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Article
Aha1 regulates Hsp90’s conformation and function
in a stoichiometry-dependent way
Tanumoy Mondol,1,2 Laura-Marie Silbermann,3 Julia Schimpf,1,2,4 Leonie Vollmar,1,2,4 Bianca Hermann,1,2

Katarzyna (Kasia) Tych,3,* and Thorsten Hugel1,2,*
1Institute of Physical Chemistry, University of Freiburg, Freiburg im Breisgau, Germany; 2Signalling Research Centers BIOSS and CIBSS,
University of Freiburg, Freiburg im Breisgau, Germany; 3Groningen Biomolecular Sciences and Biotechnology Institute, University of
Groningen, Groningen, the Netherlands; and 4Speemann Graduate School of Biology and Medicine, University of Freiburg, Freiburg im
Breisgau, Germany
ABSTRACT The heat shock protein 90 (Hsp90) is a molecular chaperone, which plays a key role in eukaryotic protein homeo-
stasis. Co-chaperones assist Hsp90 in client maturation and in regulating essential cellular processes such as cell survival,
signal transduction, gene regulation, hormone signaling, and neurodegeneration. Aha1 (activator of Hsp90 ATPase) is a unique
co-chaperone known to stimulate the ATP hydrolysis of Hsp90, but the mechanism of their interaction is still unclear. In this
report, we show that one or two Aha1 molecules can bind to one Hsp90 dimer and that the binding stoichiometry affects
Hsp90’s conformation, kinetics, ATPase activity, and stability. In particular, a coordination of two Aha1 molecules can be
seen in stimulating the ATPase activity of Hsp90 and the unfolding of the middle domain, whereas the conformational equilibrium
and kinetics are hardly affected by the stoichiometry of bound Aha1. Altogether, we show a regulation mechanism through the
stoichiometry of Aha1 going far beyond a regulation of Hsp90’s conformation.
SIGNIFICANCE Many studies have shown that molecular chaperones, like the heat shock protein Hsp90, are regulated
by co-chaperones. These studies were usually done at saturating co-chaperone conditions. As the functional form of
Hsp90 is a dimer, it remains unclear if in these experiments two co-chaperones are bound per dimer or only one. Here, we
directly control the binding stoichiometry and show that it has a significant effect using the co-chaperone Aha1. Most
interestingly, the stoichiometry of Aha1 binding has different effects on different quantities like ATPase rate, conformational
kinetics, or protein stability. Therefore, the stoichiometry can serve as an additional regulatory mechanism that has likely
been underappreciated in the past.
INTRODUCTION

Hsp90 is a highly abundant protein in the cell and is
conserved in all eukaryotes. The proteome is guarded by
Hsp90 against heat and other stresses, and Hsp90 maintains
protein homeostasis in eukaryotes (1). It enables correct
folding, stabilization, and maturation of a diverse set of
client proteins such as transcription factors, kinases, hor-
mone receptors, tumor suppressors, and signal transducers
(2). Co-chaperones are the key regulators that recruit client
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proteins to Hsp90 and enable it to regulate diverse cellular
processes such as signal transduction, gene regulation, cell
cycle control, cell survival, DNA repair, and neuronal
signaling (2).

Hsp90 has a homodimeric structure, with each monomer
consisting of an N-terminal (N) ATP binding domain, a mid-
dle (M) domain that is important for client binding, and a
C-terminal (C) domain that facilitates Hsp90 dimerization
(3,4). Hsp90 exists in a dynamic equilibrium between an
open and a closed conformation. In the open conformation,
it adopts a V-shaped structure where the N-terminal domain
is only loosely connected to the middle domain (4–6). In
the closed conformation, the N-terminal domains are dimer-
ized and likely also more strongly associated with the
M-domains (7,8). ATP binding and possibly also hydrolysis
are critical for the function ofHsp90 (9); however, its opening
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Stoichiometry-Dependent Regulation
and closing dynamics are only weakly associated with ATP
hydrolysis (10). In the Hsp90 ATPase cycle, Hsp90 un-
dergoes conformational changes while interacting with
several co-chaperones leading to ATP hydrolysis and client
maturation.

Some co-chaperones modulate the Hsp90 function by
stimulating or reducing its ATPase activity, whereas others
recruit a diverse set of client proteins to Hsp90 to fulfill
crucial biological functions or coordinate the interaction
with other chaperone systems likeHsp70 (1,11,12). Different
co-chaperones bind to specific conformational states of
Hsp90, and they may bind simultaneously, competitively,
or sequentially (8). Hsp90’s co-chaperones can be classified
into three functional groups: client recruiters (e.g., Hop,
Cdc37, and Sgt1), remodeling co-chaperones (e.g., Aha1
and peptidyl-prolyl isomerases), and late-acting co-chaper-
ones (e.g., Sba1/p23) (13). Hsp90 can bind to multiple co-
chaperones during the client maturation process leading to
multiprotein complex formation.

Aha1 (activator of Hsp90 ATPase) is the only known co-
chaperone that significantly accelerates the ATPase activity
of Hsp90 and by this enhances its function (14). It contrib-
utes to the activation of several client proteins such as pro-
tein kinases and steroid hormone receptors (8,14). It has
been shown that Aha1, along with Hsp90, plays a critical
role in the regulation of cystic fibrosis transmembrane
conductance regulator (CFTR) quality control and folding.
Interestingly, a reduced expression level of Aha1 coupled
with a reduced ATPase activity of Hsp90 affect the folding
of CFTR. The authors hypothesized that Aha1 acts as a
‘‘molecular referee’’ and regulates Hsp90-client interactions
by modulating the client dwell time (15). In a recent study, it
has also been shown that overexpression of Aha1 increases
the production of aggregated tau in an Hsp90-dependent
process, leading to cognitive defects in mouse models
(16). These studies suggest that the effect of cellular Aha1
concentration, the ratio of Aha1:Hsp90, and the level of
Hsp90’s ATPase activity play a vital role in client
maturation.

Aha1 consists of two domains: one N-terminal domain
and one C-terminal domain, which are connected via a
flexible linker. Aha1 interacts with Hsp90 in an antipar-
allel orientation where the N-terminal domain of Aha1 in-
teracts with the middle domain of Hsp90, and Aha1’s
C-terminal domain dynamically binds to the Hsp90
N-terminal domain (17,18). Aha1 binding shifts the equi-
librium toward the closed conformational state of Hsp90
by facilitating the dimerization of its N-terminal domains
and rearrangements in the N-terminal and middle domain
(19–21). A few structural studies probing the Hsp90-Aha1
complex have been performed using techniques such as
x-ray crystallography, NMR, and cryo-EM (17,19,22,23).
However, the stoichiometry of Aha1 binding to Hsp90 re-
mains elusive, indicative of one or two Aha1 molecules
binding to an Hsp90 dimer (14,17,23,24). In this regard,
a recent cryo-EM study of Aha1-Hsp90 complexes found
both one and two molecules of Aha1 bound to the Hsp90
dimer (Fig. 1 A) (23).

Here, we perform a combination of biochemical, fluores-
cence anisotropy, and single-molecule experiments to inves-
tigate the detailed interactions between yeast Aha1 and yeast
(Saccharomyces cerevisiae) Hsp90 in vitro and demonstrate
how different stoichiometries of Aha1 binding influence
Hsp90’s thermodynamics, kinetics, and function. To obtain
defined stoichiometries, we designed a fusion protein
construct in which Aha1 and Hsp90 are connected via a flex-
ible linker. Altogether, these results show that Hsp90’s
ATPase, thermodynamics, kinetics, and stability are differ-
ently affected by Aha1’s binding stoichiometry to the
Hsp90 dimer.
MATERIALS AND METHODS

Expression constructs

Hsp90 constructs contained the hsp82 gene from Saccharomyces cerevi-

siae, an N-terminal cleavable His6-SUMO-tag and a C-terminal coiled-

coil domain ensuring stable dimer formation (9). The coiled-coiled

motif is either followed by a Strep-tagII or an Avi-tag for in vivo

biotinylation.

The basic Aha1-Hsp90 was purchased as synthetic gene construct

(GeneScript, the Netherlands) in which all native cysteines of Aha1

(Saccharomyces cerevisiae, Uniprot: Q12449) were exchanged with ala-

nines to avoid unspecific modification by fluorophores or DNA handles

(C16A, C54A, C275A). The linker between the two proteins consists of

in total 115 amino acids, including a TEV protease site with the following

sequence: P-GGENLYFQS-(GGS)14-P(EAAAK)3-P-(GGS)15-P. The

construct also carried the C-terminal coiled-coil motif followed by either

a Strep-tagII, His6-tag, or Avi-His6-tag for in vivo biotinylation.

For FRET experiments, single cysteines for labeling with fluorescent

dyes were introduced on Hsp90 at positions 61 and 385 (D61C, Q385C).

For the optical tweezers (OT) experiments, a cysteine was introduced at

the coiled-coil motif on position 6 (A6C) to covalently connect the

Hsp90 monomers via disulfide bond and another at position 452 (D452C)

to be able to apply force on the Hsp90 middle domain (MD).

All expression constructs were cloned into pET28b plasmid vectors.
Protein preparation

Expression and purification were performed in variations of established

protocols as previously reported (23,24). In short, proteins were produced in

E. Coli BL21Star (DE3) or BL21 (DE3) codþ and purified depending on

the affinity tag. For in vivo biotinylation on the Avi-tag, the plasmid pBirA

(Avidity Nanomedicines, USA) was cotransformed, and the cell culture pro-

cedure was adapted according to Avidity’s in vivo biotinylation protocol.

His6-SUMO-tagged Hsp90 was isolated with affinity chromatography

using a Ni-IMAC column (HisTrap HP, Cytiva, Germany), followed by

SUMO cleavage with SenP protease and a second Ni-IMAC to separate

the His-tag-free protein from uncleaved proteins and the His6-SUMO tag.

The protein was then applied to an anion exchange column (HiTrap Q,

Cytiva, Germany) and finally to a size exclusion chromatography (SEC)

column (Superdex 200, Cytiva, Germany).

Strep-tagII and simple His6-tag preparations were performed with a two-

step protocol, starting with affinity chromatography using either a Strep-

Tactin column (Strep-Tactin Superflow, IBA Lifesciences, Germany) or an
Biophysical Journal 122, 3458–3468, September 5, 2023 3459
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FIGURE 1 ATPase rates of Aha1-Hsp90 fusion constructs. (A) Side view and top view for a combination of Hsp90 dimer (yellows) from PDB: 6XLF and

the Aha1 (greens) positions from PDB: 6XLB (cryo-EM structures) (23). (B) Schematics of the protein constructs showing the design of the Aha1-Hsp90

fusion along with the linker and Hsp90 constructs used in this study. The scissors indicate the position of the tag, which is cleaved during purification. The

mutation positions are indicated as vertical lines inside. The red star denotes the position of the dyes. (C) ATPase rates of 2 mMAha12-Hsp902 and a series

of monomer exchanges of 2 mM Aha12-Hsp902 with increasing concentrations of Hsp902 starting from 1 up to 10 mM. The experiment was performed

twice (n ¼ 2). The assay was performed at 37�C in 40 mM HEPES, 10 mM MgCl2, and 150 mM KCl (pH 7.5) buffer. The line is a guide to the eye. (D)

ATPase rate comparison between Hsp902, Aha11-Hsp902, Aha12-Hsp902, and Hsp902 with freely added Aha1. The schematics show the Hsp90 dimer in

yellow and the Aha1 in green. Error bars represent the standard deviation of the data set. The monomer exchange of a 1:1 mixture of Aha12-Hsp902 and

Hsp902 is denoted as Aha11-Hsp902, and it follows a binomial distribution of one part Aha12-Hsp902, two parts Aha11-Hsp902, and one part Hsp902.

Hsp902 with freely added Aha1 (2 mM each) shows a lower ATPase due to measurement conditions being below the KD. To see this figure in color,

go online.
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Ni-IMAC (HisTrap HP, Cytiva/Ni-NTA Agarose, Qiagen, Germany) fol-

lowed by SEC (Superdex 200, Cytiva, Germany).
Sample preparation and fluorescent labeling for
single-molecule FRET experiments

Fluorescent labels (Atto550-maleimide and Atto647N-maleimide) were

purchased from Atto-tec (Siegen, Germany) and coupled to cysteines ac-

cording to the provided protocol (https://www.atto-tec.com/images/ATTO/

Procedures/Mal.pdf). D61C- and Q385C-constructs were labeled with the

FRET donor and acceptor dyes Atto550 and Atto647N, respectively. For

the Hsp902 measurements, the dye positions were swapped for two out of

four measurements to rule out that different labeling schemes affect the re-

sults. For theAha1-Hsp90 construct, the donor dyewas on theD61Cposition

and the acceptor dye on the Q385 position. We swapped the position of the

Aha1, i.e., once on the Hsp90 with the D61C and once on the Hsp90 with

Q385C, to rule out effects of the dye positions on Aha1 binding. Hsp90 het-
3460 Biophysical Journal 122, 3458–3468, September 5, 2023
erodimers (Hsp90 labeled with donor dye þ Hsp90 labeled with acceptor

dye) were obtained by 1:1mixing of Hsp90 homodimers in buffer containing

40 mM HEPES, 150 mM KCl, and 10 mM MgCl2 (pH 7.5) and incubating

for 40 min at 42�C, 300 RPM. The sample was then centrifuged at 16,000

g and 4�C for 30 min to remove any aggregates.
Sample preparation for optical tweezers
experiments

To ensure that the majority of the homodimers are covalently linked with

a disulfide bond in the coiled-coil motif, SEC elution fractions of highest

purity were combined and incubated for 30 min at room temperature

(21�C) with 10 mM TCEP for cysteine reduction. After removal of

TCEP by Ni-IMAC (Ni-NTA Agarose, Qiagen, Germany), the protein

was incubated at room temperature (21�C) for dimerization. The second

cysteine at position 452 is considered less reactive to form disulfide

bonds.

https://www.atto-tec.com/images/ATTO/Procedures/Mal.pdf
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Stoichiometry-Dependent Regulation
The protein constructs were then functionalized with single-stranded

DNA oligonucleotides (Biomers, Germany) containing a maleimide group,

which is reactive toward solvent-exposed cysteines, i.e., the cysteine at po-

sition 452 in each Hsp90 monomer. Free maleimide-DNA oligonucleotides

and aggregated protein were removed by SEC. The DNA oligonucleotides

are complementary to sticky ends of DNA handles, which were functional-

ized with either digoxigenin or biotin. DNA handles were made in-house

using Lambda DNA as a template (New England Biolabs, USA) and

custom-designed primers (Metabion, Germany) (25).
DNA sequences

DNA oligonucleotides containing a maleimide group

50-GGCAGGGCTGACGTTCAACCAGACCAGCGAGTCG-maleimide-30

Primers used to make DNA handles

50-biotin-GGCGA(biotin-dT)CTGG(biotin-dT)CGTTGATTTG-30

50-digoxigenin-GGCGA(digoxigenin-dT)CTGG(digoxigenin-dT)
CGTTGATTTG-30

50-CGACTCGCTGGTCTGGTTGAACGTCAGCCCTGCC(abasic site)

CCTGCCCGGCTCTGGACAGG-30
Single-molecule FRET measurements

Single-molecule FRET experiments were carried out in a custom-built

prism-type TIRF setup using two lasers at wavelengths 532 nm (green,

Coherent OBISTMLS) and 637 nm (red, Coherent OBISTMLX) (26).Mea-

surements were conducted in a custom-built flow chamber, passivated with a

mixture of methoxy-polyethylene glycol-silane (5000 Da, Rapp Polymere,

Germany) and biotin-PEG-silane (3000 Da, Rapp Polymere, Germany) in

an 80:3 ratio. The flow chamber was incubated with bovine serum albumin

(BSA) (0.5 mg/mL in HEPES buffer) for 30 min before measurement. The

flowchamberwas further incubatedwithNeutrAvidin (0.25mg/mL, Thermo

Fisher Scientific, Germany) to enable the biotinylated protein to bind to the

surface and then washed with HEPES buffer. Approximately 10 pM hetero-

dimer was injected into the flow chamber with 10 min incubation and then

washed with the buffer to discard the unbound protein. Measurements

were performed in the presence of 2 mMATP. The measurements were per-

formed using alternating laser excitation of donor and acceptor dyes with an

excitation time of 200 ms and a dark time of 50 ms. The fluorescence was

collected by an oil immersion objective (100�magnification,Nikon) andde-

tected by an EMCCD camera with 3 � 3 binning (iXon Ultra 897, Andor).

The movies were recorded and saved as 16-bit TIFF stacks, which store

the fluorescence intensities of the respective detection channels as successive

frames (26).

For the selection of single-molecule time traces (donor fluorescence after

donor excitation, acceptor fluorescence after acceptor excitation, acceptor

fluorescence after donor excitation, i.e., FRET), an Igor Pro based in-house

script (version 6.37, Wavemetrics, USA) was used. By searching for the

brightest spots in five consecutive frames of the respective detection chan-

nel, the program identifies the positions of single molecules. For further

analysis, trace selection criteria were flat plateaus and single bleaching

steps, as well as anticorrelated behavior of donor and FRET intensity traces.

The dynamic analysis of the selected traces was conducted using Single-

Molecule Analysis of Complex Kinetic Sequences (SMACKS) (27), an

IgorPro based script employing hidden Markov models.
ATPase assay

ATPase activity was determined using a regenerating ATPase assay (28) at

37�C. The ATP regenerating system contains a final concentration of

0.2 mM NADH Di-Na (Roche, CH), 2 mM phosphoenol pyruvate
K-salt (PEP) (Bachem, CH), 2 U/mL pyruvate kinase (Roche, CH),

10 U/mL lactate dehydrogenase (Roche, CH) in HEPES buffer containing

40 mM HEPES, 150 mM KCl, 10 mM MgCl2 (pH 7.5). ATP hydrolysis,

which is coupled to NADH oxidation, was calculated by monitoring the

decrease in absorption at 340 nm. At the end of each measurement,

200 mM radicicol (Sigma, Germany) was added to measure the back-

ground signal. Radicicol background signal was subtracted from the pro-

tein signal for each measurement. The data was analyzed using linear

fitting in Origin (OriginLAB, USA). Monomer exchanges in different ra-

tios were performed as for the single-molecule FRET measurements. The

statistical byproducts of homodimers are averaged out in the bulk ATPase

assays, but they can be identified and disregarded in single-molecule ex-

periments by their fluorescence or force fingerprints.
Optical tweezers experiments

For OTexperiments, in-housemademeasurement chambers were passivated

by incubation with 10 mg/mL BSA. Excess BSAwas flushed out with buffer

before sample loading. Measurements were performed in 40 mM HEPES/

KOH, 20mMKCl, 5mMMgCl2 (pH7.4) in presence of an oxygen scavenger

system consisting of 1700U/mL glucose catalase, 27U/mL glucose oxidase,

and 0.66% glucose to minimize photodamage caused by oxygen free radi-

cals. Protein constructs functionalized with oligonucleotides were incubated

with the DNA handles described above. DNA handles enable coupling of the

protein construct to 1.29 mm or 1.28 mm diameter antidigoxigenin- or strep-

tavidin-coated silica beads (Spherotech, USA). The DNA handle-protein

construct was preincubated with antidigoxigenin beads. Using the two traps

of the C-Trap dual beamOT instrument (Lumicks, Netherlands), one kind of

each bead was trapped, and the trap stiffness was set to 0.25 pN/nm. In order

to tether a single DNA handle-protein construct between the trapped beads,

they were brought into contact with each other. Once a tether was formed,

constant velocity experiments were performed at 20 nm/s with a wait time

of 1 s between cycles. Datawere collected at 78 kHz usingBluelake software

(Lumicks, Netherlands).

Data analysis was done using custom-written software in Igor Pro (Wave-

metrics, USA). For fitting the stretching of the DNA handles, force extension

traces were fitted with an extensible worm-like chain (eWLC) with an ex-

pected DNA contour length of 370 nm, a persistence length of 20 nm, and

aHookean contribution of 400 pN. In order to determine contour length gains

of the protein constructs resulting from either protein dissociation or unfold-

ing, aWLCwith a fixed persistence length of 0.7 nmwas used for fitting. The

first WLCwas fixed to the contour length estimated for unstructured regions

of the protein. In a next step, measured contour length gains were assigned to

structural elements of the probed protein. In order to determine the theoret-

ical contour length gain of a structural element (e.g., one domain) the number

of involved amino acids was multiplied with the average length per amino

acid of 0.365 nm (29). From this length, the initial distance between the first

and the last amino acid of the structural element was subtracted. For this pur-

pose, structural information about the protein was used.
RESULTS AND DISCUSSION

Construction of Aha1-linker-Hsp90 fusion protein

In order to obtain defined stoichiometries between Aha1 and
Hsp90, we first designed an Aha1-linker-Hsp90 fusion
construct (Fig. 1 B). The purified Aha1-Hsp90 fusion con-
tains two Aha1 molecules per Hsp90 dimer (Aha12-
Hsp902) where each Aha1 molecule is linked to one mono-
mer of Hsp90. To obtain an Aha11-Hsp902 heterodimer in
which only one Aha1 is interacting with the Hsp90 dimer,
we performed a 1:1 monomer exchange of Aha12-Hsp902
dimer fusion and Hsp90 dimer. The motivation for using
Biophysical Journal 122, 3458–3468, September 5, 2023 3461
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fusion constructs, on the one hand, is to define the stoichiom-
etries and, on the other hand, to overcome the mutual low af-
finities, which are difficult for single-molecule experiments,
because they have to be conducted at concentrations far
below the dissociation constant, KD (Fig. S1). Based on the
structural report of Aha1’s C-terminal domain binding to
the Hsp90 N-terminal domain, the two proteins are fused be-
tween Aha1’s C-terminus and Hsp90’s N-terminus with a
long and flexible linker peptide. The flexible linker peptide
consists of 115 amino acids (P-GGENLYFQS-(GGS)14-
P(EAAAK)3-P-(GGS)15-P), containing randomcoil-forming
GGS repeats, alpha helices forming EAAAK repeats (repre-
senting stiff rods) (30,31), and prolines in between, which
collectively constitutes a random coil-stiff rod-random coil
structure (32,33). In this study, we used an Hsp90 construct
with an artificial C-terminal coiled-coil zipper motif to stabi-
lize the dimeric form and to prevent dissociation, which has
been previously reported and used (Fig. 1 B). For the purpose
of site-specific labeling and to perform smFRET measure-
ments, three native cysteines in Aha1 have been mutated to
alanines (C16A, C54A, C275A), and artificial cysteines
have been introduced in Hsp90 either in amino acid position
D61C or Q385C (Fig. 1 B). For all our single-molecule and
bulk biochemical assays, we used the same protein
constructs.
Effect of different stoichiometric Aha1 binding on
Hsp90’s ATPase function

ATPase activity is important for the function of Hsp90. It has
been reported that Aha1 stimulates Hsp90’s ATPase activity
about 12-fold (14). We tested the ATPase activity of the
Aha12-Hsp902-fusion protein to monitor the effect of 1
versus 2 Aha1 molecules binding to the Hsp90 dimer by per-
forming ATPase assays using an ATP regenerating system.
We performed a series of monomer exchanges mixing
Aha12-Hsp902 and Hsp90 dimer in different ratios and
measured the ATPase activities of all the monomer
exchanged products. The ATPase catalytic rate of Aha12-
Hsp902 was found to be �11 per min, as shown in Fig. 1 C
and D. These figures also include the ATPase rates of all
different monomer exchange products. We found that the
Aha12-Hsp902 has the highest ATPase activity, followed by
the Aha11-Hsp902 heterodimer (�6 per min), whereas the
dimeric Hsp90 alone has the lowest ATPase activity
(�1 per min). The 11-fold increase in ATPase activity we
found for the Hsp90 construct with two Aha1 molecules
bound is consistent with the literature values, demonstrating
that our construct is functional. We showed that free Aha1
and covalently linked Aha1 behave similarly when intro-
ducing mutations or in low-salt conditions (Fig. S2). In addi-
tion, our results show that two Aha1 molecules are needed to
fully stimulate the ATPase activity of Hsp90. In summary,
different stoichiometries of Aha1 stimulate theATPase activ-
ity of Hsp90 to different extents.
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Effect of different stoichiometric Aha1 binding on
Hsp90’s conformation equilibrium

N-terminal open and closed conformations are important
for binding and processing different co-chaperones and cli-
ents. The ratio between the two conformations therefore
likely defines the amount of binding of certain co-chaper-
ones and clients. In a TIRF microscope (Fig. 2 A), the ef-
fect of Aha1-binding to Hsp90’s N-terminal conformations
was monitored in real time using smFRET. In order to
observe FRET, we labeled Hsp90 monomers at positions
61 and 385 with a donor and acceptor fluorophore. In vivo
biotinylation of the C-terminal end of one Hsp90 monomer
enabled its surface immobilization on a polyethylene gly-
col passivated microscope slide using biotin-neutravidin
coupling. SmFRET measurements were performed for the
Hsp90-homodimer, as well as for the Aha11-and Aha12-
Hsp902 heterodimers. Fig. 2 B shows examples of such
smFRET traces for those experiments, respectively, in pres-
ence of saturating ATP concentrations (2 mM). SmFRET
traces show anticorrelated behavior between donor and
acceptor signal, which indicates conformational transitions
between the open (low FRET) and closed (high FRET)
conformational states of Hsp90 (FRET efficiency: blue
trace, acceptor fluorescence after donor excitation: red
trace, donor fluorescence after donor excitation: green
trace). Fig. 2 C shows the FRET efficiencies of all smFRET
traces and therefore represents the thermodynamic equilib-
rium for the distribution of open and closed states. For the
Aha11-Hsp902 heterodimer, the population of the closed
state increased from (41 5 4) % to (58 5 4) % compared
with Hsp90 (Table S1); this is independent of the Hsp90
cysteine mutant the first Aha1 is attached to (see
Fig. S3). For the Aha12-Hsp902 fusion, the population of
the open and closed conformation is similar to the one of
the Aha11-Hsp902 heterodimer (Table S1). Although one
Aha1 clearly induces the closed conformational state in
Hsp90, surprisingly, a second Aha1 does not further in-
crease the amount of closed dimers. In contrast, the
ATPase strongly depends on Aha1’s binding stoichiometry.
Therefore, the acceleration of Hsp90’s ATPase is not
directly linked to promoting the closed state.
Effect of different stoichiometric Aha1 binding on
Hsp90’s conformational kinetics

As surprisingly the ATPase rate was affected by the stoichi-
ometry of Aha1 whereas the thermodynamic equilibrium
hardly was, we next tested to what extent the conformational
kinetics were impacted by Aha1’s stoichiometry. Hence, we
resolved the kinetic rates of opening and closing conforma-
tional dynamics after analyzing the smFRET traces using
the SMACKS software (27). Hsp90’s conformation cycle
can be described as a four-state model using SMACKS.
This model comprises two open conformational states
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FIGURE 2 Single-molecule FRET measurements of Hsp90 and Aha1. (A) Schematics of the smFRET TIRF setup showing an immobilized, labeled

Aha12-Hsp90 dimer within the evanescent field. Fluorescence signal is separated by wavelengths using dichroic mirrors.

For a Figure360 author presentation of Figure 2, see https://doi.org/10.1016/j.bpj.2023.07.020. (B) Single-molecule FRET time traces in presence of 2 mM

ATP for Hsp90, Aha11-Hsp902, and Aha12-Hsp902. SmFRET trajectories show conformational dynamics in real time. Green trace represents donor fluores-

cence signal after donor excitation (DemDex), red trace represents acceptor fluorescence signal after donor excitation (AemDex), black traces represent

acceptor fluorescence after acceptor excitation (AemAex), and blue trace represents calculated FRET efficiency (right axis). (C) FRET efficiency histogram

(normalized) obtained from the smFRET traces of Hsp902 (orange line), Aha11-Hsp902 (light blue line), and Aha12-Hsp902 (dark blue line) shows the pop-

ulation of open and closed states. (D) Quantitative rate constants of Hsp902 (orange), Aha11-Hsp902 (light blue), and Aha12-Hsp902 (dark blue) using a four-

state model for Hsp90’s conformational dynamics. (E) Kinetic models represented as graphs of the Markov chain. Conformational kinetics are depicted by

four states: 0 and 1 (open states) and 2 and 3 (closed states). The assay was performed at room temperature in 40 mMHEPES, 5 mMMgCl2, and 20 mMKCl

(pH 7.5) buffer condition in presence of 2 mM ATP (Hsp90: 896 traces from four independent experiments; Aha11-Hsp902: 1422 traces from four indepen-

dent experiments; Aha12-Hsp902: 441 traces from two independent experiments). To see this figure in color, go online.
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(0 and 1) and two closed conformational states (2 and 3),
where 0 and 3 are the long-lived states, and 1 and 2 are
the short-lived states (27,34). The states 0 and 1, as well
as 2 and 3, cannot be separated by FRET efficiency but
differ kinetically. Fig. 2 D and E shows the full kinetic anal-
ysis and reveals different effects on different transitions.
Most of the transitions are hardly affected by Aha1, only
showing slight changes upon co-chaperone addition. For
the transitions 01 and 10, the addition of one Aha1 leads
to a slight rate reduction, whereas the addition of a second
Aha1 seems to have an opposing effect when compared
with Hsp90 alone. In contrast, the rate 21 is slightly
increased in the presence of a single Aha1, whereas the sec-
ond Aha1 cancels this weak effect. Altogether, the full ki-
netic analysis shows that there are effects of Aha1’s
stoichiometry on the transition rates, but neither in an addi-
tive nor in an independent way. This is in line with the find-
ings above, namely that the conformational equilibrium and
Biophysical Journal 122, 3458–3468, September 5, 2023 3463
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FIGURE 3 Optical tweezers measurements of Hsp90 with Aha1. (A) Schematic illustration of onemonomer of the Aha12-Hsp902,452C construct with assigned

aminoacidpositions at the start and endof each structural element. (B) Theoptical tweezers (OT) experimental setup and the interaction ofAha1domainswith each

other and Hsp90apo based on PDB: 6XLB (23). Aha12-Hsp902,452C is tethered between two trapped silica beads using longDNAhandles. Displayed are the Aha1

NTD (green), Aha1 CTD (green), one Hsp90monomer in gray, and the domains of the other Hsp90monomer in color: Hsp90 NTD (blue), Hsp90 linker (purple),

Hsp90MD(orange), andHsp90CTD (yellow). Introduced cysteinemutations are indicated by yellow circles. (C) Example unfolding trace (black) of Hsp90452C in

constant velocity (500 nm/s) OTexperiment. The trace shows first dissociation of the Hsp90CTDs (Cdiss) and then unfolding of both Hsp90 CTDs (C) and finally

unfolding of bothHsp90 partMDs (Mpart). (D) Example unfolding trace (black) ofAha12-Hsp902,452C in constant velocity (20 nm/s) OTexperiments. After a first

small unfolding event (seemain text for details), the trace shows first dissociation of theHsp90CTDs (Cdiss) and then unfolding of bothHsp90CTDs (C), followed

by two additional contour length gains likely resulting from the interaction with Aha1 (A1 and A2, red arrows) and finally unfolding of a Hsp90 partMD (Mpart).

Dissociation and unfolding forces are smaller than in Fig. 3C due to the lower pulling velocity. Data were analyzed using a down-sampling factor of 4. Data were

boxcar average filtered using a width of 21 data points. Worm-like chain model fits are displayed by dotted lines. (E) Stoichiometry histogram of Aha1 binding to

Hsp90 inAha12-Hsp902,452C during repeated cycles of constant velocityOTexperiments. Assignments of binding of either 0, 1, 1–2, or 2Aha1were done based on

the observationof reproducible, additional contour lengthgains (A1,A2) observed forAha12-Hsp902,452C incomparison toHsp90452C.To see thisfigure incolor, go

online.
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the acceleration of Hsp90’s ATPase are affected in different
ways by Aha1’s stoichiometry.
Effect of different stoichiometric Aha1 binding on
Hsp90’s unfolding force

Finally, we tested if the stability of the Hsp90 is affected by
Aha1 binding and its stoichiometry. A previous study could
reproducibly observe contour length changes when unfold-
ing Hsp90 harboring force application points at amino
3464 Biophysical Journal 122, 3458–3468, September 5, 2023
acid position 452 in the MD. By comparing the contour
length changes to the crystal structure of Hsp90, these
were assigned to C-terminal domain (CTD) dissociation,
CTD unfolding, and the unfolding of the part of the middle
domain below the force application point, MDpart (amino
acids 453–527) (35). In our study, OT experiments were
done with Aha12-Hsp902,452C having the same force appli-
cation points as Hsp902,452C (Fig. 3 C and D). Data from
three molecules of Aha12-Hsp902,452C were collected from
constant velocity experiments done at 20 nm/s. This resulted
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in 38 analyzed unfolding traces in total (as each molecule
was unfolded and refolded several times). The Aha12-
Hsp90452C construct showed additional unfolding events
of reproducible contour length gains when compared with
the Hsp902,452C construct (example in Fig. 3 C and D).
These additional contour length gains, 14.8 5 2.3,
35.2 5 3.0, 44.5 5 3.1, 52.8 5 2.1, and 64.6 5 2.2 nm,
were observed repeatedly in different traces.

We believe that the additional contour length gains result
from the interaction of Aha1 with Hsp90, because they have
not been observed for the Hsp902,452C construct. Aha1 has
been found to have interaction interfaces with both Hsp90
monomers in nucleotide-free (apo) state (Fig. 3 B). More
precisely, Aha1 bridges the two Hsp90 monomers (23).
Those interaction interfaces can be found above and below
position 452 in the Hsp90MD, where the force is applied.
The additionally observed contour length changes in pres-
ence of Aha1 may result either from dissociation of Aha1
from Hsp90 or from unfolding of structural elements of
Aha1. We cannot only observe these additional contour
lengths in experiments with the fusion construct but also
with soluble Aha1 (Fig. S4 A). The Aha1 N-terminal
domain (NTD) and Aha1 CTD were shown to directly
interact with one another in a cryo-electron microscopy
(cryo-EM) structure of Hsp90 apo with two bound Aha1
molecules (PDB: 6XLB) (23). The observed contour length
gain of 14.8 5 2.3 nm matches well with the length of the
unstructured region between the Aha1NTD and Aha1CTD.
Therefore, the contour length gain of 14.8 5 2.3 nm likely
results from pulling apart and therefore undocking these two
domains. Subtracting this length from the two observed
additional contour length gains (52.8 5 2.1 and 64.6 5
2.2 nm) results in length changes that are similar to the re-
maining repeatedly observed contour length gains of
35.2 5 3.0 and 44.5 5 3.1 nm, respectively.

Altogether, these findings support the following assign-
ment of the additional unfolding events in presence of
Aha1: the contour length gain of 14.8 5 2.3 nm to pulling
apart the two Aha1 domains, the contour length gains of
35.2 5 3.0 and 52.8 5 2.1 nm to interaction of Hsp90
with one of the two Aha1 domains, and the contour length
gains of 44.5 5 3.1 and 64.6 5 2.2 nm to interaction of
Hsp90 with the other Aha1 domain.

Finally, a first event of 31.15 5.8 nm was observed in 14
unfolding traces before the dissociation and unfolding of the
Hsp90 CTDs and unfolding of the MDpart domains, which
was not observed for Hsp90 alone. An additional event of
similar stability and contour length was also observed for
a standard Hsp90 construct when Aha1 was added in solu-
tion (data not shown). At this point, we cannot assign this
event to a specific unfolding, but we speculate that Aha1 sta-
bilizes a more compact conformation of Hsp90, which is
extended at a very low force of 6.9 5 1.3 pN. The distance
between the force application points at amino acid position
452, in the Hsp90 MD is 5.6 nm in a cryo-EM structure of
Hsp90 apo with two bound Aha1 (PDB: 6XLB) (23). In
the open state of Hsp90, the distance between those residues
was determined to be 7.9 nm in single-molecule FRET ex-
periments (36), corresponding to an increase of (7.9 nm –
5.6 nm ¼ ) 2.3 nm. Upon the application of force, the
stretching of an unstructured region connecting the Hsp90
MD and CTD (37) and the loop region around the force
application point gives an extra 5.5 nm extension per
Hsp90 monomer. The total expected increase in length
from the closed state of Hsp90 to the open state with the
C-terminal dimerization interface still intact is therefore
approximated as (5.5 nm x 2 þ 2.3 nm ¼ ) 13.3 nm. This
approximation is less than half of the observed contour
length gain. However, we consider this approximation as a
lower limit because the open state of Hsp90 measured in
OT experiments under force application is likely to be
more extended than the open state of Hsp90 observed in
FRET experiments without applied force.

In order to quantify the effect of the stoichiometry of
Aha1 and Hsp90, we counted how often different contour
length gains occurred. The results are shown in the histo-
gram in Fig. 3 E. When one contour length gain assigned
to the interaction with one Aha1 domain and one contour
length gain assigned to the interaction with the other Aha1
domain were observed in an unfolding trace, this was
counted as ‘‘1–2’’ observed bound Aha1, because it is not
clear whether these contour length gains result from the
interaction of Hsp90 with one or two Aha1 molecules.
Fig. 3 E depicts the result of this assignment, which shows
that we have different binding stoichiometries and allows
us to investigate their effect on Hsp90’s stability. Therefore,
in the following, we focus on the unfolding of the
Hsp90 MD.

OT experiments previously done with Hsp90452C resulted
in one population of Hsp90 MDpart unfolding events (35).
These data have been collected at a velocity of 500 nm/s.
Data collected with Hsp90452C at the same velocity of
20 nm/s, as chosen for experiments with Aha12-Hsp902,
452C, also showed a single population of Hsp90 MDpart un-
folding events with a measured unfolding force of 22.4 5
2.2 pN (see Fig. S4 B; Table S2). We decided to show the
data collected at 500 nm/s in Fig. 3 C, because there the
same dimerization strategy was used as for the Aha1
construct. For the 20 nm/s traces, we used a different dimer-
ization strategy (YBBR-based), which affects some length
gains as expected.

Interestingly, an additional population of Hsp90 MDpart
unfolding events was observed when experiments were
done with the Aha12-Hsp902,452C construct. Besides
Hsp90 MDpart unfolding events at 23.0 5 2.5 pN, which
is in good agreement with the MDpart unfolding force
observed for Hsp90452C, a population of MDpart unfolding
events at lower force of 10.9 5 2.7 pN was observed
(Table S2). A cryo-EM structure of apo-Hsp90 with bound
Aha1 (PDB: 6XLB) (23) reveals that the Hsp90 MD is
Biophysical Journal 122, 3458–3468, September 5, 2023 3465
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rotated 8� relative to the Hsp90 CTD in comparison to the
fully open state of apo HtpG crystal structure (PDB:
2IOQ). This change in MD-CTD interface induced by bind-
ing of Aha 1 could be a possible explanation for the obser-
vation of Hsp90 MDpart unfolding events at reduced force
in presence of Aha1. Unfolding traces were observed with
both of the two Hsp90 MDpart unfolding at low force as
well as traces in which one of the MDpart unfolds at regular
force, whereas the second MDpart unfolds at low force.
Hsp90 MDpart unfolding events of reduced force were not
detected in any of the traces with no Aha1-related events.
In traces with observed Aha1-related events, at least one
Hsp90 MDpart unfolded at reduced force. In only four of
the 19 traces assigned to observation of two bound Aha1,
one of the Hsp90 MDpart unfolding events happened at reg-
ular force. However, none of these Hsp90 MDpart unfolding
events at regular force were followed by any of the events
assigned to interaction with Aha1; i.e., in these cases the
interaction with Aha1 likely was already disrupted. This
suggests that one Aha1 reduces the stability of one Hsp90
MDpart, and two Aha1 can reduce the stability of both
Hsp90 MDparts. Overall, 46 of the 61 observed MDpart un-
folding events happened at reduced force translating into a
probability for observing Hsp90 MDpart unfolding events
at low force in Aha12-Hsp902,452C of 0.75.

To further evaluate ifAha1binding results in the occurrence
of Hsp90 MDpart unfolding at low force in a binding stoichi-
ometry-dependent way, the binding probability of Aha1 was
compared with the population of all observed Hsp90 MDpart
unfolding events at low force. The effective concentration of
Aha1 can be estimated by the following (38):

½Aha1�eff ¼ molarity

volume of sphere
(1)

The ‘‘volume of sphere’’ is the volume allowed by the
linker, which attaches Aha1 to each Hsp90 monomer. Based
on the use of the flexible linker of 115 amino acids, i.e., about
42 nm to connect Aha1 to Hsp90, and the close proximity of
Hsp90 monomers in dimeric Hsp90, two Aha1 molecules
were estimated to be in the spherical volume of 3.1 x 105

nm3. This results in ½Aha1�eff ¼ 10:7 mM:The binding prob-
ability (39) of Aha1 to Hsp90 was then calculated using this
effective concentration and a KD of 7.8 mM, determined by
fluorescence anisotropy (Fig. S1):

binding probability ¼
½Aha1�eff

.
KD

1þ ½Aha1�eff
.
KD

¼ 0:58 (2)

We consider this as a lower limit, as it is more likely that
Aha1 is in the center of the sphere than in the periphery
due to the entropic elasticity of the linker, which would
result in a higher effective concentration. Therefore, this
is in good agreement with the probability for observing
Hsp90 MDpart unfolding at low force of 0.75 (see above).
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Altogether, these experiments support that Aha1 binding to
Hsp90 reduces the Hsp90 MDpart unfolding force of either
one or both Hsp90 MDs in a binding stoichiometry-depen-
dent way.
CONCLUSION

Many previous studies have shown that the molecular
chaperone and heat shock protein Hsp90 is regulated by
co-chaperones and nucleotides. These studies were usually
done at saturating co-chaperone or nucleotide conditions.
As the functional form of Hsp90 is a dimer, it remains un-
clear if in these experiments two co-chaperones/nucleotides
are bound per dimer or only one. Here, we showed that the
binding stoichiometry has a significant effect using the co-
chaperone Aha1. Therefore, the stoichiometry can serve as
an additional regulatory mechanism that has likely been
underappreciated in the past. Most interestingly, the stoi-
chiometry of Aha1 binding has different effects on
different quantities. In some cases, binding of a second
Aha1 amplifies the effect of the first bound Aha1, whereas
in other cases, it cancels the effect of the first bound Aha1
or has no effect at all. The ATPase or the reduction of the
Hsp90MDpart unfolding force, for example, is amplified
by a second bound Aha1, whereas changes in some rate
constants are reversed by the second bound Aha1, and
the thermodynamics of the conformational landscape is
not changed at all.

Our results show that the binding stoichiometry of co-
chaperones to Hsp90 has significant effects on many quanti-
ties. Therefore, we anticipate that tuning the concentration of
co-chaperones in cells (i.e., their binding stoichiometry) is an
important regulation mechanism for the many Hsp90-related
processes.
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