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The molecular chaperone Hsp90 is a protein folding machine that
is conserved from bacteria to man. Human, cytosolic Hsp90 is dedi-
cated to folding of chiefly signal transduction components. The
chaperoning mechanism of Hsp90 is controlled by ATP and various
cochaperones, but is poorly understood and controversial. Here,
we characterized the Apo and ATP states of the 170-kDa human
Hsp90 full-length protein by NMR spectroscopy in solution, and
we elucidated the mechanism of the inhibition of its ATPase by
its cochaperone p23. We assigned isoleucine side chains of Hsp90
via specific isotope labeling of their δ-methyl groups, which al-
lowed the NMR analysis of the full-length protein. We found that
ATP caused exclusively local changes in Hsp90’s N-terminal nucleo-
tide-binding domain. Native mass spectrometry showed that
Hsp90 and p23 form a 2∶2 complex via a positively cooperative me-
chanism. Despite this stoichiometry, NMR data indicated that the
complex was not fully symmetric. The p23-dependent NMR shifts
mapped to both the lid and the adenine end of Hsp90’s ATP binding
pocket, but also to large parts of the middle domain. Shifts distant
from the p23 binding site reflect p23-induced conformational
changes in Hsp90. Together, we conclude that it is Hsp90’s nucleo-
tide-binding domain that triggers the formation of the Hsp902p232
complex. We anticipate that our NMR approach has significant
impact on future studies of full-length Hsp90 with cofactors and
substrates, but also for the development of Hsp90 inhibiting antic-
ancer drugs.

methyl-transverse-relaxation optimized spectroscopy ∣ protein–protein
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Hsp90 chaperones are dimeric protein machines that assist
the folding and maturation of signal transduction com-

pounds by shuttling between open and closed conformations in a
nucleotide-dependent manner (1–9). The overall structure of the
Hsp90 machine is conserved, but the conformational variation is
remarkable between Hsp90 homologues in different cellular
compartments and species. Even more striking is the observation
that the same nucleotide state differs in its ratio of open to closed
conformation between homologues (10).

Eukaryotic cytosolic Hsp90s are regulated by a large variety
of cofactors, which may influence Hsp90’s shuttling between
open and closed states (1). The ATP state of Hsp90 is stabilized
by the cochaperone p23 (11). The stoichiometry of the Hsp90-p23
complex is controversial and might differ between, e.g., human
and yeast Hsp90 (12, 13). Although the crystal structure of the
yeast homologues of Hsp90 and p23 (Sba1p23) revealed a 2∶2
complex (11), isothermal titration calorimetry (ITC) and CD
measurements resulted in conflicting interpretations whether
one or two Sba1p23 molecules may bind to an Hsp90 dimer
(12, 14).

NMR spectroscopy is a powerful method to reveal high reso-
lution structural information on proteins in solution and allowed
structural insights into the allosteric mechanisms of, e.g., Hsp70
chaperones (15, 16). NMR studies of isolated domains of Hsp90

elucidated interactions with nucleotides, drugs and cochaperones
(17–21). Conventional NMR methods, however, are restricted to
proteins of up to 50 kDa. Complexes of full-length Hsp90 with
cofactors are around 200 kDa, and only studies with the entire
protein would allow for dynamic insights that take Hsp90’s exten-
sive dimeric domain–domain interactions into account. Some of
us have previously analyzed Hsp90 binding to a substrate using
advanced NMR techniques, but at that time assignment of Hsp90
resonances was impossible (22). The Kay laboratory recently pio-
neered NMR spectroscopy for large proteins by specific labeling
of methyl groups of aliphatic amino acids, including isoleucine
(Ile), to overcome some of those limitations (23, 24). For large
proteins, proton–carbon spectra of those methyl groups result
in significantly higher intensity and resolution compared to pro-
ton–nitrogen spectra.

Here, we have elucidated the nature of the human Hsp90-p23
complex in solution by using NMR spectroscopy and native mass
spectrometry. We revealed mechanistic insights in the allosteric
regulation of Hsp90 by p23 using a four-step strategy: (i) over-
coming the NMR size limit for large protein complexes by using
an Ile labeling strategy, (ii) NMR assignment of isoleucine reso-
nances in the smaller, isolated domains of Hsp90 domains and
transferring these assignments onto the spectrum of full-length
Hsp90, (iii) mapping the chemical shift perturbation of full-length
Hsp90 induced by ATP binding, and (iv) monitoring of p23
binding to a full-length Hsp90-ATP complex by NMR spectro-
scopy and native mass spectrometry.

Assignment Strategy for NMR of Hsp90
We noted that Iles are well spread over the entire Hsp90 molecule
and are represented in every crucial region (Fig. 1A). For that
reason we specifically 13C- and 1H-labeled the δ-methyl group
of all Ile side chains in an otherwise deuterated protein to obtain
high-resolution signals throughout the protein. We acquired
methyl-transverse-relaxation optimized spectroscopy (TROSY)
proton–carbon spectra of methyl Ile labeled Hsp90. We detected
45 out of 48 possible peaks (Fig. 1B). Hsp90 is rather a challenging
protein for NMR studies not only due to its size but also due to
the presence of several disordered regions. The simultaneous
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presence of dynamic regions and rigid segments resulted in signals
of diverse intensity and linewidth (Fig. 1B).

The assignment of the peaks of the full-length protein is essen-
tial for monitoring conformational changes and the mapping of
binding sites of cofactors. At present, an NMR assignment of the
full-length Hsp90 protein is still impossible. To circumvent the
problems associated with the size of Hsp90, we compared the
Ile methyl-TROSY spectra of the isolated N-terminal, middle,
and C-terminal domains (Hsp90-N, Hsp90-M, and Hsp90-C)
to spectra of the full-length protein. Most of the peaks in the
spectra of full-length Hsp90 could be assigned to one of the three
individual domains (Fig. 1C, Fig. S1, and Table S1).

We conclude that, in solution, full-length Hsp90 behaves simi-
lar to the sum of its individual domains. We assigned all Ile side

chains of Hsp90-N and most of Hsp90-M. Once we assigned the
Ile spectra of those domains, we could readily transfer them to
the NMR spectra of full-length Hsp90. The signals that can be
clearly annotated provide markers that allowed probing potential
conformational movements under catalytic turnover conditions in
Hsp90’s key regions.

ATP-Dependent Changes Are Restricted to the N-Terminal
Domain
We acquired NMR spectra of full-length Hsp90 with and without
ATP (Figs. 1B and 2A). We generated ATP-bound Hsp90 either
by using the “nonhydrolysable” analogues AMP-PNP and ATPγS
or by using an ATP-regenerating system. Because we found some
Hsp90-independent decay of AMP-PNP under our experimental
conditions by 31P-NMR, we preferred the ATP-regenerating
system to create Hsp90-ATP complexes, which were stable for
more than 4 h. ATP hydrolysis (7 × 10−5 s−1) is significantly
slower than dissociation of ADP (3 s−1), whereas binding of ATP
is fast (1 × 105 M−1 s−1) (25). In the presence of the ATP-regen-
erating system, Hsp90 is therefore fully loaded with ATP. We
did not observe significant differences in the NMR spectra of
ATP and AMP-PNP loaded Hsp90; thus, we conclude that both
represent the ATP state of Hsp90.

ATP-dependent peak shifts mapped to a subset of Iles in
Hsp90-N consisting mainly of residues that either belonged to the
ATP binding pocket and/or its lid (Ile53, Ile75, Ile90, and Ile122)
or to the helical region required for N-terminal dimerization
(Ile20, Ile27, and Ile28; Fig. 2 B and C and Figs. S2A and S3A).
We observed similar shifts in the isolated Hsp90 upon binding
of AMP-PNP (Fig. S4). Our data indicate that monitoring of
chemical shifts of Ile side chains allows mapping of specific
ligand binding to full-length Hsp90.

We noted that the methyl resonance corresponding to Ile90
was split into two signals, in addition to the chemical shift change
upon ATP binding. This effect was restricted to the spectra of
Hsp90 full length; we did not observe this for Hsp90-N (Fig. S4).
In the homology model of human Hsp90, the δ-carbon atom of
Ile90 at the distal end of the ATP binding pocket is 7 Å away from
the adenine ring of the ATP, in the direction of the ring plane
(Fig. S5A). Interestingly, despite this significant distance there
are no residues that would occupy the space between Ile90 and
ATP, in neither the homology model nor the crystal structure of
the yeast homologues nor crystal structures of human Hsp90-N
(11, 26). In a crystal structure of human Hsp90-N this Ile is
rotated by 90° away from the center of the nucleotide-binding
pocket when unoccupied, increasing the distance from the nu-
cleotide by further 2 Å (26). Splitted resonance peaks of Ile90
may reflect the potential structural plasticity on this side of
the pocket after binding of ATP.

We could not allocate significant chemical shifts to Iles of the
middle and C-terminal domains of full-length Hsp90. We con-
cluded that ATP did not induce global conformational changes
within those domains. This indicates that ATP-induced dimeriza-
tion of the N-terminal domains is determined by changes in
Hsp90-N and does not lead to structural changes in Hsp90-M
and Hsp90-C.

The Cochaperone p23 Changes the Environment of Hsp90-
Bound ATP
The NMR approach provided us with an allosteric fingerprint of
different, essential conformational steps of the Hsp90 ATPase
cycle. We applied this now for monitoring binding of the cocha-
perone p23 to Hsp90. Native mass spectrometry indicated that
ATP is required for efficient interaction of these two proteins.
We observed that free Hsp90 was the main species at 2∶3Hsp90∶
p23 (monomer concentration) in the absence of ATP and Mg2þ
and only minor signals were found that corresponded to 2∶1
Hsp90-p23 complexes (Fig. 4C). Initial NMR experiments also
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Fig. 1. Isoleucines are ubiquitous markers for NMR analysis of Hsp90.
(A) Homology model of human Hsp90 with Ile side chains depicted in red
(Hsp90-N), green (Hsp90-M), and blue (Hsp90-C) in one monomer. Hsp90
monomers are shown in two shades of gray. (B) Rainbow representation of
1H-13C-Ile methyl-TROSY cross-peaks of full-length Hsp90, colored from blue
to red according to relative intensities. The centers of 34 peaks are indicated
by black dots. (C) Hsp90’s Ile side chains can be assigned via spectra of the
individual domains. Overlay of full-length Hsp90 methyl-TROSY spectrum
of Iles with spectra of the individual domains (full-length Hsp90, black;
Hsp90-N, red; Hsp90-M, green; Hsp90-C, blue).
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indicated that the formation of stable Hsp90-p23 complexes
required ATP. We did, therefore, the NMR analysis in the pre-
sence of ATP and the ATP-regenerating system. We observed
p23-dependent shifts for a subset of peaks in both Hsp90-N and

Hsp90-M (Fig. 3 A and B and Figs. S2B and S3B). In addition, we
detected that some resonance signals were split into two peak
components.

Most shifts in the N-terminal domain mapped to the lid over
the ATP binding pocket and the layer beneath (including Ile20,
Ile27, Ile28, and Ile122; Fig. 3C). Strikingly, p23-dependent
perturbations reached out beyond the contact surfaces of the
two p23 molecules identified in the crystal structure of the yeast
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Fig. 2. ATP induces conformational changes in the Hsp90 N-terminal
domain. (A) Rainbow representation of 1H-13C-Ile methyl-TROSY cross-peaks
of full-length Hsp90 with ATP. The centers of 34 peaks are indicated by black
dots. (B) Overlay of Hsp90 Ile methyl-TROSY spectra in absence (black) and
presence of ATP (blue) shown as a peak position plot. The isoleucines showing
significant shift are indicated and encircled [combined chemical shift
difference Δν ¼ ðð0.25ΔνCÞ2 þ ΔνH

2Þ1∕2, Ile residues with Δν > 0.015 ppm are
encircled]. (C) Ile side chains shifting upon ATP binding, plotted on onemono-
mer of the homology model of the Hsp90 structure. Depicted are Ile side
chains shifting upon ATP binding (Iles with 0.015 > Δν > 0.02 are shown as
orange spheres, Ile with Δν > 0.02 as red spheres), Ile methyl groups that
do not shift (blue spheres), and Ile methyl groups that either could not be
assigned or for which results were inconclusive (gray spheres). The lid of
the ATP pocket is shown in green and ATP in natural colors.
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Fig. 3. The p23 binding site in Hsp90. (A) Rainbow representation of 1H-13C-
Ile methyl-TROSY cross-peaks of full-length Hsp90 with ATP and p23 (120 μM
Hsp90, 144 μM p23). The centers of 35 peaks are indicated by black dots.
(B) Overlay of Hsp90 + ATP Ile methyl-TROSY spectra in absence (blue)
and presence of p23 (red) shown as a peak position plot. The isoleucines
showing significant shift are indicated and encircled (criteria as in Fig. 2B).
(C) Ile side chains shifting upon p23 binding, plotted on one monomer of
themodel of the human Hsp90 structure. The color code is identical to Fig. 2C.
p23 is shown semitransparent in orange.
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Hsp902-Sba1p232 complex (11). We observed changes around
Ile90 on the side of the ATP pocket that is distal from the lid
segment. We conclude that p23 modulated the environment of
the ATP binding pocket also at this end.

Surprisingly, we also detected shifts in residues spreading over
large parts of Hsp90-M. The shifts included Ile399, correspond-
ing to a known p23-binding surface in Hsp90-M (11). Most shifts
in Hsp90-M, however, were distant from the expected p23-bind-
ing site (Ile369, Ile440, and Ile482). Those shifts indicate that in
contrast to the ATP state, p23 induced long-range conformational
changes in Hsp90-M.

It is controversial whether Hsp90 binds p23 at a 2∶2 or 2∶1
ratio (11–14). We found splitting for some peaks that could
indicate asymmetry in the complex (Fig. 3B). To monitor the stoi-
chiometry of the complex, we performed native mass spectrome-
try (27–29) of Hsp90 and p23 at various concentrations using
comparable buffer conditions as in our NMR analysis (Fig. 4).
At a 2∶3 ratio of Hsp90 to p23 (monomer concentration) we
observed next to some free Hsp902 primarily Hsp902p232,
whereas only very little Hsp902p231 (Fig. 4A). These data point
to a cooperative interaction of Hsp90 and p23 in the ratio used in
the NMR experiments. The higher protein concentrations under
NMR conditions would shift the equilibrium further to the 2∶2
complex; thus Hsp902p232 was the dominant species in our NMR
experiments (Fig. 3 A and B). Inside the cell, Hsp90 appears in
excess over p23 (30). We also performed native mass spectrome-
try at 10-fold excess of Hsp90 to reflect the physiological ratio
(Fig. 4B). We found that under those conditions both Hsp902p231
and Hsp902p232 are present in solution.

A particularly interesting conclusion can be drawn from com-
paring chemical shifts caused by ATP binding to Hsp90 with those

of p23 binding to Hsp90-ATP. ATP binding does not cause any
changes in Hsp90-M. In the presence of ATP, binding of p23
results in chemical shifts all over Hsp90-M, but this apparently
extensive interaction was not sufficient to trigger p23 binding
on its own in the absence of ATP. In the absence of ATP, p23
did not bind to Hsp90 (Fig. 4C), so it did not use the large inter-
action surface in Hsp90-M to form a stable complex. Interactions
between the isolated middle domain and p23 have been observed
in the absence of ATP, though (19). This leaves room for the
interpretation that the N-terminal domain of Hsp90 may regulate
binding of Hsp90 to p23 both positively and negatively. From
all of the above we conclude that the N-terminal domain is the
trigger factor for forming the Hsp90-p23 complex.

Discussion
Our study adapted methyl-TROSY-based NMR spectroscopy to
a large and rather complex molecule. Hsp90 is challenging for
NMR for several reasons: (i) the large number of amino acids,
(ii) the high molecular weight of 170 kDa for the Hsp90 dimer,
(iii) the presence of significant dynamic segments besides rigid
parts, (iv) potential symmetry breaks of the dimer, and (v) Hsp90
is too fragile to apply typically preferred NMR conditions such
as very high protein concentration, low salt, and high tempera-
ture. Our data show that the technology pioneered by Kay and
co-workers can be applied to such a complex molecule under
almost physiological conditions (23, 31). The cellular Hsp90 con-
centration is between 10 and 150 μM, depending on the cell type,
whereas we used 100 to 150 μMHsp90 for the NMR experiments
in this study (32). This opens the possibility to get insights into the
active cycle of Hsp90 and its interactions with cofactors and offers
a perspective to identify the substrate binding site. It also opens
possibilities to analyze anticancer drugs that target Hsp90.

The Ile side chains are not evenly spread over Hsp90, most of
them are in Hsp90-N (20 Iles, 12 of which could be unambigu-
ously assigned in full-length Hsp90; Table S1). This makes the
NMR analysis particularly sensitive for monitoring effects of
nucleotides and inhibitors that bind to the N-terminal ATP bind-
ing pocket. Nevertheless, we could draw conclusions about ATP
and p23 binding to Hsp90 without statistical bias due to varying
content of Iles in the domains: We observed that none of the
signals corresponding to residues of Hsp90-M or Hsp90-C shifted
upon ATP binding, whereas four out of five Iles of Hsp90-M
shifted unambiguously in the presence of both ATP and p23
(Fig. 2C and Fig. 3C).

We found that ATP binding does not induce conformational
changes outside of the N-terminal domain (Fig. 2). The majority
of the Hsp90 population would be open in our experiments,
according to EM findings by the Agard group (10). This points
to a simple regulatory mechanism of N-terminal dimerization,
in which the positioning of the first helix of the N-terminal
domain is crucial.

An increased ratio of open to closed conformation for human
Hsp90 compared to other homologues requires more sophisti-
cated regulation by cofactors. Our data indicate that p23 glues
both halves of the human Hsp90 dimer together and interacts
with the lid of the ATP binding pocket (Fig. 3), in pleasing con-
gruence with previous crystallographic findings for the yeast
homologues (11). This indicates that this step of the ATPase cycle
is conserved between yeast and human Hsp90. We also find that
p23 interacts with a large part of Hsp90-M (Fig. 3C), which agrees
with the findings of a previous study analyzing the p23 interaction
with Hsp90 fragments of various length (33).

The p23 protein is supposed to block the ATPase cycle by
inhibiting the hydrolysis step. The mechanism of this step is
enigmatic. This function is even surprising given that, in the case
of the yeast homologue, Sba1p23 was shown to position Hsp90 in
the hydrolysis-competent conformation in the crystal structure
(11). Together with our finding that p23 binding affects the lid

40003000 700060005000
m/z

8000

Hsp90:p23 = 10:1
ATPγS, Mg2+

A Hsp90:p23 = 2:3
ATPγS, Mg2+

B

C Hsp90:p23 = 2:3
no ATPγS, no Mg2+

Fig. 4. Formation of Hsp902p232 is positively cooperative. Native mass
spectra of Hsp90-p23 complexes, identified complexes are indicated by colors
(p23, orange, Hsp90 monomer, purple; Hsp90–Hsp90-C, light blue; Hsp902,
purple; Hsp902-p23, green; Hsp902-p232, red). (A) 2 μM Hsp90 and 3 μM
p23, 1 mM MgOAc and 0.5 mM ATPγS. (B) 5 μM Hsp90 and 0.5 μM p23,
1 mM MgOAc and 0.5 mM ATPγS. (C) 2 μM Hsp90 and 3 μM p23, no ATP/
Mg. We observed the following masses in absence of ATP and p23: Hsp90-C
19;340� 20 Da, p23 21;390� 20 Da, Hsp901 85;200� 300 Da, Hsp90-Hsp90-C
104;600� 200 Da, Hsp902 170;500� 200 Da, Hsp902-p23 192;000� 1;000 Da.
In the presence of ATPγS, Mg2þ and p23 we observed the following:
p23 21;490� 40 Da, Hsp901 90;000� 3;000 Da, Hsp90-Hsp90-C 111;100�
400 Da, Hsp902 174;000� 5;000 Da, Hsp902-p23 193;500� 200 Da, Hsp902-
p232 217;000� 3;000 Da.
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and the distal part of the nucleotide-binding pocket at Ile90
(Fig. 3C), we consider that p23 may change the environment of
the nucleotide. Those changes might be mediated either through
the protein and/or via the nucleotide and may allow for a p23-
mediated mechanism to slow down the ATPase cycle. We noted
that the position of inhibitors and nucleotides is identical in sev-
eral crystal structures of Hsp90-N fragments. Hsp90 is a member
of the GHKL ATPase family, which all share the same architec-
ture of the ATP binding pocket. Interestingly, the ATP molecule
in the GHKL protein MutL is pushed by 1.7 Å to its distal end,
compared to the Hsp90 structures (Fig. S5B), whereas the homo-
logous turn that would correspond to Ile90 is pushed back by
2.2 Å (34). We also see in solution upon p23 binding extensive
changes in the middle domain, more extensive than expected
before, which might have a bearing on the positioning of the
catalytic Arg391 (Fig. 3C). Together, those results indicate that
p23’s interaction with Hsp90 is a rather intimate affair.

Our data are in agreement with earlier findings that the human
Hsp90 dimer preferentially binds two p23 molecules (13, 35). ITC
studies for the yeast homologues found either only one Sba1p23
bound to Hsp90 or an anticooperative effect (12, 14). Our native
mass spectrometry-based analysis suggests a cooperative effect
for the human homologue (Fig. 4). The cellular concentration
of Hsp90 is one order of magnitude above that of p23, which
would otherwise favor Hsp902p231 complexes (30). Positive
cooperativity will be vital to ensure binding of two p23 to human
Hsp90 under physiological conditions.

Based on data presented here and results of others, we sum-
marize the Hsp90-p23 association in five steps and conclude that
the key trigger for this interaction is in the N-terminal domain
(Fig. 5): (i) ATP binds to both N-terminal domains of the Hsp90
dimer, (ii) Hsp90’s N-terminal domains transiently dimerize into
the closed conformation in equilibrium with the open state,
(iii) binding of p23 to both N-terminal domains of the Hsp90
dimer links both halves of the molecule, (iv) contacts with the

middle domain stabilize the interaction with p23; those contacts
support p23’s interaction but are not sufficient to induce binding
to Hsp90 in the absence of ATP, and (v) binding of the second
p23 to the other side of Hsp90; this cooperative interaction is
supported by the association of the N-terminal domains in the
Hsp90 dimer, which was already induced by binding of the first
p23 molecule.

Most of the key cofactors of Hsp90 were shown to be part of
asymmetric Hsp90 complexes, including Cdc37p50, Aha1, CHIP,
and Sgt1 (17, 36–39). Formation of 2∶1 complexes with an other-
wise symmetric dimer is rare, and we speculate that this might
be related to the order in which the two halves of the Hsp90
dimer hydrolyze ATP. In that light it is surprising that p23 would
bind in 2∶2 stoichiometry to Hsp90. It has not escaped our
notice, though, that the splitting of a subset of peaks in our NMR
spectra of Hsp90-p23 complexes might reflect asymmetry in an
Hsp90-p23 complex with symmetric stoichiometry.

In this study, we characterized structural properties of
full-length Hsp90 by NMR spectroscopy using methyl-specific
labeling techniques. It allowed us to analyze the Apo, ATP, and
ATP-p23 bound states in solution under identical buffer condi-
tions. Such techniques had been successfully applied to monitor
conformational changes in the proteasome and the interaction of
the SecA translocase with a signal peptide (24, 40, 41). Our study
demonstrates that this technology can be applied to monitor con-
formational changes in large heterogeneous proteins that contain
both flexible and rigid parts. We expect that this study will be
the basis for analyzing Hsp90’s interaction with cochaperones,
protein substrates and drugs in solution.

Methods
Expression and Purification. All proteins were produced with N-terminal his
tag. Cells expressing human Hsp90β and its domains (Hsp90 full length,
residues P1-D723; Hsp90-N, P1-E233; Hsp90-M, S260-K551; Hsp90-C, E546-
D723) were grown in either 99% D2O or H2O minimal medium containing
15NH4Cl as the sole nitrogen source and 1H∕12C, 2H∕12C, or 2H∕13C glucose
as the carbon source. To achieve methyl labeling, the media were supplemen-
ted with 100 mg∕L 2-keto-3,3-d2-4-13C-butyrate (for Ile-½δ1-13CH3�) 1 h prior
to protein induction, modified from ref. 42. All proteins were purified on
Poros 20MC metal chelate media followed by Poros 20HQ anion exchange
media. Human p23 was expressed in D2O-M9media and purified as described
for Hsp90.

NMR Spectroscopy. 1H-13C-methyl-TROSY spectra (42) were recorded at 25 °C
on a Bruker AvanceII 900-MHz spectrometer equipped with a TCI cryoprobe.
Reported chemical shifts are referenced against 2,2-dimethyl-2-silapentane-
5-sulfonic acid. For the backbone resonance assignment of the apo Hsp90-N
and Hsp90-M TROSY variants of the triple-resonance experiments HNCO, HN
(CA)CO, HNCA, HNCACB, and HNCOCACB (31, 32) assignment were recorded
using ½U-13C;15N;2H� labeled samples in protonated water buffer. Assign-
ments were supplemented with 15N-1H 2D TROSY, 13C-resolved 3D CC TOCSY,
and 15N-resolved 3D NOESY experiments. For the AMP-PNP (2 mM, Sigma)
bound form of the Hsp90-N another series of triple-resonance spectra was
required, because AMP-PNP binds Hsp90 in the slow exchange regime on
the NMR time scale leading to an additional set of signals. HCcH and hCCH
3D TOCSY spectra were recorded on additional samples of ½U-13C;15N� labeled
Hsp90-N and Hsp90-M to correlate side chain proton and carbon resonances
of Iles to the available backbone assignments of Cα and Cβ from the deut-
erated protein samples. Cα and Cβ backbone chemical shifts were corrected
for the deuterium isotope effect to match the carbon chemical shifts derived
from the HCCH TOCSY’s.

All spectra were processed with TopSpin (Bruker). Spectral analysis and
peak picking was performed with Sparky (T. D. Goddard and D. G. Keller,
SPARKY 3, University of California, San Francisco). Peak position plots were
drawn using the chemical shift values (13C and 1H) for each Ile residue. The
sequential backbone assignment was carried out using the triple-resonance
NMR spectra in combination with PACES (43). The cross-peaks of the methyl-
TROSY spectra were 2D-line shape fitted using mixed Lorentzian/Gaussian
deconvolution parameters (TopSpin). Rainbow representations were done
by overlaying 14 spectra with linearly increasing the lowest contour level.
Each increment was determined by subtracting the lowest contour level from
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ATPATP

ATPATP
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Fig. 5. The N-terminal domain of Hsp90 triggers p23 binding. Both Apo and
ATP-bound human Hsp90 (Hsp90-N, red; Hsp90-M, green; Hsp90-C, blue) are
predominantly open under equilibrium conditions (10). p23 (orange) cannot
bind to Apo Hsp90, indicating that the interactions with Hsp90-M are not
sufficient for binding. p23 can bind to Hsp90 after dimerization of the
N-terminal domains are achieved, allowing for strengthening of the interac-
tion by contacts with Hsp90-M. Afterward, a second p23 molecule binds,
resulting in a Hsp902p232 complex (boxed). The steps of the Hsp90-p23
association are indicated by numbers 1–5, as described in the text.
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the intensity of the peak corresponding to Ile174, considered as the refer-
ence peak.

NMR samples of Hsp90 contained between 100 and 250 μMHsp90 in 100%
D2O, 25 mM sodium phosphate, pH 7.2, 300 mM NaCl, 1 mM TCEP. Spectra
of Hsp90-p23 complexes were acquired with 100–120 μM Hsp90 and were
titrated with 0.5 to 2 M equivalents of p23 (monomer concentrations) using
an ATP-regenerating system consisting of 50 units of creatine phosphokinase,
20 mM creatine phosphate, 2.5 mM ATP, and 5 mM MgSO4.

Homology Modeling. The structure of human Hsp90β is a homology model
calculated with SWISS-MODEL using as template the structure of yeast
Hsp90 PDB ID code 2CG9 (44). The molecular structures were generated using
Pymol (PyMOL Molecular Graphics System, Schrödinger, LLC).

Native Mass Spectrometry. Electrospray ionization (ESI) mass spectrometry
measurements were performed on a modified QTOF 2 (Waters/MS Visions)
(45) operated in positive ion mode. To achieve optimal resolution the
backing pressure was increased to 10 mbar. The capillary and cone voltages
were 1,300 V and 150 V, respectively. Pressure in the collision cell was
1.5 10−2 mbar with xenon as collision gas (46) where the acceleration voltage
was 50 V. Capillaries for ESI were prepared in house from borosilicate glass
tubes of 1.2 mm OD and 0.68 mm ID with filament (World Precision Instru-
ments) using a P-97 micropipette puller (Sutter Instruments) and gold-coated
using an Edwards Scancoat (Edwards Laboratories) six Pirani 501 sputter
coater. Capillary tips were opened on the sample cone of the instrument.

Buffer exchange to 50–300 mM NH4OAc, pH 7.2, and 1 mM DTT for Hsp90
and p23 was carried out using centrifugal filter units at 15;000 × g, 4 °C
(5-kDa cutoff, Vivaspin 500, Sartorius AG). Hsp90 (2 to 5 μM) was mixed with
p23 (0.5 to 5 μM) in presence and absence of 1 mMMgOAc and 0.5 mMATPγS
followed by 1-h incubation at 30 °C prior to mass spectrometric analysis.

Mass spectra were calibrated where necessary with cesium iodide and
analyzed using Masslynx and ESIprot (47). The assigned complex stoichiome-
tries were verified in tandemmass spectrometry experiments. The increase of
detected relative to calculated m∕z results from involatile buffer compounds
sticking to the complex, especially ATPyS and Mg (see also Fig. 4 B and C).
In addition to the expected peaks, we identified a peak that referred to a
dimeric peak of Hsp90 with Hsp90-C, which was present in minor amounts
in all analyzed Hsp90 samples, also in absence of p23. Hsp90 is known to
be sensitive to proteolytic processing at the hinges between domains.
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