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A B S T R A C T

Heat Shock Protein 90 (HSP90) is an essential molecular chaperone whose activity is regulated not only by co- 
chaperones but also by distinct post-translational modifications. Interestingly, its chaperone activity is essential 
for the stability of several oncogenes, among which the receptor tyrosine kinase HER2. HER2 is overexpressed in 
20–30% of breast and ovarian cancers. Its overexpression triggers proliferative and transforming pathways 
aberrant activation and therefore frequently correlates with invasive and poor prognostic features, and associates 
with shorter patient survival. Of note, HSP90 inhibitors have been studied in HER2-positive breast cancer and 
have shown promising results. Unexpectedly, we previously reported that ATM promotes the interaction of HER2 
with HSP90 therefore sustaining HER2 protein stability and tumorigenicity.

To further investigate the interplay between HER2-HSP90 and ATM, we tested the hypothesis that ATM could 
phosphorylate HSP90. We confirmed that ATM activation can induce the phosphorylation of HSP90 in HER2 
positive breast cancer models. Point mutagenesis showed that T297 is the major site targeted by ATM kinase and 
importantly the unphosphorylatable mutant HSP90-T297A displays a reduced ability to interact with HER2, and 
to prevent its ubiquitination and degradation. Consistently, the overexpression of HSP90-T297A impinges on the 
viability of HER2-overexpressing cells, further supporting a role of this phosphorylation in the modulation of 
HER2 tumorigenicity. T297 is located in the middle domain of HSP90, a region that is involved in the interaction 
of HSP90 with clients. Consistently, structural studies indicate that T297 phosphorylation can indeed favor the 
chaperone's interaction with HER2, further supporting our hypothesis.

1. Introduction

The 90 kDa Heat Shock Protein (HSP90) is a chaperone protein 
essential for the maintenance of cellular homeostasis [1] and its function 
ensures the cellular physiological processes controlling protein quality 
and stability. HSP90 is a dimeric protein very abundant in eukaryotic 
cells and it can constitute up to 1–2% of the cellular proteins under 
normal conditions [2]. It is mostly localized in the cytosol, where two 

strongly homologous but functionally distinct isoforms have been 
identified: an inducible form (HSP90α) [3,4] and a constitutive form 
(HSP90β) [5]. A minor fraction is also reported to be in the nucleus and 
in cellular organelles [6].

Under physiological conditions, HSP90 works together with other 
Heat Shock Protein family members (HSPs) and co-chaperones forming 
the cellular assembly machine and promoting the formation of the 
correct conformation of more than 200 proteins, called HSP90 “clients” 
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[2,7], ensuring their complete maturation, correct folding and stability. 
At the same time, HSP90 stabilizes the exposed catalytic domains of 
some protein kinases, sustaining their activity [8]. Conversely, the 
dissociation of HSP90 machinery-clients interaction leads to the accu
mulation of unfolded HSP90 client proteins within the cell and to the 
recruitment of E3 ubiquitin ligases that target these proteins for degra
dation [9,10].

Tumor cells often show a dramatic increase of HSP90 expression 
compared to normal cells, suggesting its important role in this context in 
buffering cellular stresses induced by the malignant conditions [11]. 
Indeed, HSP90 expression and activity ensure the folding and stability of 
several oncoproteins, including many kinases and transcription factors, 
that are mutated, translocated, amplified, or overexpressed in malig
nancy e.g. HER2 transmembrane kinase, BCR-ABL kinase, AKT kinase, 
mutated p53 protein [11]. These findings revealed a fundamental role of 
HSP90 in the progress of malignant diseases.

Given its role in stabilizing proteins that aid cancer progression, the 
possibility of targeting HSP90 activity is a promising therapeutic strat
egy for cancer treatment [11,12]. In particular, since it is well known 
that HSP90 is an ATPase chaperone protein and its functionality is 
strictly dependent on the binding and hydrolysis of ATP [13], several 
molecules that specifically inhibit HSP90 by blocking ATP access to the 
ATP binding pocket have been generated and are to date in clinical trial 
reviewed in [14]. In parallel, efforts have been devoted to the devel
opment of allosteric modulators of HSP90 [15–17] as well as to dis
ruptors of HSP90 client and co-chaperone interactions [18]. These 
molecules perturb the HSP90 chaperone machine preventing its asso
ciation to its client proteins including those responsible for tumor pro
gression which are therefore directed to degradation [19,20].

HER2 receptor tyrosine kinase is an HSP90 client oncoprotein and 
the chaperone system controls the stability of both nascent and mature 
protein, finely modulating its expression and activity [20]. HER2 is 
overexpressed in 20–30% of breast and ovarian cancers and its gene is 
also amplified in other common types of cancers including lung, gastric, 
and oral cancers [21]. Its overexpression triggers proliferative and 
transforming pathways aberrant activation and thus frequently corre
lates with invasive and poor prognostic features and a shorter patient 
survival [22]. The prognosis of HER2 positive tumor patients improved 
significantly upon the development of molecular targeted approaches, 
such as Trastuzumab, a humanized monoclonal antibody targeting 
HER2 [23].

The regulation of HSP90 functionality by using molecules that block 
ATP binding to HSP90 is reported to be an efficient way to enhance 
HER2 degradation, resulting in polyubiquitination and subsequent 
downregulation of its expression levels [24].

In recent years, an additional layer of regulation of HSP90 function 
has been reported. Many groups demonstrated that HSP90 functionality 
is tightly controlled by several post-translational modifications (PTMs), 
especially by phosphorylation [25,26]. Indeed, they reported HSP90 
phosphorylation by several protein kinases on specific phosphosites, 
including casein kinase II [27], DNA-dependent protein Kinase and 
Wee1/Swe1 kinase [28], and they demonstrated that changes in its 
phosphorylation status have a deep impact on the chaperone function
ality [29,30].

ATM is a serine/threonine protein kinase, whose expression is lost in 
a rare autosomal genetic disorder named Ataxia Telangiectasia (A-T), 
that phosphorylates its substrates on specific serine/threonine residues 
preferentially followed by a glutamine residue, called S/T-Q motifs, 
following its activation [31]. ATM is historically considered a central 
player of the DNA damage response (DDR) and its double-stranded 
breaks (DSBs) mediated activation triggers the downstream phosphor
ylation and modulation of several target proteins [32], in order to pre
vent genomic instability [33]. In recent years, growing evidences 
brought to light several additional functions of ATM kinase, not limited 
to the DDR in the nucleus of the cell, including a role in response to 
oxidative stresses and in autophagy mechanism (reviewed in [34–36]). 

Moreover, proteomic analyses have identified over 700 putative ATM 
substrates, further supporting its involvement in multiple novel cellular 
pathways [37,38].

We previously reported a non-canonical role of ATM kinase as pro
moter of HER2 tumorigenicity in breast cancer [39]. We described a 
positive feedback loop in which HER2 triggers ATM kinase activity and, 
conversely, ATM is essential for HER2 protein stability ensuring its as
sociation with HSP90 that represents the principal modulator of its 
folding and stability. Pharmacological or genetic inhibition of ATM ac
tivity or expression results in the release of HER2 from HSP90 which in 
turn promotes HER2 ubiquitination and degradation [39].

Here we show that HER2 overexpression triggers ATM-dependent 
HSP90 phosphorylation in vitro and in vivo. We also provide evidence 
for ATM-dependent phosphorylation of HSP90β on T297 residue. 
Structural analysis and comparative Molecular Dynamics (MD) simula
tions of wild-type HSP90β and its T297-phosphorylated variant indicate 
that the PTM impacts on the internal dynamics of the chaperone, 
increasing structural rigidity in the phosphorylated form and pre
organizing the client binding site in a favorable dynamic state to lock 
HER2 once recruited. In addition, we provide evidence for the ability of 
the ATM dependent phosphorylation of HSP90 on T297 as a novel 
mechanism to promote HSP90 chaperone functionality, sustaining 
HER2 protein levels, stability and in vitro tumorigenicity.

2. Results

2.1. ATM kinase promotes HSP90 phosphorylation on T297 in HER2 
positive breast cancer models

We have previously shown that ATM kinase promotes the ability of 
HSP90 to interact and stabilize HER2 [39].

To get more insights into the molecular mechanism, we tested the 
hypothesis that ATM could drive HSP90 phosphorylation. To this aim, 
HSP90 was immunoprecipitated from protein extracts derived from the 
human HER2 positive cell line SKBR3, and its phosphorylation revealed 
using a phospho-S/T-Q antibody that selectively recognize proteins 
phosphorylated in the consensus motif for ATM/ATR kinases [31,40]. 
More interestingly, the pretreatment with ATM kinase inhibitor KU- 
55933, as expected, prevented ATM auto-phosphorylation on S1981 
and more importantly partially impinged on HSP90 phosphorylation 
(Fig. 1A).

To further strength this result, we adopted a transgenic mouse model 
expressing rat HER2/NeuT oncogene in the mammary gland. These mice 
develop HER2 positive mammary tumors spontaneously 15 weeks after 
birth. Using this system, we have previously shown that ATM is active 
and phosphorylated on S1981 in these tumors [39]. The in vivo admin
istration of KU-55933 by intraperitoneal injection downregulates ATM 
phosphorylation on S1981 and, most importantly, decreases HER2 
expression [39]. HSP90 was immunoprecipitated from tumors derived 
from HER2/NeuT mice pretreated or not with the ATM kinase inhibitor 
KU-55933 (Fig. 1B). For each condition, four tumors were pooled 
together (Supplementary Fig. S1A). Immunoblotting analysis with a 
phospho-S/T-Q antibody confirmed that HSP90 is phosphorylated on 
S-/T-Q in vivo and its phosphorylation is strongly affected by the inhi
bition of ATM kinase activity (Fig. 1B).

HSP90β is reported as a constitutively expressed protein and gener
ally more abundant compared to the inducible HSP90α isoform in 
several cell lines (reviewed in [3]). We, therefore, focused our attention 
on HSP90β isoform. To further evaluate the ability of ATM kinase to 
phosphorylate HSP90β, we immunoprecipitated ATM from HEK293T 
cells and assayed its ability to phosphorylate a human recombinant 
purified HSP90β in vitro. Immunoblotting with anti-pS/T-Q antibody 
confirmed this phosphorylation (Fig. 1C).

The ability of ATM to phosphorylate HSP90β was also confirmed by 
transient transfection experiments in HEK293T cells. We transiently 
overexpressed HA-HSP90β isoform in HEK293T cells and ATM kinase 
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Fig. 1. HER2 promotes ATM-dependent phosphorylation of HSP90. (A) Representative Western blot showing immunoprecipitation of endogenous HSP90 on SKBR3 
(HER2+++) cells treated or not with KU-55933 (10 μM, 12 h) as indicated. (B) Representative Western blot showing immunoprecipitation of endogenous HSP90 
from protein extracts derived from mouse mammary tissue (n = 4). FBV-NeuT mice were intraperitoneally injected with 10 mg kg− 1 KU-55933 in DMSO or with 
DMSO as control, every 2 days for 2 weeks starting from the appearance of the first mammary tumor, and sacrificed 3 days after the last injection [39]. (C) 
Representative Western blot showing kinase assay performed using immunoprecipitated human ATM from HEK293T cells and recombinant purified human HSP90β. 
(D) Representative Western blot showing immunoprecipitation of HA-HSP90β from protein extract of HEK293T cells transfected as indicated. GFP construct was used 
as control of transfection. (E) Representative Western blot showing immunoprecipitation of HA-HSP90β from protein extract of SKBR3 (HER2+++) cells transfected 
as indicated and treated or not with KU-55933 (10 μM, 12 h). (F) Representative Western blot showing pATMS1981, ATM and HER2 protein levels in SKBR3 
(HER2+++) cells transfected as indicated and treated or not with KU-55933 (10 μM, 12 h).
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activity was triggered either by its overexpression alone [41], or by 
overexpression followed by DNA damage induction using the radiomi
metic drug Neocarzinostatin (NCS), or alternatively by HER2 over
expression [39] (Supplementary Fig. S1B). HSP90β was selectively 
immunoprecipitated and its phosphorylation was revealed by immu
noblotting. Importantly, we could show that HSP90β isoform is 

phosphorylated on S/T-Q residues following ATM activation in all three 
conditions (Supplementary Fig. S1B).

The analysis of HSP90β isoform protein sequence revealed the 
presence of two Serine (S206 and S460) and two Threonine (T297 and 
T479) residues as potential ATM target sites because located in the S/T- 
Q motifs [31]. Interestingly, HSP90β phosphorylation on T297 has been 

Fig. 2. HSP90β phosphorylation on T297 modifies the chaperone's functional dynamics and recognition mechanisms. (A) Overview of phosphorylation site T297 and 
of the three HSP90β charged loop models developed for the MD simulations run in this work (more details in the main text); identical copies of each model are 
incorporated into protomer A and protomer B of our loopless starting structure and are shown in blue. Structures on the bottom bear two copies of loop models 
mod04 and mod22, which were generated by the MODELLER package [43]. The structure on the top left, with two copies of model modAF, originates from the 
AlphaFold database [44]; on the top right, it has been rotated counterclockwise by 90◦ with respect to the plane of the page, looking from the top. This is to reveal the 
location of the client binding lumen, delimited by the loops shown in red (also shown in the other structures for reference). Green spheres marked in the lumen 
represent carbon atoms used to quantify the lumen cross-section during simulations. Asterisks in the top two panels mark the T297 phosphorylation site on protomer 
A (duller green) and protomer B (brighter green; heavy atoms rendered as sticks). ATP heavy atoms and Mg2+ are also rendered in each structure as sticks and a green 
sphere, respectively. The remainder of protomers A and B in each structure are also shown in duller and brighter shades of green, respectively. (B) Difference matrix 
of distance fluctuation (DF) scores, filtered by the Local Fluctuation (LF) value (see Materials and methods for formulae and details). Red areas show residue pairs 
undergoing a decrease in DF score upon phosphorylation (i.e., increase in allosteric coordination); black areas denote areas where allosteric dialogue is lost upon 
phosphorylation. For reference, residues composing the N-terminal, Middle, and C-terminal domains of each HSP90β protomer are marked on the bottom axis. The 
charged loop is shown in blue. (C) HSP90β lumen and lumen cross-section. Right panel: Illustration of the HSP90β client-binding lumen as it appears in the HSP90β- 
CDC37-Cdk4 complex (PDB ID: 5fwk) [49], closely related to our starting structure. HSP90β protomers are rendered in the same shades of green as 2A; cochaperone 
CDC37 is rendered in yellow; and client Cdk4—part of which is bound to the lumen as is the case with HER2—is rendered in magenta. Cα atoms in Ala610 and C 
atoms in Asn346, which are used as starting points to build the lumen cross-section in each frame, are rendered as spheres; the rest of the residues are rendered as 
sticks. Lines connecting spheres are to guide the eye; the real best-fit plane used to calculate the cross-section is not shown. Left panel: histogram comparing the 
distribution of lumen cross-sections in combined MD Simulations of WTAF, WT04, and WT22 (black) vs. combined MD simulations of pT297AF, pT29704, and pT29722 
(red). The cross-section in the starting structure is also shown, for reference (green line). (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.)
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previously identified in a wide phosphoproteomic study carried out in 
HEK293T cells treated with ionizing radiation to induce DNA damage 
and ATM kinase activation [37]. Importantly, sequence alignment 
analysis revealed that this residue is highly conserved throughout evo
lution (Supplementary Fig. S1C), supporting the idea that the T297 
residue may play a functional role. To test whether T297 may indeed be 
the main target of ATM-dependent phosphorylation upon HER2 over
expression, we generated the HA-HSP90β T297A unphosphorylatable 
mutant. Previous work reported a role of ATM also in the phosphory
lation of HSP90α isoform [42], therefore, to detect the HSP90β isoform- 
specific phosphorylation, we took advantage of HEK293T shHSP90α 
cells, stably silenced for HSP90α expression (Supplementary Fig. S1D). 
Cells were transiently transfected with HER2 and either HA-HSP90β WT 
or HA-HSP90β T297A. HA-HSP90β WT or HA-HSP90β T297A mutants 
were immunoprecipitated with anti-HA antibody and their phosphory
lation was revealed by phospho-S/T-Q. Interestingly, HER2 over
expression triggered HA-HSP90β WT phosphorylation but failed to 
phosphorylate HA-HSP90β T297A, thereby driving the conclusion that 
T297 represented the main phosphorylation target (Fig. 1D). The same 
result was also obtained in SKBR3 cells that overexpress endogenous 
HER2. Again, the phosphorylation of the HA-HSP90β T297A mutant is 
severely impaired compared to what detected for HA-HSP90β WT and 
upon ATM kinase inhibition in the presence of KU-55933 (Fig. 1E). 
Remarkably, we observe a strong downregulation of HER2 levels and a 
slight reduction of ATM activity in the presence of HA-HSP90β T297A 
(Fig. 1F), suggesting that the effect of HA-HSP90β T297A on ATM ac
tivity is not very strong and could not account for the reduction of pS/T- 
Q signal.

2.2. HSP90β phosphorylation on T297 modifies the chaperone's 
functional dynamics and recognition mechanisms

To gain insight into how phosphorylation impacts on the molecular 
determinants underlying the functions of HSP90β, we set out to analyze 
and compare fully solvated atomistic Molecular Dynamics (MD) simu
lations of models of the protein in its WT and phosphorylated forms 
(henceforth pT297). Starting from a refined CryoEM structure of human 
HSP90β provided by the Agard lab, we additionally modeled the long 
unstructured loop present on each HSP90β protomer using both the 
MODELLER suite of programs [43] and the AlphaFold database (AF) 
[44]. We selected three loop models (2 from MODELLER runs, mod04 
and mod22, 1 from the AF database, modAF), as shown in Fig. 2A and 
discussed further below (see Materials and methods for details on the set 
up of the systems). Starting from these models, we modeled phosphor
ylation on T297 (Fig. 2A, asterisks indicating the phosphorylation 
location; see also Materials and methods) generating three additional 
different starting conformations for pT297-HSP90β.

Each of the six generated models for WT and pT297-HSP90β (3 + 3) 
was used to start 4 independent molecular dynamics (MD) simulations, 
for a combined total of 24 microseconds. Replicates for the three starting 
models of both variants (WT and pT297) were concatenated into two 
single metatrajectories, which could then be directly compared and 
analyzed.

Specifically, to quantify the effect of phosphorylation on T297 on the 
functionally oriented aspects of HSP90β dynamics, we calculated the 
coordination between distal residues, using Distance Fluctuation (DF) 
analysis. DF analysis reports on the coordination patterns in dynamics 
between any two residues of the protein, as a function of their pair- 
distance fluctuation. We previously showed that small DF values 
define (groups of) coordinated residues, which move in a cooperative 
manner determining the onset of functional motions [45–47]. Impor
tantly, DF profiles may change in the presence/absence of a PTM such as 
pT297, allowing them to link internal dynamics with measured biolog
ical effects. Additionally, differences in the DF patterns of the WT and 
phosphorylated versions of HSP90β can unveil the substructures whose 
dynamic changes respond to the covalent modification, even if distal.

Interestingly, the difference matrix between the phosphorylated and 
the WT versions (Fig. 2B) shows that the former is generally more rigid. 
Interestingly, the decrease in internal flexibility reverberates across each 
domain (cf. domain maps at the bottom of Fig. 2B). At the same time, off- 
diagonal blocks indicate that the phosphorylation also alters the allo
steric coordination between the two NTDs, between the NTD and 
Middle-domain, and the NTD and CTDs within each protomer. In pro
tomer B, a significant decrease in flexibility in the phosphorylated form 
is noticeable for the region between the Middle-small and C-Terminal 
Domains (cf. redder areas in Fig. 2B): importantly, this region contains 
the lumen, where the client binding site is located.

On this basis, we calculated the area of the cross section of the lumen 
(Fig. 2C, right panel) from the respective metatrajectories of the two 
variants (see Methods): interestingly, despite decreased flexibility, the 
distribution of the area of the lumen (Fig. 2C, left panel) does not appear 
to change significantly, compared to the area of the lumen for the 
CryoEM structure of HSP90 in complex with the unfolded kinase CDK4 
and co-chaperone CDC37.

Overall, these data show that phosphorylation on T297 remodels the 
coordination within and between HSP90β domains decreasing internal 
flexibility and likely enhancing the structural and dynamic pre
organization of the substructure of the chaperone that is required for 
client recognition. The PTM shows a pervasive effect throughout the 
whole structure, modifying internal dynamics of HSP90β well beyond 
the localized substructure where T297 is located.

2.3. HSP90β phosphorylation on T297 promotes HER2 protein stability

Molecular dynamics simulations show that phosphorylation of 
HSP90β on T297 alters the internal flexibility of its domains, which 
could impact the chaperone's recognition mechanisms and suggest that 
it may affect its interaction with HER2. We have previously shown that 
ATM promotes HER2 interaction with HSP90 and that ATM genetic or 
pharmacological inactivation resulted in a strong induction of HER2 
protein ubiquitination [39]. According to our findings, we speculated 
that ATM may promote the interaction between HSP90 and HER2 by 
phosphorylating HSP90β on T297. To clarify this issue SKBR3 cells were 
transiently transfected with HA-HSP90β WT or with of HA-HSP90β 
T297A mutants. HER2 was immunoprecipitated with a specific antibody 
and HSP90 co-immunoprecipitation evaluated by immunoblotting with 
anti-HA antibody. As expected HER2 could efficiently interact with HA- 
HSP90β WT but not with HA-HSP90β T297A. Importantly, ATM kinase 
inhibition impaired this interaction similarly to what observed upon HA- 
HSP90β T297A transient transfection or upon HSP90 enzymatic activity 
inhibition, further supporting the requirement for ATM kinase- 
dependent phosphorylation on T297 for this interaction (Fig. 3A).

To investigate whether ATM-dependent phosphorylation of HSP90β 
on T297 may therefore affect HER2 protein stability, SKBR3 cells were 
transiently transfected with either HA-HSP90β WT or HA-HSP90β 
T297A. Cells were treated with Cycloheximide for different times to 
block nascent translation and HER2 protein levels revealed by immu
noblotting. Indeed, HA-HSP90β T297A expression reduced HER2 pro
tein half-life compared to HA-HSP90β WT (Fig. 3B), supporting a role for 
T297 phosphorylation in promoting HSP90 ability to sustain HER2.

According to our findings, we speculated that ATM may prevent 
HER2 ubiquitination by phosphorylating HSP90β on T297. To clarify 
this issue HER2 was immunoprecipitated from SKBR3 cells transiently 
transfected with HA-HSP90β WT, HSP90β T297A or HSP90β T297D, a 
phosphomimetic mutant, and its ubiquitination revealed by immuno
blotting with anti-ubiquitin antibody. As expected, HER2 was not 
ubiquitinated in the presence of HA-HSP90β WT. Similar results were 
detected in the presence of the HA-HSP90β T297D mutant. Conversely, 
the overexpression of the HA-HSP90β T297A mutant significantly 
correlated with a dramatic increase of HER2 ubiquitination, similarly to 
what observed upon treatment with the HSP90 chaperone inhibitor, 
17AAG (Fig. 3C). Overall, these experiments, allow the conclusion that 
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Fig. 3. HSP90β phosphorylation on T297 promotes HER2 protein stability and interaction. (A) Protein extracts from SKBR3 cell lines transfected as indicated and 
treated or not with 17AAG (1 μM, 4 h) or KU-55933 (10 μM, 12 h), were prepared for immunoprecipitation with anti-HER2 antibody and subjected to western 
blotting with anti-HSP90 antibody. (B) Cycloheximide (CHX) was used to inhibit protein synthesis in SKBR3 cells expressing HA-HSP90β WT and HA-HSP90β T297A. 
HER2 protein levels were evaluated in cell lysates by Western blotting. On the bottom, quantification of HER2 protein levels compared to the CTRL. To determine 
statistically significant differences, we performed unpaired t-Test between two group: *, P ≤ 0.05 SKRBR3 HA-HSP90β T297A vs SKBR3 HA-HSP90β WT;(C) Protein 
extracts from SKBR3 cell lines transfected as indicated and treated or not with 17AAG (1 μM, 4 h) or KU-55933 (10 μM, 12 h), were prepared for immunoprecipitation 
with anti-HER2 antibody (normalizing on HER2 total protein) and subjected to western blotting with an anti-ubiquitin antibody. (D) Protein extracts from SKBR3 cell 
lines transfected as indicated and treated or not with KU-55933 (10 μM, 12 h), were prepared for immunoprecipitation with anti-HA antibody and subjected to 
western blotting with anti-CDC37 antibody.
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ATM may significantly modulate HSP90β functionality via its phos
phorylation on T297. Of note, co-chaperone CDC37 is required and 
important for the modulation of HSP90 kinase interaction [48] and 
HSP90-CDC37 complex synergistically acts as a facilitator of HER2 
dependent oncogenesis [49]. Therefore, we can speculate that ATM- 
dependent phosphorylation of HSP90 may either directly affect its 
physical interaction with HER2, or alternatively impinge on HSP90- 
CDC37 interaction, and thus only indirectly impact on HSP90-HER2 
binding. To clarify this issue, SKBR3 cells were transiently transfected 
with either HA-HSP90β WT or HA-HSP90β T297A and HSP90β immu
noprecipitated with anti-HA antibody. Accordingly to Fig. 3A, HER2 co- 
immunoprecipitated with HA-HSP90β WT, but not with HA-HSP90β 
T297A or after treatment with KU55933 (Fig. 3D). Of note, when we 
probed the same samples for CDC37 co-immunoprecipitation using 
specific anti-CDC37 antibody, we revealed that CDC37 associated 
similarly with both HA-HSP90β WT and HA-HSP90β T297A. These re
sults indicate that ATM-dependent phosphorylation on T297 does not 
affect the HSP90β-CDC37 interaction, but instead directly impacts the 
interaction between HSP90β and HER2 (Fig. 3D). Conversely, treatment 
with the specific ATM inhibitor, KU-55933, impinged on HSP90-CDC37 
interaction (Fig. 3D), suggesting that ATM may affect HSP90 function
ality through a more complex signaling only partially dependent on 
T297 phosphorylation.

2.4. HSP90β phosphorylation on T297 promotes HER2 dependent in vitro 
tumorigenicity

It has been previously reported that cancer cells may become 
addicted to HER2 aberrant expression and that in these contexts the 
downregulation of HER2 expression or the targeting of HER2 signaling 
may result in reduced cell viability and tumorigenicity [49,50]. 
Consistently with the key role of HSP90 as guardian of HER2 stability, 
HSP90 has been identified as a valuable target to counteract HER2 
tumorigenicity (reviewed in [51]). Indeed, genetic inhibition of HSP90β 
by specific shRNA, triggers as expected the strong downregulation of 
HER2 and dramatically arrests SKBR3 cells as shown by p21 accumu
lation (Supplementary Fig. S1E). To investigate whether HSP90β phos
phorylation on T297 may impinge on HER2 expression and signaling, 
SKBR3 cells were transiently transfected with either HA-HSP90β WT or 
HA-HSP90β T297A. Again, the overexpression of HA-HSP90β T297A 
triggers the reduction of HER2 expression levels and more importantly 
impinges on its downstream signaling, particularly affecting AKT acti
vation (Fig. 4A and Supplementary Fig. S2A). To further investigate the 
significance of T297 phosphorylation in the control of HER2-dependent 
cell viability, HA-HSP90β WT, HA-HSP90β T297A and HA-HSP90β 
T297D, were transiently transfected in both SKBR3 cells that endoge
nously overexpress HER2 and in the MCF7-HER2 cells stably transfected 
with HER2 (Supplementary Fig. S2B). MTS assays after 72 h of trans
fections show that while the overexpression of either HSP90β WT or 
HSP90β T297D did not affect cell viability, the overexpression of 
HSP90β T297A mutant severely impinged on MCF7-HER2 as well as on 
SKBR3 cellular viability (Fig. 4B). The same construct had no effect on 
MCF7 cells consistently with the notion that these cells are not addicted 
to HER2 and indeed do not depend on HER2 expression levels (Fig. 4B). 
To further clarify whether HSP90β phosphorylation on T297 selectively 
promotes HER2-dependent tumorigenicity, we transformed MCF10A 
cells, an established normal human mammary gland epithelial cellular 
system, with a constitutively active form of HER2 (NeuV664E, named 
NeuT) (Supplementary Fig. S2C). It is well-known that the over
expression of NeuT can trigger neoplastic transformation in normal 
mammary epithelial cells, such as MCF10A [52] and therefore enhances 
the stem-like property of these cells measured as their ability of MCF10A 
to grow in 3D as mammospheres [53]. As expected, we confirmed that 
MCF10A-NeuT cells exhibit increased sphere-forming ability and larger 
sphere size compared to cells infected with the control retrovirus 
(pBABE) (Fig. 4C, D, E). More interestingly, transfection of MCF10A- 

NeuT cells with a construct expressing HSP90β T297A inhibits both 
the sphere-forming ability and size of MCF10A-NeuT-derived mammo
spheres. Overall, these data suggest that HSP90β T297A may act as a 
dominant negative and therefore that phosphorylation at T297 may 
sustain HER2 expression, stability and functionality.

3. Discussion

The Heat Shock Protein 90 (HSP90) chaperone is a master controller 
of protein folding and proteostasis under both physiological and stress 
conditions. HSP90 has several hundred client proteins that play central 
roles in different signaling cascades and it is therefore involved in many 
cellular processes including cell proliferation, survival, neoplastic 
transformation, DNA repair, neurodegeneration and immune response 
[54]. Its key role in cancer is supported by the evidence that HSP90 
expression is often upregulated during cancer development and its ac
tivity is crucial to stabilize many oncogenic client proteins [55]. In this 
context, the development of HSP90 inhibitors has been pursued by 
several laboratories to exploit them as new therapeutics. Evidence exists 
that these inhibitors could also be used in combination with chemo
therapy, molecular targeted agents, or immunotherapy treatment ap
proaches [56]. In addition, several studies aimed to uncover the 
molecular mechanisms that can modulate HSP90 functionality high
lighted post-translational modifications (PTMs) including phosphory
lation, as key regulators of HSP90 activity and ability to bind to co- 
chaperones as well as specific client proteins [57].

We previously demonstrated that HER2 activity can drive the acti
vation of ATM, that in turn enhances the interaction between HSP90 and 
HER2 [39]. Here we identify a novel interplay between ATM kinase, 
HSP90 and HER2 tyrosine kinase receptor. We report that in HER2 
positive tumors, ATM kinase can drive HSP90β phosphorylation on 
Threonine 297 (T297) which in turn enhances HSP90β ability to bind 
and stabilize HER2, promoting its oncogenic potential (Fig. 5). 
Computational investigation of the impact of the PTM on the functional 
dynamics of HSP90 shows that phosphorylation on T297 introduces 
significant changes in the internal rigidity patterns of HSP90β that are 
already detectable on the μs timescale. Importantly, what begins as a 
local disruption and reassembly of interactions leads to far-reaching 
modulations in motion, encompassing regions that determine biolog
ical function, including the client-binding lumen. While at the simulated 
timescales we do not directly observe any appreciable large-scale 
remodeling of the lumen in pT297 compared to HSP90β WT , based 
on our data, we propose a model whereby phosphorylation induces a 
general increase in inter-residue coordination, resulting in the selection 
of dynamic states preorganized for client-recruiting. In other words, 
higher collective fluctuations induced by phosphorylation underpin 
more favorable adaptation and binding to HER2. This would in turn 
translate in an enhanced ability of the chaperone to protect HER2 from 
unfolding and degradation, thus leading to increase its levels. Impor
tantly, immunoprecipitation experiments demonstrate that the 
unphosphorylatable mutant HSP90β T297A, generated by point muta
genesis, is significantly impaired in its ability to interact and stabilize 
HER2 as its overexpression triggers HER2 ubiquitination and degrada
tion. Consistently, we could show that the ectopic expression of HSP90β 
T297A dramatically impinges on HER2 ability to drive and sustain 
neoplastic transformation in mammary epithelial cellular models. As a 
specific kinase-targeting co-chaperone, CDC37 selectively recognizes 
and combines unfolded kinase clients before binding open-state HSP90. 
When HSP90-CDC37-kinase complexes are established, HSP90 in
tegrates ATP and adopts a closed state to accomplish a regular kinase 
folding process. Therefore, the HSP90-CDC37 complex synergistically 
acts as a facilitator of oncogenesis to help the correct folding of a wide 
range of overexpressed or mutated oncogenic proteins, accelerating 
tumorigenic influence [49]. Compound that binds HSP90 N-terminus 
disrupt its interaction with CDC37 [48]. Interestingly, we found that 
expression of unphosphorylatable mutant HSP90β T297A does not 
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Fig. 4. HSP90β phosphorylation on T297 promotes HER2 tumorigenicity. (A) Representative Western blot showing pAKTS473, AKT and HER2 protein levels in SKBR3 
(HER2+++) cells transfected as indicated. On the bottom, quantification of pAKTS473 normalized on AKT total levels. (B) MTS assays performed after 48 h post 
transfection with the indicated constructs, HSP90β WT (HSP90WT), HSP90β T297A (HSP90T297A) and HSP90β T297D (HSP90T297D), in MCF7, MCF7-HER2, SKBR3 
cell lines. To determine if there are statistically significant differences in cell viability between multiple experimental groups we performed ANOVA one-way sta
tistical test: ***, P ≤ 0.01 MCF7 HER2 HSP90T297A vs CTR; ****, P ≤ 0.001 SKBR3 HSP90T297A vs CTR. (C) Representative images of mammospheres formed from 
MCF10A cell lines transfected as indicated. (D, E) Histograms represent the sphere formation efficiency (SFE, at least 230 mammospheres per condition; n = 3) (D) 
and mammospheres size for the three cell lines (at least 50 mammospheres per condition; n = 3) (E).
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impinge on HSP90-CDC37 interaction. Conversely, ATM kinase inhibi
tion with KU-55933 affects this interaction. We can speculate that ATM 
activity impinges directly on HSP90-HER2 interaction via T297 phos
phorylation and affects HSP90-CDC37 interaction independently of 
T297. Future experiments will further clarify this point.

The identification of ATM-dependent phosphorylation of HSP90β on 
T297 in HER2 positive cancer models suggest that ATM activity may 
ensure high levels of HER2 expression and may be predictive for cancer 
response to molecular targeted therapy approaches such as Trastuzumab 
treatment. Of note, HSP90β T297A impinges HER2 dependent AKT 
activation, supporting the idea that ATM-dependent phosphorylation of 
HSP90 drives HER2-dependent tumorigenicity [58]. It will be inter
esting to evaluate whether loss of ATM activity may be one of the 
mechanisms responsible for the decrease on HER2 expression and the 
development of resistance. Interestingly, T297 phosphorylation was at 
first identified in a wide phosphoproteomic study showing that ionizing 
radiation, that induces DNA damage and ATM kinase activation, can 
trigger the same phosphorylation [37]. This observation suggests that 
the activation of ATM by different stimuli, including DNA damage, may 
promote HER2 stability, therefore raising the question whether ionizing 
radiation or chemotherapeutic approaches that sustain ATM kinase ac
tivity may ultimately drive HER2 accumulation. In this regard, we can 
speculate that the activation of ATM kinase activity may stabilize and 
maintain HER2 protein levels giving the possibility to treat the cells with 
a targeted therapy like Trastuzumab, conversely ATM kinase inhibition 
may sensitize cells to DNA radio and chemotherapy.

In addition, ATM kinase has been reported to be activated also by 
oxidative stress, mitochondrial dysfunction, alterations in transcription, 
alternative splicing, and plays a role also in the control of metabolism 
and proteostasis [34]. Future studies will clarify whether these stimuli 
may also drive HSP90β phosphorylation on T297. Moreover, it will be 
interesting to clarify whether this phosphorylation may affect also 
HSP90's interaction with other client proteins or with co-chaperones. Of 
note, T297 is not conserved in HSP90α, the inducible isoform of HSP90. 
Interestingly, ATM kinase can also trigger the phosphorylation of 
HSP90α [39] on two N-terminal threonine residues (Threonine 5 and 
Threonine7) upon ionizing radiation treatment. These phosphorylations 
correlate with the kinetics of H2AX phosphorylation on S139 (γH2AX) 
and support the activation of the DNA damage response [42]. Moreover, 
evidence for a role of ATM as HSP90α client protein has been previously 
provided [59]. Interestingly ATM and DNAPK may both phosphorylate 

HSP90α on T5 and T7 [42]. Since ATM kinase inhibitor treatment did 
not abolish HSP90 phosphorylation, as shown in Fig. 1A/E, we could 
speculate that although we inhibit ATM activity, other DNA damage 
related kinases, such as ATR and DNAPK, may contribute to HSP90 
phosphorylation. Overall, these data together with our results support a 
complex interplay between ATM and HSP90 proteins, suggesting that 
ATM expression/activity may impinge on the functionality of this 
master chaperone. In this regard, it will also be interesting to investigate 
whether a defect in HSP90 functionality may play a role also in Ataxia 
Telangiectasia, a rare recessive genetic disorder, associated with ATM 
loss of expression, characterized by cerebellar degeneration and higher 
predisposition to cancer development [34,36].

Overall, our study identifies ATM-dependent phosphorylation of 
HSP90β on T297 as a novel mechanism to modulate HSP90β function
ality and HER2 protein stability (Fig. 5) and suggests that this interplay 
may play a role in the control of proteostasis as well as in cancer pro
gression and therapy response.

4. Materials and methods

4.1. Antibodies and reagents

The following antibodies and reagents were used: anti-phospho- 
Ser1981-ATM (Cell Signaling, 1/500), anti-ATM (2C1; Santa Cruz 
Biotechnology 1/1000), anti-tubulin (Sigma 1/3000), Mouse anti-c- 
ErbB-2 protein monoclonal antibodies, clone TA-1 (anti-c-neu, Ab-5, 
Oncogene Science, for immunoprecipitations, 2 μg for 1 mg total ex
tracts) and clone 3B5 (Ab-3, Oncogene Science, for western immuno
blots, 1/1000), anti-Ub (P4D1, Santa Cruz Biotechnology, 1/500), anti- 
Hsp90 (F8, Santa Cruz Biotechnology, 1/10,000). Anti-phospho-Ser727- 
STAT3 (Cell signaling 1/1000), anti-STAT3 (Cell Signaling, 1/1000), 
anti-phopsho-Ser473-AKT (Cell Signaling, 1/1000), anti-AKT (Cell 
Signaling 1/1000), anti-phospho-ERK-T202-204 (Cell Signaling, 1/ 
1000), anti-ERK (Cell Signaling, 1/1000), anti-phospho-T180/Y182-p38 
(Cell Signaling, 1/1000), anti-p38 (Cell Signaling, 1/1000), anti-HA 
(Sigma,1/1000), anti-vinculin (Cell Signaling, 1/5000) CHX (Sigma), 
KU-55933 (Calbiochem) and Tanespimycin (17-AAG) (SIGMA No. 
S1141) are all commercially available.

4.2. DNA constructs

The shHSP90α and shHSP90β constructs were generated and they 
had the following sequence respectively: 5′-GAT CCC CGG AAA GAG 
CTG CAT ATT AAT TCA AGA GAT TAA TAT GCA GCT CTT TCC TTT 
TTA-3′; 5′-GAT CCC CGG CTG AGG CCG ACA AGA ATT TCA AGA GAA 
TTC TTG TCG GCC TCA GCC TTT TTA-3′. Control shRNA, siR5, has been 
described [60]. ATM was silenced by lentivirus-mediated expression of 
shRNA using pSIN18.cPPT.RNAi. p.EGFP.WPRE lentiviral vector. 
HSP90α and HSP90β were silenced by retroviral-mediated expression of 
shRNA using pRETRO-Super vector. HSP90β T297A and HSP90β T297D 
constructs were generated using the QuickChange site directed muta
genesis kit (Stratagene, La Jolla, CA, USA) using pcDNA3.1-Hygro-HA- 
HSP90β WT as template kindly provided by Prof. Antonio Rossi. 
Retroviral vectors pBabe, pBabe-H-RasV12 and pBabe-NeuT, constitu
tively active HER2 mutant (NeuV664E), for stable gene expression were 
kindly provided by M.J. Reginato [61].

4.3. Cell cultures and infections

All cell lines were grown at 37 ◦C in a CO2 incubator (5%). Breast 
cancer cell lines MCF7, MCF7-HER2, SKBR3, were kindly provided by 
Dr. Oreste Segatto and Dr. Paola Nisticò and described in [39] Human 
breast MCF10A cells were grown in HuMEC Basal Serum-Free Medium 
supplemented with the HuMEC Supplement Kit, as described in refer
ence [39]. Retroviruses and lentiviruses were produced in HEK293T 
cells by cotransfecting pRETRO-Super and pSIN18.cPPT.RNAi. p.EGFP. 

Fig. 5. Schematic model showing the interplay between HER2-ATM-HSP90β 
HER2 activity can drive ATM kinase activation which in turn triggers HSP90β 
phosphorylation on Threonine 297 (T297). This event enhances HSP90β ability 
to bind and stabilize HER2, promoting its oncogenic potential.
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WPRE lentiviral vector together with respective plasmids encoding for 
gag-pol and VSV-G proteins. Viral supernatants, collected 48 h post 
transfection, filtered through a 0.45-μm pore size filter, were added to 
the cells in the presence of 2 μg ml− 1 polybrene. Forty-eight hours post 
infection with the retrovirus construct, cells were selected by 1 μg ml− 1 

of puromycin.

4.4. Immunoprecipitations and immunoblotting

Total cell extracts were prepared in lysis buffer (50 mM Tris-HCl, pH 
7.5, 250 mM NaCl, 1% NP40, 5 mM EDTA, 5 mM EGTA, 1 mM phe
nylmethylsulfonyl fluoride, 25 mM NaF, 1 mM orthovanadate, 40 mM 
beta-glycerophosphate, 10 mg ml− 1 TPCK, 5 mg ml− 1 TLCK, 1 mg ml− 1 

leupeptin, 10 mg ml− 1 soybean trypsin inhibitor and 1 mg ml− 1 apro
tinin) and clarified by centrifugation at 10,000 ×g for 10 min at 4 ◦C. For 
immunoblotting, 50 μg protein extract were separated by SDS–polya
crylamide gel electrophoresis, blotted onto nitrocellulose membrane 
and detected with specific antibodies.

HER2 receptor was immunoprecipitated from 2 mg of protein using 
anti-ErbB2 (c-Neu; Ab-5; Oncogene Science) and protein A-sepharose 
beads (Amersham). In the case of coimmunopreciptation experiments, 
cells were lysed in TMNS buffer (50 mM Tris-HCl, 150 mM NaCl, 20 mM 
NaMoO4, 0.09% NP40, 1 mM phenylmethylsulfonyl fluoride, 25 mM 
NaF, 1 mM orthovanadate, 40 mM beta-glycerophosphate, 10 mg ml− 1 

TPCK, 5 mg ml− 1 TLCK, 1 mg ml− 1 leupeptin, 10 mg ml− 1 soybean 
trypsin inhibitor and 1 mg ml− 1 aprotinin), while for the ubiquitination 
assay cells were lysed with RIPA buffer (50 mM Tris pH 8, 150 mM NaCl, 
1% NP40, 0.1% SDS, 0.5% NaDeoxycolate, plus 20 mM NEM (Sigma 
E1271), 1 mM phenylmethylsulfonyl fluoride, 25 mM NaF, 1 mM 
orthovanadate, 40 mM beta-glycerophosphate,10 mg ml− 1 TPCK, 5 mg 
ml− 1 TLCK, 1 mg ml− 1 leupeptin, 10 mg ml− 1 soybean trypsin inhibitor 
and 1 mg ml− 1 aprotinin).

4.5. In vitro ATM kinase assay

HEK293T cells were harvested and lysed in lysis buffer for 10 min on 
ice; then 1 mg of the lysate was precleared with protein A-coupled 
sepharose beads for 1 h and this was followed by incubation with anti- 
ATM antibodies overnight and addition of protein A beads for 1 h. Beads 
were centrifuged and washed three times with lysis buffer and once with 
kinase buffer (50 mM HEPES pH 7.5, 50 mM KCl; 5 mM MgCl2; 1 mM 
DTT and 10% glycerol) for 5 min for wash. Immunoprecipitated ATM 
was incubated with 1 μg of recombinant purified human HSP90β (ENZO 
ADI-SPP-777 - HSP90beta recombinant protein) substrate in kinase 
buffer. Then it was added of 10 ng of DNA-1 kb ladder (PROMEGA) to 
mimic DNA damage and ATM activation and 1 mM ATP. Kinase assay 
was allowed by incubation at 30 ◦C for 90 min. The reaction was stopped 
by addition of sample buffer and boiling.

4.6. Mammosphere cultures

Single-cell suspensions of MCF10A (and derived; see below) cell lines 
were grown in ultralow attachment six-well plates (Corning) at a density 
of 4000 cells/ml as described in reference [62]. After 10 d, the diameters 
of mammospheres were measured in phase-contrast pictures (ZOE) 
using ImageJ software. Numbers of mammospheres (diameter > 50 μm) 
were counted, and the efficiency of mammosphere formation was 
evaluated (%SFE = number of mammospheres/number of plated cells * 
100). The mammosphere pellet was collected by gentle centrifugation 
(300g, 5 min) for RNA and protein extraction.

4.7. MTS assay

Cell viability of MCF7, MCF7-HER2, SKBR3, and their derived 
mammospheres in the normal and treated conditions was measured by 
the MTS assay (Promega). In brief, cells were plated in adhesion 

conditions in TC-treated well at density 1000 cells/100 μL medium. 
After 48 h post transfection with lipofectamine 2000 (Life Technologies) 
the MTS solution (Promega) was added per well and incubated at 37 ◦C 
for 3 h. Finally, optical density (OD) was measured at 492 nm wave
length, and the survival rates were calculated.

4.8. Statistical analyses

Data were statistically analyzed using the InStat3 GraphPad 7 by (i) 
unpaired t-tests and ordinary one-way ANOVA multiple comparison 
tests for measurements of continuous variables; when samples were not 
normally distributed, the Mann–Whitney and Kruskal–Wallis tests, 
respectively, were used instead; (ii) chi-squared (and Fisher's exact) 
tests, in the contingency table analyses for measurements of categorical 
variables; and (iii) Spearman's (non-normally distributed samples) cor
relation for single-cell correlation analysis. The number of replicates and 
sample size are indicated in the corresponding figure legends. The cri
terion for statistical significance (*) was set at P < 0.01.

4.9. Models of the missing HSP90β loop (residues 220-273)

The initial structure from which we built all six models of phos
phorylated and unphosphorylated HSP90β simulated here was a partly 
refined CryoEM structure of the chaperone in its Mg2+- and ATP-bound 
closed state. This was kindly provided by Prof. David A. Agard UCSF. 
The structure featured both protomers already resolved from residues 2 
to 219 and from residues 274 to 724—essentially leaving only Met1 and 
the unstructured loop preceding the middle domains to be modeled on 
both—and showed very good overlap with published CryoEM structures 
of closed HSP90β (e.g., in PDB ID: 5fwk) [49], with a 0.848 Å root-mean- 
square deviation for backbone heavy atoms of all resolved parts.

To begin with, the PyMOL suite The PyMOL Molecular Graphics 
System, Version 3.0 Schrödinger, LLC was used to model Met1 at the N- 
terminus of both protomers. We then proceeded to obtain three distinct 
models of the unstructured loop from residues 220 to 273, again using 
PyMOL to ‘glue’ identical copies of each model onto protomer A and B. 
The first model, modAF, was directly taken from the AlphaFold database 
and was attached to the structure resolved by Agard using backbone 
heavy atoms of residues 216 and 281 on each protomer as the struc
turally most viable ‘anchor points’, meaning that residues 217–220 and 
274–280 were discarded from Agard's structure in this case.

The remaining two loop models, which we label mod04 and mod22, 
were generated via the MODELLER package [43] on protomer A of our 
starting structure, and were the two best scoring models out of a set of 
25: more details on the algorithm are provided as Supporting 
Information.

Duplicating mod04 and mod22 into protomer B of our starting 
structure thus led to a total of three starting models for WT HSP90β: the 
one with AF-generated loops (WTAF), the one with mod04 (WT04), and 
the one with mod22 (WT22).

4.10. Structure preparation, phosphorylation, solvation

The three resulting HSP90β structures (Fig. 2) were first pre
processed with the reduce utility from AmberTools (v. 2021) [63], which 
added hydrogens and evaluated different Asn, Gln, and His sidechain 
orientations. Subsequently, protonation states of titratable residues 
were assessed using the PropKa package (v. 3.1), this operation was only 
carried out on WTAF, and resulting protonation states were adopted 
across all remaining structures, including in the final phosphorylated 
models generated later (vide infra). No alterations were suggested except 
for extra protonation of His320 on both protomers; of the remaining 
histidines, 149, 458, and 676 in protomers A and B were modeled in 
their δ-tautomeric form, and the rest in their ε-tautomeric form. Finally, 
no disulfide bridges were introduced in any of the models.

The following passage entailed an initial preprocessing WTAF, WT04, 
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and WT22 with the tleap utility [63] to adequately place –NH3
+ and 

–COO− terminal caps, and type atoms their atoms for simulation 
(forcefield details are provided in the next subsection). The three pre
processed systems then underwent a round of preminimization in vacuo 
using the sander utility [63] (details and script Supporting Information). 
This was merely to relax the few residues in each system that served as 
‘anchor points’ to incorporate loop models into the starting structure. 
Thence, phosphorylated equivalents pT297AF, pT29704, and pT29722 
were generated from their corresponding preminimized WT system, 
using the “builder” module of the PyMOL suite The PyMOL Molecular 
Graphics System, Version 3.0 Schrödinger, LLC. to replace Thr297:Hγ 
with a –PO3

2− group.
Concluding the preparation was a second round of preprocessing 

with tleap on all six systems. First, crystallographic waters were added to 
the NTD and Middle-domain of both protomers in each system, based on 
their distribution in the available crystal structures of the isolated do
mains in question (PDB IDs: 6n8y, and 3pry, respectively). Each system 
was then solvated in a similarly sized regular truncated octahedral box 
of water molecules. The reference box size was that of the solvation box 
of the WTAF/pT297AF couple, since AF-modeled loops were those 
extending the farthest away from the main HSP90β corpus; in turn, the 
WTAF and pT297AF boxes were constructed so that edges fell no closer 
than 12.0 Å from any HSP90β atom. Finally, after solvation, a sufficient 
number of Na+ countercations was randomly placed within each simu
lation box to restore the net charge to 0.

Coordinates and topologies of the six solvated systems issuing from 
these procedures—WTAF, WT04, WT22, pT297AF, pT29704, and 
pT29722—served as starting points for MD simulations, and are pro
vided electronically as Supporting Information.

4.10.1. Forcefield details
Standard protein residues were simulated with the standard ff14SB 

forcefield [64], whereas pT297 in phosphorylated systems was treated 
with its modified variant phosaa14SB [65]. ATP molecules were treated 
as prescribed by Meagher et al. [66] Parameters for Mg2+ and Na+

cations were those published by Allnér et al. [67] and by Joung and 
Cheatham [68] respectively. Water molecules were treated according to 
the TIP3P model.

4.10.2. MD simulation details
Molecular dynamics (MD) simulations of the three WT and three 

pT297 models of Hsp90β prepared above were conducted using the 
Amber20 molecular simulation suite [69]. Each of the six systems was 
simulated in four independent replicates, each with a 1 μs long pro
duction stage, for a combined production time of 4 μs for each system, 
and a total production time of 24 μs overall. The production stage was 
run with the pmemd.cuda utility (benefitting from GPU-acceleration 
[70], in the NpT ensemble (T = 300 K, imposed by the Langevin ther
mostat [71] with a 5.0 ps− 1 collision frequency; p = 1 atm, imposed by 
the Berendsen barostat with a 1.0 ps coupling constant).

Before production, each replica underwent (1) 300 minimization 
steps on certain non-water hydrogens; (2) 300 minimization steps on all 
atoms; and (3) a 2.069 ns MD preproduction run. The latter stage 
entailed solvent equilibration, heating, and system equilibration, with 
increasingly lax restraints.

Throughout all MD stages, we imposed a cutoff of 8 Å for the eval
uation in direct space of Lennard-Jones and Coulomb interactions be
tween nonbonded atom pairs. Beyond this, only Coulomb interactions 
are calculated, in reciprocal space, using the Particle Mesh Ewald 
approach. Full preproduction details and all input scripts are provided as 
Supporting Information.

4.10.3. DF analysis
In a world where allosteric phenomena tend to occur over longer 

timescales than those typically accessed by MD simulations [72,73], 
distance fluctuation (DF) analysis [73–75] can conveniently process an 

ordinary MD trajectory of a protein or protein complex, and easily detect 
groups of residues—even mutually distant ones—that move in a more 
coordinated fashion compared to others. Then, even if the MD simula
tion in question is not long enough to detect any major allostery-driven 
conformational changes, groups of particularly coordinated residues 
will represent the key hotspots that mediate allosteric processes; any 
alterations in coordination that may be introduced by a PTM like pT297 
will, similarly, be indicative of a change in the allosteric behavior of the 
simulated species.

In this work, one distinct DF analysis was conducted on the combined 
MD metatrajectories (all 4 replicates) of WTAF, WT04, and WT22; and 
another one was conducted on the combined MD metatrajectories of 
pT297AF, pT29704, and pT29722. To perform the analysis, both meta
trajectories had to be stripped of everything except Cα atoms. The code 
to do the analysis itself is available at https://github.com/colombo 
lab/Distance-Fluctuation-DF-Analysis.

The key outcome of DF analysis for a protein (complex) with N res
idues is a N × N pairwise DF score matrix, in which the individual matrix 
element DFij represents the DF score between the ith and jth residues. A 
peculiarity of the DF analysis conducted for this work is that, as a further 
‘significance safety check’, DF scores have additionally been filtered by 
the local flexibility parameter (LF). More specifically, pairwise DFij 
scores under this special filtration scheme are calculated as follows 

DFij =
〈(

dij −
〈
dij
〉 )2

〉

DFij = 0

}
DFij ≥ LF
DFij < LF 

where for nonzero DFij scores, values delimited by 〈〉 denote meta
trajectory averages, and dij indicates the distance between Cα-Cα dis
tance between residues i and j. For unfiltered scores, it is thus easy to see 
that residue pairs with the least average deviation from their average 
distance 〈dij〉 (i.e., the least average fluctuation), will be the ones with 
the lowest DF score, but the highest degree of mutual allosteric 
coordination.

Instead, filtration by Local Fluctuation automatically sets DFij scores 
to 0, excluding associated residue pairs from the final analysis on the 
grounds of lesser statistical meaning, and resulting in empty regions in 
the final DF matrix. The LF value is the average (unfiltered) DF score of 
sequentially adjacent residue pairs. It is quantified as follows 

LF =
1

Nadj

∑

i

∑

i<j<i+5
DFij 

where Nadj is the number of residue pairs that are sequentially separated 
by 3 residues or less (i < j < i + 5). To give an idea, LF values calculated 
from our DF analysis are 0.66 Å for WT HSP90β and 0.65 Å for the pT297 
variant.

Subtraction of the LF-filtered DF matrix derived from simulations of 
WT HSP90β from the LF-filtered DF matrix derived from simulations of 
the pT297 variant—as is done in Fig. 2B—can immediately reveal which 
areas lose mutual coordination upon phosphorylation (increase in LF- 
filtered DF scores) and which areas gain it (decrease in LF-filtered DF 
scores).

4.10.4. Lumen cross-section analysis
To calculate the lumen cross-section in each MD frame, we began by 

extracting the coordinates of four specific atoms (cf. Fig. 2C): Asn346:Cα 
from protomer A; its counterpart in protomer B; Ala610:C from proto
mer A; and its counterpart in protomer B. Coordinates of these atoms 
were extracted from MD metatrajectories of the WT and pT297 HSP90β 
variants frame-by-frame, using the cpptraj tool [76]. Thence, using an in- 
house script that is provided electronically, as Supporting Information, 
we calculated the plane that could best fit the four atoms (i.e., the plane 
to which all four atoms are as close as possible). Projections of those 
atoms onto the plane form a distinct irregular quadrilateral in each MD 
frame: the lumen cross-section was taken to be the area of this 
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quadrilateral. The necessary mathematical operations to derive the 
cross-section in each MD frame are provided as Supporting Information.

Histograms of the distribution of the lumen cross-sections across 
simulations of WT and pT297 HSP90β were derived using the Xmgrace 
package.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bbamcr.2026.120110.
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