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SUMMARY

The Hsp90 molecular chaperone system is regulated by numerous co-chaperones that modulate its function.
In Saccharomyces cerevisiae, most of these cofactors can be deleted without affecting viability. Of the three
essential ones, only the function of Sgt1 has remained enigmatic. Our in vivo and in vitro experiments define
key structural elements and determine the essential function of Sgt1 in the chaperoning of client proteins. We
demonstrate that yeast Sgt1 adopts a unique binding mode, engaging primarily with the middle domain of
Hsp90. Through simultaneous interaction with both Hsp90 and client proteins, Sgt1 enhances client matura-
tion efficiency. Specifically, Sgt1 stabilizes Hsp90-client complexes and prevents their dissociation by the
co-chaperone Aha1l. Our findings reveal a previously unrecognized layer of Hsp90 regulation, highlighting

Sgt1 as a critical modulator of chaperone cycle progression.

INTRODUCTION

Cells rely on sophisticated folding machinery to deal with the
constant risk of protein misfolding and aggregation.” A key
player in this machinery is the heat shock protein 90 (Hsp90),
one of the most abundant molecular chaperones in the cytosol
of eukaryotic cells. It facilitates the proper folding and maturation
of numerous “client” proteins, including kinases, transcription
factors, signaling proteins, and cell cycle regulators.? By stabi-
lizing these diverse clients, Hsp90 is crucial in supporting cellular
signaling, growth, and stress responses.*° Hsp90 consists of
three domains: an N-terminal domain (NTD) linked to a middle
domain (MD) via a long linker and followed by a C-terminal
domain (CTD). Dimerization via the CTD results in an open,
V-shaped dimer.%” Driven by ATP-binding, Hsp90 undergoes
large conformational changes from the open to closed states,
including the dimerization of the two NTDs (closed | state), fol-
lowed by the association of the NTDs with the MDs (closed I
state).”® These transitions are essential for Hsp90’s function
and are the rate-limiting step for ATP hydrolysis.

The Hsp90 homolog of S. cerevisiae (Hsp82, referred to as
Hsp90 for simplicity’s sake) works together with more than
ten cofactors (also known as co-chaperones), which assist its

166 Molecular Cell 86, 166-179, January 8, 2026 © 2025 The Authors. Published by Elsevier Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

function by diverse mechanisms.'”'" With the exception of
Hch1, all co-chaperones are conserved from yeast to hu-
mans.'? They can interact with all three domains of Hsp90,
sometimes binding simultaneously, sometimes competing
with one another."" Although the overall interplay of co-chaper-
ones in orchestrating the maturation of a wide range of clients is
still not fully understood, decades of research have revealed
how many of them modulate the Hsp90 chaperone cycle at
the mechanistic level. A prominent example is Hop (Sti1 in
yeast), which acts as a transfer factor, handing over clients
from Hsp70 to Hsp90.®~'° Once clients are loaded, Hop is
displaced by p23 (Sba1 in yeast), which preferentially interacts
with the ATP-bound state of Hsp90 and stabilizes the client-
Hsp90 complex.'®2° Both Hop and p23 slow down the
ATPase cycle of Hsp90 to promote client folding.?"?> By
contrast, the co-chaperone ATPase homolog 1 (Aha1) acceler-
ates the ATP hydrolysis of Hsp90 more than 10-fold.?>2” While
early studies reported less activation of the client protein v-Src
upon Ahat deletion in yeast,”>?® more recent reports consis-
tently show increased activity and stability of diverse Hsp90
clients.”®?9*2 Due to overlapping binding surfaces at the
Hsp90-MD, Ahal and some client proteins seem to compete
for binding to Hsp90.2%*>* These findings suggest that Aha1
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may promote client release from Hsp90, effectively “clearing”
the chaperone for subsequent cycles.*®

In yeast, only three co-chaperones are essential, one of which
is the “suppressor of G2 allele of Skp1” (Sgt1). Sgt1 is conserved
across all eukaryotes, with higher eukaryotes possessing two
isoforms.*¢3° Structurally, Sgt1 comprises an N-terminal TPR
(tetratricopeptide repeat) domain, a CS (chord-containing pro-
teins and Sgt1) domain, and a C-terminal SGS (Sgt1-specific)
domain. In yeast, Sgt1 forms dimers through the interaction of
the TPR domain (Figure 1A).“**! With the TPR and CS domains,
Sgt1 harbors two domains that are frequently used by co-chap-
erones to interact with Hsp90. The TPR domain, present in co-
chaperones like Hop/Sti1, Cns1, and the group of large PPlases,
typically recognizes the MEEVD motif at the CTD of Hsp90. Of
note, a TPR domain of Sti1/Hop also interacts with the MD of
Hsp90to inhibit its ATPase activity.*” By contrast, the CS domain,
found in co-chaperones like p23/Sba1 and the human co-chap-
erone NudC, forms contacts with the NTD or MD of Hsp90. Unlike
other Hsp90 co-chaperones, the TPR domain of Sgt1 does not
seem to mediate the interaction with the C-terminal tail of
Hsp90.*** Instead, the CS domains of yeast,*® plant,*® and hu-
man** Sgt1 were reported to interact with Hsp90. Notably, the
binding interface has only been defined for plant Sgt1 on the
NTD of Hsp90, whereas it remains unresolved for yeast and hu-
man Sgt1.*> While the TPR and CS domains are widespread,
the SGS domain is nearly unique to Sgt1 and otherwise only
found in the calcyclin-binding protein CacyBP.“® Although the
other Sgt1 domains are structurally resolved, the SGS domain
lacks a defined structure and appears largely unstructured with
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Figure 1. The SGS domain of Sgt1 performs
the essential function

(A) Schematic domain architecture of Sgt1.

(B) Determination of the essential domain of Sgt1.
Plasmid shuffling (right) of the sgt714 p416-GPD-
SGT1 strain transformed with the empty vector
(p415-GPD) or plasmids overexpressing full-length
Sgt1 or Sgt1 domains as indicated (left). Trans-
formants were streaked on 5-Fluoroorotic acid
(5-FOA) plates and grown for 3 days at 30°C.

(C) The SGS domain of Sgt1 contains two stable
helices, but without clear structures. Diagrams
showing helical propensity (top), {1H}-15N NOE
(middle), and PRE (bottom) measured with a probe
introduced at position 375 (red line) compared with
the predicted PRE, based on the AF2 model (gray
volume).

(D) The AF2 model does not represent well the SGS
structure. The AF2 model shows in pink the regions
of high helical propensity determined by NMR and
the position of the PRE probe in blue.

+5-FOA

small regions of helical propensity.*
Notably, the human and plant SGS
domain was reported to bind to the mo-
lecular chaperone Hsp70 rather than
Hsp90, potentially linking the two chap-
erone systems.*"*®

A well-studied client of Sgt1 is Skp1.
Through TPR-mediated binding, Sgt1
contributes to kinetochore assembly and the Skp1/Cullin/F-
box (SCF) E3 ubiquitin ligase pathway, specifically interacting
with the SCF®°* and SCF®™ complexes in yeast,>6:#1:43:49:50
Moreover, Sgt1 has been found to be implicated in the adenylyl
cyclase pathway in yeast and the innate immune systems of
plants and animals.®’° It seems that Sgt1 prefers leucine-rich
repeat (LRR)-containing proteins, putatively binding them via
its SGS domain.®®>” However, mechanistically, Sgt1 appears
to have a general impact on Hsp90-dependent client maturation
as its knockdown in yeast affected all clients tested.®’

Despite its importance, the specific function and underlying
mechanism of Sgt1 within the Hsp90 cycle remain unclear.
Here, we set out to define the structure-function relationship of
Sgt1 and elucidate its function in the Hsp90 chaperone machin-
ery through in vitro and in vivo experiments. Our results identify a
critical structural element within the SGS domain that mediates
Sgt1’s essential function and is directly linked to its chaperone
function. We show that Sgt1 facilitates client maturation by sta-
bilizing Hsp90-client complexes and shielding them from prema-
ture release by Ahal. Together, our findings provide mechanistic
insight into how Sgt1 integrates into the Hsp90 co-chaperone
network to ensure efficient client folding.

RESULTS

The SGS domain of Sgt1 is essential

Sgt1 is essential for yeast viability.*® To define the domain(s) of
Sgt1 that harbor the essential function, we performed plasmid
shuffling experiments, which allowed us to express Sgt1 domain
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constructs in a sgt7A4 knockout strain and to determine their
ability to support yeast growth. As expected, the expression of
full-length Sgt1 rescued the chromosomal deletion of Sgt1
(Figure 1B). However, yeast cells expressing only the TPR, the
CS, or both domains were inviable. Remarkably, the expression
of the SGS domain alone was sufficient to support wild-type-like
growth, demonstrating that this domain harbors the essential
in vivo function of Sgt1. Moreover, the SGS domain-containing
constructs, i.e., CS-SGS or TPR-L-SGS, in which a poly-GS
linker connects the TPR and SGS domains, also showed wild-
type-like growth (Figure S1A). Previous work has shown that
the human ortholog Sugt1 can perform the essential function
of yeast Sgt1.%® Extending this observation, we now show that
both full-length human isoforms, Sugt1A and SugtiB, as well
as the human SGS domain alone, are sufficient to support
growth, indicating that the essential function of the SGS domain
is highly conserved from yeast to humans (Figure S1B).

While structures of the CS and TPR domains of Sgt1 are
known, the conformation of the unique SGS domain is unknown
and has been predicted to be primarily disordered without a
globular structure.***> We used NMR spectroscopy to charac-
terize the conformation of the SGS domain. Secondary struc-
ture propensity derived from secondary '*C chemical shifts
identified two helical regions between amino acids 339-348
(a1) and 352-364 (a2) (Figure 1C), in agreement with an
AlphaFold 2 model. The AlphaFold model of the Sgt1-SGS pre-
dicts a defined conformation for the region comprising these
two a-helices and a C-terminal loop. In this part of the model,
the pLDDT scores are high, indicating a high-confidence level
in the local geometry. Notably, the C-terminal loop appears to
engage in stabilizing interactions with the second helix, sug-
gesting a backbinding arrangement that could help to stabilize
this segment. However, backbone flexibility assessed by heter-
onuclear {"H}-"N NOE analysis shows that the SGS domain is
overall largely flexible but that the two helical regions are more
rigid, with values around 0.5, still indicating significant confor-
mational dynamics compared with what would be expected
for a rigid globular domain. Consistent with this, paramagnetic
relaxation enhancement (PRE) measurements on the SGS with
a spin label probe attached to residue 375 (within the C-terminal
loop) show significant line broadening covering the helical re-
gions but do not agree with theoretical PRE effects predicted
for the AlphaFold model (Figure 1D). Similarly, experimentally
determined residual dipolar couplings (RDCs) do not support
the AlphaFold model and are consistent with significant dy-
namic averaging of local structural elements (Figure S1C).
These results suggest that the helical regions in the SGS domain
alternate between conformational states of varying compaction
without making stable long-range contacts. In summary, our
results revealed that the SGS domain is the essential domain
of Sgt1 and that this structure is a dynamic conformational
ensemble with two helical regions.

Sgt1 promotes GR maturation in vivo via its essential
structural element

Next, we wondered whether the helical regions, which are evolu-
tionarily conserved (Figure S1D), contribute to the essential
function of the SGS domain. To test this, we introduced proline
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residues in the first (F343P) or the second (M358P) helix to per-
turb the helical conformation and performed plasmid shuffling
with these variants. To show that the introduced mutations
lead to breaking of the corresponding helix, we performed far
UV circular dichroism (CD) spectroscopy on the purified wild-
type and mutant SGS domains. These confirmed that the intro-
duced mutations effectively disrupted the helical structure of
the SGS domain (Figure S2A). Mutation of the first helix did not
affect yeast cell growth, whereas breakage of the second helix
was lethal, demonstrating that the essential function of Sgt1 de-
pends on the second helix (Figure 2A). To test whether the re-
gions adjacent to the second helix are involved in the essential
function, we mutated the linker region between the two helices
to alanine (349-352Ala). Yeast cells expressing only the mutated
Sgt1 showed no growth defect, indicating that the linker be-
tween the two helices is not essential (Figure S2B). Truncation
of the C-terminal tail revealed that a deletion up to amino acid
372 induced reduced but robust growth (Figures 2A and S2D).
By contrast, a truncation up to amino acid 371 was lethal. Inter-
estingly, the second helix ends at amino acid 364. Thus, this
experiment identified the second helix plus the eight subsequent
amino acids of the C-terminal tail as critical for the essential func-
tion of Sgt1 (Figure 2B). Comparison of NMR spectra from the
corresponding truncated constructs lacking the TPR domain re-
vealed a severe line broadening in CS-371 compared with CS-
372, with only negligible changes in chemical shifts. This likely
results from a pronounced reduction in the observable popula-
tion of the helical conformation and an increase in intermediate
exchange (Figures S2E and S2F), indicating the stability of the
helices in the SGS as critical for Sgt1’s function.

To study the chaperone function of Sgt1 in vivo, we used the
temperature-sensitive strain sgt7-3 (hereafter referred to as
sgti-ts). Since a complete knockout of Sgt1 is not viable, the
ts-strain provides an alternative for studying both lethal and
viable Sgt1 mutations. The sgt7-ts strain carries multiple muta-
tionsinthe SGT1 gene, which cause growth defects at 25°C and
30°C and result in lethality at 37°C.°° We transformed the sgt1-
ts strain with plasmids, allowing the simultaneous expression of
Sgt1 (full-length, domains, or mutants) along with the glucocor-
ticoid receptor (GR) (Figure 2C). GR is a well-studied transcrip-
tion factor strongly dependent on the Hsp70 and Hsp90 chap-
erone system for its maturation and activation.*"-°4-%° At 30°C,
GR levels in whole yeast extracts were severely reduced in
the sgt1-ts strain compared with the WT (Figure 2D). Reconsti-
tution of Sgt1 expression in the ts-strain restored GR levels to
those observed in WT yeast, indicating that the stability of GR
is strongly dependent on Sgt1 in yeast. Besides GR, we tested
the influence of Sgt1 on another strongly Hsp90-dependent
client, the oncogenic kinase v-Src. Proper folding and matura-
tion of v-Src are lethal in wild-type yeast, making it a widely
used reporter of Hsp90 function.**®'~%® Conditional expression
of v-Src in wild-type and sgt7-ts strains revealed that, while
uninduced sgt7-ts cells showed reduced viability compared
with the wild-type strain at 25°C, induction of v-Src inverted
this pattern (Figure S2C). Under v-Src expression, sgti-ts
cells displayed significantly increased viability compared with
the wild-type. Notably, overexpression of Sgt1 reduced the
growth of the sgt1-ts strain to WT levels. Together, these results
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Figure 2. Sgt1 stabilizes GR in vivo

(A) In vivo analysis of the essential structural element of Sgt1. Plasmid shuffling (right) of the sgt14 p416-GPD-SGT1 strain transformed with the empty vector
(p415-GPD) or plasmids overexpressing wild-type Sgt1, lethal mutants (red), or viable mutants (blue), as indicated (left). Transformants were streaked on 5-FOA
plates and grown for 3 days at 30°C.

(B) Schematic domain architecture of Sgt1 truncations and point mutants, with a zoom in of the essential structural element within the AF2-predicted structure.
The key residues involved in viability are highlighted.

(C) Schematic illustration of the temperature-sensitive strain sgt71-3 (sgt7-ts). The strain was transformed with a plasmid overexpressing Sgt1 (full-length, do-
mains, or mutants) along with a plasmid for expression of GR.

(D) Effect of Sgt1 on GR levels. The yeast strain BY4741 (WT) and sgt7-ts expressing Sgt1 (+) or empty vector (—) were grown at 30°C in selective medium. The
levels of GR and Sgt1 were examined by immunoblot. GAPDH was used as a loading control. A representative immunoblot from three independent biological
replicates is shown.

(E) Analysis of the essential structural element of Sgt1 required for chaperoning. sgt7-ts strains expressing Sgt1 (+), empty vector (—), or Sgt1 domains were
analyzed as in (D). Allimmunoblots can be interpreted quantitatively except for the blot detecting the individual Sgt1 domains. Because a polyclonal antibody was
used, which likely recognizes distinct epitopes within the separate domains, the band intensities are not directly comparable.

(F) sgt1-ts strains expressing Sgt1 (+), empty vector (—), or Sgt1 mutants were analyzed as in (D). Mutants lethal in the plasmid-shuffling assay are marked in red,

and viable mutants are in blue.

indicate that Sgt1 is critical for the efficient maturation of the
model clients v-Src and GR in yeast.

To test how the influence of Sgt1 on client maturation relates to
its essential function in yeast, we determined to what extent the
different structural elements of Sgt1 are involved in this process
in vivo. To this end, we expressed the individual Sgt1 domains in
the ts-strain and analyzed GR levels. Domain expression was veri-
fied by immunoblotting with a polyclonal antibody (Figure 2E). We
could not detect GR when only the TPR or CS domain was ex-
pressed. However, GR accumulated to WT levels in the presence
ofthe SGS domain. We used the sgt1-ts strain to further define the
requirements for GR chaperoning compared with the essential
function of Sgt1. We expressed Sgt1 constructs that either
did not support yeast growth in the Sgt1 deletion strain (1-371
and M358P) or that could perform the essential function of Sgt1
(1-372 and F343P). The analysis of GR levels showed that the
viable mutants stabilized GR while the lethal mutations did not
(Figure 2F). Thus, the minimal structural element that carries out
the essential function of Sgt1 is also responsible for chaperoning
GR. Inconclusion, these results suggest that Sgt1’s function in the
context of chaperoning proteins is essential in vivo.

Sgt1 binds Hsp90 via its CS and SGS domains

Many co-chaperones bind to Hsp90 through their TPR domains,
and thus it was expected that Sgt1 would interact with Hsp90
similarly.®® Analytical ultracentrifugation (AUC) analysis using
the Atto488-labeled Sgt1-TPR (TPR*) domain confirmed previ-
ous findings®® that the TPR domain does not interact with
Hsp90, and consistently, a AMEEVD mutant of Hsp90 still bound
Sgt1, demonstrating that the MEEVD moitif is not involved in the
Sgt1-Hsp90 interaction (Figure S3A). By contrast, AUC titration
experiments using labeled Sgt1 (Sgt1*) and Hsp90 revealed a
strong interaction with a Kp of 0.51 pM in the presence of ATP
(Figure S3B). To gain further insight into the interaction of Sgt1
with Hsp90, we analyzed the interaction by NMR spectroscopy.
Titrations of Sgt1-CS-SGS with isolated domains of Hsp90
confirmed the known binding site to the NTD,*® with limited inten-
sity reduction and chemical shift perturbations (CSPs) seen for
residues 180-210 (Figures 3A and S3E). Surprisingly, the addition
of unlabeled Hsp90-MD induced a drastic intensity reduction
of NMR signals in the CS region of Sgt1-CS-SGS. Further NMR
titrations revealed that the interaction of Sgt1-CS-SGS with
Hsp90-MD is stronger than with Hsp90-NTD (Figure S3F).
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Consistent with this, AUC analysis confirmed that the CS domain
specifically interacts with Hsp90, and experiments using labeled
Sgt1 and isolated Hsp90 domains further revealed strong binding
to the MD but no detectable interaction with the NTD, indicating a
transient and possibly weak interaction (Figures S3C and S3D).
To gain a better understanding of the Sgt1 binding site in the
Hsp90-MD, we determined the crystal structure of the Sgt1-
CS/Hsp90-MD complex (Figure 3B). The structure confirms the
interfaces observed by NMR and shows that the CS domain
binds from the edge of its p-sandwich fold to the top of the
Hsp90-MD helix a2. The reverse NMR titration, looking at
Hsp90-MD with the addition of Sgt1-CS, further confirms the
crystal structure in solution (Figure S3G). Interestingly, we have
previously identified a similar binding site on the Hsp90-MD for
the Hsp90 co-chaperone NudC.%*

To learn more about this interaction, we used full-length
MAILV" methyl-labeled Hsp90 with the addition of unlabeled
Sgt1-CS-SGS. This titration validated the interaction observed
with the isolated domains and showed that the NTD and MD
binding sites are occupied in the full-length context (Figures 3C
and 3D). Titration of Sgt1-CS-SGS constructs to Hsp90-MD-
CTD MAILV" shows the expected MD binding site with small
additional chemical shift changes in the CTD compared with
those seen with the Sgt1-CS construct, suggesting that the
SGS region induced these (Figures S4A-S4C). In the titration of
Sgt1-CS-SGS, only marginal changes of intensity are observed
in the SGS region upon addition of Hsp90-CTD (Figure 3A),
consistent with a weak and dynamic interaction between the
SGS of Sgt1 and the CTD of Hsp90. Also, no complex is detected
by AUC between Sgt1-SGS and Hsp90, confirming the weak na-
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Figure 3. Sgt1-CS interacts with the NTD
and MD of Hsp90

(A) NMR analysis of the interaction of Sgt1 with
Hsp90 domains. The relative intensity changes of
the "H-">N HSQC of the Sgt1-CS-SGS before and
after the addition of an equimolar amount of
Hsp90-FL (gray), NTD (blue), MD (green), and CTD
(yellow) show the interactions of the CS domain of
Sgt1 with both NTD and MD of Hsp90.

(B) Crystal structure of the Hsp90-MD (green) and
Sgt1-CS complex (red).

(C) CSP plot of "H-"3C TROSY of the titration on
Hsp90 methyl-labeled, with Sgt1-CS-SGS, also
shows both interactions in the full-length context.
(D) Structure of Hsp90 reporting methyl CSP from
plot C on the structure. Residues for which
CSP>0.015 are shown in red. The perturbations fit
well with the known interfaces of the CS domain
of Sgt1.

ture of this interaction (Figure S3C).
Similar transient interactions with the
client-binding region of the CTD involving
flexible helical regions have been previ-
> ously observed with other CS-containing
Y co-chaperones, p23 and NudC. '8¢
We were intrigued by the apparent
paradox that the CS domain is the main
contributor to the interaction with Hsp90, while the SGS domain
is essential for Sgt1’s function. Since all constructs in the viability
assays were expressed under the robust GPD promoter, we
explored whether the SGS domain alone could support yeast
growth using the native promoter (1,000 bp upstream of the
SGT1 gene). Interestingly, the SGS domain was insufficient to
maintain yeast viability under these conditions. However, the
expression of the CS-SGS construct did sustain yeast growth,
indicating that the CS domain contributes an additional, albeit
non-essential, function (Figure S4D). These findings suggest
that the CS domain may provide a stable interaction with
Hsp90, enabling the SGS domain to effectively perform its chap-
erone function. Altogether, our data identify a previously un-
known binding site of Sgt1-CS in the Hsp90-MD. While the
SGS domain exhibits a dynamic and weak interaction with the
Hsp90-CTD, the interaction of Sgt1 and Hsp90 is primarily medi-
ated by the CS domain. This raises the question of why the SGS
domain is so critical for yeast viability.

Sgt1 does not interact with the Hsp70 system

Previous work showed an interaction of the SGS domain of human
and plant Sgt1 with Hsp70 and thus suggested that Sgt1 may
function as an adaptor protein linking the Hsp70 and Hsp90 chap-
erone systems.*”*® AUC analysis with labeled Sgt1, however, did
not reveal complex formation with Hsp70. NMR binding experi-
ments with '*N-labeled CS-SGS further confirmed that Hsp70
does notinteract with Sgt1 (Figures S5Aand S5B). To test whether
Sgt1-SGS might instead interact with J-domain protein (JDP,
referred to here as Hsp40) co-chaperones, as has been previously
seen for the Hsp90 cofactor NudC, we tested the yeast Hsp40
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Figure 4. Sgt1 facilitates client folding in vitro

(A) Relative intensity changes from the 'H-'>N HSQC of Sgt1-CS-SGS before and after the addition of GR-LBDm show that GR interacts with the SGS domain.
(B) Sgt1 forms a ternary complex with Hsp90 and GR-LBD. Complex formation analysis of labeled GR-LBD* with Sgt1 (red), Hsp90 (orange), or both (green) by
AUC sedimentation is shown (GR-LBD*: 500 nM, Hsp90: 10 uM, Sgt1: 10 uM, ATP: 2 mM).

(C) Experimental setup to follow hormone binding to apo-GR-LBD. GR-LBD (1 pM) was preincubated with Hsp40 (Ydj1, 2 pM), Hsp70 (12 uM), ATP (5 mM), and
chaperones Hsp90 (4 uM) and Sgt1 (12 pM) for 1 h. The reaction was initiated by the addition of fluorescein-dexamethasone (F-Dex, 100 nM).

(D) Effect of Sgt1 on Hsp90-induced hormone binding to GR-LBD. Fluorescence polarization (FP) measurement as described in (C). Left: the binding kinetics of
F-Dex to GR-LBD over time are shown, with the initial millipolarization (mP) value set to zero immediately after F-Dex addition. Right: total change in fluorescence
polarization was quantified and normalized to samples containing GR-LBD alone. Data are presented as mean + SD from three independent measurements.
Statistical significance was determined by a two-tailed Student’s t test (ns p > 0.05, *p < 0.01).

protein Ydj1. The addition of a 2-fold excess of Ydj1 to "*N-labeled
CS-SGS showed only a very weak binding (Figure S5A), suggest-
ing that Sgt1 does not form a substantial interaction with Ydj1.
These results strongly indicate that Sgt1 does not directly link
the Hsp70 and Hsp90 chaperone systems in yeast.

Ternary complex formation by Sgt1, GR-LBD, and Hsp90
promotes client maturation efficiency

We next asked whether the SGS domain is required for interac-
tion with client proteins, while the CS domain mediates Hsp90
binding. To test whether Sgt1 can directly interact with GR, we
performed NMR analysis using the "®N-labeled CS-SGS frag-
ment together with the ligand-binding domain of GR (GR-LBD),
which is targeted by chaperones within the GR.">'95°%7 The
NMR results showed line broadening and chemical shift changes
for SGS residues in the presence of the GR-LBD. Analysis of
these changes suggests that the GR-LBD binds specifically to
the helices within the SGS domain of Sgt1 (Figures 4A and
S5C). As our results so far showed that Sgt1 can bind both
GR-LBD and Hsp90, we wondered whether a ternary complex
can form. To address this, we performed AUC analysis of fluo-
rescently labeled GR-LBD (GR-LBD?*). Using a labeled compo-
nent greatly simplifies interpretation in multi-component mix-
tures,®®"° as only the labeled protein contributes to the signal,

and therefore peaks in the fluorescence trace directly reflect
complexes containing the labeled protein. GR-LBD* alone sedi-
ments at 2.5S. Upon addition of Hsp90 or Sgt1, new peaks
appear at 6S and 58S, respectively, consistent with binary com-
plex formation (Figure 4B). When all three proteins were com-
bined, a distinct peak at 9S emerged, demonstrating the forma-
tion of a ternary GR-LBD/Hsp90/Sgt1 complex (Figure 4B).
Remarkably, when Sgt1 and Hsp90 were present at equimolar
concentrations, the ternary complex fully replaced the GR-
LBD/Hsp90 complex (Figure S5D). The additional presence of
Ydj1 and Hsp70 did not influence this assembly, suggesting a
remarkably high affinity of the ternary complex and supporting
the conclusion that Sgt1 does not interact significantly with
either component of the Hsp70 system (Figure S5E). Co-immu-
noprecipitation from yeast lysates confirmed that Sgt1 engages
with Hsp90 and the client GR-LBD in vivo (Figure S5F). Overall,
these results show that Sgt1 is able to form a ternary complex
with GR-LBD and Hsp90 by contacting both proteins.

Next, we sought to assess the influence of Sgt1 on client matu-
ration by the Hsp90 chaperone system. To do this, we employed
a fluorescence anisotropy-based assay that monitors the hor-
mone-binding capacity of the GR-LBD.®*"""2 This assay takes
advantage of the fact that hormone binding to the GR-LBD
strongly depends on its maturation state in the folding process.
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During the early folding stages, GR-LBD is bound to the Hsp70/
Hsp40 system, which keeps the client in an unfolded conforma-
tion, thereby preventing hormone binding. Upon release from
Hsp70 and subsequent transfer to Hsp90, the GR-LBD can pro-
ceed through the folding pathway, ultimately regaining its hor-
mone-binding ability.”" We incubated the GR-LBD with different
combinations of the proteins Hsp70/Hsp40(Ydj1), Hsp90, and
Sgt1 and monitored the binding of the fluorescently labeled hor-
mone dexamethasone (Figure 4C). Adding Hsp70/Hsp40 to the
GR-LBD significantly reduced its hormone-binding capacity.
However, adding Sgt1 alone did not improve the hormone-bind-
ing capacity (Figure 4D). As expected, adding Hsp90 increased
the hormone-binding capacity by around 40%. Remarkably,
the simultaneous addition of Hsp90 and Sgt1 increased the hor-
mone binding of GR-LBD by about 60%, indicating a synergistic
effect of Hsp90 and Sgt1 in client maturation. Together, our re-
sults suggest that Sgt1 is not sufficient to recruit the GR-LBD
from the Hsp70/Hsp40 deadlock but that the direct interaction
of Sgt1 with the GR-LBD and Hsp90 facilitates the formation of
a client/Sgt1/Hsp90 complex in which Sgt1 enhances client
folding by Hsp90.

Sgt1 stabilizes the Hsp90-GR interaction and prevents
client release by Aha1
Next, we investigated the interplay of Sgt1 with members of the
Hsp90 co-chaperone system, focusing specifically on co-chap-
erones involved in client transfer and processing. We tested
whether these co-chaperones can form complexes with Hsp90
and Sgt1. In line with previous results,*® our AUC analysis re-
vealed that Sti1 (hereafter referred to by the more commonly
used name Hop), a key co-chaperone for client transfer, binds
to both the Hsp90/Sgt1 and the GR/Hsp90/Sgt1 complexes
(Figures SBA and S6B), indicating that Sgt1 adds an additional
layer of regulation to the co-chaperone system. Sba1 (hereafter
referred to as p23), a co-chaperone that selectively binds Hsp90
in its ATP-bound state and supports client maturation, was found
to compete with Sgt1 for binding to closed Hsp90 when present
in great excess (Figures S6C and S6D). Consistent with earlier
studies,*® we found that Sgt1 does not affect Hsp90’s ATPase
activity, even in the presence of p23 or Hop (Figure SGE).

Notably, for Aha1, a co-chaperone that accelerates the confor-
mational cycle and binds to the MD of Hsp90,?°** our data indi-
cate a distinct interaction with Sgt1. AUC experiments revealed
that labeled Sgt1 and Aha1 compete for binding to Hsp90 when
no client protein is present (Figure 5A). The same result was ob-
tained using labeled Aha1 (Figure 5B). In line with the comparable
binding affinities of the Hsp90-Aha1 (Kp = 0.16 to 3.8 pM?325:7%)
and the Hsp90-Sgt1 interaction (Kp = 0.51 pM), the two co-chap-
erones seem to be equally capable of releasing each other
(Figures 5C and 5I). Aha1 is known to bind to the NTD and MD
of Hsp90. The superimposition of our structure of the Hsp90-
MD/Sgt1-CS complex and the previously reported Hsp90-Aha1
structures®’ demonstrates that the two co-chaperones cannot
bind simultaneously. Indeed, the CS domain of Sgt1 clashes
with the binding of the Aha1-NTD to Hsp90 in both the open
and closed conformations (Figure 5H).

We then investigated how the presence of a client influences
this competition using labeled GR-LBD. Upon addition of
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Hsp90, the majority of GR-LBD is bound to Hsp90, leaving
only a small fraction (~15%) unbound (Figure 5D). As seen
above, the additional presence of Sgt1 leads to the uniform for-
mation of the ternary complex consisting of GR-LBD, Hsp90,
and Sgt1, completely replacing the GR-LBD/Hsp90 complex.
However, Sgt1 does not further promote GR-LBD binding to
Hsp90, suggesting no additional client-loading function for
Sgt1. By contrast, adding Aha1 instead of Sgt1 releases the ma-
jority of GR-LBD from Hsp90, drastically increasing the propor-
tion of free GR-LBD to nearly 80%. Previously, it was thought
that Aha1l and GR-LBD were not able to bind to Hsp90 at the
same time.*® However, we can identify a peak shift of the GR-
LBD/Hsp90 complex upon Aha1 addition around 1 S, indicating
that while GR-LBD is mainly released from Hsp90, a complex of
GR, Hsp90, and Aha1 is possible. The addition of Sgt1 to the
mixture significantly inhibits the client release by Aha1, reducing
it by 30% when dimeric Sgt1 and monomeric Aha1 were present
at equimolar concentrations. This inhibitory effect is concentra-
tion-dependent (Figures S7A and S7B) and persists in the pres-
ence of ATP or the non-hydrolysable ATP analog ATPyS
(Figure S7C). ATPase activity assays of Hsp90 mirrored these
findings. The addition of Ahal increased the Hsp90 ATPase
rate by approximately 4-fold. However, this increase is lower
in the presence of Sgt1, reflecting the competition of the two
co-chaperones for Hsp90 binding (Figure 5E). Notably, the
decreased stimulation is substantially more pronounced in the
presence of client protein (GR-LBD), indicating that Sgt1 and
GR-LBD synergistically stabilize the ternary complex against
Aha1 (Figure 5l). To determine whether the protective effect of
Sgt1 relies solely on the competition of its CS domain with
Aha1 for Hsp90 binding or also involves the SGS domain, we
tested an Sgt1 construct containing only the CS and TPR do-
mains. This construct showed a reduced but still significant in-
hibition of both Ahail-induced client release (Figure 5F) and
cycling acceleration (Figure 5G) compared with full-length
Sgt1. In the absence of the client, it remained as effective as
full-length Sgt1 in displacing Aha1l from Hsp90 (Figure S7D).
These findings suggest that the CS and SGS domains work
together to stabilize the Hsp90-client interaction and protect it
from dissociation induced by Aha1l, effectively prolonging the
Hsp90-client interaction.

DISCUSSION

Despite its essential function in yeast, the role of Sgt1 in the
Hsp90 cycle has remained elusive. Our study defines the func-
tional mechanistic of Sgt1 and its critical structural features. Our
in vivo analysis identified the SGS domain as critical for Sgt1’s
essential function. AlphaFold 2 predicts a folded region within
the SGS with a relatively high pLDDT (>80) containing two heli-
ces and a constrained C-terminal loop. Our experimental NMR
data confirm that the SGS encompasses two helical regions
but show that the SGS is conformationally heterogeneous and
does not adopt a single conformation despite the helical re-
gions. We could pinpoint the essential function of Sgt1 to the
second helical motif plus eight subsequent amino acids (up to
residue 372) within the SGS domain. Interestingly, this motif is
required for Sgt1’s chaperone function, strongly suggesting
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Figure 5. Sgt1 stabilizes the Hsp90-GR interaction and prevents Aha1-induced GR release from Hsp90

(A) Competition between Aha1 and Sgt1 for Hsp90 binding. Release of Sgt1 from Hsp90 by Ahal. An AUC sedimentation analysis was performed using labeled
Sgt1*, Hsp90, and varying concentrations of Ahal (Sgt1*: 500 nM, Hsp90: 5 uM, Aha1: as indicated, ATP: 5 mM).

(B) Release of Aha1 from Hsp90 by Sgt1. AUC sedimentation experiment as described in (A), but using labeled Aha1* and varying concentrations of Sgt1.

(C) Quantification of free Sgt1 and free Aha1 from panels (A) and (B) showing comparable release rates. The percentage of free Sgt1 (4 S) and free Aha1 (2.5 S) was
determined by integrating the area under the respective peaks of the normalized c(S) distributions.

(D) Effect of Sgt1 on the Aha1-induced release of the GR-LBD from Hsp90. Left: representative complex formation analysis of labeled GR-LBD* in the presence of
Sgt1, Hsp90, and Aha1 by AUC sedimentation is shown (GR-LBD*: 500 nM, Hsp90: 10 pM, Sgt1: 20 pM, Ahal: 10 uM, ATP: 5 mM). Right: quantification of free
GR-LBD was performed by integrating the area under the free GR peak at 2.5 S. Data are presented as mean + SD from three independent experiments.
Statistical significance was determined by a two-tailed Student’s t test (ns, p > 0.05, *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001).

(E) ATPase activity of Hsp90 in the presence of Sgt1, Aha1, and GR-LBD (Hsp90: 2 uM, Aha1: 2 uM, Sgt1: 8 uM, GR-LBD: 2 uM). Results were normalized to samples
containing Hsp90 alone and are shown as mean + SD from three independent measurements. Statistical significance was determined as described in (D).

(F) AUC sedimentation experiment as described in (D), but using the Sgt1 truncation Sgt1-TPR-CS.

(G) ATPase measurement of Hsp90 as described in (E), but using the Sgt1 truncation Sgt1-TPR-CS.

(H) Superimposition of our crystal structure of the Hsp90-MD/Sgt1-CS complex on the structure of the Hsp90/Aha1 complex in its closed state (PDB: 6XLF) and
open state (PDB: 6XLB) that shows that the binding sites of Aha1-NTD and Sgt1-CS overlap and are incompatible with simultaneous binding.

(I) Schematic description of the competition between Sgt1 and Aha1 for Hsp90 binding in the absence (top) and presence (bottom) of client protein.
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that the chaperone function underpins its essential role. While
the region is dynamic, residue S372 is predicted to create
hydrogen bonding with the nearby second helix. High-confi-
dence AlphaFold models of intrinsically disordered regions
often predict their conformations in a stabilized state as adop-
ted in the presence of partners, for example.” The AlphaFold
model may suggest an SGS conformation when bound to part-
ners. This conformation is likely also present in the apo SGS in
low propensity but becomes too sparsely populated in the
mutant CS-371, altering its function to a point where it cannot
sustain yeast survival.

We found that yeast Sgt1-CS interacts with two distinct bind-
ing sites on Hsp90. The known Hsp90-NTD binding site®’
showed relatively low affinity compared with the new binding
site on the Hsp90-MD. In full-length Hsp90 in the open state,
both binding sites are occupied when adding Sgt1. This shows
that the binding sites are not mutually exclusive. Several other
Hsp90 co-chaperones feature a CS domain for Hsp90 binding,
including p23 (Sba1 in yeast) and NudC in humans. The crystal
structure of the Hsp90-MD and Sgt1-CS complex revealed a
similar topology to that observed for NudC and Hsp90.% In
both structures, the same interface is utilized on the MD of
Hsp90; however, the CS domains of Sgt1 and NudC interact
with opposite sides of their CS’s p-sandwich fold. While NudC
and p23 lack the SGS domain, a similar overall architecture is
found, where the CS domain is followed by amphipathic helices
within a largely disordered region. In both proteins, these helices
have been shown to interact with clients and Hsp90.'8 1964
Similarly, we found that the SGS domain possesses client-bind-
ing properties and is involved in transient interaction with the
CTD of Hsp90. These features seem sufficient to support
viability when expressed at high expression levels. However,
the CS and SGS domains are essential for viability at native
expression levels. This suggests that the CS-mediated interac-
tion with Hsp90 is necessary for the SGS domain to execute its
essential function. An additional client-binding function of Sgt1
has been assigned to the Sgt1-TPR domain, which binds
Skp1.26:41:43:50 While TPR domains are not exclusively dedi-
cated to Hsp90 binding but are also employed for interactions
with other partners,”® Sgt1 is unique in that, among all known
Hsp90 co-chaperones containing a TPR domain, it is the only
one that does not use this module to bind Hsp90. Although
Skp1 is essential in yeast, our findings suggest that its TPR inter-
action with Sgt1 is not essential for viability, in contrast to previ-
ous findings.*" However, they align with the TPR domain being
the least conserved domain and completely absent in several
species.’® Instead of the TPR domain, our data suggest that
the interaction of the SGS domain with client proteins is essen-
tial for its function.

Previously, we found that the co-chaperone Ahal competes
with GR for binding to Hsp90.%® Deletion of Aha1 in yeast results
in increased levels of functional GR.®" This also holds true for
other proteins.®°~? Similarly, the absence of Aha1 in mamma-
lian cells improves the folding efficiency and stability of dis-
ease-associated CFTR.?®?° QOur results show that Sgt1 coun-
teracts this process by effectively impairing Ahal binding and
inhibiting Aha1-induced client release. While Sgt1 is competing
with Aha1l for Hsp90 interaction in the absence of the client, it
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seems that Sgt1 and the client protein are synergistic in block-
ing Aha1, probably mediated by the stabilizing effect of the SGS
domain. Our results thus suggest that the two co-chaperones
target later steps in the Hsp90 chaperone cycle but with
opposing effects. Supporting this notion, overexpression of
Aha1l in a temperature-sensitive Sgt1 mutant led to a substan-
tial growth defect in yeast cells. This effect was abolished when
an Aha1 mutant insufficient to bind to Hsp90 was used.’” Thus,
Sgt1 appears to keep the client release effect of Aha1l at bay. In
the absence of Sgt1, Aha1 will reduce the dwell time of GR.
Thus, Sgt1 stabilizes the Hsp90-client complex and extends
the processing phase of Hsp90 for clients by shielding them
from Ahal (Figure 6).

When viewed in the broader Hsp90 co-chaperone network
context, Sgt1 exhibits a distinct mechanism compared with ca-
nonical co-chaperones such as Hop and p23. Hop primarily
acts early in the Hsp90 cycle by mediating client transfer from
the Hsp70/Hsp40 system.'®'® By contrast, Sgt1 does not
form substantial contacts to Hsp70 or J-domain proteins and
does not promote GR loading onto Hsp90, arguing against a
role in client transfer. Instead, we found that Sgt1 enhances
GR maturation and stabilizes Hsp90/GR complexes, pointing
to a role in later stages of the chaperone cycle. However, we
and others*® observed that Hop and Sgt1 bind Hsp90 simulta-
neously and that Sgt1 can associate with all nucleotide states of
Hsp90, suggesting that Sgt1 may be present during client
loading without interfering with early steps of the cycle. Similar
to Sgt1, p23 also contributes to client stabilization, binding both
Hsp90 and clients while promoting the closed conformation of
Hsp90.'%?! Sgt1 differs, however, in that it engages with all
states of Hsp90 and does not influence its enzymatic activity,*
highlighting a distinct mechanism. We observed that high con-
centrations of p23 can displace Sgt1 from closed Hsp90, a
finding consistent with observations for nematode Sgt1,”® sug-
gesting a degree of competition or sequential binding. While
Sgt1 clearly blocks Aha1 access and associated client release,
it remains to be tested whether p23 has a similar protective
function.

Sgt1 is highly conserved across eukaryotes, raising the ques-
tion of whether its mechanism of modulating Hsp90 is similarly
conserved. A key point supporting this idea is the strong evolu-
tionary conservation of the CS and SGS domains—both critical
for Sgt1’s co-chaperone function—compared with the more var-
iable TPR domain.”® Consistent with this, we found that the hu-
man SGS domain can functionally substitute for its yeast coun-
terpart, underscoring a conserved role. While our experiments
mainly focus on GR as a model client, previous studies have
shown that the SGS domain also mediates interactions with
other clients, particularly LRR-containing proteins.”®°’ These in-
teractions appear to be SGS-dependent and conserved, sug-
gesting that the stabilizing mechanism we describe here may
extend to other client classes with similar binding requirements.
The core Sgt1-Hsp90 interaction is conserved across species,
although the precise binding interface has diverged. In yeast,
Sgt1 primarily interacts with the MD of Hsp90, while in plants,
it engages the NTD.** The interface in metazoans remains unre-
solved, and it is currently unclear whether it follows the yeast or
plant binding mode, or represents a distinct, species-specific
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Figure 6. Schematic model of how Sgt1 influences the client maturation process

A schematic representation of Sgt1’s role in the yeast Hsp90 cycle is shown. For clarity, yeast Sgt1 is depicted as a monomer, although it is capable of forming
dimers. Left: in the absence of Sgt1, client proteins are transferred from the Hsp70/Hsp40 complex to Hsp90 with the help of Hop (steps 1-2). The co-chaperone
Ahai can bind to Hsp90 without restriction, accelerating the Hsp90 cycling time and promoting premature release of clients (step 3). Right: in the presence of
Sgt1, client proteins are loaded onto Hsp90 via Hop (steps 1 and 2), as in the canonical cycle. However, Sgt1 stabilizes the Hsp90-client interaction and prevents
excessive Aha1 binding (step 3). This slows the Hsp90 cycling time as indicated by a larger cycle and increases the dwell time of clients in the Hsp90 complex.

Thus, Sgt1 promotes the proper maturation of the client protein (step 4).

interaction. Given the high degree of conservation in the Hsp90
system, including Aha1, it is possible that Sgt1-Ahal competi-
tion is also preserved in higher eukaryotes. However, the lack
of structural data on Sgt1/Hsp90 and Aha1/Hsp90 complexes
in metazoans makes conservation of this competitive mecha-
nism speculative.

In summary, our study defines the mechanistic role of Sgt1 as
a late-acting co-chaperone that stabilizes Hsp90-client com-
plexes through its CS and SGS domains. Sgt1 does not pro-
mote client loading but supports client maturation by extending
dwell time on Hsp90 and counteracting Ahal-mediated client
release.

Limitations of the study

While our study provides important insights into the structural
and functional role of Sgt1, several limitations remain. First, we
focused nearly exclusively on yeast Sgt1, and further studies
are needed to determine whether homologs in other organisms,
such as humans, function similarly. Second, a more detailed
structural analysis of the Sgt1 interaction with the client GR-
LBD and the ternary complex with Hsp90 could provide deeper
insights into its structure-function relationship. Finally, whether
the mechanisms described here extend to other clients of Sgt1
remains to be determined.
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Antibodies

Anti-GR Sigma-Aldrich Cat#: SAB4501309; RRID: AB_10744954
Anti-GAPDH Origene Cat#: AP21309AF-N; RRID:AB_10758142
Anti-SGT1 Pineda Research, Berlin N/A

Anti-His6-Peroxidase Roche Cat#: 11965085001; RRID:AB_514487
Anti-HSP82 Pineda Research, Berlin N/A

Anti-GR-LBD Pineda Research, Berlin N/A

IRDye_ 680RD Goat anti-Rabbit IgG Licor Cat#: 926-68071; RRID:AB_10956166
Secondary Antibody

Bacterial and virus strains

Rosetta (DE3) Merck Cat#: 70954-3

DHb5alpha New England Biolabs Cat#: C2987H

Chemicals, peptides, and recombinant proteins

Dexamethasone Fluorescein Thermo Fisher Scientific Cat#: D1383

Dexamethasone Sigma-Aldrich Cat#: D4902

ATP Sigma-Aldrich Cat#: A26209

ATPyS Sigma-Aldrich Cat#: A1388

Alexa Fluor 488 Malemid Atto-Tec Cat#: AD 488-45

Radicicol Carl Roth Cat#: HN72.3

5'fluorooroic Acid Thermo Fisher Scientific Cat#: R0812

Protease Inhibitor HP SERVA electrophoresis Cat#: 39106
3-(2-lodacetamido)-PROXYL Merck Cat#: R426822

Pf1-Phages ASLA biotech Cat#: P-50-RNA

Lactate dehydrogenase Sigma-Aldrich Cat#: 10107085001

Pyrovate kinase Sigma-Aldrich Cat#: 10128155001

Protein G Sepharose™ 4 Fast Flow GE Healthcare Cat#: 17-0618-01

Deposited data

Structure of Hsp82-MD/Sgt1-CS This work PDB: 9Q80

Backbone resonance assignment of Sgt1-CSSGS This work BMRB: 53380

Experimental models: Organisms/strains

Sgt1A BY4741; MATa; ura3A0; This work N/A

leu2A0; his3A1; met15A0; sgt1::hygNT

[p416-GPD-SGT1]

Sgt1-3 BY4741; MATa; ura3A0; Euroscarf TSA830

leu2A0; his3A1; met15A0; sgt1-3::kanMX

WT Yeast BY4741; MATa; ura3AO0; Euroscarf Y00000

leu2A0; his3A1; met15A0

Oligonucleotides

TTAAGGTTAAAGAGGTAGTTGTTTTAAGGA This work S1_fw (N-terminal tagging of Sgt1)
AACGAAAAAGAAATGcgtacgctgcaggtcgac

ACTATATATCTACATATTGTAATTGTGTAGGTA This work S2_rev (C-terminal tagging of Sgt1)
TATACTAATCATTTAatcgatgaattcgagctcg

Recombinant DNA

p415-GPD-Sgt1 (UniProt ID: Q08446) This work N/A

p415-GPD-Sgt1-SGS This work N/A
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p415-GPD-Sgt1-CS This work N/A
p415-GPD-Sgt1-TPR This work N/A
p415-GPD-Sgt1-TPR-L-SGS This work N/A
p415-GPD-Sgt1-TPR-CS This work N/A
p415-GPD-Sgt1-CS-SGS This work N/A
p415-GPD- Sgt1-349-352Ala This work N/A
p415-GPD-Sgt1-M358P This work N/A
p415-GPD-Sgt1-F343P This work N/A
p415-GPD- Sgt1 1-371 This work N/A
p415-GPD- Sgt1 1-372 This work N/A
p415-NativePromoter-Sgt1 This work N/A
p415-NativePromoter-Sgt1-CSSGS This work N/A
p415-NativePromoter-Sgt1-SGS This work N/A
p415-GPD-hSugt1A (UniProt ID: Q9Y2Z0-2) This work N/A
p415-GPD-hSugt1B (UniProt ID: Q9Y2Z0-1) This work N/A
p415-GPD-hSugt1-SGS This work N/A
p415-GPD-hSugt1-CS This work N/A
p415-GPD-hSugt1-TPR-B This work N/A
p416-Gal1-vSrc Biebl et al. (2020)** N/A
p413-GPD-GR (UniProt ID: P04150) Schmid A, TU Munich N/A
pET-Tev-Sgt1 This work N/A
PETSumo-Sgt1-S233C This work N/A
PETSumo-Sgt1-SGS This work N/A
pETSumo-Sgt1-CS This work N/A
pETSumo-Sgt1-TPR This work N/A
PETSumo-Sgt1-CS-SGS This work N/A
PETSumo-Sgt1-TPR-CS This work N/A
PETSumo-Sgt1-1-371 This work N/A
pETSumo-Sgt1-1-372 This work N/A
PETSumo-Sgt1-CS-371 This work N/A
PET-Sumo-Sgt1-CS-372 This work N/A
PETSumo-Sgt1-SGS-M358P This work N/A
PETSumo-Sgt1-SGS-F343P This work N/A
pPET28b-Sgt1 This work N/A
pET28b-Hsp82 (UniProt ID: P02829) Richter K, TU Munich N/A
PETM11-Hsp82-NTD Freiburger L, TU Munich N/A
pETM11-Hsp82-MD Freiburger L, TU Munich N/A
pETM11-Hsp82-CTD Freiburger L, TU Munich N/A
PETSumo-hHsp70 (HSPA1A, UniProt ID: PODMV8) Kriehuber E., TU Munich N/A
PETSumo-Ydj1 (UniProt ID: P25491) Schmid A., TU Munich N/A
pETHalo-GR-LBDm Rutz D., TU Munich N/A
PETSumo-Sti1 (UniProt ID: P15705) Riedl M., TU Munich N/A
pET28b-Sba1 (UniProt ID: P28707) Richter K., TU Munich N/A
pET28b-yAhal (UniProt ID: Q12449) Retzlaff M., TU Munich N/A

Software and algorithms

OriginPro
SedFit

Clustal Omega
Jalview

Originlab

Schuck (2000)"®
EMBL-EBI

Waterhouse et al. (2009)"°

https://www.originlab.com/
http://www.rasmb.org/
https://www.ebi.ac.uk/jdispatcher/msa/clustalo
https://www.jalview.org/
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PyMOL Schrédinger https://www.pymol.org/

BioRender N/A https://www.biorender.com/

TALOS-N Shen and Bax (2015)° https://spin.niddk.nih.gov/bax/software/TALOS-N/

NMRpipe Delaglio et al. (1995)% https://www.ibbr.umd.edu/nmrpipe/index.html

ccpNmr Analysis 2.5.2 Vranken et al. (2005)% https://ccpn.info/software/
version-2/version-2-downloads/

CCP4 Winn et al. (2011)%° https://www.ccp4.ac.uk/download/

REFMAC Nicholls et al. (2012)%* N/A

Coot Emsley et al. (2010)*° N/A

Phaser McCoy et al. (2007)%° N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Yeast strains

All yeast strains used in this study are derivatives of BY4741 (MATa; ura3A0; leu2A0; his3A1; met15A0), and with the exception of the
sgt1A strain, all strains were obtained from Euroscarf. Chromosomal deletion of Sgt1 was performed using a PCR-based method as
described by Janke et al. (2004).?” Specifically, the primers S1 and S2 were designed to replace the Sgt1 gene with the hphNT1
marker from the pFA6a-hphNT1 plasmid. The PCR product was used for yeast transformation, and colonies positive for the hphNT1
marker were confirmed by colony PCR.

METHOD DETAILS

Yeast transformation

Yeast strain transformation was performed as described by Gietz and Schiestl (2007),%¢ in a slightly modified way. In brief, yeast cells
were grown overnight in YPD medium and re-inoculated in 25 mL to a starting ODggo = 0.15. Yeast growth continued for approxi-
mately two cell division cycles at 30 °C (temperature-sensitive mutants were grown at 25 °C). Afterwards, cells were harvested
(3000 x g for 5 min), washed once with water, once with 1 mL 0.1 M lithium acetate, and then resuspended in 0.5 mL 0.1 M lithium
acetate. For each transformation, 50 pl cells were mixed with 240 pl PEG-3350 (50% w/v), 36 ul 1 M lithium acetate, 10 ul salmon
sperm DNA (10mg/ml), and ~400 ng plasmid DNA adjusted with water to a total volume of 360ul. Samples were incubated at 30
°C for 30 min, heat-shocked at 42 °C for 30 min, pelleted (4000 x g, 30 s), and plated on selective medium.

Yeast viability assay

Yeast strains were grown overnight in selective media at 30 °C. 1 ODggo unit of cells was harvested, washed once with water, and
resuspended in selective medium to an ODeoo Of 1. If not otherwise indicated, serial five-fold dilutions were prepared, and 5 pl of
each dilution was spotted onto selective agar plates. Plates were incubated at 30 °C for 2 days before imaging.

Plasmid shuffling

The well-described method of 5-Fluoroorotic acid (5-FOA) plasmid shuffling was used to characterize the essential protein Sgt1.5°
The sgt14 p416-GPD-SGT1 strain was used for plasmid shuffling, in which the genomic copy of SGT7 was deleted and replaced by a
URA3-marked plasmid carrying a wild-type SGT1 gene (p416-GPD-SGT1). The URAS3 gene encodes orotidine-5’-phosphate decar-
boxylase which converts 5-FOA to the cell toxic 5-fluorouracil allowing counter-selection. The strain was transformed with a second
plasmid containing Sgt1 mutants and plated on selective medium without 5-FOA. The plates were incubated for 3 days at 30 °C, and
the appearing colonies were streaked out on plates containing 0.1% w/v 5-FOA to select for loss of the p416-GPD-SGT1 plasmid.
The 5-FOA plates were incubated for 2-3 days at 30 °C prior to evaluation.

v-Src activity assay

Yeast strains carrying the v-Src gene under the control of the inducible GAL1 promoter were grown overnight at 25 °C in selective
medium. 2 ODeoo Units of cells were harvested, washed once with water, and resuspended in selective medium. A total of 5 pl of yeast
suspension at ODeoo = 2 (for galactose plates) or ODsoo = 0.04 (for glucose plates) was spotted onto selective agar plates containing
either galactose or glucose. Plates were incubated at 25 °C for 2 days (glucose) or 4 days (galactose) before imaging.
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GR stability analysis

BY4741 and sgt7-3 yeast strains were grown overnight at 25 °C in selective medium. Cells were re-inoculated at ODeoo = 0.15in 10 ml
selective medium and cultured for 8 h at 25 °C. Cultures were then shifted to 30 °C and incubated overnight. Cells were re-inoculated
at ODeoo = 0.3 and grown for 6 h at 30 °C. A total of 5 OD units of cells were harvested and lysed using the alkali lysis method. The
resulting pellet fraction was solubilized in Laemmli buffer and analyzed using western blotting.

Co-immunoprecipitation

The wild-type yeast strain BY4741 was grown overnight in YPD medium at 30 °C. Cells were re-inoculated at ODsoo = 0.15 and grown
to the exponential phase (ODeoo = 0.8-1.2). A total of 50 OD units were harvested, washed twice with PBS, and resuspended in lysis
buffer (50 mM Tris, pH 8.0, 300 mM NaCl, 1% NP-40 substitute, Protease Inhibitor Mix FY). From this step onward, all procedures
were carried out at 4 °C. Cells were disrupted with glass beads using a shaker mill (4 x 3 min, 50% frequency), and lysates were
cleared by centrifugation (10 min, 14,000 rpm). Protein concentration was adjusted to 1 mg/ml.

Lysates were pre-cleared with 10 pl Protein G-Sepharose (50% slurry) beads per 0.5 ml lysate for 1 h. After bead removal, 10 ug
His-Sgt1 and 3 pg GR-LBD were added and incubated for 1 h. For immunoprecipitation, 3 ul anti-Sgt1 antibody was added for 1 h,
followed by 30 pl Protein G-Sepharose beads for an additional 1 h. A beads-only sample served as a negative control. Beads were
washed three times with lysis buffer and once with 50 mM Tris, pH 8.0. Bound proteins were eluted in 40 pl buffer (50 mM Tris, pH 7.5,
1% SDS, 100 mM DTT) by heating at 95 °C for 3 min. Eluates were mixed with 5x Laemmli buffer and analyzed by western blotting.

Protein expression, purification, and labeling

Yeast Sgt1, Sgt1 mutants and domains, Hsp82 domains, Sti1, Ydj1, and human Hsp70 were expressed with a 6xHis-SUMO tag or a
6xHis-TEV tag in E. coli Rosetta cells. Harvested cells were lysed by sonication in NiNTA buffer A (50 mM Na,HPO,, pH 7.5, 300-
500 mM NaCl, 10 mM imidazole, 1 mM DTT + Protease Inhibitor HP, 2 mM PMSF). Lysates were cleared at 40,000 g for 1 h. Cleared
lysates were subjected to affinity chromatography on a HisTrap FF column (Cytiva). Bound protein was washed with 2 mM ATP dis-
solved in NiNTA buffer A before elution with NiNTA buffer B containing 300 mM imidazole. The elute fractions were pooled, and the
SUMO tag was cleaved by the addition of Ulp1 or Tev protease (depending on the construct) and dialyzed in NiNTA A buffer overnight
at 4 °C. To get rid of the SUMO-/His-tag and the protease, the digested protein was run again over a His-Trap FF column, and the
flow-through was collected. Hsp82 and full-length Sgt1 were diluted with Resource Q buffer A (40 mM HEPES, pH 7.5, 20 mM KCl,
1 mM EDTA, 1 mM DTT) to a salt concentration lower than 50 mM and loaded onto a Resource Q ion-exchange column. Elution of the
bound proteins was done using a continuous salt gradient of Resource Q buffer B (40 mM HEPES, pH 7.5, 1 MKCI, 1 mM EDTA, 1 mM
DTT). Subsequently, all proteins were subjected to size exclusion chromatography in SEC buffer (40 mM HEPES, pH 7.5, 150 mM
KCI, 5 mM MgCl,, 1 mM DTT). Yeast Hsp82, Sba1, Ahal and Sgt1 used for co-immunoprecipitation were expressed with a C-ter-
minal 6xHis-tag. Affinity chromatography was performed as described above. Subsequently, the proteins were directly subject to
ion-exchange and size exclusion chromatography. All experiments with GR-LBD were conducted with the stabilized GR-LBDm
construct (aa 527-777, F602S/A605V/V702A/E705G/M752T). The protein was expressed in E. coli Rosetta cells in self-induction me-
dium (16 h, 16 °C). Harvested cells were resuspended in lysis buffer (50 mM Tris pH 7.9, 2 M urea, 100 mM NaCl, 5 mM MgClz, 10 mM
imidazole, 2 mM B-mercaptoethanol, 50 pM DEX) supplemented with DNase | and Protease Inhibitor HP, lysed by sonication, and
cleared by centrifugation (40,000 g, 1 h). The lysate was loaded onto a HisTrap FF column (Cytiva), washed with a 0-100% gradient
of NiINTA-A buffer (50 mM Tris pH 7.9, 500 mM NaCl, 10 mM imidazole, 10% glycerol, 2 mM p-mercaptoethanol, 50 uM DEX), and
eluted with NiNTA-B buffer (350 mM imidazole). Pooled fractions were digested with TEV protease during overnight dialysis (50 mM
Tris pH 7.9, 100 mM NaCl, 10% glycerol, 2 mM p-mercaptoethanol, 0.5% CHAPS, 50 M DEX) at 4 °C and passed over a HisTrap FF
column to remove the protein tag and TEV. The flow-through was concentrated and purified by size exclusion chromatography in GR
storage buffer (25 mM Tris pH 7.9, 100 mM NaCl, 10% glycerol, 2 mM DTT, 50 uM DEX). Peak fractions containing pure protein were
pooled and concentrated. Apo GR-LBD was generated by two rounds of dialysis of holo GR-LBD against ligand-free buffer (50 mM
Tris pH 7.9, 100 mM NaCl, 10% glycerol, 2 mM p-mercaptoethanol, 0.5% CHAPS).

Proteins were fluorescently labeled with maleimide-Atto488. For Sgt1, the cysteine mutant S233C was used, as the native cyste-
ines are poorly accessible for labeling. Other proteins were labeled without additional cysteine mutations. Proteins were dialyzed into
a non-reducing reaction buffer (40 mM HEPES, pH 7.5, 150 mM KCI, 5 mM MgCl,). The dye was added to a molar ratio of protein:dye
(1:2) and incubated for 1-2 h at RT. The reaction was quenched by adding 5 mM DTT. Free dye was separated by a Sephadex® col-
umn (10 mm x 300 mm) using SEC buffer (40 mM HEPES, pH 7.5, 150 mM KCI, 5 mM MgCl,, 1 mM DTT).

Analytical ultracentrifugation

Sedimentation velocity experiments were performed using a ProteomLab Beckman XL-A centrifuge (Beckman Coulter, Brea, Cali-
fornia) equipped with an AVIV fluorescence detection system (Aviv biomedical Inc., Lakewood, USA). Experiments were performed at
42,000 rpm and 20 °C in an eight-hole Ti-50 Beckman Coulter rotor. 300 scans were recorded, in a total measurement time of 6h.
500 nM Atto488 labeled protein was detected in AUC buffer (20 mM HEPES, pH 7.5, 20 mM KCL, 5 mM MgCl,). All other protein
concentrations were used as indicated in the figure legends. Nucleotides were added to a concentration of 5 mM (ATP) and
2 mM (ATPyS). Sedfit and OriginPro 2024 were used for data analysis. The data was normalized to the total area under the curve,
whereby peaks of free label were excluded from the calculation. Normalized c(S) distributions were plotted against the sedimentation
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coefficient S. To quantify the percentage of specific complexes, normalized data were used, and the area under the peak of the
desired complex was determined.

To determine the dissociation constant (Kp) of Sgt1 and Hsp82, the percentage of bound species was quantified by calculating the
area under the Hsp82/Sgt1 complex. The concentration of Hsp82 was plotted against the percentage of bound species. The Hill1 fit
was used to determine the Kp and the Hill coefficient (N). Mean+Standard deviation was determined by three individual experiments.

Fluorescence polarization measurement

Hormone binding to the GR-LBD was carried out essentially as described previously.®® Briefly, for equilibrium GR-LBD measure-
ments, 1 uM of apo GR-LBD was mixed with different combinations of the following protein: 2 pM Hsp40 (Ydj1), 10 pM hHsp70,
4 uM Hsp90 (Hsp82), 12 uM Sgt1 and 5 mM ATP in 40 mM HEPES pH 7.5, 150 mM KCI, 5 mM MgCl,, 2 mM DTT buffer. The proteins
were incubated at room temperature for 60 min. F-Dex was added in a final concentration of 100 nM, and the binding of F-Dex to the
GR-LBD was monitored at 30 °C by measuring the fluorescence polarization values. For the analysis, the start value immediately after
the addition of F-Dex was subtracted from the trace. The mean of the last 10 values was used to calculate the endpoints of each
measurement.

ATPase assay

The Hsp82 ATPase activity was measured with a regenerative ATPase assay as previously published.’®°" Briefly, assay buffer was
prepared containing 5.17 mM phosphoenolpyruvate (PEP), 0.43 mM nicotinamide adenine dinucleotide (NADH), 5.17 U/mL pyruvate
kinase (PK) and 26.06 U/mL lactate dehydrogenase (LDH) in 40 mM HEPES, pH 7.5, 150 mM KCI, 5 mM MgCl,. Assay buffer was
mixed 1:1 with proteins diluted in 40 mM HEPES, pH 7.5, 150 mM KCI, 5 mM MgCl,, and incubated for 30 min at 30 °C. Concentra-
tions of the proteins were used as indicated. The reaction was initiated by the addition of 5 mM ATP, and the absorption at 340 nm
was continuously recorded at 30 °C. To assess potential contaminating ATPase activities that might co-purify with the proteins, each
protein batch was tested for intrinsic ATPase activity under identical experimental conditions. Hsp90 was tested under the addition of
radicicol, a specific inhibitor of Hsp90 ATPase. A minor background rate was only detected for Sgt1-TPR-CS. The background ac-
tivity was subtracted from the corresponding Hsp90 measurements. ATPase turnover rates (per Hsp90 dimer per minute) were calcu-
lated according to the Beer-Lambert law.

Western blot

Samples were subjected to SDS-PAGE (SERVAGel™ TG PRIME™ 4%-20%) and transferred onto a PVDF membrane. Primary anti-
bodies were used at the following dilutions: Anti-GR (1:500); Anti-SGT1, Anti-GAPDH, Anti-GR-LBD, and Anti-His6-Peroxidase
(1:1000); Anti-HSP82 (1:5000). If required, peroxidase-coupled secondary antibodies were applied. Protein bands were visualized
using the ImageQuant LAS 4000 imaging system. Quantification of immunoblots was performed using GelAnalyzer 23.1.

Circular dichroism spectroscopy

Far-UV CD spectra were recorded from 200 to 260 nm on a Chirascan-plus spectrometer (Applied Photophysics, Leatherhead, En-
gland). Measurements were performed at 30 °C using a bandwidth of 1 nm, a step size of 1 nm, and an integration time of 0.5 s per
point. Protein samples (0.1 mg/ml) were measured in a quartz cuvette with a 1 mm path length. For each sample, 10 individual scans
were averaged.

NMR

All NMR experiments were performed on Bruker Avance spectrometers equipped with cryogenically cooled TCI probe heads, oper-
ating at magnetic field strengths corresponding to "H Larmor frequencies of 600 to 1200 MHz. The sample temperature was set at
298 K for all experiments unless otherwise specified. 'H,®N correlation experiments were performed in 40 mM phosphate buffer,
100 mM NaCl, 2 mM DTT, pH 6.8, 8% D,O, while methyl-labeled experiments were all performed in 20 mM tris-D;4, 100 mM
NaCl, 5 mM MgCl,, 2 mM DTT-D;q, 0.02% NaNg, pH 7, in 99.9% D,O. All data were processed with NMRpipe®' and analyzed in
CCPNMR.®?

Chemical shift assignments

The backbone assignment of all Sgt1 constructs was performed using standard 3D heteronuclear experiments HNCACB, HNCA,
CBCA(CO)NH or (H)C(CCO)NH, HNCO and HN(CA)CO.%? The combined '°Ca, '3Cb, '3C’ secondary shifts (A8,(*°C)) were calcu-
lated as [A8(**Ca) — AS(*3Cp) + A('3C?)], where AS is the difference between observed '3C chemical shifts and random coil values.
Since A8('3Ca) and AS(*'3C’) are positive and A8('3Cp) is negative in helical conformations and opposite in strand conformations, the
value A8,,('3C) can be used to evaluate secondary structure propensity.’® Methyl-labeled samples were prepared as previously
described. Backbone and methyl resonances of Hsp82 were previously assigned by us.**°* The {'H}-"°N heteronuclear NOE
were recorded as described® in an interleaved manner with a recycling time of 4s.
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Paramagnetic relaxation enhancements (PRE)

The mutant Sgt1-SGS E375C was first exchanged to an NMR-buffer without DTT using a PD10 buffer exchange column (GE Health-
care, Buckinghamshire, UK). Two other mutants were generated (344C and 366C) but were not included as they significantly affected
the "H-"5N HSQC spectra of SGT1-SGS and thus likely affected its conformational state. IPSL (N-(1-oxyl-2,2,5,5-tetramethyl-3-pyr-
rolidinyl)iodoacetamide) was added to a 10 times molar excess to Sgt1-SGS E375C in non-reduced buffer and incubated overnight at
room temperature and protected from light. The excess spin label was removed using a PD10 column. 200 pM of Sgt1-SGS E375C
IPSL-labeled was prepared and measured. Data were recorded using 'H,'*N HSQC experiment with a recycling delay of 4s. 10 times
molar excess of fresh ascorbic acid was added to reduce the paramagnetic probe, and the experiment was repeated using the same
parameters to record the reference experiment in the absence of PRE.?®°” Theoretical PRE effects on Sgt1-SGS E375C were calcu-
lated based on the AF2 model from the AF-PSD (AF-Q08446-F1-v4). Seven different conformations of IPSL covalently bound to C375
were generated using the python package chiLife.”® For each structure and conformation, the distance between the paramagnetic
center and the backbone NH of Sgt1-SGS S375C were extracted in pymol using the distancetoatom script. The relaxation ratio was
calculated as described®® for each conformation, assuming a tumbling correlation . of 50 ns, an 1H-F§2 transverse relaxation rate of
80 s™", and a total INEPT evolution time of 9 ms.

Residual dipolar couplings

"H-"°N residual dipolar couplings (RDCs) were obtained by recording IPAP-HSQC experiments on '°N-labeled samples of Sgt1-SGS
at 270 pM concentration, in absence and in presence of 12.5 mg/mL of Pf1-phages (ASLA biotech). The alignment was confirmed by
2H 1D NMR that showed a deuterium splitting value of around 9 Hz.

Titrations

Titration of the '°N-labeled Sgt1-CS-SGS were performed at 100 M with either 2-points titration 1:0.5 and 1:1 for Hsp90-FL, Hsp90-
CTD and GR or 7-point titrations for Hsp90-NTD and Hsp90-Md. Reported CSPs on the figure correspond to the 1:1 ratios. Pertur-
bations and intensity changes on methyl-labeled Hsp90 were performed at 300 pM with a single addition of Sgt1 constructs at
450 pM. Titrations were performed with proteins purified in identical buffers. The assignment of fully bound-forms, used to determine
chemical shifts perturbations, was performed from the successive addition of binding partners and following the chemical shift per-
turbations. All chemical shift perturbations were calculated as a weighted average following the equations CSP = ((A8'H)® +
(A8"°N*0.15)%)"2 for H, "°N spectra and CSP = (A5'H)? + (A5'3C*0.3))"2 for 'H, '*C spectra.®®

Crystallography

Initial screening of crystallization conditions was carried out by the vapor diffusion method. Sitting drops were set up using 400 nL of a
1:1 mixture of protein and crystallization solutions. The co-crystallization was performed using Hsp90-MD and Sgt1-CS with a com-
plex concentration of 20 mg/mL. Crystals were obtained at 20 °C from a solution containing 0.04 M Magnesium chloride, 0.05 M So-
dium cacodylate, 5% v/v 2-Methyl-2,4-pentanediol. Single crystals were cryoprotected using 25% glycerol in the mother solution
and flash-frozen in liquid nitrogen. The diffraction data were collected at the XO6DA beamline at the Swiss Light Source (Paul Scherrer
Institut, Villigen, Switzerland). The data were indexed and integrated using the XDS program package'®’ and scaled and merged us-
ing the Aimless program'®" The initial phases were obtained by molecular replacement, calculated using Phaser software®® using
Hsp90-MD structure (pdb:1HK7%%) and the Sgt1-CS from Arabidopsis thaliana (pdb:2JKI*®). All crystallographic calculations were
carried within the CCP4 program suite.®® The protein structure was refined with the program REFMAC®* and manual adjustments
were made to the models using Coot.?® Atomic coordinates and structure factors for the Hsp90-MD/Sgt1-CS complex have been
deposited in the RCSB Protein Data Bank with pdb code 9Q80.

QUANTIFICATION AND STATISTICAL ANALYSIS
Details of statistical tests and the exact number of replicates (n) are provided in the corresponding figure legends. All analyses were

performed using OriginPro 10.2. Statistical significance was defined as follows: ns, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001.
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