however that histone acetylation alone could not account for the molecule’s cytotoxic effect
[119]. The molecule’s properties appear instead to be the result of increased acetylation of
Hsp90, which interferes with binding and stabilization of oncoproteins p53, Raf-1, and
ErbB2.

Hsp90 was later shown to form a complex with the cytoplasmic deacetylase HDACS in vivo,
and that the enzyme could directly affect the acetylation status of Hsp90 [120,121]. HDAC6
had previously been implicated in clearance of misfolded protein aggregates [122], hinting at
a possible role in regulating chaperone function. In cell depleted in HDACG6 by RNAI,
activity of the Hsp90 client protein Glucocorticoid Receptor (GR) is compromised as a
result of impaired formation of GR-Hsp90 heterocomplexes [120,123]. Furthermore,
increased acetylation of Hsp90, either by siRNA-mediated knockdown of HDACG or
treatment with the HDAC inhibitor trichostatin A, results in reduced affinity for ATP and
cochaperone p23 [120,123].

The use of deacetylase inhibitors also lead to the discovery of various modified lysines
within Hsp90. For example, acetylation of K294 was identified in Hsp90a purified from
cells treated with trichostatin A, although the existence of additional sites was also noted
[124]. Acetylation mimicking-mutants of Hsp90a at K294 displayed reduced affinity to a
number of client proteins (ErbB2, p60¥-S'®, and androgen receptor) and cochaperones (p23,
Cdc37, FKBP52, Ahal, Hsp70, HOP, and CHIP).

In cells treated with another HDAC inhibitor, LBH589, purified Hsp90a was shown to be
acetylated at seven different lysine residues (K69, K100, K292, K327, K478, K546 and
K558), although aforementioned K294 acetylation could not be confirmed [125]. In was also
demonstrated that the histone acetyltransferase p300 can interact with and acetylate Hsp90a
directly, but is not the sole chaperone-modifying HAT. Indeed, Hsp90 purified from p300-
depleted cells still harbors acetylated lysines. Acetylation-mimetic mutants were once again
employed to show that affinity of Hsp90 toward ATP, geldanamycin, Hsp70, cochaperone
CHIP and client protein Raf-1 was either up- or down-regulated depending of which residue
was mutated. Furthermore, hyperacetylation of Hsp90a through treatment with LBH589 as
well as acetylation-mimetic mutants resulted in its extracellular export.

3.3. Methylation

Analysis of the protein interaction network of SET and MYND domain (SMYD) lysine
methyltransferases revealed that Hsp90a interacts with both TPR-containing SMYD3 and
SMYD2 [126]. The chaperone was methylated at K209 and K615 in vitro by SMYD2.
These modifications are antagonized by the Hsp90 cofactor HOP, and methylation of K615
was further shown to be a reversible modification that can be removed by the demethylase
LSD1. Yet another report demonstrated that SM'YD2 was responsible for the
monomethylation of K615 [127]. Highest level of SMYD2 expression and methylation of
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K615 were found in striated muscle tissue, where both proteins colocalize on the I-band
region of myofibrils. SMYD2 and Hsp90 interact with the myofilament protein titin, a
component of I-bands, although the formation of the complex is dependent upon
methylation of the chaperone by its associated methyltransferase. This complex was shown
to enhance titin stabilization and to be crucial in the formation of sarcomeric structures
during muscle development.

3.4. S-Nitrosylation

S-Nitrosylation is a modification of cysteine residues where the thiol side chain is covalently
linked to nitric oxide to form a thionitrite group [128]. No enzyme appears to be required for
this reaction and only a subset of cellular proteins spontaneously nitrosylate at specific
cysteine residues as a consequence of changes in the redox state of the cell. Hsp90a has
been identified as a target of S-nitrosylation [129]. The positive regulatory effect of Hsp90
on eNOS function has already been mentioned in the preceding section on phosphorylation.
Surprisingly, eNOS activation in endothelial cells promotes S-nitrosylation of Hsp90a at
C597. The modified residue resides within a region proposed to be important for interaction
with eNOS. This modification results in impairment of Hsp90a ATPase activity and reduced
eNOS function. From these observations, an elegant model can be derived for an
autoregulatory negative feedback loop of nitric oxide synthesis by eNOS.

3.5. Glycosylation

Glycosylation, or the enzymatic attachment of a sugar moiety to a protein, can involve a
wide array of carbohydrates that can be covalently linked to the side chain of a number of
amino acids. In the case of O-glycosylation, the reaction takes place on the hydroxyl group
of serines, threonines and tyrosines, in a similar fashion as phosphorylation. While most
protein glycosylation reactions occur within the secretory pathway, there is a plethora of
well-known nuclear and cytoplasmic glycoconjugates. It has been reported that mouse
Hsp90 can be O-glycosylated with N-acetyl-D-glucosamine (GIcNAC) in its middle domain
on two serines for Hsp90p (S434 and S452) and a single serine for Hsp90a. (S460) [130].
Although the exact function of this modification remains unknown, it is interesting to note
that phosphorylation of Hsp90p S452 has also been observed, which may imply a
competition between the two modifications in regulating Hsp90 function. Furthermore, it
has been noted that the enzyme responsible for O-GIcNAcylation, O-linked 3-N-
acetylGlucosamine Transferase (OGT), shuttles between the nucleus and the cytoplasm
[131] and contains a TPR domain which can interact directly with Hsp90. The chaperone
appears to promote OGT stabilization, as inhibition of Hsp90 through the use of various
inhibitors results in rapid proteasomal degradation of OGT [132]. It is thus tempting to
speculate that a similar feedback mechanism could exist for O-GIcNAc modification as was
shown for S-nitrosylation.

Most glycosylations occur within compartments of the secretory pathway and so it is
unsurprising to note that ER-resident GRP94 is also glycosylated, although in this case the
modification consists of N-glycosylation, more precisely, asparagine-linked
oligosaccharides. In one report, it has been found that all GRP94 proteins contain basal
glycosylation on N196 and that only a subset can be hyperglycosylated on various
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asparagine residues in the middle section of the protein (N424, N460 and N481) [133].
Contrasting with this all-or-none hyperglycosylation model, others have noted the presence
of multiple, stable forms of GRP94 that differ only on the extent of their glycosylation
[97,134]. Unfortunately, little is known about the functional significance of these
modifications.

4. Post-translational modification of VCP

VCP/p97 is a member of the AAA (ATPases Associated with various cellular Activities)
family of ATPases. The protein is composed of an approximately 200-amino acid N-terminal
domain and two ATPase domains (D1 and D2), the former being critical for
homohexamerization, while the latter is responsible for most of the protein’s ATPase activity
and exhibits large conformational changes during ATP hydrolysis [135]. VCP, like Hsp70
and Hsp90 isoforms, is a ubiquitous and abundant protein that accounts for approximately
1% of all cell proteins and acts as a molecular chaperone in various cellular processes such
as cell cycle progression [136], DNA repair [137-140], transcription factor control [141-
143], autophagy [144,145], homotypic membrane fusion [146-148], and Endoplasmic
Reticulum Associated protein Degradation (ERAD) [149-152]. It is believed that VCP
achieves these various roles by recruiting many different cofactors.

Of these functions, degradation of misfolded proteins synthesized in the endoplasmic
reticulum (ER) is the most extensively characterized. Newly synthesized proteins that fail to
adopt their native conformation in the ER are quickly reassigned to a distinct compartment
where they are ubiquitinated by membrane-bound Hrd1 or gp78 E3 ubiquitin ligase
complexes [153] and retrotranslocated to the cytoplasm through a pore formed with Derlin-1
and/or Sec61 [154]. VCP, whether in complex with the Ufd1-Npl4 heterodimer or with other
UBX-containing cofactors, interacts with the incorrectly folded protein as it emerges from
the ER and provides the mechanical force needed to drive the extraction of the polypeptide
into the cytoplasm using an ATP-driven “ratchet” or “milking” motion of reciprocally
alternating conformations between the dual ATPase domains [155]. The chaperone also
serves as a platform from which deglycosylation by Peptide N-Glycanase (PNGase) [156]
and polyubiquitination by E4 multi-ubiquitination enzyme Ufd2 [157] can take place.
Shuttle proteins, like Rad23 and Dsk2, then target the ubiquitinated substrate for degradation
through direct interaction with both Ufd2 and the 26S proteasome complex [158]. Several
deubiquitilating enzymes, such as Otul, VCIP135, YOD1 and Ataxin-3 [148,159-161], have
also been shown to interact with VCP, although their exact role in ERAD is still unknown.

Mutations in the VCP gene have been linked to the autosomal dominant disorder Inclusion
Body Myopathy with Paget’s disease of bone and Fronto-temporal Dementia (IBMPFD)
and, more recently, familial Amyotrophic Lateral Sclerosis (ALS) [162-168]. Most
described VCP mutations reside within the N-terminal and D1 domains [169,170], which are
domains proposed to be involved in cofactor association as well as interaction with
ubiquitinated substrates [170-172]. Many studies were performed to define how these
disease mutations affect the function of VCP. From a biochemical point of view, the most
promising alteration concerned the increased ATPase activity, in conjunction with structural
changes induced by ATP binding [173,174]. Histological manifestation of IBMPFD is
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similar to that of other IBMs, with muscle biopsies showing degenerating fibers, rimmed
vacuoles, and sarcoplasmic inclusions of ubiquitin, VCP, and TAR DNA-binding protein 43
(TDP-43) [170]. Such VCP and ubiquitin inclusions are also observed in other
neurodegenerative disorders as well as in Lewy bodies in Parkinson’s disease and dystrophic
neurites in Alzheimer’s disease [175]. VCP has also been shown to interact with proteins
containing polyglutamine expansions such as those responsible for Huntington’s disease and
Machado-Joseph disease [176].

4.1. Phosphorylation and acetylation

Given VCP’s wide-ranging activities, it comes as no surprise that its post-translational
modification would impact equally diverse cellular functions (see Fig. 3 for a list of reported
VCP modifications). For example, it was demonstrated that the chaperone could be
phosphorylated at S352, S745 and S747 by Akt under growth hormone activation or in
response to hypoxia [177,178]. VCP phosphorylation has also been shown to take place
during cold acclimation [179], sperm capacitation [180] and transitional ER assembly via
Jak2 [181]. Furthermore, VCP was identified as an interactor of phosphatases PTPH1 [182]
and PTPN22 [183].

In addition to UBX-containing factors that bind the N-terminal domain of VCP, a number of
VCP-interacting proteins have another structural element in common, the PUB domain
[184]. PUB domain interaction with VCP is mediated by a short motif at the C-terminus of
the chaperone [185]. This motif includes a tyrosine residue (Y805) that was previously
identified as a target of phosphorylation in T cell receptor activation [186,187] and in
centrosome association (or nuclear translocation in the case of yeast) during mitosis [188]. It
was demonstrated that phosphorylation of this residue impedes interaction with PUB
domain-containing PNGase and Ufd3, a factor that interacts with deubiquitinating enzyme
Otul [160]. Given the fact that Ufd3 has been shown to compete with E4 multi-
ubiquitination enzyme Ufd2 for binding with VCP [160], it is therefore possible that
phosphorylation of T805 could promote Ufd2 recruitment and thus favor polyubiquitination
and proteosomal degradation of client proteins instead of deubiquitination via Ufd3 and
Otul and chaperoning.

The role of VCP in DNA repair is still obscure and has mostly been overshadowed by its
function in ERAD. It has been demonstrated that a subpopulation of VCP resides in the
nucleolus, where it interacts with the Werner syndrome protein [137,139], a helicase
involved in the repair of double strand DNA breaks. In keeping with a possible role of the
chaperone in the DNA damage response, VCP has been shown to be phosphorylated at S784
following UV irradiation or doxorubicin treatment, at which time it interacts more tightly
with chromatin [138]. DNA-PK, which has been mentioned earlier in the Hsp90 section
above, can phosphorylate this site in vitro, although data suggest that this particular kinase is
not the only one responsible for this mark in vivo and that it could possibly be carried out by
other PhosphatidylInositol-3 Kinase-related Kinases (PIKK), like the well-known
transducers of DNA damage checkpoint ATM and ATR.

In cells where misfolded proteins aggregate, such as in polyglutamine disease and various
other neurodegenerative disorders, it has been found that transcription is repressed through
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the active deacetylation of histones H3 and H4 [189]. It was reasoned that the decrease in
production of new misfolded proteins through transcriptional repression might allow the cell
to chaperone or degrade aggregated proteins. However, the link between accumulation of
misfolded proteins and transcriptional suppression is still a matter of debate. VCP was
proposed to play a role in this process. Indeed, in PC12 cells expressing an exogenous
polyglutamine tract protein, VCP was found to translocate to the nucleus following
phosphorylation of S612 and T613 and acetylation of K614 [190]. Phosphorylation and
acetylation mimetic mutant of VCP induced deacetylation of histones H3 and H4 and
transcriptional repression, indicating that the chaperone could in fact mediate transcriptional
repression, although further study will be needed to elucidate the exact mechanisms through
which VCP modifies chromatin.

4.2. Methylation

We and others have demonstrated that the previously un-characterized methyltransferase
METTL21D, a homolog of Hsp70-targetting METTL21A, could methylate VCP on lysine
residue K315 [65,191]. This residue had already been reported as a site of acetylation [192],
but given the modest size discrepancy between lysine acetylation and trimethylation, it is
possible that assignment of acetylation to this residue was rather the result of mis-
annotation. The target lysine lies within VCP’s first ATPase domain, and it was shown that
methylation of this residue results in abrogation of the individual domain’s ATPase activity
in vitro. Our group went on to demonstrate that VCP methylation was concomitantly
increased with the presence of UBX protein ASPSCR1, which also binds directly with
METTL21D. Alternatively, ASPSCR1 had previously been ascribed a role in disassembly of
the VCP hexamer [193] and since VCP appears to be more readily methylated as a monomer
[191], it is therefore plausible that this cofactor may also promote methylation through this
mechanism. Whatever the case may be, it appears as though IBMPFD and familial ALS-
causing mutations can negatively impact on ASPSCR1-mediated methylation of the
chaperone [65]. Methylation of VCP did not appear to result in a quantifiable effect on
ubiquitin-mediated proteosomal degradation, autophagy or ATPase activity of the full
chaperone in vivo [191]. METTL21D was shown, however, to promote tumor migration and
invasiveness, consistent with its upregulation in mobilized macrophages and metastatic
tumors [194].

4.3. S-Glutathionylation

S-Glutathionylation, like aforementioned S-nitrosylation, is a chemical modification that
befalls on cysteine residues under oxidative stress. In the presence of oxidants, like diamide
and peroxide, the overall ATPase activity of the chaperone is significantly decreased [195].
While C69, C77 and C522 were all shown to be S-glutathionylated in vitro, only the
substitution of C522 shielded the ATPase activity of VCP against oxidative stress. Oxidation
also strengthened the interaction with cofactors Npl4 and Ufd1 in vivo, although C522 did
not appear to play a role in this phenomenon. C522 substitution did however protect cells
against diamide-induced ER-derived cytoplasmic vacuolization and subsequent cell death.
Although this particular cysteine residue is not conserved in S. cerevisiae, it was noted that
substituting the corresponding residue for a cysteine sensitizes yeast cells to several
oxidants. Oxidative stress has been shown to prevail in neurodegenerative disorder like
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Parkinson’s disease [196,197]. Furthermore, a correlation between aging and accumulation
of oxidative damage has been observed [198]. It was thus posited that oxidation of VCP may
play a role in the molecular physiopathology of neurodegenerative disorders, where the
onset of symptoms typically comes at a later age.

5. Concluding remarks

Given the overwhelming number of PTMs that target chaperones, decrypting patterns of
modifications into a unifying regulatory model may seem like a daunting task. However,
surveying the data available so far allows us to identify common mechanisms by which
modulation of chaperone function is enacted (Fig. 4). For example, alteration of the ATPase
cycle at various steps has been proposed as a way by which cochaperones affect chaperone
function and in some cases PTMs appear to work in the same way. Whether by direct
modification of the nucleotide binding site or catalytic core, or by altering the overall
structure of the protein through creation or destruction of more far-ranging intramolecular
interactions, PTMs have been found to influence either binding, hydrolysis or release of
ATP.

Altering cochaperone affinity is another way by which PTMs affect chaperone function.
These cochaperones are rarely limited to their role in modulating the ATP cycle of their
respective chaperone, but most often confer specificity to various substrates. Thus,
modifications that guide the chaperone’s preference toward various cofactors may ultimately
have critical consequences on which client proteins will be targeted as well as what fate will
await these substrate proteins (i.e. silencing or activation though chaperoning; stability or
degradation).

Translocation of chaperones is yet another recurring theme in chaperone regulation by
PTMs. Amino acid modification can directly create or destroy interaction sites for carrier or
anchor proteins; they can also create structural rearrangements, thereby revealing targeting
sequences that would otherwise be embedded inside the chaperone. Those signaling peptides
can direct the chaperone to various organelles and sub-compartments of the cell. Changing
the localization of a chaperone may segregate it from its usual interactors, or it may simply
put it in contact with a different set of cochaperones and client proteins.

Finally, while chaperones are often the effectors of protein turnover, PTMs may affect the
stability of the chaperones themselves with obvious downstream effects for their respective
client proteins.

While this additional layer of regulation represents further vulnerabilities that may be
exploited during establishment of various disorders or infectious diseases, it is our hope that
modulation of chaperones through PTMs may also provide novel diagnostic tools and,
ultimately, therapeutic strategies to restore homeostasis in instances where chaperone
function has gone awry.
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Fig. 1.
Hsp70 and Hsc70 post-translational modifications. Linear representation of the Hsp70 and

Hsc70 isoforms of the Hsp70 family with ATPase domain, substrate binding domain (SBD)
and C-terminal EEVD motif. All reported PTMs are marked according to a color code:
tyrosine phosphorylation (Y-P) in dark blue, threonine phosphorylation (T-P) in light blue,
serine phosphorylation (S-P) in green, ubiquitination (U) in red, acetylation (A) in orange
and all others modifications in purple. Methylation (M) of arginine or lysine residues are the
only infrequent modifications indexed in this instance. The majority of the data was
provided by the public PTM database PhosphoSitePlus (http://www.phosphosite.org) and
also from various sources in the scientific literature. PTMs identified on the basis of a single
mass spectrum or reported in a single article are denoted with an asterisk.
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Fig. 2.
Hsp90a and Hsp90p post-translational modifications. Linear representation of the Hsp90a

and Hsp90p isoforms of the Hsp90 family with N-terminal ATPase domain, middle (M)
domain, C-terminal dimerization (C) domain and EEVD motif. All reported PTMs are
marked according to a color code: tyrosine phosphorylation (Y-P) in dark blue, threonine
phosphorylation (T-P) in light blue, serine phosphorylation (S-P) in green, ubiquitination (U)
in red, acetylation (A) in orange and all others modifications in purple. Lysine methylation
(M), glycosylation (G) and S-thionylation (T; a broad term which serves to describe a
number of redox madifications that take place on the sulfur group of cysteine residues
including disulfide oxidation, S-nitrosylation and S-glutathionylation) are among the
infrequent modifications reported here. The majority of the data was provided by the public
PTM database PhosphoSitePlus (http://www.phosphosite.org) and also from various sources
in the scientific literature. PTMs identified on the basis of a single mass spectrum or
reported in a single article are denoted with an asterisk.
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VCP/p97 post-translational modifications. Linear representation of the VCP/p97 protein
with N-terminal (N) domain and dual ATPase domains D1 and D2. All reported PTMs are
marked according to a color code: tyrosine phosphorylation (Y-P) in dark blue, threonine
phosphorylation (T-P) in light blue, serine phosphorylation (S-P) in green, ubiquitination (U)
in red, acetylation (A) in orange and all others modifications in purple. Lysine methylation
(M) and S-thionylation (T; a broad term which serves to describe a number of redox
modifications that take place on the sulfur group of cysteine residues including disulfide
oxidation, S-nitrosylation and S-glutathionylation) are among the infrequent modifications

reported here. The majority of the data was provided by the public PTM database
PhosphosSitePlus (http://www.phosphosite.org) and also from various sources in the

scientific literature. PTMs identified on the basis of a single mass spectrum or reported in a
single article are denoted with an asterisk.
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Fig. 4.
Schematic representation of the chaperone code. The post-translational modification (PTM)

of molecular chaperones, through phosphorylation (P), acetylation (A), ubiquitination (U),
methylation (M) and other chemical modifications, represents a widely used cellular strategy
to regulate, with extreme rapidity and precision, the activity of these proteins that orchestrate
protein folding/unfolding and protein complex assembly/disassembly. PTMs have been
shown to modulate various aspects of chaperone function, including enzymatic activity
(ATPase activity for Hsp90, Hsp70 and VVCP), co-factor binding and protein client binding
that together control chaperone specificity, and transporter binding that has the ability to
relocalize chaperones in a cellular compartment where they can exert a distinct function by
binding new cochaperones and client proteins. The notion of a chaperone code helps
explaining how, by combining specific PTMs, a given molecular chaperone can discriminate
between a multitude of substrates to respond efficiently to changing needs within the cell,
both in a time and space controlled manner.
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