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ABSTRACT: While many proteins are known clients of heat shock protein 90 (Hsp90), it is unclear whether the transcription
factor, thyroid hormone receptor beta (TRb), interacts with Hsp90 to control hormonal perception and signaling. Higher Hsp90
expression in mouse fibroblasts was elicited by the addition of triiodothyronine (T3). T3 bound to Hsp90 and enhanced adenosine
triphosphate (ATP) binding of Hsp90 due to a specific binding site for T3, as identified by molecular docking experiments. The
binding of TRb to Hsp90 was prevented by T3 or by the thyroid mimetic sobetirome. Purified recombinant TRb trapped Hsp90
from cell lysate or purified Hsp90 in pull-down experiments. The affinity of Hsp90 for TRb was 124 nM. Furthermore, T3 induced
the release of bound TRb from Hsp90, which was shown by streptavidin-conjugated quantum dot (SAv-QD) masking assay. The
data indicate that the T3 interaction with TRb and Hsp90 may be an amplifier of the cellular stress response by blocking Hsp90
activity.

■ INTRODUCTION
Hsp90 is the functional proteome manager as it is required for
many newly synthesized proteins and reintroduces damaged
proteins into the refolding chaperone cycle.1−3 Due to its key
position and interaction with several hundred cochaperons and
client proteins in a cell, it is a target for cancerous cells and a
sensitive biomarker for cellular stress.4−6 Cellular stress occurs
when unfolded proteins are formed, for example, by mutations,
changes in osmolality, or the redox status. It can be assumed
that several steps are required to convert from an unfolded to a
folded state. However, some kinases and receptor proteins can
also remain in a holding position, waiting for an available
chaperone until they are needed and returned to their original
function.7,8 It is known that more than 700 proteins interact
with Hsp90, but for some of them, the control points for the
reaction are not known.9,10 A challenge is to observe Hsp90
and its clients’ interaction to understand the influencing factors
so that cellular responses toward relevant and reliable signals
can be distinguished.2 Hsp90 is a biomarker for cellular stress,
whereas the role and function of hormones such as L-tyroxine

(T4) and triiodothyronine (T3) and their receptors under
stress are unclear, and contradictory results have often been
reported depending on the cell type and organism. T4
enhanced thermotolerance in yeast. Nonionizing radiation,
such as WiFi connection, may modify the morphology and
expression of genes that encode heat shock proteins (Hsp) in
the thyroid gland, or the two different thyroid hormone
receptor (TR) types can act as oncogenes or as tumor
suppressor genes in human cancer.11−15 Furthermore, the
thyroid hormone protects cardiomyocytes from H2O2-induced
oxidative stress via the phosphoinositide 3-kinase (PI3K)-
protein kinase B (Akt) signaling pathway, whereas hypo-
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thyroidism and hyperthyroidism have different effects on heart
function.16,17

T3 is secreted by the thyroid gland which is regulated by
hypothalamus−pituitary−thyroid negative feedback loop.18,19

T3 is the biological thyroid hormone form compared to its
precursor thyronine (T4). Despite that, in the serum is the T4
level 13-fold higher than T3. However, the thyroid gland
produces only 20% of the T3 level directly, whereas almost
80% of the T3 level comes from the deiodination of T4.20,21

T3 binds with a high affinity (pM range) to the thyroid
hormone receptor isoforms.22 It is the natural ligand in the low
nanomolar range for thyroid hormone receptor β (TRb) and
binds in the receptor’s hydrophobic cavity.23 The thyroid
hormone receptors α and β are nuclear receptors and activated
by binding thyroid hormones. They are encoded by THRA
and THRB genes, which are generated by alternative splicing
patterns of primary transcripts, located at the chromosome 17
and 3, respectively.24,25 The known functional domains of the
receptor include a variable N-terminal A/B domain (NTD), a
central DNA-binding domain (DBD), a C-terminal ligand-
binding domain (LBD), and a linker or joint between the LBD
and DBD.26 TRs are members of the nuclear receptor
superfamily, and their functions are tissue- and development-
dependent. The beta isoform, TRb, is one of the most
attractive members with a wide distribution in organs, and
silencing of the TRb gene was also found in aggressive diseases
such as malignancies, including thyroid, mammary gland,
kidney, liver, and lung cancers.27−32 The development of the
auditory system requires thyroid hormones, and the cochlea is

a primary target tissue. Mutations in Slc16a2 and a related gene
Slc16a10 (Mct10, Tat1) have recently been shown to cause
hearing loss in mice, and deficiency of both transporters is
associated with delayed development.33 Similar to the other
nuclear receptors, the transcriptional power of TRb differs
based on the cofactor it binds. It binds a corepressor usually in
the absence of a ligand, and the transcription is limited, but the
corepressor will be cleaved by a coactivator if the ligand is
present.34 The activity of TRb as a transcription factor is
fulfilled as a TRE-dependent complex formed by TRb, TRE,
and coregulators, which are conditioned by T3 or a TRE-
independent pattern, as it was shown that a TRb mutant
generated in mice gave a TRE-independent signaling pathway
story and TRb bound directly to the PI3K p85 subunit and
triggered thereby the upregulation of PI3K-integrin-linked
kinase-matrix metalloproteinase-2 signaling path, occurring for
both mutant and TRb wild type in the cytoplasm and
nucleus.35

For other nuclear receptors, such as estrogen or glucocorti-
coid receptor (GR), the interaction with Hsp90 was clearly
confirmed.10,36−39 Hsp90 inhabits the cytoplasm, with only a
minor population existing in the nucleus. In contrast, TRb is
located in the nucleus, with a small amount in the cytoplasm,
which makes the direct binding of Hsp90 and TRb difficult to
detect.40−45 It is also known that cytoplasmic TRb could exist
as a complex with other proteins like MAPK (extranuclear
regulated kinase1/2, ERK1/2) in the absence of T3; however,
it will shuttle to the nucleus with T3.46 The impact of T3 on
the Hsp90 level as a biomarker of cellular stress is unknown;

Scheme 1. TRb activity under High Hsp90α Level (Stress)a

aUpper row: cartoon of the TRb (pdb: 3uvv) structure (pale blue) with 3,3′,5 triiodo-L-thyronine (T3, red) in the T3 binding site missing elements
added, but incompletely (yellow) modeled by the program AlphaFold. Lower row: putative influence of the low T3 and high Hsp90 level, which
induces stress proteins without T3-induced proteins (left). Without T3, a putative interaction between TRb and Hsp90 may occur when the Hsp90
levels increase and TRb is present. Increasing levels of T3 induce the expression of T3-dependent proteins. T3 can influence the TRb-Hsp90
interaction and can bind on TRb and Hsp90 as well.
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therefore, one assumption could be that TRb interacts with
Hsp90 as a stress compensative reaction, but with an increased
level of T3, TRb might be released from Hsp90 (Scheme 1).

First, we studied the response of Hsp90 to T3 in fibroblast
cells and then conditions that allow the interaction of Hsp90
and TRb. For this purpose, both proteins were synthesized
recombinantly. After affinity isolation, the interaction between
both proteins was investigated using a recently described
highly miniaturized microarray assay technique.47−49 To study
the interaction of T3 or a thyroid mimetic with TRb and
Hsp90, different methods were combined, for example,
microscale thermophoresis together with a quantum dot-
based assay that determines the interaction by quenching the
fluorescence intensity.

■ RESULTS
Influence of Triiodothyronine (T3) on Hsp90. The

influence of T3 on Hsp90, corresponding to cellular stress
responses, was explored in our study. Therefore, we first
examined whether there is a connection in murine fibroblast
cell cultures and to what extent T3 can trigger a stress
response. For this purpose, murine NIH3T3 fibroblasts treated
with and without T3 were disrupted at defined time intervals,
and the presence of Hsp90 was analyzed. Without T3, Hsp90
was faintly detected, whereas the addition of T3 (10 μM)
resulted in a strong Hsp90 response (Figure 1a, inset). Most of

the Hsp90 responses detected by the immunoblot was visible
within 10 min, and saturation kinetics followed (Figure 1a).
The presence of low and high T3 concentrations strongly
influenced the viability of mouse NIH3T3 fibroblasts. After 24
h of cultivation with T3, the cells exhibited different responses,
showing lower proliferation ability and poor cell shapes with an
increase in T3 (Figure 1b).

We recently identified several Hsp90 inhibitory active
compounds when bound ATP-Cy5 was displaced from the
ATP-binding pocket of Hsp90 by microarray-based compound
screening experiments on Hsp90 (Figure 2a).40−42 Interest-
ingly, T3 enhanced ATP-Cy5 binding to human Hsp90, but
not to the bacterial heat shock protein XcHtpG,48 while T3
alone gave no fluorescent signal at the same excitation
wavelength (Figure 2b). The heat-map showed that the
fluorescence intensity was increased with high T3 concen-
trations, whereas 1 μM radicicol, an Hsp90 inhibitor, displaced
bound ATP-Cy5 from both the heat shock proteins. In
contrast, T3 enhanced the ATP-Cy5 binding in a dose-
responsive manner with a half-maximal effective concentration
(EC50) value of 26 nM (Figures 2c and S1). This indicates that
ATP-Cy5 was trapped in the ATP binding pocket or that T3
enhanced ATP binding to Hsp90. The comparison of human
Hsp90 and bacterial HtpG reveals that the main differences
exist in the N-terminal lid domain and a linker domain which
occur only in human Hsp90.

Figure 1. Monitoring of Hsp90 expression in the mouse fibroblast cell line. (a) Immune-blotted cell lysates obtained from the mouse fibroblast cell
line (NIH3T3) as a function of time by anti Hsp90 (inset: immune detection of Hsp90). (b) Influence of T3 on the viability of NIH3T3 cells.
Microscopy images of cells treated with increasing concentrations of T3 (0−10 μM) and the graph of WST1 assay (T3: 0−100 μM) analyzing the
value of mean and standard deviation.
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Additionally, we have estimated the interaction of Hsp90
with T3 by a microscale thermophoresis experiment (MST),

running Cy5-labeled Hsp90 and different T3 concentrations.
The T3 binding to Hsp90 induced a substantial increase in the

Figure 2. Influence of T3 on binding activity of ATP-Cy5 to Hsp90. (a) Scheme of microarray-based binding assay of ATP-Cy5 on spotted Hsp90
and ATP-Cy5 (left) in the presence of radicicol (middle) or T3 (right) and the corresponding monitoring of the bound ATP-Cy5 at the right side
of the microarray. (b) Heat-map of fluorescence intensities obtained from bound ATP-Cy5 to Hsp90 or XcHtpG and (c) corresponding dose-
responsive curve of T3 binding to Hsp90. Data are presented as the mean of 10 spots ± S.D. (d) Monitoring of the Hsp90-T3 interaction by MST.
MST traces of Cy5-labeled Hsp90 with increasing concentrations of T3 are displayed in the mode of thermophoresis + T-jump. Different
concentrations of T3 were indicated by different colored traces. Laser-induced temperature changes for Fcold were from −1 to 0 s and Fhot from 4 to
5 s applied, respectively. The dose-responsive fittings in (e) were performed with the function y = A1 + (A2 − A1)/{1 + 10̂[(log x0 − x)*p]}
between top and bottom asymptotes, with hill slope p and logx0 as the center at indicated concentration x.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c02331
ACS Omega 2022, 7, 28932−28945

28935

https://pubs.acs.org/doi/10.1021/acsomega.2c02331?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02331?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02331?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02331?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c02331?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


fluorescence intensity (Figure 2d,e). Fitting the signal value at
the 20th second showed a dose-responsive affinity for Hsp90
with an EC50 value of 89 nM. Next, we performed molecular
docking experiments to predict the preferred binding site of T3
in Hsp90. First, by constructing affinity maps with
AutoLigand50 for the high-resolution crystal structure of the
Hsp90 N-terminal domain with bound ATP (pdb: 3t0z51), we
identified six possible binding pockets in the structure with
different volumes, shapes, and physicochemical properties,
including the ATP binding pocket (Figure 3a). Subsequent
blind docking allowed us to screen for favorable binding of T3
to the entire Hsp90 crystal structure and confirmed that all
these pockets were able to accommodate T3. We finally carried
out a series of targeted docking experiments with each of the
individual binding pockets as search areas using AutoDock
Vina.52 As a result, we found the most favorable binding
position (according to the predicted binding affinity) of T3 in
a binding pocket formed by helix 5 (H5) and the β8-strand of
the antiparallel β-sheet in the Hsp90 structure (Figure 3b). A
total of four hydrogen bonds stabilize the binding of T3 in this
position�two hydrogen bonds of the carboxy group of T3
with the backbone atoms of Ile214, one hydrogen bond of the
amino group in T3 with the backbone of Ser211, and one
hydrogen bond between the hydroxyl group of T3 with the
backbone of Leu220�and hydrophobic interactions with
residues Val207, Ile218, Leu220, and the CH2 groups of

Lys204 (Figure 3c). Additionally, a halogen bond was found
between the iodine substituent of the T3 phenol moiety and
Glu200. Full atomistic molecular dynamics (MD) simulations
of solvated Hsp90 in complex with T3 confirmed that T3
stably binds to the identified binding pocket over the 200 ns
simulation time, with only minor fluctuations in the binding
pocket (residues 80 and 200−221) (Figure 3d). All MD
simulations were performed in duplicates. In addition, we used
the linear interaction energy (LIE) method to calculate the
binding affinity of T3 to Hsp90. Over the simulation, only
marginal differences in the computed binding energy could be
observed, and T3 binds with a total binding energy of ΔGLIE =
−8.3 ± 0.9 kcal/mol to the identified pocket (Figure 3e).
Is TRb a Client of Hsp90? Nuclear receptors such as

estrogen or steroid receptors have been reported to interact
with Hsp70 and Hsp90 with and without ligands, in addition
to enrichment of other competing proteins and environmental
stimuli interfering with the bound complex.36,53 The STRING
software (www.string-db.org) was used to analyze known
protein−protein interaction data of Hsp90 and the corre-
sponding putative client proteins. At a low confidence level, no
interaction was identified between Hsp90 and TRb. To
estimate the conditions for the physical interaction of Hsp90
and TRb and the influence of T3 on both, TRb was
recombinantly expressed and purified.54 First, the TRb gene
was cloned into the expression plasmid pETSUMO and hosted

Figure 3. Hsp90 N-terminal domain as the binding target of T3. (a) Overview of the Hsp90 N-terminal domain with the identified binding pockets
(colored meshes). (b) Close-up view of the predicted binding position of T3 (yellow) to a pocket, formed by helix 5 and the β8-strand. (c)
Interactions of T3 to the residues of the binding pocket. (d) Root mean square deviation (RMSD) of the residues that form the binding pocket
along the 200 ns MD simulations (dark cyan line = smoothed data). (e) Interaction energy between T3 and HSP90 along the simulation time, as
computed with the LIE method. Data are represented as mean ± SD (n = 2).
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in Escherichia coli BL21DE3 cells. Afterward, cell lysates were
generated and tested by immunoblotting to detect His-tagged
proteins. The expressed proteins gave a band at ∼66 kDa and
two additional bands at 130 and 260 kDa (Figure 4a, Lane 1),
corresponding to the dimeric and tetrameric forms of TRb.
The protein purification required several optimization steps
due to some hydrophobic elements in the protein, as a reduced
solubility was observed. The purified TRb receptor was visible
afterward, the monomer at 66 kDa and the tetramer at 260
kDa (Figure 4a, Lanes 2, 3).

The purified TRb protein was spotted at a concentration of
3 mg/mL onto a microarray, and after blocking, the binding of
Hsp90 to TRb was determined via ATP-Cy5 binding to Hsp90
(Figure 4b inset). Titration of Hsp90 resulted in an affinity of
50% for TRb at 124 nM, whereas in the presence of 10 nM T3
or the thyroid mimetic sobetirome, no dose-dependent binding
was observed (Figure 4b).

The pull-down experiment with Ni-IMAC-bound TRb
confirmed this result, and in the presence of 100 nM T3, no
binding of Hsp90 on TRb was observed, whereas, without T3,
Hsp90 was bound on purified TRb and eluted after washing,
from the Ni-IMAC resin with high imidazole concentration, as
shown via anti Hsp90 activity in all fractions by western blot
(Figure 4c). This was observed with NIH3T3 cell lysates
(Figure 4c, Lanes 1, 2) and with purified Hsp90 (Figure 4c,
Lanes 3−7). NIH3T3 cell lysates pretreated without or with
T3 were loaded onto a Ni-IMAC resin column charged before
with His-tagged TRb. The column was washed with 10-fold
washing solution containing 10 mM imidazole and then eluted
into a 500 mM imidazole solution. The final elution was then
loaded onto SDS-PAGE gel lanes [Figure 4c, Lane 1 (lysate
without T3); Lane 2 (lysate with T3)]. Purified Hsp90 was
also tested on the column and washed with 10 mM imidazole
solution (Figure 4c, Lane 4) and then eluted into a 500 mM
imidazole solution (Figure 4c, Lanes 3, 5). Furthermore,
Hsp90 was tested in the presence of T3 [Figure 4c, Lane 6
(flowthrough); Lane 7 (final elution)]. This means that the
Hsp90 bound TRb on the column in the absence of T3 but do
not bound in the presence of T3 in the case of both NIH3T3
lysate and purified Hsp90.

Next, the influence of TRb on the ATP-Cy5 binding of
spotted Hsp90 was determined with and without T3.
Surprisingly, a quenching effect was observed for the intensity
as the TRb concentration increased. Furthermore, we can see
ATP displacing the binding of TRb to Hsp90. This finding
indicates a 50% displacement activity of TRb at 100 nM,
whereas in the presence of 100 nM T3, TRb gave a 12-fold
weaker affinity (1.24 μM) for Hsp90 (Figure 4d).

The interaction between Hsp90 and TRb could be visible in
tolerable affinities in low concentration ratios so the interaction
was investigated by the microarray-based technique. Hsp90
interacts with TRb in the nanomolar range. Therefore, we
estimated that the role of T3 in the Hsp90-TRb interaction
could be similar to that of glucocorticoid receptors and steroid
hormones.55 To study whether TRb is released from Hsp90 in
the presence of the T3 hormone, TRb and Hsp90 were
incubated with and without T3, and samples were investigated
by SDS-PAGE. Figure 5 shows that after a short incubation for
minutes, no difference between samples with and without T3 is
observed, whereas after incubation overnight, a clear difference
between samples with and without T3 is visible (Figure 5,
Lanes 3, 4, 9, 10). Without T3 incubation or after a short
incubation, a protein complex was formed at higher molecular

Figure 4. Influence of T3 or sobetirome on the interaction of Hsp90
and spotted TRb. (a) Synthesis and purification of TRb. E. coli lysate
after expression of TRb (Lane 1) and after Ni-IMAC purification of
TRb shown in Coomassie-stained gel (Lane 2) and the corresponding
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masses of ∼270 kDa [Figure 5, Lanes 1, 2, 6, 7 (short) or 4
overnight]. In the presence of T3 and overnight incubation,
the 100 kDa protein band of Hsp90 and the smaller
monomeric TRb at ∼70 kDa appeared. However, the immune
detection of Hsp90 confirmed that the complex at 270 kDa
contained Hsp90 and dissipated in the presence of T3, and
more monomeric and less dimeric Hsp90 was visible (Figure 5,
Lanes 3, 4, 9, 10). It should be noted that the samples were not
heated before loading on the gel.

To estimate the protein binding, SAv-QDs were used to
monitor the Hsp90-TRb complex formation as a fluorescence
quenching signal (Figure 6a). The advantage of quantum dots

on NC microarrays is that the QDs give a high signal intensity
and long signal stability with low material consumption of
nanolitre volumes. Earlier studies have shown that proteins
bound on SAv-QDs quench the fluorescence intensity.56 First,
biotin-ATP was incubated with Hsp90 and bound to SAv-QDs
via the biotin-streptavidin interaction, which quenched the
fluorescence signal in a dose-responsive manner.57 Subse-
quently, the bound Hsp90 was incubated with purified TRb
(Figure 6a). Figure 6a shows that the binding of TRb on SAv-
QDs charged with biotin-ATP-Hsp90 quenched the fluo-
rescence intensity in a dose-responsive manner which
corresponded to the observation of a microarray-based binding
assay of Hsp90 and TRb with Cy5-ATP. To investigate
whether T3 releases the binding or the bound TRb form, the
TRb-Hsp90 complex was incubated with T3. The presence of
T3 induced unmasking, and the fluorescence signal of the SAv-
QDs was recovered (Figure 6a).

Next, the formation of the TRb-Hsp90 complex was studied
by transmission electron microscopy (TEM) analysis using
SAv-QDs charged with different combinations of Hsp90 and
TRb because quantum dots exhibit a high fluorescence
intensity to analyze binding and masking effects. First, SAv-
QDs were used here for internal size calibration by TEM. TRb
gave a higher density in the presence of the bound proteins
with uranyl acetate than those without uranyl acetate. This was
measured as the difference in the particle diameter of ∼21 nm
and surrounded by the accumulation of the protein material
which gave with uranyl acetate an additional ring of ∼10 nm
with a higher density (Figure 6b) and showed that the complex
was formed.

■ DISCUSSION
TRb is found in almost all cells and tissues, and the cell
physiological setting of T3 is a vulnerable influence that can
cause clinical symptoms such as hyperthyroidism or hypo-
thyroidism.58,59 The physical average plasma total T3
concentration ranges from 1.5 to 3.5 nM, whereas concen-
trations above and approximately 4.5 nM cause hyper-
thyroidism.58 This would mean that high T3 concentrations

Figure 4. continued

immunoblot (Lane 3). (b) Inset: microarray-based interaction assay
with purified TRb and Hsp90 and Cy5-ATP. (b) Purified TRb was
spotted at 3 mg/mL concentration in columns of 10 spots onto the
NC microarray. After blocking, each pad was incubated overnight at 4
°C with indicated Hsp90 concentrations and 100 nM ATP-Cy5,
whereas it was excluded that the spotted proteins did not bind the
fluorescent label. Dose-responsive binding curve of Hsp90 on TRb
with and without 10 nM T3 or sobetirome. (c) Immune detection of
Hsp90 after elution from bound TRb on the Ni-IMAC resin. Lysates
obtained from NIH3T3 cells pretreated for 1 h with or without 100
nM T3 or purified Hsp90 were incubated with TRb bound on the Ni-
IMAC resin for 1 h on ice in the absence and presence of T3. The
resin was washed with a 10-fold volume of the resin volume, and the
bound protein was eluted into buffer containing 500 mM imidazole.
The fractions were transferred for SDS-PAGE and immunoblot
analysis. The lanes were analyzed by Hsp90 enrichment using anti
Hsp90 as the primary antibody with the Lane 1 eluted fraction of
NIH3T3 cell lysate without T3 pretreatment, Lane 2 eluted fraction
of NIH3T3 cell lysate with T3 pretreatment, Lane 3 eluted fraction of
purified Hsp90 without T3 pretreatment, Lane 4 flowthrough of
purified Hsp90 without T3 pretreatment, Lane 5 eluted fraction of
purified Hsp90 without T3 pretreatment, Lane 6 flowthrough of
purified Hsp90 with T3 pretreatment, and Lane 7 eluted fraction of
purified Hsp90 with T3 pretreatment. (d) Effect of TRb on Hsp90.
The Cy5-ATP intensity of Hsp90 spotted microarray with the
increase of TRb without and with T3 of 100 nM. T3-triggered TRb
release from Hsp90.

Figure 5. Hsp90-TRb complex formation. Coomassie-stained SDS-PAGE image of the Hsp90-TRb complex with and without T3 after different
incubation times with Lanes 1, 3, 6, 10 with 200 μM T3 and Lanes 2, 4, 7, 9 without T3. Samples of Lanes 1, 2 were incubated for 10 min and 6, 7
for 1 h with and without T3 at 4 °C, whereas samples of Lanes 3, 4, 9, 10 were incubated overnight at 4 °C prior to addition of sample buffer and
applying onto a precasted gradient gel. Hsp90 and TRb were adjusted to a concentration of 10 μM. Lanes 9 and 10 are the immunoblot of the
corresponding Lanes 3 and 4 using the anti Hsp90 antibody. Lanes 5 and 8 correspond to a prestained protein marker with 240 kDa for the largest
protein and a red-banded protein for ∼80 and 35 kDa for the smallest protein are shown. Molecular masses were calculated from the linear slope y
= ab*x with −9.09316 ± 0.5109 for the slope and 52.2289 ± 2.54941 for the y cross.
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cause two effects on the TRb-Hsp90 interaction, one is the
release of TRb, and second is the inhibition of Hsp90 activity
by trapping ATP in the binding pocket. If ATP is locked in the
ATP binding site, it will lead to cell stress as unfolded protein
aggregates are formed, which are toxic to cells.60,61 We can
show that this was a rapid process within 10 min and remained
stable up to 24 h or longer because T3 remained stable in the
cell culture over such extended periods (Figure 1). To our
knowledge, this is a rare observation where T3 directly
increases the Hsp90 protein level in vitro corresponding to the
role of the stress marker of Hsp90. A direct interaction of T3 at
Hsp90 was supported by molecular docking experiments and
MD simulation experiments where T3 bound with a total
binding energy of ΔGLIE = −8.3 ± 0.9 kcal/mol to the
identified pocket. We showed that T3 or the thyroid mimetic
sobetirome released TRb trapped by Hsp90 or hindered
Hsp90 binding by microarray-binding assays, pull-down
experiments, and complex formation experiments. Using
MST measurements with Cy5-labelled Hsp90, we found that
T3 bound to Hsp90 in a dose-dependent manner (Figure
2d,e). In addition, the binding of T3 promoted ATP-Cy5
binding to Hsp90 (Figure 2b,c). T3 has a very high affinity for
TRb, which had prompted us to apply the concept to our in
vitro assays, using highly purified proteins with greater

enrichment. High levels of T3 could occur in diseases such
as hypothyroidism and put cells under stress by triggering the
expression of Hsp90. The docking experiment also confirmed
the binding sites of T3 on Hsp90 (Figure 3). Experiments with
our microarray assay showed that Hsp90 had bound to TRb,
resulting in a modification of the formation, with more ATP
being trapped in the ATP pockets of Hsp90 (Figures 4b and
6a). To confirm this protein−protein interaction in the pull-
down experiment, purified TRb was incubated with recombi-
nant Hsp90 or Hsp90 lysate, forming the TRb-Hsp90 complex
before T3 was presented (Figure 4c). The complex formation
was then disrupted by the addition of T3 or sobetirome, both
in the microarray showing the release of ATP (Figures 4b and
6a) and in the pull-down column where Hsp90 was released
from TRb (Figure 4c). An immunoblot was performed to
analyze the complex, which indicated the formation of a
complex of Hsp90 and TRb in the absence of T3. However,
when incubated overnight with highly concentrated T3, the
complex was disrupted, and TRb was released from Hsp90
(Figure 5). The release of TRb affects new transcription
processes, while increased cell stress leads to an increase in
Hsp90 levels. We suggest that high levels of Hsp90 enable this
binding, which indicates that visible binding can only be
monitored when higher levels of Hsp90 exist. This may be one

Figure 6. Analysis of the T3-induced release of TRb from Hsp90 by Qdot masking. (a) Masking of the SAv-QD fluorescence by binding Hsp90
and TRb and restoring the SAv-QD fluorescence by 200 μM T3 (red arrow). Incubation conditions without (0) and with TRb in the concentration
from 1, 0.01 to 0.0001 μM, and release condition was 1 μM TRb and bound TRb was released with 200 μM T3. All incubations were done
overnight at 4 °C. Data are presented as the mean of 10 spots ± S.D. (b) SAv-QDs (1) and charged SAv-QDs with biotin-ATP-Hsp90 (2) or
biotin-ATP-Hsp90-TRb complex (3). The particles were stained with 2% uranyl acetate. Comparison of the mean particle diameter by grayscale
scans (4). Inset: red lines show grayscale intensity as a function of the enriched contrast material with gray/white color, having a value above 250
and 0 black arbitrary units.
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of the reasons why other pull-down experiments gave
controversial results with cell-free expression systems.37,38

During neuronal development, higher Hsp90 levels occur,
and T3 and TRb receptors are relevant for neurogenesis.62,63

Thyroid hormones have an important function during the
human fetal and neonatal developmental periods.64,65 It was
also shown that F-actin polymerization in developing rat brain
cells was influenced by T3.66 This has triggered a debate about
possible risks from maternal thyroid disorders, such as
hypothyroidism, to the human fetus. There is a need to
minimize the risk of mental retardation in the offspring. Given
that many individual steps from the synthesis of the hormone
to the actual hormonal conversion are susceptible to genetic
perturbations and chemicals, these can lead to different thyroid
dysfunctions.65,67 This is also the case when basic building
blocks are missing in the diet, as in the case of iodine, or when
they are present in the diet, as in the case of thionamides.
Furthermore, there is a great deal of evidence showing that
various chemicals can alter thyroid function.68 Additionally,
both too low and too high T3 levels can damage the
development of the auditory system in the human fetus.64,65

Interestingly, different degrees of impairments ranging from
moderate hearing loss to congenital deafness are accompanied
by disturbances of T3 signaling, enabling a time window for
treatment in some cases. There is an urgent need for a better
understanding of the important role of regulating protein
folding in the plasticity of hormonal signals. Here, Hsp90 plays
a prominent role in the complete activation of TRb by T3.37,69

Hsp90 was identified as a biomarker for cell stress and protein
maturation and is important for differentiation and develop-
ment. Our data indicate that the breakdown of the Hsp90-TRb
complex elicits the T3 response perhaps in two ways, arresting
Hsp90 in the ATP-bound form and releasing TRb, and
consequently, the folding machinery is stopped (Scheme 1).

However, many earlier experiments using cell-free expres-
sion have shown that TRb lacks the Hsp90 interaction, but
Hsp90 has been shown to interact with the glucocorticoid
receptor (GR) partially because GR exists in the cyto-
plasm.10,37 Our in vitro results indicate a concentration
dependency. At physiologically low concentration levels, no
interaction is visible, but it occurs with higher stress levels of
TRb and Hsp90.70 This may have consequences for possible
background activities arising from T3 surrogates or inhibitors
as they appear via environmental exposures.71

■ CONCLUSIONS
Hsp90 is a relevant biomarker for cellular stress.72−75 In
addition, prolonged elevated cell stress via increased Hsp90
levels elicited by T3 could accelerate cell ageing and lead to a
continuous reduction of the stem cell reservoir, thus decreasing
the regenerative capacity.15,76,77

■ MATERIAL AVAILABILITY
Materials generated in this study are available from the lead
contact upon reasonable request.
Data and Code Availability. https://seafile.cloud.uni-

hannover .de/smart- l ink/777c3774-c6b1-4eed-9db1-
d79b7abf10d9/.

■ MATERIALS AND METHODS
Preparation of Human Hsp90a, XcHtpG, and TRb.

Hsp90a and XcHtpG were recombinantly synthesized and

purified, as described recently.48 The DNA of TRb was
obtained as a codon usage adapted clone from Synbio
Technologies LLC, USA, and transferred into the pETSU-
MO-TA vector plasmid using forward 5′-ATG ACC CCG
AAT AGC ATG ACC G-3′ and 5′-TTA CAC TTT ATG
CTT CCG GCT C-3 ́ (Eurofins genomics 3-1414) as reverse
primer, respectively, and inserted into the pETSUMO TA
cloning plasmid (Figure S2). Afterward, the pETSUMO-TRb
construct was transferred into E. coli BL21DE3 cells (New
England Biolabs C2527H) for the preparation of the
recombinant protein. E. coli cultures were induced after
growing at 37 °C for 8 h by using 0.5 mM IPTG at 14 °C
overnight. The cells containing the pETSUMO-TRb construct
were sedimented at 8500g for 15 min and disrupted in 20 mM
Tris, pH 8.0, 137 mM NaCl, 10% (v/v) glycerol, and further
lysis of the cells was performed by two cycles in a French cell
press, between 14,000 and 16,000 p.s.i. The lysate was adjusted
to a final concentration of 8 M urea and 0.5% N-
lauroylsarcosine and incubated at room temperature for 1 h.
The insoluble material was removed by centrifugation at
20,000g for 1 h. The TRb protein was supposed to be soluble
in the supernatant. Urea and detergent were removed by a PD-
10 desalting resin (GE healthcare 17085101), and sub-
sequently, TRb was purified on a Ni-IMAC column (Cube
Biotech 74306). Bound His-tagged TRb was incubated with
the Ni-IMAC resin at 4 °C overnight in an equilibration buffer
of 20 mM Tris, pH 7.5, 50 mM NaCl, 10% (v/v) glycerol, 2
mM β-mercaptoethanol, and 2 mM imidazole and transferred
into a column. Afterward, unbound proteins were removed
with 10-fold volume of equilibration buffer. Bound proteins
were eluted into equilibration buffer containing 250 mM
imidazole. The protein concentration was adjusted into a
storage buffer containing 20 mM Tris pH 7.5, 50 mM NaCl, 2
mM β-mercaptoethanol, and 10% (v/v) glycerol, using
Amicon (30K) centrifugal concentrators (Merck Millipore
C7715), to a protein concentration of 3 mg/mL. The presence
and purity of TRb were detected by SDS-PAGE and
immunoblotting using the mAb anti-His antibody (Epitope
Biotech Inc. ABIN559683) and secondary anti-mouse alkaline
phosphatase (Sigma-Aldrich A1047).
Detection of Microarray-Based Hsp90 Activity.

Purified full-length Hsp90 was transferred into 20 mM Tris−
HCl, pH 7.5, 50 mM KCl, 6 mM β-mercaptoethanol, 10% (v/
v) glycerol, and spotted on the UniSart 3D nitro slide
(Sartorius Stedim Biotech S.A. 2000125). This was done using
a contactless GeSim Nano-Plotter (GeSim) with a nanotip
pipette at a 3 mg/mL protein concentration and treated before
incubation with a blocking solution Cy5-ATP label, as
described earlier.47,48 ATP-Cy5 (Jenabioscience NU-814-
CY5) was diluted to a constant concentration of 100 nM in
buffer containing 20 mM HEPES-KOH, pH 7.3, 50 mM KCl,
5 mM MgCl2, 20 mM Na2MoO4, 0.01% (v/v) Tween 20, 2%
(v/v) DMSO, 0.1 mg/mL BSA, and 1 mM DTT. T3 (Cayman
Chemical 16028) and sobetirome (AK Scientific, Inc.) were
diluted to designed concentrations and added into a black 96-
well plate with 100 nM ATP-Cy5. The mixture was then
transferred into the chip where 16-well hybridization chambers
of Nexterion (Schott, Nexterion) separated the subarrays. After
incubation, the slides were washed three times for 5 min with
binding buffer. The binding activity of Cy5-labeled ATP was
determined by the GenePix 4000B laser scanner (Molecular
Devices, Inc.) with 635 nm excitation wavelength, 10% laser
power, PMT gain 300, and the activity was then calculated as
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values. Evaluation of displacement was done with the EC50
value. Furthermore, the evaluation was performed using Origin
8.5G (OriginLab Corporation) to produce fitted graphs.
Fibroblast Cultivation and Immunoblot Analysis.

Murine fibroblasts (NIH3T3, ATCC CRL-1658) were
cultured in DMEM (Dulbecco’s Modified Eagle Medium,
Bio&Sell BS.FG 0445) containing 10% FCS (Bio&Sell BS.L
2045) and 1% penicillin−streptomycin-mix (Bio&Sell BS-
AB17.07001) at 37 °C in a humidified environment with 5%
CO2. T3 was added into the medium when the cells reached
30−40% confluency. The culture was harvested at the designed
time intervals with trypsin (0.02% EDTA included) and then
washed with Hank’s Buffered Salt Solution (Bio&SELL BS.L
2045). The cell lysates were subsequently generated by adding
glass beads and sonicated in buffer (20 mM Tris−HCl, pH 8.0,
500 mM KCl, 2 mM β-mercaptoethanol, 2 mM Imidazole,
10% (v/v) glycerol, 1% protease inhibitor cocktail (Carl Roth
3751.1), 10 mM dithiothreitol) for 10 s and six times on ice.
The lysates were centrifugated at a speed of 17,000g for 10 min
at 4 °C, and the supernatant was analyzed by separation by
SDS-PAGE, and immune detection was performed with the
anti Hsp90 (StressMarq Biosciences Inc. SMC-147) and anti-
mouse alkaline phosphatase secondary antibody (Sigma-
Aldrich A1047).
Viability Assay. NIH3T3 cells were split homogeneously

into 12-well and 96-well plates at a concentration of 2000
cells/mL in DMEM including 10% FCS and 1% penicillin−
streptomycin. T3 was diluted with DMEM complete medium
containing 50% DMSO and homogenized into each well at a
ratio of 1/1000 when the confluency reached 30−40%, and co-
incubated for 24 h at the designed concentrations in both the
12-well plate (T3 varied from 0 to 10 μM) and 96-well plate
(T3 varied from 0 to 100 μM). After 24 h of cultivation, the
WST-1 reagent (Sigma-Aldrich 11644807001) was diluted at a
ratio of 1:10 into each well of the 96-well plate and co-
incubated for 1 h. The plates were read at A450nm wavelength,
and the data was subsequently analyzed as the viability
difference. Scratch assay was performed in a 12-well plate at
30−40% confluency, and cells were cultivated with complete
medium containing 10% FCS and 1% penicillin−streptomycin.
50% DMSO was added at a ratio of 1/1000 into the medium
as the control. The images of the gap after 24 h culture were
captured by an inverted microscope.
Microscale Thermophoresis Analysis. Recombinantly

purified human Hsp90a was labeled according to Cy5 mono-
reactive dye protein assay (Jenabioscience FP-201-CY5). A
pre-run was performed in a MST glass capillary, a proper LED
power was checked on Monolith NT.115, and fluorescence
between 400 and 700 counts at the final concentration of 50
nM Cy5-labelled Hsp90 was produced. Different combinations
of T3 and TRb at constant Hsp90a-Cy5 concentration in
buffer containing 20 mM Tris−HCl, pH 7.5, 50 mM KCl, 5
mM β-mercaptoethanol, and 10% (v/v) glycerol were
incubated in the dark for 30 min. Then, the samples were
transferred into Monolith NT capillaries. The capillaries were
inserted into the slots on the sample tray, and the
measurements were started with a final constant Hsp90-Cy5
concentration of 50 nM bound with T3 and/or TRb of
different concentrations at a LED power of 10%. Data analysis
was done by NT analysis software.
Microarray-Based TRb Interaction Array. The purified

full-length TRb was transferred into buffer [20 mM Tris−HCl,
pH 7.5, 50 mM NaCl, 6 mM β-mercaptoethanol, 10% (v/v)

glycerol], spotted at a concentration of 3 mg/mL, blocked, and
washed subsequently as described earlier78 and then incubated
at different concentrations of purified full-length human
Hsp90a with 100 nM Cy5-labeled ATP (Jena Bioscience
NU-814-CY5) in binding buffer [20 mM HEPES-KOH, pH
7.3, 50 mM KCl, 5 mM MgCl2, 20 mM Na2MoO4, 0.01% (v/
v) Tween 20, 2% (v/v) DMSO, 0.1 mg/mL BSA, 1 mM DTT]
for 16 h at 4 °C. Then, the chips were treated as described in
part for detection of microarray-based Hsp90 activity. The
dose-responsive curves were calculated with Origin 8.5G
(OriginLab Corporation) and fitted with the non-linear logistic
function, A1 = 0, A2 = 1. Quality validation of the microarray
was performed by calculating the mean (S.D.) of 10 spots as
described,47 using a binding buffer with 100 nM dye-labeled
ATP.
Pull-Down Assay. Ni-IMAC-bound TRb (100 μL resin)

was incubated on ice for 1 h with purified Hsp90 (30 μg) or
NIH3T3 cell lysate preincubated with or without T3 (100
nM) on a column. After incubation, the resin was washed with
buffer containing 10 mM imidazole, 20 mM Tris, pH 7.5, 50
mM NaCl, 10% (v/v) glycerol, and 2 mM β-mercaptoethanol
and eluted with buffer containing 500 mM imidazole, 20 mM
Tris, pH 7.5, 50 mM NaCl, 10% (v/v) glycerol, and 2 mM β-
Mercaptoethanol. The washing solution and the final elution
solution were concentrated to the same concentration. The
samples were transferred onto the SDS-PAGE gel, and the
presence of Hsp90 was detected after immunoblot analysis.
Streptavidin-Conjugated Quantum Dot-Based Inter-

action Array. Columns of 10 spots of Sav-QDs (Thermo
Q10121MP) were spotted as mentioned in the TRb
microarray assay, using the Gesim Nano-Plotter. 50 μL of
Biotin-ATP (Jenabioscience NU-277) of different concen-
trations was added to pads with 45 min incubation in ice and
on a rotatory shaker. Biotin-ATP was washed away, and the
slide was dried with compressed air. Then, overnight
incubation with purified human Hsp90 (3 mg/mL) was
done at indicated different concentrations at 4 °C on a rotatory
shaker and lastly dried with compressed air. Signal masking of
the bound Hsp90 intensity was performed with different TRb
concentrations as indicated in the incubation buffer. Masked
fluorescence intensity was measured.
Transmission Electron Microscopy. Charged or un-

charged Sav-QDs (100 nM) were applied onto negatively
glow-discharged carbon-coated 400 mesh copper grids for 1
min, washed twice with distilled water, and stained for 4 min
with 2% uranyl acetate. Digital images were collected using the
JEM2100Plus (JEOL, Japan) TEM operated at 200 kV
equipped with the XAROSA CMOS 20 megapixel camera
(EMSIS GmbH, Germany).
Molecular Docking. All docking experiments were carried

out with the crystal structure of the Hsp90 N-terminal domain
with bound ATP (pdb: 3t0z). The structure of T3 was
obtained from the pdb databank. The protein and ligand
structures were prepared using AutoDocktools.79 Blind and
targeted docking for each individual pocket in the Hsp90
structure was performed with Autodock Vina,52 and
exhaustiveness and56 identification of potential binding pockets
in the Hsp90 structure was done using AutoLigand.50

Molecular Dynamics Simulations and Interaction
Energy Calculation. The crystal structure of the human
Hsp90 N-terminal domain (pdb: 3t0z) in complex with Mg2+

ATP and T3 was fully solvated with the TIP3P water model,80

and ions were added to obtain a final ion concentration of 0.15
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M NaCl. Simulations were performed with NAMD 2.1481 and
the CHARMM36 force field.82,83 For the parameters of the
ligand T3, the CHARMM general force field84 was used. A
minimum distance of 10 Å between the solutes and the water
box edges was applied, and all simulations were carried out
under periodic boundary conditions. Pressure and temperature
were controlled at 1 atm and 310 K by using the Langevin
piston method and Langevin dynamics. The cut-off for van-
der-Waals interactions and short-range electrostatics was set to
12 Å, and the particle-mesh Ewald method85 was used for long-
range electrostatic interactions. The solvated protein−ligand
system was initially energy-minimized and equilibrated. Finally,
200 ns production runs were performed for each system. All
MD simulations were performed in duplicates.

The interaction energy between Hsp90 and T3 was
computed with the LIE method.86 The interaction energy
ΔGLIE was calculated through the electrostatic (el) and van-
der-Waals (vdW) energy contributions of the ligand in
complex with Hsp90 (bound) or in solution (unbound)
along with the simulation.
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V V
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( )
LIE

vdW
bound

vdW
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+

We used the scaling factors α = 0.18 and β = 0.04 for
computing the interaction energies.
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