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ABSTRACT: Hsp90 is an important molecular chaperone that facilitates the

maturation of client proteins. It is a homodimer, and its function depends on a
conformational cycle controlled by ATP hydrolysis and co-chaperones binding.

We explored the binding of co-chaperone Sbal to yeast Hsp90 (yHsp90) and the DEER
associated conformational change of yHsp90 in the pre- and post-ATP hydrolysis
states by double electron—electron resonance (DEER) distance measurements. We
substituted the Mg(II) cofactor at the ATPase site with paramagnetic Mn(II) and

established the binding of Sbal by measuring the distance between Mn(II) and a  mn(i1)-Nitroxide i E
nitroxide (NO) spin-label on Sbal. Then, Mn(I[)~NO DEER measurements on

yHsp90 labeled with NO at the N-terminal domain detected the shift toward the ¢l om

Mn(ll)-Mn(1l) /

1 2 3 4 5

closed conformation for both hydrolysis states. Finally, Mn(II)~Mn(II) DEER
showed that Sbal induced a closed conformation different from those with just bound Mn(II)-nucleotides. Our results provide
structural experimental evidence for the binding of Sbal tuning the closed conformation of yHsp90.

Heat shock protein of 90 kDa (Hsp90) is a ubiquitous
molecular chaperone that facilitates the folding,
maturation, and degradation of many proteins called clients"”
involved in cellular processes such as DNA repair, immune
response, and neurodegeneration.”* Hsp90’s function is
intimately coupled to ATP binding and hydrolysis®® and an
associated cycle of conformational changes.””” Additionally,
more than 20 co-chaperones have been found to finely regulate
eukaryotic Hsp90.'"~"* Hsp90 in all organisms is a flexible
homodimer with each monomer consisting of three highly
conserved domains: the amino-terminal domain (NTD) where
the ATPase site is found,"” the middle domain (MD) that is
important for ATP hydrolysis and binding of clients, and the
carboxyl-terminal domain (CTD) that is responsible for
dimerization of the two monomers'*'® and also contains a
binding site for some co-chaperones'” (Figure 1A). It is
believed that the ability of eukaryotic Hsp90 to act on
structurally and functionally dissimilar clients stems from its
structural plasticity, which is tuned by the effect of co-
chaperone binding on the conformational equilibria within the
ATPase cycle.'®"” The structural evidence for this plasticity
has been obtained from fluorescence resonance energy transfer
(FRET),"*™* single-angle X-ray scattering (SAXS),”* X-ray
crystallography/cryo-electron microscopy (cryo-EM),”~**
nuclear magnetic resonance (NMR),””*" and recently double
electron—electron resonance (DEER)®' experiments. The
hydrolysis conformational cycle of Hsp90 in the presence of
just nucleotides (ATP, AMP-PNP, and ADP) is now well
established with Hsp90 found in an equilibrium between two
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sets of conformations termed open and closed, with respect to
the dimerization of the NTDs."*™>**>***! The conformational
cycle of Hsp90 in the presence of co-chaperones is
complicated as different co-chaperones bind to different
conformations of Hsp90 and in a specific order before
Hsp90 reaches its functional state that is suitable for acting
on the client.

Sbal is one of the co-chaperones that has been extensively
studied by biochemical methods and to a lesser extended by
structural methods. Sbal is known to bind Hsp90 in an ATP-
dependent manner; specifically, binding has been observed to
be strong in the presence of the nonhydrolyzable ATP
analogue AMP-PNP and to a lesser extent with ATP.>>™** In
contrast, most studies report that Sbal does not bind Hsp90 in
the absence of a nucleotide or in the presence of ADP,”*
although few report weak binding.36_38 Additionally, mutation
studies found that the binding of Sbal is not dependent on
ATP binding per se, but rather on the NTD dimerization
induced by the ATP binding.”***® The stoichiometry of the
Sbal/Hsp90 complex is still under debate with some studies
reporting a 1:1 Sbal/yHsp90 stoichiometry (see Figure
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Figure 1. (A) X-ray structure of yHsp90 in the presence of co-chaperone Sbal and AMP-PNP in cartoon representation (Protein Data Bank entry
2CG9*°). The yHsp90 protomers are colored beige and pale green. Sbal is colored red, and the nucleotide and the metal ion found in each NTD
are shown as sticks and as a purple sphere, respectively. The residues used in this work, C35 in Sbal and A152C in yHsp90, are indicated on the
right (green) protomer in yellow and blue, respectively. The domain names are also given next to the structure. (B) Close-up of the NTDs in panel
A with the yellow semitransparent cloud representing the rotameric positions of the NO label anchored to C35 of Sbal obtained after modeling
and the black arrows indicating the Mn(II)—NO distances for one of the NO-labeled Sbal molecules. (C) Background-corrected Mn(1I)-NO
DEER (experimental setup and primary DEER data are in Figures S3B and SS, respectively) in the presence of AMP-PNP and ADP (black and
blue, respectively), with the fit colored gray. (D) Mn(II)—NO distance distributions with confidence intervals and reliability (see Methods in the
Supporting Information). The modeled distance distributions are also shown for one of the protomers in beige (inter-protomer) and green (intra-
protomer); accidentally, the inter- and intra-protomer distance distributions overlap.

36,39,40 Sbal

1A)** and others reporting a 1:2 stoichiometry.
34,36

binding was also reported to slow ATP hydrolysis.

The role of Sbal has been integrated into a larger picture of
the functional conformation cycle of Hsp90, including other
co-chaperones as concluded from FRET and analytical
ultracentrifugation (aUC) experiments.*"** Here, Sbal bind-
ing was found to induce the so-called “closed 2” Hsp90
conformation, upon which the client can be processed.

In this work, we explore the structural characteristics of the
Sbal/yHsp90 complex with AMP-PNP and ADP in solution
focusing on the NTDs, addressing the following questions:
Can we distinguish the closed solution conformation of the
Hsp90/Sbal/nucleotide complex from that of closed AMP-
PNP- or ADP-bound Hsp90? Does the solution conformation
reflect the reported crystal structure? Is Sbal indeed released
upon ATP hydrolysis?

The method we employed is DEER spectroscopy, which
provides the distance distribution between two spin-labels in
frozen solutions.*”** We mimicked the pre- and post-ATP
hydrolysis states with AMP-PNP and ADP or ATP after
hydrolysis, respectively. The labeling strategy for Hsp90 was
crucial because of the difficulties encountered by its large
flexibility covering a large conformational landscape involving
open and closed conformations."*™° We have shown earlier
that the standard and usually effective site-directed spin
labeling approach with nitroxide (NO) spin-labels failed to
resolve the closed and open conformations,®" whereas
substituting the Mg(II) cofactor required for ATP hydrolysis
with paramagnetic Mn(II) allowed us to access inter-protomer
distances by Mn(II)—Mn(II) DEER at high magnetic fields in

12236

the pre- and post-hydrolysis states.’" In this work, we extended
the use of Mn(II) as a spin-label to Mn(II)~NO DEER, where
distance distributions between NO spin-labels either on Sbal
or on yHsp90 and Mn(II) were determined.

We first established that Sbal binds to yHsp90 in both pre-
and post-hydrolysis states. We worked with a yHsp90
monomer concentration of >100 uM, which is high enough
to ensure that all yHsp90 is in dimeric form, considering the
dissociation constant (Kj) of 60 + 12 nM.* In all samples,
Sbal was added in slight excess over the yHsp90 protomer
concentration (the composition of all samples is listed in Table
S1). We started with the obvious choice of labeling Sbal on
the single native cysteine with a nitroxide spin-label [MTSL
(Figures S1 and S2), hereafter termed Sbal/NO], and the
labeling efficiency was found to be 70% using continuous wave
electron paramagnetic resonance (CW-EPR). NO—NO DEER
measurements were carried out in the presence of Mg(Il)-
AMP-PNP and Mg(II)-ADP. While the results do indicate
Sbal binding, the presence of Sbal dimers’* prevented us from
drawing unambiguous conclusions regarding the binding
stoichiometry (see details and discussion in the Supporting
Information and Figure $4). To further confirm the binding of
Sbal, we turned to a different, less conventional labeling
approach and exploited the substitution of the Mg(II) at the
ATPase site with Mn(II) [one ATPase site in each protomer
(see Figure 1A)].>" Overall, we used a substoichiometric
amount of Mn(II)-nucleotide with respect to yHsp90 to
minimize the amount of free Mn(II)-nucleotide in the solution.
We carried out Mn(II)—NO distance measurements on
yHsp90 in the presence of Sbal/NO. The advantages of
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such measurements rely on the observation of the Mn(II)
signal that (i) allows the observation of Sbal binding even if
only one co-chaperone is bound per yHsp90 dimer, (ii)
permits efficient accumulation of data because Mn(II) has a
faster spin—lattice relaxation with respect to NO, (iii) pumping
the nitroxide maximizes the DEER modulation depth because
of its narrower spectrum, and, importantly, (iv) avoids
interference from Sbal dimers because the NO signal does
not contribute to the observed echo as it is saturated owing to
its long spin—lattice relaxation time.

Figure 1B shows a structural model of this labeling scheme
in which one inter-promoter Mn(II)~NO distance and one
intra-promoter Mn(II)—NO distance are expected for each
promoter. The Mn(II)-NO DEER data in the presence of
Mn(II)-AMP-PNP are shown in panels C and D of Figure 1,
along with the predicted distance distributions derived from
the crystal structure (Figure 1A). The maximum of the
experimental Mn(I1)—NO distance distributions matched well
those predicted from modeling, confirming binding of Sbal to
yHsp90 in the pre-hydrolysis state, as expected. The width,
however, was significantly larger, pointing toward residual
flexibility.

We carried out similar measurements with Mn(II)-ADP and
obtained results similar to those with AMP-PNP (Figure
1C,D). To verify that adding only ADP indeed mimics the
post-hydrolysis state, we also performed Mn(II)-NO DEER in
the presence of Mn(II)-ATP allowing hydrolysis to occur (i.e.,
the sample was frozen 0.5 h after the addition of ATP). The
results were similar to those for addition of only ADP (Figure
SS). Additionally, we recorded the *'P Davies electron—
nuclear double resonance (ENDOR) spectrum in the presence
of Sbal and Mn(II)-ATP, with a 3 h reaction time (Figure
S5D), which confirmed that hydrolysis did take place. This
result is in contrast to expectations because earlier biochemical
studies indicated that Sbal does not bind yHsp90 in the
presence of ADP”** or the binding is very weak.”*™** We
account for this discrepancy by noting the higher concen-
trations of both Sbal and yHsp90 used in our work.
Interestingly, earlier biochemical studies found that the
recruitment of Sbal to yHsp90 relies not on the binding of
AMP-PNP per se but on the ability of Hsp90 NTDs to
dimerize.”*® Considering this and our previous findings that
showed that the NTDs are dimerized also in the presence of
ADP,”" our result is not surprising. The Mn(II)—NO distance
distribution matched that found in the pre-hydrolysis state and
also shows a small population at 5—6 nm, which is absent from
the data in the presence of AMP-PNP and is probably resolved
here due to the longer DEER evolution time. We refrain from
assigning and discussing this population further due to its high
degree of uncertainty. While the Mn(II)—~NO DEER on Sbal/
NO-yHsp90/Mn(II) could not distinguish between 1:1 or 2:1
stoichiometry, it did give a clear signature for the Sbal binding
in the pre- and post-hydrolysis ATP states, with the observed
Mn(II)-NO distances in good agreement with the crystal
structure.”® To ascertain that the observed distance is coming
from Mn(II[)—NO heteropairs, we performed control experi-
ments (detailed in the Supporting Information and Figure S6)
that ensured that (i) there is no contribution of Mn(II)—
Mn(II) and NO—NO distances to the DEER data and (ii) the
Mn(II)-NO DEER does not arise from Mn(II) bound to
Sbal.

We also tested whether Sbal binding has an effect on the
CTD dimerization of yHsp90. For this, we produced two

single yHsp90 mutants on the CTD, namely, D560C and
K637C, that we labeled with a Gd(III) label (structure of the
label in Figure S1B), hereafter termed DS60C/Gd(III) and
K637C/Gd(I1I), respectively. Here, we performed Gd(III)—
Gd(III) DEER (setup in Figure S3C) in the presence of excess
Mg(II)-AMP-PNP in the absence and presence of wild type
Sbal. The DEER data (Figure S7) revealed no significant
changes upon addition of Sbal, showing that CTD
dimerization is not affected in the presence of the co-
chaperone, in agreement with the literature.*®

After confirming the binding of Sbal in the pre- and post-
hydrolysis states of ATP, we set out to study potential
conformational changes associated with the NTD dimerization
of yHsp90 upon recruitment of Sbal. We addressed this
question by producing the A152C yHsp90 mutant (see Figure
1A, residue colored blue) and labeling it with 3-maleimido-
PROXYL (structure in Figure S1C), termed A152C/NO. We
used 3-maleimido-PROXYL because in contrast to MTSL the
labeling was quantitative and the labeled construct exhibited
ATPase activity.”' The choice of A152C allowed us to “look”
at a position in the NTD that is in the vicinity of the catalytic
ATPase site and affords distances that can be accessed with
DEER. Figure 2A shows the predicted positions of the label
(one in each protomer) in semitransparent blue clouds, and it
is already obvious that the label occupies a large conforma-
tional space. We first carried out NO—NO DEER in the
presence of excess Mg(II)-AMP-PNP and in the absence or
presence of native Sbal. The setup is indicated with a dashed
arrow in Figure 2A, and the DEER data and corresponding
distance distributions together with the modeled distance are
shown in panels B and C of Figure 2, respectively. In the
absence and presence of Sbal, the NO—NO distance
distribution was found to be very broad (between 2 and 6
nm) and showed no obvious difference upon addition of Sbal.
It is, however, possible that the conformational changes do
exist but are hidden in the intrinsic flexibility of the NTDs
and/or the flexibility of the spin-label.

To gain structural resolution, we again used the Mn(II)
cofactor, which does not introduce spin-label-dependent
broadening, and carried out Mn(II)-NO DEER measure-
ments in the presence and absence of (nonlabeled) Sbal and
in the presence of AMP-PNP and ADP. Figure 2A visualizes
the experimental design, where the purple spheres are the
Mn(II) cofactors and the black solid arrows denote the inter-
and intra-protomer Mn(II)—NO distances for one protomer;
two distances are expected. The Mn(II)—NO DEER data are
shown in panels D and E of Figure 2 along with the modeled
distances based on the crystal structure.”® For both AMP-PNP-
and ADP-bound states in the absence of Sbal, the data reveal
two populations, one centered at ~3 nm and a second at ~§
nm. The reliability of the 5 nm peak was established via repeats
(see Figure S9). A heterogeneous conformation in the
presence of nucleotides is not surprising as it has been found
that the nucleotides can bind to open and closed Hsp90
conformations.'”***> Comparison with the modeled distances
shows that the population at 3 nm reflects the closed yHsp90
conformation, whereas the longer distance corresponds to a
different, more open inter-NTD conformation. Upon addition
of Sbal in the presence of AMP-PNP or ADP, the distance
distribution at ~5 nm vanished and the predominant
conformation was the one at ~3 nm, matching the distances
predicted from modeling. Here, the intramonomer distance is
either too short to be detected with DEER or broad enough to
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Figure 2. W-Band NO-NO and Mn(II)-NO DEER data on
A152C/NO yHsp90. (A) X-ray structure with a focus on the
rotameric positions of the NO label at position A152C shown as blue
semitransparent clouds obtained after modeling. The black arrows
indicate the NO—NO (dashed) and Mn(II)—NO (solid) distances
for one of the Mn(II) sites. (B) Background-corrected NO—NO
DEER (experimental setup and primary DEER data are in the
Supporting Information and Figures S3A and S8, respectively) in the
presence of excess Mg(II)-AMP-PNP and in the absence (dark blue)
or presence (cyan) of excess Sbal with the fit colored gray. (C) NO—
NO distance distributions with confidence intervals and reliability.
The modeled distance distribution is colored gray. (D) Background-
corrected Mn(1I)-NO DEER data (experimental setup and primary
DEER data are in the Supporting Information and Figures S3B and
S9, respectively). (E) Mn(II)-NO distance distributions with
confidence intervals and reliability. The modeled distance distribu-
tions are colored beige (intra-protomer) and green (inter-protomer)
for one protomer. The yellow shaded area denotes the range of the
open conformation.

overlap with the intermonomer distance. Our data show that in
the absence of Sbal, yHsp90 adopts two distinct conforma-
tions with different inter-NTD distances, which we simplisti-
cally term closed (at 3 nm) and open (at S nm), in line with
earlier reports.'**%***>** Upon recruitment of Sbal, the
Hsp90 conformational equilibrium was shifted to the closed
conformation for both nucleotide-bound states. These data
further support that Sbal does also bind in the post-hydrolysis
state, in agreement with the Mn(II)—NO data shown in panels
C and D of Figure 1. In the most recent descriptions of the
conformational cycle of yHsp90s,””*"** Sbal is released from
yHsp90 upon ATP hydrolysis and an open apo-yHsp90 is
regenerated. This is based on experiments performed at the
low-micromolar or nanomolar concentration regime, where

Sbal does not bind yHsp90 in the presence of ADP. Indeed,
assuming a Ky of 10 M as found for the human homologue™®
could explain why DEER “sees” the Sbal/yHsp90/ADP
complex while FRET or aUC do not. The concentrations
used in our study would not allow us to differentiate between a
medium nanomolar affinity (known for Sbal/Hsp90-AMP-
PNP**) and a low micromolar affinity.

We previously found that in the presence of ATP/AMP-
PNP and ADP yHsp90 adopts two structurally different closed
conformations, “closed” and “compact”, respectively.”' The
question that arises now is whether the closed conformation
induced by the binding of Sbal is the same as one of those
found in its absence (either closed or compact). To address
the question, we employed Mn(Il)—Mn(II) DEER between
the two metal cofactors in the presence of Mn(II)-nucleotide
and Sbal. This approach eliminates completely the contribu-
tion of the spin-label to the distance distribution, thus
increasing the distance resolution. In Figure 3A, we present a
close-up of the ATPase sites (one in each NTD) with the
nucleotides shown as sticks and the Mn(Il) ions as purple
spheres, in the position of the Mg(II), together with the
metal—metal distance indicated with a black arrow. The
background-corrected Mn(II)—Mn(II) DEER data and
distance distributions are shown in panels B and C of Figure
3 for AMP-PNP and ADP, respectively. A comparison with the
Mn(II)-Mn(II) DEER data in the absence of Sbal is also
given. It becomes evident that binding of Sbal in the pre- and
post-hydrolysis states induces an NTD conformation of
yHsp90 with a Mn(II)—Mn(II) distance centered at 3 nm,
shorter than those observed in the absence of Sbal.’’ No
significant differences in the distance distribution were
observed between the pre- and post-hydrolysis states in the
presence of Sbal within the available signal-to-noise ratio
(SNR) and uncertainties in the zero time of the DEER traces.

The Mn(II)—Mn(II) distance found here corroborates the
Mn(II)-NO DEER data presented in panels D and E of
Figure 2 reporting the closure of the NTDs and the presence of
a single population. We term this conformation as “packed”, to
differentiate it from the closed and compact conformations
found previously for the pre- and post-hydrolysis states.”" This
measurement allowed us to observe a conformational shift in
yHsp90 from an initial NTD dimerization state (closed or
compact) to the final state (packed) upon Sbal binding
summarized in Figure 4. The Mn(II)—Mn(II) distance
obtained for the packed conformation is in agreement with
the X-ray structure and can be tentatively assigned to the
closed 2 conformation identified in solution by Buchner and
co-workers in competition experiments with different co-
chaperones.*""*>** Although the Mn(II)—~Mn(II) DEER-
derived distance distributions do not suffer from label-
dependent broadening, their widths were still rather large,
~1.5 nm at half-height, indicating that the Sbal-bound Hsp90
retains significant flexibility in terms of the interdomain
distance in the NTD region.

In conclusion, by a combination of W-band Mn(II)-NO
and Mn(II)-Mn(II) DEER distance measurements, we
observed (i) the binding of Sbal to yHsp90 in not only the
pre-hydrolysis state but also the post-hydrolytic ATP state and
(ii) the Sbal-bound yHsp90 in both states adopts a closed
conformation, termed packed, which is different from those in
the presence of mere nucleotides, allowing a closer approach of
the two NTDs. Overall, our results provide structural
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the closed conformation of Hsp90.
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