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Site-specifically Phosphorylated Hsp90C-terminal Domain
Variants Provide Access to Deciphering the Chaperone

Code.

Oliver Gajsek,™" Christian F. W. Becker,*™ and Anne C. Conibear*!

The ubiquitous molecular chaperone Heat shock protein 90
(Hsp90) is pivotal in many cellular processes through folding of
client proteins under stressed and normal conditions. Despite
intensive research on its function as a chaperone, the influence
of posttranslational modifications on Hsp90 (the ‘chaperone
code’), and its interactions with co-chaperones and client
proteins, still remains to be elucidated. The C-terminal domain
(CTD) of Hsp90 is essential for formation of the active
homodimer state of Hsp90 and contains recognition sites for
co-chaperones and client proteins. Here we used expressed
protein selenoester ligation to introduce site-selective phos-
phorylations in the Hsp90 CTD, while preserving the native

Introduction

The family of Heat shock proteins (Hsps) belongs to the class of
molecular chaperones - proteins that interact with their
substrates, often termed “clients”, to facilitate their folding. This
chaperone activity helps client proteins to acquire and/or
maintain their native functionality under basal as well as
stressed conditions.? Hsps are abundant and are expressed
predominantly in the cytosol, but are found in all cellular
compartments. When exposed to stressors such as heat,
radiation, hypoxia or infection, eukaryotic cells increase the
expression of Hsps as a defense mechanism that facilitates
maintenance of homeostasis. Among the Hsps, Heat shock
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amino acid sequence. The two phosphorylations do not affect
the overall secondary structure, but in combination, slightly
decrease the thermal stability of the CTD. The Hsp90 CTD
functions as a chaperone in decreasing aggregation of model
client proteins, but the C-terminal phosphorylations do not
significantly alter the anti-aggregation activity for these clients.
The optimization of expressed protein selenoester ligation
(EPSL) to carry out several steps in one pot provides an efficient
route to access site-specifically modified Hsp90 CTD variants,
allowing the generation of Hsp90 variants with site-specific
PTMs to decipher the chaperone code.

protein 90 (Hsp90, named after its ~90 kDa size) is one of the
most abundant and has over 300 known client proteins,™
including essential members of cellular signaling cascades,
kinases, steroid hormone receptors, oncoproteins, and proteins
involved in many neurodegenerative diseases.*® The central
role of Hsp90 in cellular homeostasis has made it for decades a
target for new anticancer drugs that downregulate oncoprotein
chaperoning;"®'? however only recently an Hsp90 inhibitor
received clinical approval for use against gastrointestinal
stromal cancer."""® The central role of Hsp90 in protein folding
and homoeostasis makes it a promising but very challenging
target, and emphasizes the need for a deep understanding of
its molecular function and regulation.

In its active state, Hsp90 forms a homodimer in which each
monomer consists of three conserved domains. The amino-
terminal domain (NTD) contains the primary nucleotide (ATP)
pocket and is linked via a highly charged and flexible linker
sequence to the middle domain (MD), which provides a large
surface area for client protein binding. The carboxy-terminal
domain (CTD) initiates the dimer formation of Hsp90 and is
therefore crucial for proper functioning of Hsp90.”' The
structured domains are flanked by intrinsically disordered
linkers and tails. Initiated by the binding of ATP and the client
protein, Hsp90 cycles through open and closed states, the
‘chaperone cycle’; dimerization of the NTDs is followed by large
conformational changes in the middle domain before the
release of the properly folded and activated client, ADP and
inorganic phosphate (Figure 1 a)."*"® This cycle is regulated by
a variety of co-chaperones that bind and dissociate Hsp90 and
its clients to facilitate the chaperone activity. The Hsp90 CTD in
isolation has also shown chaperone activity in a variety of
model substrate aggregation assays. This anti-aggregation
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Figure 1. Structural and functional characteristics of Hsp90. a) Crystal structure of Hsp90 analogs in open (IPD:210Q) and closed conformational states (IDP:
2CGY9). The intrinsically disordered C-terminal tail, residues ~700-732, is representationally added to the CTD (blue). During the chaperone cycle, Hsp90
undergoes large conformational changes upon binding of ATP and the client protein. This process is highly regulated by co-chaperones and posttranslational
modifications. b) Domain structure of human Hsp90 alpha CTD (IPD:3Q6 N) with added C-terminal sequence, residues 711-732, containing the TPR recognition

motif -MEEVD and two phosphorylations in proximity.

activity is dependent on dimer formation, which is mainly
dependent on the CTD."' Furthermore, the intrinsically
disordered C-terminal tail of the CTD is important for interacting
with co-chaperones through a tetratricopeptide repeat (TPR)
recognition site comprising the residues -MEEVD (Figure 1
b)'[zofzz]

The abundant posttranslational modifications (PTMs) of
Hsp90 are thought to have a role in its selection of co-
chaperones and client proteins under different conditions, and
in different cellular locations. However, due to the large size of
Hsp90, its many PTMs, and its multiple clients and co-
chaperones, the so-called ‘chaperone code’ by which PTMs
regulate the activity of Hsp90 is still largely undeciphered.”*?!
Homogeneous proteins bearing (multiple) native site-specific
PTMs are usually only accessible by (semi—)synthesis
strategies,”®””' so previous studies have used natural amino acid
mimics to study the impact of and crosstalk between PTMs of
Hsp90. In a recent example, Mollapour and co-workers used
non-phosphorylatable alanine or phosphomimetic glutamic
acid mutants to study a phosphorylation site in yeast Hsp82
(Ser25, equivalent to human Hsp90a, Ser39), which is phos-
phorylated by autophagy activating kinase Atg1/ULK.”® Mim-
etics of phosphorylation at this site caused inhibition of
chaperone activity. Furthermore, phosphorylation of this site
leads to dissociation of the Atg1/ULK12-Hsp90 complex, which
allows Atg1/ULK1 to be activated and initiate autophagy. This
regulation by a phosphorylation PTM showcases an intriguing
interplay between Hsp90 and the serine/threonine kinase Atg1/
ULK1, which itself is a client of Hsp90, and means that inhibition
of Hsp90 leads to degradation of Atgl1/ULK1.”” A further
example indicates the importance of PTMs close to the MEEVD
TPR recognition site located in the C-terminal tail of the Hsp90
CTD; Gestwicki and co-workers studied the binding of TPR-
domain-containing co-chaperones to Hsp70 and Hsp90 and
found that mimicking phosphorylation of serine and threonine
residues with glutamic acid near the -MEEVD motif selectively
alters the binding to the TPR-domain-containing E3 ligase CHIP
(Carboxy terminus of Hsp70-interacting protein), but not to
other co-chaperones.*® These examples highlight the potential
pivotal insights that can be gained by a detailed study of the
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regulation of Hsp90 by PTMs. However, mutating phosphory-
lated serine or threonine residues to glutamic acid to mimic the
charge and polarity of phosphorylation, does not always
accurately mimic the behavior of phosphorylation PTMs,®'*? so
there is a need to access selectively modified Hsp90 variants.

Here we show a semi-synthesis strategy to access a set of
four variants of the Hsp90 CTD to investigate the role of the C-
terminal phosphorylation PTMs in the structure, biophysical
properties, and chaperone activity of the Hsp90 CTD. We focus
on adjacent phosphosites Thr725 and Ser726, within the C-
terminal intrinsically disordered region of the Hsp90 CTD. These
PTMs were identified in a curated database of the human
phosphoproteome, in predictions, and in in vitro phosphoryla-
tion assays.’°* Although one phosphorylation is on threonine
and the other on serine, their close proximity suggests that
they might be installed by the same kinase that does not
discriminate between the two sites. The presence of the
doubly-phosphorylated variant would be difficult to detect in a
complex cell lysate, but is theoretically possible and supported
by predictions,®® so was included in this study. Importantly, use
of a diselenide-selenoester ligation®*** followed by deseleniza-
tion allowed us to preserve the native amino acid sequence,
including three native cysteine residues (Cys572, Cys597 and
Cys598). The semi-synthesis route established in this work
allows us to investigate the effects of PTMs in the Hsp90 CTD
and provides a starting point for further semisynthetic access to
site-selectively modified Hsp90 variants to decipher the chaper-
one code.

Results and Discussion

Optimization of an Efficient One-Pot Strategy to Access Site-
Selectively Phosphorylated Hsp90 CTD

The location of the PTMs of interest, Thr725 and Ser726, in the
C-terminus of the CTD suggests that site-specifically phosphory-
lated variants of the Hsp90 CTD could be readily accessed by an
expressed protein ligation strategy, in which the recombinantly-
expressed N-terminal segment would be ligated to a synthetic
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(and phosphorylated) C-terminal segment.”® However, this

would require mutation to a cysteine or thiol-modified residue
at the ligation site. This thiol ligation handle could be
subsequently desulfurized,””*® but would involve concomitant
desulfurization of the three native cysteine residues in the CTD
(Cys572, Cys597 and Cys598). Based on the AlphaFold3-
predicted structures and few available crystal structures (which
all lack the C-terminal tail),***" these cysteines are not close
enough or suitably oriented to be involved in disulfide bonds
with each other, but might be important for the folding and/or
function of the Hsp90 CTD, for example in interactions with
clients or co-chaperones, so desulfurizing them to alanine
would be undesirable. We therefore devised a semi-synthesis

a)

572 C KIMKDILEKKVEKVVVSNRLVTSP

strategy (Figure 2) that applies the recently-developed ex-
pressed protein selenoester ligation, in which a recombinant N-
terminal segment bearing a C-terminal selenoester is ligated to
the C-terminal synthetic segment bearing an N-terminal
selenocysteine.® This allows for selective deselenization to the
native alanine residue at the ligation site, while preserving the
native cysteines."?

Using the site Ala710-Ala711 as a favorable ligation junction,
the N-terminal recombinant segment (Hsp90_572-710) was
designed as a C-terminally fused MxeGyrA-His,-CBD protein 1
and accessed via recombinant expression in E. coli (Figure 2b,
Supplementary Figure S1). The N-terminal cysteine 572 at the
junction between the CTD and middle domains also offers
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Figure 2. a) Sequence of Hsp90a CTD with native cysteine residues (yellow), ligation site (blue) and phosphorylation PTMs at the C-terminus (orange). b)
Schematic overview of the semi-synthesis strategy for generation of site-selectively modified Hsp90 CTD via expressed protein selenoester ligation.
Recombinant expression of segment 572-710 as intein-affinity tag fusion construct 1 yielded the desired hydrazide-functionalized segment 3 after intein 2
cleavage through hydrazinolysis. LC-MS monitoring confirmed the in situ selenoester conversion of segment 3, which yielded the desired aryl selenoester 4
(not isolated). Modified and unmodified peptide segments 712-732 A711U (5 a-d) were prepared by Fmoc-based SPPS. Successful ligation of 4 to synthetic
peptides 5a-d was confirmed via LC-MS and SDS-PAGE and yielded the desired ligation products 6 a-d (not isolated). After extraction of excess DPDS via
hexane, TCEP-induced radical deselenization of 6a-d was performed in a one-pot manner before RP-HPLC purification of the final deselenized products 7 a-d.
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flexibility for further ligations to produce longer variants in
future studies. The construct was expressed in the insoluble
fraction inclusion bodies and the translation-initiating methio-
nine was quantitatively cleaved by endogenous methionine
aminopeptidase in E. coli. As is commonly observed for proteins
bearing an N-terminal cysteine expressed in E. coli,”® the N-
terminal cysteine reacted with the metabolite acetaldehyde
forming a thiazolidine and resulting in an observed + 24 Da
mass increase (Supplementary Data Figure S1). After solubiliza-
tion of the fusion protein from the inclusion bodies and
purification, the intein-affinity tag 2 was cleaved via hydrazinol-
ysis to yield the Hsp90_572-710 C-terminal hydrazide segment
3 after RP-HPLC purification. During the hydrazinolysis of the
intein, the N-terminal thiazolidine was also cleaved, presumably
due to excess hydrazine acting as a nucleophile and shifting the
equilibrium away from the thiazolidine by reacting with the
aldehyde. The resulting hydrazide segment 3 (Figure 2) there-
fore had the expected mass 15 588 Da.

Four variants 5a-d, of the synthetic C-terminal segment
(Hsp90_712-732) were synthesized using standard Fmoc-SPPS
with O-benzyl side chain protected phospho-building blocks
(Fmoc-Thr(PO(OBzl)OH)—OH/ Fmoc-Ser(PO(OBzl)OH)—OH). A 4-
methoxybenzyl (Mob) protected selenocysteine was installed at
the N-terminus instead of Ala711. After deprotection and
purification, this yielded four Hsp90 CTD variants 5a-d -
unmodified 5a, singly phosphorylated (pThr725, 5b or pSer726,
5c¢), and doubly phosphorylated 5d, as diselenide dimers
(Supplementary Figure S3).

Conversion of the Hsp90_572-710 C-terminal hydrazide seg-
ment 3 to the selenoester 4, diselenide-selenoester ligation,
and subsequent deselenization were carried out sequentially in
one pot, taking advantage of the fast reaction kinetics of the
diselenide-selenoester ligation and selectivity of deselenization,
and avoiding the RP-HPLC purification of intermediates. Herein,
the hydrazide segment 3 was converted cleanly to the
respective aryl selenoester 4 using acetylacetone to form the
active pyrazole intermediate, followed by diphenyldiselenide
(DPDS) as selenol donor (Supplementary Figure S4). We con-
tinued by adding a slight excess (1.2 e.q.) of the respective
synthetic Hsp90_712-732 segment 5a-d dissolved in ligation
buffer lacking TCEP to the freshly formed selenoester 4, thereby
diluting the TCEP to ~33mM and suppressing premature
deselenization of the selenocysteine through radical-mediated
reduction by TCEP. Quantitative formation of the respective
ligation products 6a-d was observed in 30 minutes to 1 hour
(Figure 2 and Supplementary Figure S5). Gratifyingly, we did
not observe any ligation between the aryl selenoester and the
unprotected N-terminal cysteine of the Hsp90_571-710 seg-
ment, either intra- or intermolecularly, and thereby avoided an
additional thiol protection step to prevent cyclization or
polymerization, respectively. This can be explained by the faster
kinetics of the diselenide-selenoester ligation compared to a
cysteine-selenoester ligation, due to the higher nucleophilicity
of the selenolate compared to the corresponding thiolate.?>*¥

Proceeding with the deselenization of the ligation products
6a-d in a one-pot manner, the excess free phenylselenol was
removed via hexane extraction to prevent it acting as a radical

Chem. Eur. J. 2024, €202403676 (4 of 9)

quencher, and deselenization buffer was added (v/v 1:1, final
TCEP concentration 100-150 mM) (Supplementary Figure S6).
Initially the deselenization was sluggish, but after optimization
of the reaction at pH 7.4, it proceeded with good conversion
(70-80%) in four hours to yield the four semi-synthetic Hsp90_
572-732 CTD variants 7a-d (Supplementary Figure S7). In the
presence of high TCEP concentrations (> 100 mM), we observed
that some undesired desulfurization of the native cysteines
occurred if the reaction was left too long (>four hours). To
avoid this, it was necessary to monitor the deselenization
reaction carefully, and promptly freeze the reaction mixture at
—80°C on completion of the deselenization. After 1:1 dilution
with 6 M Gdn.HCI, purification by RP-HPLC gave the isolated
Hsp90 CTD variants 7a-d in overall yields of 40-50% for the
three steps carried on in one pot. Considering the hydrophobic
nature of the Hsp90 CTD that causes significant losses for each
RP-HPLC purification step, the optimization of the expressed
protein selenoester ligation to carry out all three steps in one-
pot represents an efficient strategy for generation of site-
selectively modified Hsp90 CTD variants, and offers perspective
for semi-synthesis of other hydrophobic proteins. Although
selective deselenization has been demonstrated in the presence
of internal cysteine residues, we believe this is the first report of
deselenization in the presence of a free N-terminal cysteine
residue, enabling subsequent ligations.

Impact of Phosphorylations on Secondary Structure and
Thermal Stability

With the site-specifically phosphorylated Hsp90 CTD variants
7a-d in hand, we investigated the effect of the phosphoryla-
tions on structure and stability. Due to the hydrophobicity of
the CTD, direct dissolution of the lyophilized proteins in neutral
buffers failed, so we carried out a re-folding step by dialysis
from 6 M Gdn.HCl, TBS (50 mM Tris, 150 mM NaCl, 0.01%
Tween20, pH 7.5) to the respective buffer for assays. Refolding
was confirmed and overall secondary structure was determined
by circular dichroism (CD) spectroscopy at a protein concen-
tration of 0.2 mg/mL. CD spectra of the unmodified variant 7a
as well as the single and double modified variants 7b-d
showed characteristic spectra of a-helical proteins (Figure 3a), in
accordance with the literature and the CD spectrum of the
recombinantly expressed WT CTD (Supplementary Figures S8
and $9)." The minima at 207 nm and 225 nm for the doubly
phosphorylated variant 7d are slightly more intense than those
for the unmodified and singly-modified variants 7 a-c, possibly
indicating a slightly increased a-helical content. Whereas
AlphaFold3™" predictions suggest that the C-terminal tail of the
CTD wraps around the CTD upon phosphorylation, the isolated
synthetic Hsp90_711-732 variants all remained intrinsically
disordered upon phosphorylation in solution NMR experiments
(Supplementary Data Figure S10).

The thermal stabilities of the semi-synthetic CTD variants
7 a-d were compared using nano differential scanning fluorim-
etry (nanoDSF, Figure 3b), which uses the ratio of fluorescence
intensities at 350 and 330 nm originating from intrinsic
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Figure 3. a) Structural characterization of CTD variants via circular dichroism
(CD) spectroscopy with expanded alpha helical region between 205 and
225 nm (inset). CD spectra were measured in 50 mM KPO, buffer at pH 7.6
(protein concentration 0.2 mg/mL). b) Nano differential scanning fluorimetry
of semi-synthetic Hsp90 CTD variants showing lower thermal stability of the
doubly phosphorylated CTD variant 7d compared to the unmodified and
singly modified variants 7 a-c.

tryptophan or tyrosine fluorescence to monitor protein unfold-
ing upon heating. NanoDSF experiments were carried out in the
buffer used for refolding (NaP; pH 7.4), at which the Hsp90 CTD
is reported to be thermally stable."® The low signal intensity,
presumably caused by the presence of only one tryptophan
(Trp606) and two tyrosine (Tyr 604 and Tyr689) residues in the
CTD, prevented determination of precise melting temperature
(Tm) values. Nevertheless, a difference in the melting behavior
of the double modified variant 7d compared to the single
modified and unmodified variants 7a-c is observable (Fig-
ure 3b, dotted lines), suggesting a lowering of the Tm value by
~3-5°C upon double phosphorylation. The observed maximum
of the F350/F330 ratio curve for 7d at ~70 degrees, followed by
a decrease at higher temperatures, was interpreted to indicate
unfolding followed by aggregation.

Chem. Eur. J. 2024, €202403676 (5 of 9)

Phosphorylation at the C-Terminus Does Not Alter Hsp90 CTD
Chaperone (Anti-Aggregation) Activity In-Vitro

The chaperone activities of the semi-synthetic Hsp90 CTD
variants were compared, as previous studies in the literature
have shown that the isolated CTD exhibits chaperone (anti-
aggregation) capabilities in a variety of in vitro aggregation
assays with model substrates."””'® We examined the anti-
aggregation activities of our CTD variants using alcohol
dehydrogenase (ADH) and insulin aggregation assays in which
aggregation was monitored by an increase in absorption at
360 nm. Whereas aggregation of ADH was thermally induced
by increasing the temperature to 55 °C, insulin aggregation was
induced by reduction of the disulfide bonds by DTT. In both
assays, all Hsp90 CTD variants displayed chaperone (anti-
aggregation) activity; both the rate and extent (~60% for ADH,
~55% for insulin) of aggregation was decreased with respect to
the controls (Figure 4). From the chaperone activities, we infer
that the semi-synthetic Hsp90 CTD variants were refolded to
form functional homodimers, as chaperone activity has been
reported to correlate with dimer formation."”! However, there
were no significant differences between the activities of the
four Hsp90 CTD variants 7a-d, leading us to conclude that
neither of the two phosphorylations in the C-terminal tail has
an impact on the chaperone (anti-aggregation) activity with
these model substrates. More detailed binding studies with co-
chaperones having the TPR domain are needed to determine if
these phosphorylations affect recognition of the nearby -MEEVD
region.

Conclusion

We demonstrate with the semi-synthesis of differently-phos-
phorylated Hsp90 CTD variants an application of the recently-
reported expressed protein selenoester ligation that allows us
to carry out both the ligation and deselenization steps in the
presence of unprotected native cysteines, including an N-
terminal cysteine. The latter provides an additional level of
flexibility, as it allows potential N-terminal elongation of the
obtained Hsp90 CTD by native chemical ligation. Furthermore,
the optimized workflow and conditions to carry out the
selenoesterification, diselenide-selenoester ligation and desele-
nization in one pot prevented the need for RP-HPLC purification
of the intermediates, with associated loss of material. This
allowed us to generate 3-6 mg amounts of each of the site-
specifically modified Hsp90 CTD variants, and could be more
broadly utilized for semi-synthesis of other hydrophobic
proteins in the future. In further studies, the semi-synthesis
strategy could also be applied to other PTMs in the CTD, and
leaves the door open to extending the ligation strategy to the
middle domain using the preserved N-terminal cysteine.
Despite successful refolding of the Hsp90 CTD variants and
demonstration of their chaperone activity, the two phosphor-
ylations in the C-terminal tail did not significantly affect the
overall structure, or the chaperoning activity for the model
substrates ADH and insulin. These results highlight the ongoing
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Figure 4. Chaperone activity in vitro of phosphorylated and unmodified Hsp90 CTD variants 7 a—-d using ADH and insulin aggregation assays. a) ADH (3.1 uM)
aggregation was induced by incubation at 55 °C in the presence and absence of 500 nM 7 a-d and monitored by measuring the absorbance at 360 nm over
60 min. Displayed are mean curves of triplicate measurements and error bars represent the standard deviation. b) Endpoint mean values (60 min) of ADH
aggregation without addition of CTD were set to 100% and compared with mean values at 60 min from samples with Hsp90 CTD variants. Measurements
were carried out in triplicate and error bars represent the standard deviation. ) Insulin (40 uM) aggregation was induced by addition of 20 mM DTT in the
presence and absence of 4 uM 7 a-d and monitored by measuring the absorbance at 360 nm over 45 min at 37 °C (triplicate measurements). d) Endpoint
mean values (45 min) of insulin aggregation (40 uM) without addition of CTD were set to 100 % and compared with mean values at 45 min from samples with
Hsp90 CTD variants (4 uM). Measurements were carried out in triplicate and error bars represent the standard deviation.

need to better understand the regulatory roles of PTMs in
intrinsically disordered regions of proteins, and how these
dynamic regions interact with the structured domains and with
other protein binding partners. The two phosphorylations in
the C-terminal tail increase the negative charge in an already
highly negatively charged region, suggesting potential impacts
on electrostatic interactions with positively charged regions, or
possible metal coordination. Although pyrophosphorylation has
been reported for Hsp90 (residues Ser255 and Ser263),“® also in
highly negatively charged regions, the proteomics data so far
indicates that the PTMs on the C-terminal tail residues Thr725
and Ser726 are adjacent phosphorylations.”® The location of
the phosphorylations adjacent to the -MEEVD TRP sequence
suggests that these PTMs might have a role in regulating Hsp90
by influencing the selection of co-chaperones, many of which
are still not well understood. Access to site-specifically modified
Hsp90 CTD variants now gives access to such studies, as well as
the potential to explore the effects of mixed dimers bearing
different PTMs in the chaperone code. Taken together, the
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complete elucidation of the Hsp90 chaperone code, which
requires a detailed study of the individual impact of PTMs, their
crosstalk and interplay with other proteins remains an enor-
mous challenge, but is important to understand the complex
biology of Hsp90 as a central regulator of cellular homeostasis.

Materials and Methods

Solid Phase Peptide Synthesis

Synthetic Hsp90 segments 711-732 (U711A) were prepared
manually via 9-fluorenylmethoxycarbonyl (Fmoc) based solid phase
peptide synthesis (SPPS) in 10 mL syringes equipped with a
polypropylene filter on preloaded Tentagel resin (loading:
0.19 mmol/g). Fmoc-protected amino acid building blocks
(2.5 equiv.) were double-coupled for 20-30 min at room temper-
ature using O-(7-azabenzotriazol-1-yl)-N,N,N',N'-tetramethyluro-
nium-hexafluorphosphate (HATU, 2.4 equiv, 0.5M in DMF) as
activator and diisopropylethylamine (DIPEA, 5 equiv.) as base.
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Fmoc-deprotection was achieved via incubation in 20% piperidine
(3%3 min). Phosphorylated serine/threonine residues were intro-
duced via Fmoc-protected Ser(PO(OBzI)OH)-OH or Thr(PO-
(OBzl)OH)—OH (CEM) respectively and the N-terminal selenocysteine
as Fmoc-L-Sec(Mob)—OH (Iris Biotech). The selenocysteine building
block was double coupled using OxymaPure (0.5 M in DMF) and
diisopropyl carbodiimide (DIC, 0.25 M in DMF) with a coupling time
of 30-45 min. After final coupling and deprotection, peptides were
washed with DCM and dried under vacuum overnight and cleaved
from the resin with trifluoroacetic acid (TFA)/dimethyl disulfide
(DMDS)/dimethyl  sulfide (DMS)/ triisopropylsilane  (TIPS)/H,O
90:5:2.5:2.5 for 2.5 h followed by ether precipitation and pelleting
via centrifugation (4000 g, 5 min). The crude peptide pellet was
dissolved in acetonitrile/ water 1:1 and lyophilized prior to the final
deprotection of the DMDS trans protected N-terminal selenocys-
teine via dissolving in 6 M guanidinium hydrochloride (Gdn.HCI),
20 mM DTT in ddH,0 for 30 min. The resulting diselenide peptide
dimer was directly purified using RP-HPLC on a preparative scale
C18 column (Kromasil) using a gradient of ACN in water with 0.1%
TFA. Peptide purity was assessed via electrospray ionization mass
spectrometry in positive ion mode and via analytical RP-HPLC.

Recombinant Expression and Purification of Hsp90 572-710-
Hydrazide

For the generation of the recombinant segment Hsp90 572-710-
hydrazide (2), a synthetic oligonucleotide comprising human
Hsp90alpha 572-710-Mxe GyrA-His,-CBD (sequence in Supplemen-
tary Data) was ordered from Eurofins Genomics in a pET-21a (+)
vector and heat shock transformed into chemically competent E.coli
strains XL1-Blue, BL21 (DE3) and Rosetta 2 (DE3) from Invitrogen. E.
coli Rosetta 2(DE3) was used for expression and were grown in LB
medium (10 gL™" tryptone, 5gL™" yeast extract, 10gL™" NaCl)
containing 100 ug mL™" ampicillin and 30 ug mL™" chlorampheni-
col. Overnight cultures were diluted to a starting OD of ~0.2, and
were grown at 37°C with shaking at 170 rom to an OD of 0.7-0.8
before induction of expression with 1T mM IPTG. After 4 h at 37°C
(170 rpm), cells were harvested via centrifugation (12000 g, 20 min)
and cell pellets stored at —80°C before further workup. After
thawing, 1 x TBS buffer (50 mM Tris, 150 mM NaCl, 0.01 % Tween20,
pH 7.5) was added to the cell pellet (50 mL buffer / 1 L expression
pellet) and the solution homogenized using an ultra turax before
cell lysis via sonification on ice (60% amplitude, 15 sec ON, 45 sec
OFF time, total ON time 10 min). After clearing the supernatant via
centrifugation (21000 rpm, 53000 g, 45 min at 4°C), the collected
inclusion bodies were solubilized by incubation in 6 M Gdn.HCI, TBS
buffer at pH 7.5 while stirring overnight at r.t.. After removal of
insoluble cell debris (21000 rpm, 53000 g, 45 min), the solution was
directly dialyzed against 4 M Urea, TBS pH8 at 4°C overnight
before inducing intein-mediated hydrazinolysis via dropwise addi-
tion of 10% hydrazine, 100 mM DTT in TBS pH 8 (1:1 dilution) (final
concentration: 5% Hydrazine, 50 MM DTT, 2 M urea in TBS). After
2 h, the solution was diluted further 1:1 with 6 M Gdn.HC|, filtered
and purified via RP-HPLC on a preparative scale C4 column
(Kromasil) with a gradient of 30-60% ACN in water (+0.1% TFA) at
a flow rate of 10 mL/min at 60 °C. Peak fractions were pooled and
lyophilized yielding compound 2 at ~10 mg/L culture.

Selenoester Formation, Diselenide-Selenoester Ligation and
Deselenization

The purified and lyophilized recombinant segment 2 was dissolved
in freshly prepared and degassed 6 M Gdn.HCIl, 100 mM TCEP,
50 mM DPDS, 200 mM HEPES buffer at a concentration of 1-1.3 mM
and the pH adjusted to 1.5. Selenoester formation was initiated by
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the addition of ~30 equiv. acetylacetone and the reaction moni-
tored via electrospray ionization mass 15-30 min. Synthetic peptide
variants Hsp90 5a-d were dissolved in 6 M Gdn.HCl, 5 mM DPDS,
200 mM HEPES buffer (1.5 equiv. based on recombinant segment)
and directly added to Hsp90 (572-710)-SeR via 1:2 dilution (final
TCEP concentration in the ligation mixture 33 mM) after successful
selenoester formation was confirmed via ESI-MS. The pH was
adjusted to 3.5-4 using NaOH and the Eppendorf tube flushed with
argon before incubation of the reaction mixture at r.t. with stirring.
The ligation reaction was monitored via ESI-MS and SDS-PAGE, and
after 1h, excess phenylselenol (DPDS) was removed via hexane
extraction (5 X, 1:1 vol/vol) before continuing with the deseleniza-
tion. Deselenization was performed by diluting the reaction mixture
1:1 with freshly prepared and degassed deselenization buffer (6 M
Gdn.HCl, 250 mM TCEP, 200 mM HEPES, 25 mM DTT). The pH was
adjusted to 7.4 and the reaction was stirred at r.t. for 4-5 h under
argon before being frozen at —80°C. After thawing and dilution
with 6 M Gdn.HCI in ddH,0, the ligation product was purified on a
semipreparative scale C4 column (Kromasil) using a linear gradient
from 30-65% of solvent B (ACN+0.08% TFA) in solvent A (ddH,0
+0.1% TFA) at a flow rate of 5mL/min at 60°C. Fractions
containing the deselenized ligation product were analysed by ESI-
MS, combined and lyophilized. Final yields of lyophilized ligation
products ranged between 45-50% based on segment 2 as limiting
starting material.

Recombinant Expression and Purification of Full Length
Hsp90 CTD

The synthetic oligonucleotide comprising N-terminally His¢-tagged
human Hsp90alpha CTD (sequence in Supplementary Data) was
ordered from Eurofins Genomics in a pET-21a (+) vector and heat
shock transformed into chemically competent E.coli strains XL1-
Blue, BL21 (DE3) and Rosetta 2 (DE3) from Invitrogen. Expression
using E. coli Rosetta 2(DE3) strain and subsequent cell lysis was
performed analogously to the fusion construct 1. After cell lysis and
separation of cell debris via centrifugation (21000 rpm, 53000 g,
45 min at 4°C), the cleared supernatant which contained the
soluble fraction of the overexpressed protein was loaded onto a
preequilibrated Ni-NTA resin on an Akta Prime FPLC system. The
protein was eluted using a gradient of 25-500 mM imidazole and
the fractions analyzed using SDS-PAGE (Supplementary Figure S8b).
Pooled fractions were further purified via RP-HPLC on a preparative
scale C4 column (Kromasil) with a gradient of 30-75% ACN in water
(+0.1% TFA) in 40 min at a flow rate of 10 mL/min at 60°C. Peak
fractions were combined and lyophilized yielding the desired
protein at ~15 mg/L culture Supplementary Figure S8c).

Protein Refolding and Circular Dichroism Spectroscopy

Lyophilized semi-synthetic Hsp90 variants and recombinant WT
CTD were dissolved in 6 M Gdn.HCI TBS buffer and dialyzed towards
assay buffer (50 mM KPO, buffer pH 7.6) at 4°C overnight. Circular
dichroism spectroscopy was performed in 50 mM KPO, buffer
pH 7.6 at a protein concentration of 0.2 mg/mL using an JASCO J-
815/150S spectropolarimeter at 20°C and a path length of 1 mm.
Scans were recorded in the range of 195 to 260 nm and the shown
spectra are the average of five measurements after signal correction
via buffer subtraction.

Thermal Stability Determination by Nano Differential
Scanning Fluorimetry

Thermal stability assessments were performed using a Prometheus
NT.48 (Nanotemper) in 50 mM NaPi, 150 mM NaCl pH 7.5 buffer at
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2 mg/mL protein concentration. Protein denaturation was moni-
tored by measuring the ratio of the tryptophan fluorescence
intensities at 350 nm and 330 nm while increasing the temperature
from 20 to 95°C at 1°C/ min. Triplicates were measured, averaged,
and corrected via buffer subtraction. Depicted curves are normal-
ized between values 0.0 and 1.0 for better visual comparison.

Aggregation Assays

The anti-aggregation (chaperoning) capabilities of Hsp90 variants
7a-d were measured using an alcohol dehydrogenase (ADH) and
insulin aggregation assay similar to previously reported
methods."®*”' Equine ADH (Sigma) was directly dissolved in assay
buffer (50 mM NaPi, 100 mM NaCl pH 7.0) and the concentration
determined via BCA assay before dilution to the assay concen-
tration (3.1 uM). CTD variants 7a-d were dialyzed towards assay
buffer, the concentration determined (BCA) and added to ADH to a
final concentration of 500nM (final volume 1400 pL). ADH
aggregation was thermally induced at 55°C and monitored over
60 min by measuring the absorbance at 360 nm in a SAFAS UVmc2
spectrophotometer equipped with a temperature-controlled multi-
cell holder (SAFAS, Monaco) in 700 pL quartz cuvettes (Hellma
Analytics). Samples were measured as triplicates and the end point
of ADH aggregation readout set to 100% to compare chaperoning
efficiency. For determination of insulin aggregation inhibition
bovine pancreas insulin (Sigma) was dissolved in 1% acetic acid in
ddH,0 and the stock concentration determined using a NanoDrop
2000 (molar extinction coefficient used: 5,734 cm 'M™"). The insulin
stock was diluted to 40 uM using assay buffer (50 mM NaPi,
100 mM NaCl pH 7.4), prior to the addition of Hsp90 CTD variants
7a-d (4 uM) dialyzed into the assay buffer. The protein solution
was incubated for 15 min at r.t. before insulin aggregation was
induced by the addition of 20 mM DTT. Insulin aggregation was
measured by monitoring the absorbance at 360 nm in a SAFAS
UVmc2 spectrophotometer equipped with a temperature-con-
trolled multicell holder (SAFAS, Monaco) in 700 pL quartz cuvettes
(Hellma Analytics) for 45 minutes. Triplicates were measured,
baseline subtracted and averaged and the end point of insulin
aggregation set to 100% for the comparison of chaperoning
efficiency.
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Ligation (EPSL) allows for an efficient
generation of semi-synthetic Hsp90
CTD bearing site-specific phosphoryla-
tions in a traceless manner to facilitate
elucidation of the chaperone code.
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