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The second chaperone code meeting was organized by
Mark Woodford, Dimitra Bourboulia, and Mehdi
Mollapour (State University of New York, Upstate Medical
University, USA; https://www.cssimeeting.com,). It was

held as a satellite event of the annual meeting of the Cell
Stress Society. It featured a large number of speakers re-
presenting different aspects of the topic aiming to achieve a
comprehensive overview of the field. In this context, there
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was a focus on the molecular chaperone Hsp90.
Accordingly, Johannes Buchner presented the keynote
lecture opening the symposium. He showed an overview of
the chaperone cycle of Heat shock protein-90 (Hsp90) and
work from his lab demonstrating its modulation by diverse
post-translational modifications (PTMs) including phos-
phorylation,' nitrosylation,” and lysine methylation.” In the
examples presented, the PTMs had wide range allosteric
effect on Hsp90 function. Thus, the sites affected can be
seen as conformational switch points regulating chaperone
activity.

Hsp90 chaperone code

Paul LaPointe (University of Alberta, Canada) con-
tinued the scheme on Hp90 PTMs. He presented a
mechanism for how phosphorylation of Hsp90 inhibits
the stimulatory effect of the co-chaperone Ahal on the
Hsp90 ATPase. Specifically, the phosphosimilar T22E
mutation in Hsp90 neutralizes the conserved
NxNNWHW motif of Ahal and alters asymmetric sti-
mulation and kinetic parameters of ATP hydrolysis. He
also presented a model for how this modification can
exert its effect from only one subunit of the Hsp90
dimer." Brian Blagg (University of Notre Dame, USA)
presented data on the development of Hsp90 isoform-
selective inhibitors and their use against various disease
states. In particular, he presented data regarding the
development of human Hsp90p3-selective inhibitors and
included data that demonstrated that such compounds
overcome several of the clinical detriments associated

with Hsp90 pan-inhibitors, including cardio-, ocular-,
and dose-limiting toxicities.”® Together the data support
the development of Hsp90B-selective inhibitors for the
potential treatment of various cancers. Maria A. Theo-
doraki (Arcadia University, USA) presented data on
gambogic acid (GBA) and DAP-19, two Hsp90f selective
inhibitors.” The extraction of GBA from the gamboge of
Garcinia hanburyi results in isomerization at the C2
center of the compound. The epimers, however, do not
present significant differences in their biological profile
as shown in cytotoxicity and induction of apoptosis
studies using the MDA-MB-231 triple-negative breast
cancer cell line.® DAP-19, a GBA derivative, showed
potent antitumor effects in in vitro studies with breast
cancer cell lines without affecting normal mammary
epithelial cells. Additionally, treatment with DAP-19
decreased cancer cell migration and led to proteasomal
degradation of Hsp90 clients. Dan Gewirth (Hauptman-
Woodward Institute, USA) reported on the effect of
glycosylation on Grp94, the Hsp90 paralog of the en-
doplasmic reticulum (ER). Using Grp94 variants that
were engineered to be glycosylated at defined sites only,
his group showed that the six glycosylation sites fall into
two classes. One set of sites is structurally and func-
tionally benign, while glycosylation at any of the other
sites leads to Grp94s with shorter lifetimes, decreased
stability, increased protein aggregation, and reduced
client maturation, suggesting a mechanism whereby
differential glycosylation tunes Grp94 activity and pro-
motes new biological functions.” Grp94 glycosylation
was also addressed by Giorgio Colombo (University of
Pavia, Italy) who discussed the role of molecular
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Fig. 1 A Crystal Keynote Speaker Plaque was presented to
Johannes Buchner (second from left) by meeting organizers
Mehdi Mollapour (left), Dimitra Bourboulia (third from left),
and Mark Woodford (right).

simulations in understanding the impact of post-trans-
lational modifications on the functional dynamics of
chaperones and the implications for drug design.'’
Specifically, he found that aberrant glycosylation of
Grp94'' remodels the dynamic states of the chaperone
and its interaction modes with drugs. Phosphorylation
of co-chaperones, on the other hand, was shown to re-
model the conformational landscape of these proteins,
ultimately perturbing their engagement in the cha-
perone machinery.'” Sarah Backe from the Mollapour
group (State University of New York, Upstate Medical
University, USA) showed that the autophagy-activating
kinase Atgl/Ulkl phosphorylates a conserved serine
site, (yHsp90-S25/hHsp90a-S39), of Hsp90 inhibiting its
ATPase activity and altering chaperone dynamics. Atgl/
Ulkl-mediated phosphorylation of Hsp90 leads to dis-
sociation of the Hsp90:Atgl/Ulkl complex and activa-
tion of Atgl/Ulkl, which is essential for initiation of
autophagy.'” This work indicates a reciprocal regulatory
mechanism between the chaperone Hsp90 and the au-
tophagy kinase Atgl/Ulkl and consequent maintenance
of cellular proteostasis. Jill Johnson (University of
Idaho, USA) discussed new results that take advantage
of mutations in yeast Hsp90 that disrupt different steps
within the folding pathway.'" In prior studies, they were
unable to identify client defects of one set of mutants
that may explain the temperature-sensitive phenotype.
However, recent studies suggest that mutations in that
group selectively impact the folding of the ribosomal
translocase, eEF2. Amie McClellan (Bennington Col-
lege, USA) described preliminary findings on non-ca-
nonical ubiquitination, using yeast as a model system.

Mutation of the three ubiquitinated lysine residues in
the von Hippel Lindau (VHL) tumor suppressor protein
to arginine prevents their ubiquitination by canonical
iso-peptide linkages to lysine side chains. VHL lacking
these lysine residues was still ubiquitinated and de-
graded by the proteasome with no observable differ-
ences in chaperone requirements such as Hsp90. This is
the first evidence showing that, in addition to their well-
established role in the quality control of lysine-bearing
substrates, molecular chaperones also participate in the
successful triage of misfolded proteins lacking lysine
residues to the ubiquitin-proteasome system.'” "’
Taken together, these presentations suggest that
PTMs create unique subpopulations of Hsp90 chaper-
ones which are fine-tuned to function in the folding,
activation, and degradation of client proteins.

Heat shock response code

Another important element of chaperone regulation is the
transcriptional tuning of chaperone expression by the
specific heat shock transcription factor. Milad Alasady
from Marc Mendillo’s group (Northwestern University,
USA) combined a genome-wide RNAI library with a heat
shock response (HSR) reporter and identified JMJD6 as an
essential mediator of HSF1 activity. In a positive feedback
circuit, HSF1 binds and promotes JMJD6 expression,
which in turn reduces HSP70 R469 mono-methylation to
disrupt HSP70-HSF1 repressive complexes resulting in
enhanced HSF1 activation.'*'” Richard Carpenter (In-
diana University, USA) developed an HSF1 activity sig-
nature and showed that HSF1 activity was negatively
associated with antitumor immune cells in breast tumors,
most notably CD8+ T cells. Knockdown of HSF1 in breast
tumors decreased tumor volume by an influx of CD8+ T
cells. An increase in expression and secretion of CCL5 was
required to attract CD8+ T cells after knockdown of
HSF1.” These findings indicate that HSF1 suppresses
antitumor immune activity by reducing CCL5. Natasha
Zachara (Johns Hopkins University, USA) presented un-
published work on the post-translational modification O-
GlcNAc, which is one target of the cellular stress response.
O-GlcNAc remodels cellular pathways to promote cellular
survival, and elevating O-GIcNAc enhances cell and tissue
survival in models of oxidative stress and ischemia-re-
perfusion injury.”’ One example of this remodeling by O-
GIcNAc works via AMP-dependent protein kinase to
regulate autophagy and cytoprotection.

The theme emerging from this section is that cellular
responses to stress affect different aspects of biology,
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Fig. 2 Group photo of meeting attendees at the Second International Symposium on the Chaperone Code outside the Hilton Old

Town Alexandria, in Alexandria, VA, USA.

including transcription, metabolism, and antitumor
immunity.

Hsp70 chaperone code

The other major player in the chaperone system of the
eukaryotic cytosol is Hsp70. As expected for such a
central factor, it is precisely regulated by PTMs as dis-
cussed in several presentations. Seema Mattoo (Purdue
University, USA) described how AMPylation/adenyly-
lation of the ER Hsp70 chaperone BiP by the Fic pro-
tein, HYPE/FicD could serve as a novel therapeutic
nexus for the treatment of protein misfolding dis-
orders.”””’ Highlighting her lab’s work on Parkinson’s
disease and the recent discovery of clinical mutations
associated with HYPE, Dr Mattoo described the devel-
opment and application of a high-throughput screen
leading to the discovery of a small molecule inhibitor for
HYPE. Matthias Truttman (University of Michigan,
USA) continued the scheme on AMPylation of BiP and
presented work describing a new mechanism linking
protein AMPylation to developmental processes and
protein aggregation stress in the nematode C. ele-
gans.””” Andy Truman (UNC Charlotte, USA) de-
scribed the creation of the Hsp70 chaperone code
collection, which allows high-throughput analysis of the
phenotypic fingerprints of Hsp70 phospho-site mutants.
Importantly, he reported that there was a lack of overlap
between Hsp70 phospho-sites activated by a particular
stress and those required for response to that stress.
Taken together, his results suggest that Hsp70 acts as a
major integrator of diverse cellular signals.””’ Lila
Gierasch (University of Massachusetts-Amherst, USA)

focused on the finding that some substrate peptide se-
quences bound to Hsp70 in two orientations, C- to N- or
N- to C-, suggesting that the preferred binding mode is a
result of the optimal positioning of substrate side chains
in the binding cleft regardless of the backbone orienta-
tion.”® She presented new findings on a peptide de-
signed with a “palindromic sequence” that presents the
same side chain sequences around the residue that oc-
cupies the “central pocket” regardless of the binding
orientation. Strikingly, the palindromic peptide binds in
both C- to N- or N- to C- orientations with nearly
identical frequency, arguing that binding is based on the
ability of the chaperone to optimize side chain fit re-
gardless of backbone direction.

As evidenced by these presentations, manipulation of
Hsp70 PTMs can provide valuable information on the
molecular basis of the cellular stress response.

Mitochondrial chaperone code

Mitochondrial Hsp90 has gained increasing attention in
recent years as it seems to play an important role in
mitochondrial proteostasis. Andrea Rasola (University of
Padova, Italy) presented new work on PTMs of the mi-
tochondrial Hsp90 homolog TRAPI1. In order to dyna-
mically shape cell metabolism and tune it to the
changing environmental conditions, TRAP1 undergoes a
fine regulation by PTMs. He showed the influence of
PTMs on TRAP1 activity in tumor cell models, which
leads to adaptations that enhance their neoplastic fea-
tures.”” Byoung Heon Kang (UNIST, South Korea) pre-
sented data demonstrating that TRAP1 contributes to
disease pathogenesis by regulating mitochondrial
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function in non-cancerous cells, such as adipocytes in the
tumor microenvironment and retinal cells in ischemic
retinopathy, using knockout mice.”’ Additionally, he
showed that TRAP1 inhibitors targeting its client binding
site, such as mitoquinone and SB-U015, not only exhibit
enhanced anticancer activity compared to ATP-mimetic
inhibitors’~* but also show potential applications in
treating human diseases caused by mitochondrial dys-
functions. Mark Woodford (State University of New
York, Upstate Medical University, USA) presented un-
published work demonstrating phosphorylation of
TRAP1 by a mitochondrial population of the proto-on-
cogene tyrosine kinase c-Abl. Phosphorylated TRAP1
showed increased binding to the apoptosis effector cy-
clophilin D, an interaction that blocks the induction of
mitochondrial apoptosis. Mitochondrial c-Abl and sub-
sequent TRAP1 phosphorylation is enriched in clear cell
renal cell carcinoma cell lines, suggesting a potential
mechanism driving cancer cell survival.”

Mitochondrial dysfunction underlies the pathogen-
esis of cancer and neurodegeneration, among others.
Our nascent understanding of mitochondrial chaperone
function has revealed that dysregulation of TRAP1-PTM
plays a critical role in promoting oncogenesis, and tar-
geting TRAP1 may provide clinical benefit in the con-
text of different diseases.

Co-chaperone code

In addition to PTMs, the function of Hsp70s and Hsp90s
is tuned by a suite of proteins known as co-chaperones.
These co-chaperones are further regulated by PTMs, de-
monstrating the intricacies of the chaperone code. Len
Neckers (National Cancer Institute, USA) shared his
latest data on lactylation of a number of chaperones and
co-chaperone proteins, including DnaJ/JDP proteins. He
found that a unique set of DnaJs/JDPs are constitutively
lactylated, as is the Hsp90 co-chaperone Ahal. These
preliminary observations suggest that Hsp90 activity may
be susceptible to metabolic regulation as are certain
Dnals/JDPs. Importantly, such metabolic regulation is
likely more frequent in highly glycolytic tumor cells.”*”

Aimee Kao (UCSF, USA) presented work on TSC1/
Hamartin, a co-chaperone for Hsp70 and Hsp90.”>*’ She
showed that Tscl haploinsufficiency is associated with an
increased risk of the primary tauopathy, progressive supra-
nuclear palsy, and the secondary tauopathy, Alzheimer’s
disease.”**” In Tscl haploinsufficiency, tau becomes abnor-
mally acetylated and stabilized, thereby increasing steady-
state levels of this protein and leading to abnormal protein
aggregation. Chris Prodromou (University of Sussex, UK)
revealed the structure of the LA1011-Hsp90 C-terminal

domain complex. LA1011 is a dihydropyridine that has been
shown to improve the prognosis of Alzheimer’s disease in
mouse models, "' LA1011 competes for binding with the
Hsp90 co-chaperone FKBP51, an immunophilin known to
be associated with Alzheimer’s disease, defining the mole-
cular target for LA1011 and providing structure-based drug
design opportunities.”” The mechanism by which LA1011
acts to improve Alzheimer’s disease is suggested to be the
restoration of the normal biology of tau, a Hsp90- and
FKBP51-dependent protein. Ioannis Gelis (University of
South Florida, USA) presented NMR and HDX-MS data that
reveal essential dynamics during the Hsp90 chaperone cycle.
Results from his group show that breathing motions in the
client kinase domains expose otherwise buried segments
utilized for Hsp90 binding, suggesting that inherent client
dynamics poise for chaperone dependence. During kinase
loading to Hsp90-Cdc37 complexes, this partially unfolded
client conformation is stabilized by Cdc37 independently of
Hsp90."* Dimitra Bourboulia (State University of New York,
Upstate Medical University, USA) presented work on how c-
Src tyrosine kinase regulates the extracellular Hsp90
(eHsp90) chaperone machinery. c-Src phosphorylates
TIMP2, an eHsp90 co-chaperone, facilitating its interaction
with MMP2, an eHsp90 client, and modulating extracellular
matrix degradation.”’ In addition to targeting the TIMP2 co-
chaperone, the studies demonstrate that active c-Src drives
the generation of specific phospho-secretome enriched in
cancer-promoting tyrosine-phosphorylated proteins, in-
cluding eHsp90a and eHsp90B.”” Considering that c-Src le-
vels and activity are increased in human cancers, collectively,
the data present a new concept for the regulation of the
extracellular milieu and emphasize the importance of
extracellular c-Src-mediated protein-protein interactions
and tyrosine phosphorylation of the eHsp90 chaperone
machinery.

Rebecca Sager from the Mollapour lab (State University
of New York, Upstate Medical University, USA) presented
unpublished data on the SUMOylation of protein phos-
phatase 5 (PP5). She demonstrated that phosphorylation of
PP5-T362, shown previously to play a key role in PP5 ac-
tivation in kidney cancer, is pre-requisite to SUMQylation
of the phosphatase.”*” Together these modifications con-
trol PP5 activity and release of its substrates such as the
glucocorticoid receptor in cells. Walid Houry (University of
Toronto, Canada) presented data demonstrating that the
R2TP chaperone complex is responsible for assembly of
macromolecular complexes mainly acting through different
adapters. Using proximity labeling mass spectrometry, the
Houry group identified DPCD as a new adapter of R2TP.
They demonstrated that R2TP-DPCD influences ciliogen-
esis initiation through a unique mechanism by interaction
with Akt kinase to regulate its phosphorylation levels rather
than its stability."* ™
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As co-chaperones are themselves regulators of cha-
perone function, characterizing the “co-chaperone
code” can provide critical information for under-
standing their impact on chaperone function.

Flash talks

Short talks by junior scientists covered a range of ex-
citing topics expanding the scope of the chaperone code
meeting. Asif Elahi from Ahmed Chadli’s group
(Augusta University, USA) reported that the Hsp90 co-
chaperone UNC45A is highly overexpressed in prostate
cancer patient samples and is correlated with a decrease
in disease-free survival. UNC45A selectively localizes to
the nucleus and regulates the proliferation of prostate
cancer cells. He further showed that UNC45A silencing
decreases the expression of the mitotic kinase NEK7 at
both mRNA and protein levels in prostate cancer, sug-
gesting a role for UNC45A in cell-cycle regulation in
prostate cancer.’’ Vamsi Krishna Kommalapati from
Ahmed Chadli’s group (Augusta University, USA) re-
ported results demonstrating that capsaicin inhibits
Hsp90 by targeting its N-terminal domain without in-
ducing HSR. It promotes the degradation of Hsp70
through the lysosome-autophagy pathway. Additionally,
co-treatment of capsaicin enhances the antitumor ac-
tivity of 17-AAG.” So-Yeon Kim from Byong-Heon
Kang’s group (UNIST, South Korea) showed that ex-
pression of mitochondrial TRAP1 was essential for pa-
thological neovascularization and blood-retinal barrier
breakdown in mouse models of ischemic retinopathies.
He showed that TRAP1 inhibition alleviated retinal
vascular pathologies by inducing HIFla degradation
mediated by activation of calpain-1. Furthermore, non-
invasive ophthalmic solutions of TRAP1 inhibitors de-
graded HIF1a, simultaneously downregulating multiple
angiogenic factors in ischemic retinopathy, decreasing
expression levels to normal.”’ Katherine Meluni from
the Mollapour lab (State University of New York, Up-
state Medical University, USA) described the regulation
of cyclin-dependent kinase 4 (CDK4), which regulates
G1 to S phase transition.”””” CDK4 stability and activity
depend on Hsp90 and the co-chaperone Cdc37. The E3
ubiquitin ligase VHL targets CDK4 for ubiquitination
and degradation. Duhita Mirikar from Andy Truman’s
lab (UNC Charlotte, USA) presented work on RNR, a
potential client of Hsp70, Hsp90 and DNAJAL. She re-
ported a direct interaction of RNR subunits with mo-
lecular chaperones using cross-linking mass
spectrometry and cryo electron microscopy.”® Gianna
Mochi from Mark Woodford’s lab (State University of
New York, Upstate Medical University, USA) presented

a recently discovered metabolically derived PTM that
impacts the function of TRAP1 and its client protein,
driving mitochondrial respiration.’” Siddhi Omkar from
the Truman lab (UNC Charlotte, USA) described a
screening approach to identify phosphorylation sites
that are altered under heat shock and thus studying its
cellular rationale that helps cells survive at high tem-
peratures. She identified novel sites on Hsp70 that are
modified under heat stress and result in a defective
HSR. These data suggest that Hsp70 acts as an in-
tegrator of diverse stress signals to control the HSR via
its PTMs.”® Jenny Pessa from Lea Sistonen’s lab (Abo
Akademi University, Finland) described recent data
demonstrating that transforming growth factor-beta
(TGF-B)-mediated loss of HSF2 is required for epithe-
lial-mesenchymal plasticity as well as induced cellular
invasion in breast cancer cells, and that ectopic ex-
pression of HSF2 counteracts the TGF-{-induced effects
in both in vitro and in vivo models.” Pietro Poggio from
Mara Brancaccio’s group (University of Turin, Italy)
reported that, in mice, the knockout of the Hsp90 co-
chaperone Morgana caused accumulation of DNA da-
mage and impaired proliferation of epithelial cells,
leading to the destruction of intestinal integrity. Mor-
gana-deficient cells also showed cell-cycle defects and
mitotic abnormalities. His findings highlighted a crucial
role for Morgana in maintaining homeostasis of actively
proliferating tissues.”” Francesca Zuppini from Mario
Brancaccio’s group (University of Turin, Italy) discussed
the role of the extracellular Hsp90 co-chaperone Mor-
gana in enhancing cancer cell migration through its
interaction with specific cell surface receptors. Fol-
lowing this binding, Morgana facilitates the inter-
nalization of membrane-bound integrins, ultimately
favoring their recycling over degradation.”’ Sarah Rolli
from Emily Sontag’s lab (Marquette University, USA)
found that Hsp40, Hsp70, and Hsp90 alter the ag-
gregation and toxicity of mutant huntingtin in a yeast
model. Chaperone knockout increases the toxicity of
mutant huntingtin and increases the amount of in-
soluble protein. Smriti Sangwan from the Walter Lab
(UCSF, USA) reported on IRE1, a membrane protein in
the ER which monitors the protein folding status of the
ER in a process termed the unfolded protein response.
She showed using single-particle cryoEM that IRE1
binds to approximately one-third of ER-localized ribo-
somes. This may be important for IRE1 to find its select
mRNA substrates from the larger pool of ER-localized
mRNAs. Leon Tang from Lin-fa Wang’s group (National
University of Singapore) described results of a study on
the stress response of bats following heat shock. Bats are
unique as they exhibit dampened inflammation and
increased longevity, and they are the only mammal
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capable of self-powered flight.”" He uncovered en-

hanced heat resistance in their physiology coupled with
an atypical molecular HSR. Valeria Uvarova from the
van Oosten-Hawle lab (UNC Charlotte, USA) showed
that Hsp90 directly contributes to remodeling of lipid
metabolism via interacting with lipid catabolic enzymes
in the gut of C. elegans, suggesting changes in free fatty
acids. These changes induced by increased Hsp90 levels
in the gut alleviate the toxicity of age-associated ag-
gregative disease proteins expressed in the nervous
system and muscle cells and extend C. elegans health-
span.”” Nam Gu Yoon from Byoung-Heon Kang’s lab
(UNIST, South Korea) showed that the mitochondrial
chaperone TRAP1 was essential for production of pro-
tumorigenic adipokines in cancer-associated adipocyte.
Therapeutic targeting of TRAP1 has the potential of
yielding beneficial effects for the treatment of breast
tumor and its adipose-rich niche.””’

Leon Tang (National University of Singapore), Nam
Gu Yoon (UNIST, South Korea), and Gianna Mochi
(State University of New York, Upstate Medical
University, USA) received first, second, and third prizes,
respectively, for their outstanding presentations.

Concluding remarks

Following the prolonged absence of in-person meetings
resulting from the COVID-19 pandemic, the Second
International Symposium on the Chaperone Code pro-
vided an opportunity to reconnect with friends and col-
leagues in Alexandria (Figures 1 and 2). The
presentations offered a comprehensive overview of the
intricate network of PTMs and regulatory mechanisms
governing the chaperone machinery and delved into the
diverse roles of major chaperones, such as Hsp90 and
Hsp70, and their co-chaperones in cellular processes
ranging from protein folding to disease pathogenesis.
Notably, the focus extended to mitochondrial chaperones
and their implications in cellular metabolism and dis-
ease. The meeting showcased cutting-edge research on
the impact of PTMs on Hsp90 function, binding to iso-
form-selective inhibitors and the regulation of diverse
cellular pathways. The integration of chaperones into the
context of diseases, including cancer and neurodegen-
erative disorders, underscored the therapeutic potential
of targeting chaperone networks. Moreover, the ex-
ploration of novel PTMs, such as lactylation, SUMOyla-
tion, and O-GlcNAcylation adds layers of complexity to
the chaperone code. Future directions in the chaperone
code field involve unraveling the intricate interplay be-
tween chaperones, co-chaperones, and their PTMs in
various cellular contexts. Understanding how chaperone

networks respond to different stresses, regulate immune
responses, and contribute to cellular homeostasis will be
crucial. The development of innovative techniques, as
evidenced by proximity labeling mass spectrometry and
structural studies, will further enhance our grasp of
chaperone dynamics. Additionally, the implications of
chaperone modifications in the extracellular milieu and
their role in metabolic regulation present exciting ave-
nues for exploration. The meeting set the stage for con-
tinued and new collaborations, emphasizing the need for
interdisciplinary approaches and integration of emerging
technologies. As the chaperone code field advances, it
holds the promise of unveiling new therapeutic targets
and strategies for diseases associated with protein mis-
folding and cellular stress.

The Third International Symposium on the
Chaperone Code will be held in September 2025 in
Syracuse, NY, USA.
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