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Molecular insights into the interaction of Hsp90
with allosteric inhibitors targeting the C-terminal
domain†

Vasantha Kumar MV,a Radwan Ebna Noor,a Rachel E. Davis, b Zheng Zhang,b

Edvinas Sipavicius,a Dimitra Keramisanou,a Brian S. J. Blaggb and Ioannis Gelis *a

Unique to targeting the C-terminal domain of Hsp90 (C-Hsp90) is the ability to uncouple the cytotoxic

and cytoprotective outcomes of Hsp90 modulation. After the identification of novobiocin as a C-Hsp90

interacting ligand a diverse gamut of novologues emerged, from which KU-32 and KU-596 exhibited

strong neuroprotective activity. However, further development of these ligands is hampered by the diffi-

culty to obtain structural information on their complexes with Hsp90. Using saturation transfer difference

(STD) NMR spectroscopy, we found that the primary binding epitopes of KU-32 and KU596 map at the ring

systems of the ligands and specifically the coumarin and biphenyl structures, respectively. Based on both

relative and absolute STD effects, we identified KU-596 sites that can be explored to design novel third-

generation novologues. In addition, chemical shift perturbations obtained by methyl-TROSY reveal that

novologues bind at the cryptic, C-Hsp90 ATP-binding pocket and produce global, long-range structural

rearrangements to dimeric Hsp90.

Introduction

Chaperones are ubiquitous molecular machineries assigned
the daunting task of maintaining a balanced protein homeo-
stasis (proteostasis) by continuously sampling and assessing
the conformational state of polypeptides.1 They do so through
a plethora of cellular processes from de novo, cotranslational
and posttranslational folding of nascent polypeptides, to con-
formational maturation during later stages of protein folding,
polypeptide disaggregation and protein degradation. Many
diseases, including neurodegenerative diseases and several
types of cancer are all characterised to some extent by
misregulated proteostasis.2,3 Therefore, modulation of chaper-
ones by small molecules has become a very attractive strategy
for therapeutic intervention, particularly in cancer and neuro-
degenerative diseases. The heat shock protein family (Hsp),
which includes Hsp100, Hsp90, Hsp70, chaperonins and
small heat-shock proteins, together with their cognate
cochaperones, comprise the major class of protein chaperone
systems.

Among them, the ATP-dependent Hsp90 machinery is a
key regulator of pathologies. In cancer, the role of Hsp90 is
unique. First, its substrates (clients) are implicated in all hall-
marks that lead to a neoplastic state, and although signalling
proteins dominate its clientele (e.g. protein kinases and tran-
scription factors) other proteins such as the telomerase,
MMPs and survivin that assist in maintaining cell transforma-
tion are also regulated by Hsp90. Second, in contrast to nor-
mal tissues, where it predominantly exists in a free state, in
tumors it is found as part of a multi-chaperone complex
where it exhibits significantly enhanced affinity towards small
molecules that modulate its essential ATPase activity.4,5

Therefore, Hsp90 inhibition presents a new model in cancer
chemotherapy, where a combinatorial effect as opposed to in-
dividual target inhibition is achieved in a tumor-selective
manner, leading to proteasomal degradation of clients and cy-
totoxicity.6,7 However, this is associated with an important
mechanistic disadvantage. The heat shock factor 1 (Hsf1) is it-
self an Hsp90 client, and inhibition with “conventional”
Hsp90 inhibitors leads to its dissociation from the chaperone
and activation of the heat shock response, which is a very ef-
fective pro-survival cellular mechanism.8 Evidently, this be-
comes an advantage when considering suppression of neuro-
degenerative diseases, which are characterized by
accumulation of misfolded proteins and protein aggregates in
the cell.9 Indeed, Hsp chaperones can act as neuroprotective
agents, as it was shown that their overexpression correlates
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with decreased aggregate formation in polyQ diseases,10 in-
creased tau association with microtubules,11 and lower levels
of misfolded or aggregated α-synuclein.12

At a molecular level, Hsp90 is a homodimer comprised of
three domains. The N-terminal domain (N-Hsp90), which
contains the ATP binding pocket, the middle domain (M-
Hsp90) and the C-terminal domain (C-Hsp90), which medi-
ates dimerization.13,14 During the chaperone cycle, all three
domains interact with cochaperones and to some extent with
substrates. Original studies with natural products, such as
geldanamycin, which is the prototypical Hsp90 inhibitor,15

and radicicol,16 as well as semisynthetic analogues such as
tanespimycin (17-AAG),17,18 have led to numerous structure
activity relationship efforts that generated several second-
and third-generation inhibitors that have been or are cur-
rently being evaluated in clinical trials.19,20 Common to all
these ligands is the inhibition of Hsp90 by binding at
N-Hsp90 in an ATP-competitive manner, resulting in chaper-
one cycle arrest, client degradation and the undesirable in-
duction of the pro-survival heat shock response.

Alternatively, Hsp90 inhibition can be achieved by
targeting C-Hsp90. The natural product novobiocin (Fig. 1)
was found to interact with a cryptic ATP-binding site on
C-Hsp90 (ref. 21 and 22) and trigger the degradation of onco-
genic clients such as Raf-1, mutated p53, v-Src and HER2.23

Since then, it was recognized that C-Hsp90 inhibitors provide
an exceptional therapeutic opportunity to uncouple the cyto-
toxic and neuroprotective outcomes of Hsp90 inhibition. In
this respect, it was shown that for the first- and second-
generation of novobiocin analogues KU-32 and KU-596
(Fig. 1), the concentration required to induce the heat shock

response was three orders of magnitude lower than the con-
centration required to trigger client degradation.24,25 On the
other hand, the novobiocin analogue KU-174 triggered client
degradation and exhibited broad cytotoxicity, without induc-
ing the heat shock response.26

The ability of C-Hsp90 inhibitors to tune the functional
outcomes of the Hsp90 chaperone cycle and exert differential
therapeutic outcomes27 makes them very attractive drug can-
didates against either different types of cancer or neurologic
disorders. However, comprehensive mechanistic understand-
ing of the mode of action of such ligands, as well as further
rational SAR studies are hampered by the absence of struc-
tural or other experimental data characterizing their interac-
tion with Hsp90. In the present study we used saturation
transfer difference (STD) NMR spectroscopy as a tool to ob-
tain molecular insights into the mode of KU-32 and KU-596
binding to Hsp90. We show that the primary binding epitope
of the two ligands is localised in the ring systems, and we pro-
pose specific sites on KU-596 that can be explored for the de-
sign of novologues with optimized binding properties. In ad-
dition, the use of methyl-TROSY NMR data acquired with full-
length Hsp90 allowed us to expand our knowledge on the mo-
lecular mechanism by which these ligands modulate the func-
tion of Hsp90. Similar to novobiocin and other C-Hsp90 li-
gands, KU-32 and KU-596 binding elicits long range allosteric
structural rearrangements that are propagated to N-Hsp90.

Results and discussion

As compared to the structure of novobiocin (Fig. 1), the
noviose moiety of both KU-32 and KU-596 is not

Fig. 1 Chemical structure of the C-Hsp90 binding inhibitor, novobiocin, and its analogues KU-174, KU-32 and KU-596. The three distinct frag-
ments that are identified in KU-32 and KU-596, namely, the noviose analogue, the ring system and the amide, are highlighted in green, blue and
green boxes, respectively.
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functionalized with a carbamoyl group at the 3′ position, but
instead it exists in a 2′,3′-diol form. In KU-596 the coumarin
skeleton of novobiocin is substituted by a biphenyl system
where the B-ring is fluorinated at the meta position, while
both ligands contain an acetamide arm, which is essential in
producing a neuroprotective activity.

Both ligands exhibit good solubility properties in buffer
solutions and their 1H NMR spectra show little signal overlap
and narrow lines (Fig. 2), and therefore the STD approach
can be utilized as a tool to characterize their binding epi-
topes. The STD spectra of KU-32 and KU-596 acquired at a li-
gand :Hsp90 ratio of 164 show that to some extent all ligand

Fig. 2 STD-NMR experiments of KU-32 (A) and KU-596 (B). The regular 1H spectrum of each ligand in the presence of Hsp90α is shown in black,
while the STD spectra acquired with saturation transfer periods of 0.3 s and 2.0 s are shown in orange and green, respectively. For KU-596 a “neg-
ative control” STD spectrum was acquired in the absence of Hsp90, with a saturation transfer period of 2 s (red). STD spectra are 10× amplified.
Amplification factors (ASTD) discussed in the text were obtained using a saturation transfer of 2 s.
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signals are enhanced (Fig. 2), suggesting that the noviose, the
ring system and the acetamide arm moieties are all inter-
acting with the C-Hsp90 binding site. However, as the
amount of saturation received by a given ligand-proton de-
pends on its distance to the protein, STD intensities can be
utilised to report proximity to the binding pocket and thus
evaluate the relative contributions of each of the functional
groups in ligand binding. The highest STD intensities for KU-
32 and KU-596 was observed for HK and HL, respectively, and
were set as 100%, relative to which the STD effect of other
protons was normalized and classified in four bins (Fig. 3).

Considering first the protons of the aromatic system, for
KU-596, HM and HK of the B-ring show substantial overlap (at
7.03 ppm) and thus their individual contributions remain un-
certain. However, when integrated as a single peak the
resulting “overall” STD effect, is close to the maximum STD,
observed for HL (98%). This is followed by the STD of HH, on
the A-ring, which is 86%. All other protons of the ring system
exhibit significant STD effects, and for HJ, HN and HI, these
were found to be 73%, 60% and 53%, respectively. For KU-
32, the only probe on the B-ring is HK of the lactone, which
shows the maximum STD for this ligand, and therefore the
relative proximity of the other positions to Hsp90 cannot be
evaluated. A direct comparison between the STD effects of

A-ring protons HH and HI of KU-596 and KU-32 is possible,
as these are found at equivalent positions with the respect to
the noviose moiety. The STD values of HH and HI of KU-32
are 55% and 85%, respectively, and fall in different bins as
compared to the corresponding positions of KU-596, indicat-
ing distinct relative contributions of these positions in Hsp90
binding. On the other hand, HJ in KU-32 is substituted for a
methyl group, which shows a high STD signal (44%),
suggesting that this position may still provide contacts with
Hsp90. Thus, derivatizing the equivalent position in ring-A of
the biphenyl scaffold of KU-596 offers an opportunity of im-
proving the interaction with Hsp90.

Considering the acetamide arm of the two ligands it is evi-
dent that they show moderate STD effects. In particular, pro-
tons HO, HP and HR of KU-596 exhibit STD effects of 30%,
26% and 35%, respectively, while that of HM, of KU-32, is
46%. Nevertheless, comparison of the absolute STD values
(Fig. S1†) of the methyl group, which is possible since the
two STD series were acquired under identical ligand concen-
trations and ligand :Hsp90 ratios, reveals that HM of KU-32
receives a significantly higher saturation than the equivalent
HR of KU-596. Therefore, the position of the methyl group of
KU-32 in the binding pocket as specifically imposed when
the acetamide is attached on the lactone ring of the couma-
rin optimizes the interaction with C-Hsp90.

Finally, as compared to the protons of the ring systems of
both KU-596 and KU-32, the protons of the noviose moiety
show only a moderate-to-low STD effect, with the highest
values obtained for HG and HF (Fig. 3). This is in agreement
with previous STD studies performed on novobiocin,28 where
the prenylated phenol ring and the coumarin were identified
as the primary interaction epitope with Hsp90 and to a lesser
extent, the noviose ring. Thus, although noviose was origi-
nally identified as a critical structure in providing specificity
for the C-Hsp90 binding site, the ring system still makes
more intimate contacts with the protein. We note that the
lowest STD effect observed for KU-32 is for HD, which is
therefore identified as yet another site that potentially can be
derivatized to further optimize contacts with Hsp90.

In addition to the proximity of a ligand to the protein, sev-
eral other factors affect the magnitude of the measured STD
effect and thus epitope mapping. These include the satura-
tion time, the residence time of the ligand in the bound
state, the longitudinal relaxation rates (R1) (particularly for li-
gands that exhibit large variations in the R1 values of their
proton sites), as well as spin diffusion. The most appropriate
approach to minimize biases from these factors is to deter-
mine initial STD effects or STD effects at zero saturation time
(STD0).

29,30 Therefore we compared the STD effects described
above, obtained with a saturation time of 2 s (STD2s), to
STD0. Saturation built-up was followed by a series of twelve
experiments where the saturation times ranged between 0.1–
5 s, and STD0 was obtained as the initial slope of the curve
(Fig. 3 and S2†). Although the R1 rates of free KU-32 and KU-
596 protons were not evaluated in the present study, the re-
sults show that overall there is a very good agreement

Fig. 3 Relative STD effects for KU-32 and KU-596. STD effects for KU-
32 and KU596 were normalized relative to the STD effect measured for
HK and HL, respectively. The values on the top report the STD effect
measured for a 2 s saturation time (STD2s), while the values on the bot-
tom report the STD effect at zero saturation time (STD0s), as deter-
mined by fitting the ASTDs of a series of experiments with saturation
times ranging from 0.1 to 5 s. Four distinct bins (marked with different
colours) were used to rank the STD effect observed for each proton.
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between STD2s and STD0 values (Fig. S2†). However, notable
exceptions are protons from the noviose ring, where STD de-
viations significantly greater than 10% are observed. In par-
ticular, STD0 for protons HA1 and HA2 show a ∼50% increase
relative to the STD effect measured using a 2 s saturation
time for both ligands. In addition, for KU-596, protons HO

and HP of the acetamide arm also experience enhanced STD0.
Still, only HA1 and HA2 of KU-32, and HA1 of KU-596 are clas-
sified in different bins when STD2s and STD0 are considered,
suggesting that the two approaches yield the same relative
contributions to Hsp90 binding, that is the ring system is in-
volved in closer contacts with the binding site, as compared
to the noviose and acetamide moieties.

Although local perturbations, such as the interference with
C-Hsp90 dimerization31 are attributed to novobiocin binding,
the signature molecular effect observed with C-Hsp90 inter-
acting ligands is the allosterically induced conformational
changes occurring throughout Hsp90 that regulate ligand and
co-chaperone binding at N-Hsp90.21–23,31,32 This long range
crosstalk between N- and C-Hsp90 is also observed for activat-
ing allosteric modulators of Hsp90, which bind to C-Hsp90
and drastically improve the inherently low basal ATPase activ-
ity of N-Hsp90 by accelerating the rate-limiting N-Hsp90 di-
merization.33,34 Therefore, we next sought to investigate
whether the KU-32 and KU-596 analogues discussed in here

modulate the function of Hsp90 in a similar fashion. Towards
this end we used a perdeuterated sample of Hsp90 at which
1H/13C was site-specifically incorporated at the methyl group
of Ile residues (δ position) and monitored the interaction with
KU-596, using methyl-TROSY.35 This approach has been suc-
cessfully applied to NMR studies of Hsp90 complexes36–40 and
other high molecular weight systems.41–43

The overlay of the 13C-HMQC spectrum of Hsp90 acquired
in the absence and presence of KU32 or KU-596 (Fig. 4 and
S3†), reveals prominent chemical shift changes for a common
set of signals that belong to Ile residues of C-Hsp90 (referred
to as “C1” and “C2”). Hence, KU-32 and KU-596 share a com-
mon mode of binding, and similarly to novobiocin, they inter-
act with C-Hsp90. When the shifts caused by the two ligands
are compared, C1 shifts towards a different direction for KU-
596 than for KU-32, while C2 shifts towards the same direc-
tion for both ligands. Since the noviose moiety is common be-
tween KU-596 and KU-32, the chemical shift change of C2 is
attributed to the interaction with the noviose moiety, and the
chemical shift change of C1 to the interaction with the ring
system and/or the acetamide arm. In addition to these two
signals from C-Hsp90, another set of signals from N- and
M-Hsp90 experience small (<20 Hz), but measurable chemi-
cal shift changes (Fig. S3†). Notably, some of these signals be-
long to Ile residues that are found: (i) in the vicinity of

Fig. 4 The interaction of Hsp90α with KU-32, KU-596 and AMP-PNP monitored by methyl-TROSY NMR. (A) Isoleucine residues of Hsp90 that ex-
perience changes in chemical shift are mapped (grey spheres) on the structure of dimeric yeast Hsp90 (“closed state”). The assignment of
C-Hsp90 fragment is not currently available and the two C-Hsp90 methyl groups that shift are referred as C1 and C2. (B) Selected regions of the
1H–13C HMQC spectrum of Hsp90 in the absence (black) and presence of KU-596 (orange), KU-32 (green) or AMP-PNP (red), showing isoleucine
signals that experience changes in chemical shift.
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domain interfaces within a protomer (I214, I361 and I494) or
(ii) in the vicinity of the N-/N-Hsp90 interprotomer interface
(I110) observed in the “closed” conformation of AMP-PNP
bound yeast Hsp90 (ref. 44) (Fig. 4). These chemical shift
changes are not a result of ligand binding at the “canonical”
ATP binding site, as addition of KU-596 to 15N-labeled N-
Hsp90α produces no changes (shift or broadening) to the
HSQC spectrum of the isolated domain (Fig. S3†). Therefore,
similarly to novobiocin or the activating ligands, KU-32 and
KU-596 binding to Hsp90 elicit global conformational
changes to the Hsp90 dimer. Since apo-Hsp90α was utilised
in the present study, this ligand-induced structural
rearrangement may represent a shift to a novel N-Hsp90
dimerized state, which is distinct from the AMP-PNP stabi-
lized state,45 or a redistribution of conformations in the
reorientation space sampled by the NM-Hsp90 domains of the
two protomers, or may simply reflect an intra-protomer N-/C-
Hsp90 communication relayed through M-Hsp90.

To gain further insights to the mode of novologue recogni-
tion by Hsp90 we also compared the changes observed by
KU-32 and KU-596 to the spectral signature of AMP-PNP
binding. Upon addition of AMP-PNP to full-length Hsp90
many N-Hsp90 signals experience large changes in chemical
shift (Fig. S3†), which is evidently caused by binding at the
“canonical” ATP-binding site of N-Hsp90. Furthermore, in
agreement with previous findings that indicated the presence
of a “cryptic” ATP-binding site at C-Hsp90,21,22,46 addition of
AMP-PNP caused significant shifts to signals C1 and C2 of C-
Hsp90, without affecting other C-Hsp90 isoleucine signals.
Therefore, as expected on the basis of the proposed competi-
tive binding between novobiocin and ATP,21 we find that the
novologues KU-32 and KU-596 interact with the cryptic ATP-
binding pocket of C-Hsp90. Intriguingly, the same set of sig-
nals from Ile residues located at the vicinity of domain inter-
faces that were perturbed by KU-32 and KU-596 (I214, I361
and I494) were also shifted by AMP-PNP, suggesting that the
two ligands may exploit a common pathway to propagate
long-range conformational changes to dimeric Hsp90.

Conclusions

Since the discovery of novobiocin as an Hsp90 inhibitor, sev-
eral SAR studies have been performed aiming to design po-
tent analogues that produce antiproliferative or prosurvival
effects. Through a series of extensive modifications, KU-32
and its analogue KU-596, were developed as novologues with
neuroprotective activity. Both ligands are able to improve
psychosensory, electrophysiologic, morphologic, and bioener-
getic deficits associated with diabetic sensory neuropathy
and reverse its pathological consequences.47,48

Despite this success, further development of these ligands
is hampered by the difficulty to obtain high-resolution struc-
tural information of their complexes with C-Hsp90 or the
full-length protein. In the present NMR study, substantial
STD effects were measured for all three distinct fragments of
KU-32 and KU-596, suggesting that to some extend all inter-

act with Hsp90 and thus both ligands are embraced within
the binding cleft. Nevertheless, it is the coumarin moiety of
KU-32 and the biphenyl moiety of KU-596 that make the most
intimate contacts with the protein and therefore define the
major binding epitopes of these ligands. In addition, the STD
effects provide key information as which parts of these frag-
ments can be utilized as starting points for further derivatiza-
tion of KU-596 to create third generation analogues. First,
considering that the methyl group attached on the A-ring of
the coumarin fragment of KU-32 exhibits a large STD effect
and assuming a similar positioning of the two ligands in the
complex, substitution of this position may to improve the
binding properties of KU-596. Second, although the improved
properties of KU-596 as compared to KU-32 are attributed to
the substitution of the coumarin for the biphenyl moiety, the
contribution of the acetamide arm in providing contacts with
Hsp90 is compromised. This is evident from the relative STD
effects observed for each of the two ligands but also from the
direct comparison of the absolute STD values measured for
the methyl group where a 36% drop is observed. Thus, the
ethyl derivative does indeed positions the acetamide group
two atoms away from ring-A, which is essential in conferring
neuroprotective activity to the ligand, but derivatization of
positions O or P is expected to decrease mobility and provide
new interactions with Hsp90. For both ligands, position D of
the noviose ring exhibits the lowest STD effect and thus pro-
vides the smallest contribution to the interface. We expect
that derivatization of this position will further improve the
binding properties of KU-596. Finally, analysis of the CSP
data obtained through the use of methyl-TROSY NMR shows
that KU-32 and KU-596 binding at the cryptic ATP-binding
site of C-Hsp90 brings global structural rearrangements to
Hsp90, suggesting that these ligands act as allosteric modula-
tors of the chaperone cycle through either intra- or inter-
protomer pathways.

Methods
Synthesis of KU-32 and KU-596

KU-32 was synthesized as previously described.27 Briefly,
acetic anhydride (0.02 mL, 0.21 mmol) was added to a solu-
tion of aniline (0.05 g, 0.13 mmol) in CH2Cl2 (1 mL) at room
temperature. After reaction completion as indicated by thin-
layer chromatography, the solution was concentrated and pu-
rified via column chromatography (SiO2, 0–5% MeOH in
CH2Cl2) to afford the acetylated product as a white amorphous
solid (0.05 g, 85% yield). This product was then added to a
10% v/v solution of Et3N in MeOH (1 mL) at room tempera-
ture. After reaction completion as indicated by thin-layer chro-
matography, the solution was concentrated and purified via
column chromatography (SiO2, 0–5% MeOH in CH2Cl2) to af-
ford KU-32 as a white amorphous solid (0.03 g, 70% yield). 1H
NMR (400 MHz, CDCl3) δ 8.62 (s, 1H), 7.98 (s, 1H), 7.31 (d, J =
8.7 Hz, 1H), 7.18 (d, J = 8.8 Hz, 1H), 5.61 (d, J = 1.7 Hz, 1H),
4.29–4.20 (m, 2H), 3.61 (s, 3H), 3.41–3.34 (m, 1H), 2.58 (d, J =
2.3 Hz, 1H), 2.56 (d, J = 3.2 Hz, 1H), 2.27 (s, 3H), 2.23 (s, 3H),
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1.38 (s, 3H), 1.14 (s, 3H). KU-596 was obtained following the
procedure described in reference was synthesized as previ-
ously described,24 as a colorless amorphous solid (0.03 g, 78%
yield over 2 steps). 1H NMR (500 MHz, CDCl3) δ 7.37 (td, J =
8.0, 6.0 Hz, 1H), 7.20 (d, J = 8.5 Hz, 1H), 7.10–7.04 (m, 2H),
7.03 (dd, J = 8.5, 2.7 Hz, 1H), 6.99 (ddd, J = 9.7, 2.4, 1.6 Hz,
1H), 6.88 (d, J = 2.7 Hz, 1H), 5.54 (d, J = 2.3 Hz, 1H), 5.27 (s,
1H), 4.20 (d, J = 8.1 Hz, 1H), 4.16 (s, 1H), 3.59 (s, 1H), 3.33 (d,
J = 9.1 Hz, 1H), 3.27 (q, J = 7.1 Hz, 2H), 2.74 (t, J = 7.2 Hz, 2H),
2.61 (s, 1H), 2.57 (s, 1H), 1.87 (s, 3H), 1.36 (s, 3H), 1.21 (s, 3H).

Expression and purification of Hsp90α and N-Hsp90α

Hsp90α was overexpressed from a pET28 vector encoding for
a N-terminal His-tag, using BL21(DE3) cells in minimal me-
dia. Cells were incubated at 37 °C until an OD600 ∼ 0.6 and
were subsequently chilled for 10 minutes in a water/ice bath.
Overexpression was induced by the addition of 0.5 mM IPTG
at 18 °C for 20 hours. Perdeuterated/CH3-labelled Hsp90 (Ileδ)
was overexpressed using the same protocol, using glucose-d7
as the sole carbon source and adding 50 mg L−1

α-ketobutyric acid to the media 40 minutes before induction.
Cells were resuspended in 20 mM Tris, pH = 8.0, 500 mM
NaCl, 10 mM imidazole, 3 mM DTT, 1 mM PMSF, protease
cocktail and 0.1 mg ml−1 lysozyme. After sonication the lysate
was clarified by centrifugation and loaded to a Ni2+-affinity
column. Unbound proteins were washed with 20 column vol-
umes of lysis buffer and Hsp90 was eluted in the same buffer
containing 400 mM imidazole. Fractions were concentrated
and loaded to a Superdex 200 26/600 equilibrated with 50
mM Tris, pH = 8.0, 1 M NaCl, 0.5 mM EDTA and 3 mM DTT.
Dimeric Hsp90 was further purified through a 10 ml HiTrap
Q Sepharose FF using a 50 mM–1 M NaCl gradient in 25 mM
Tris, pH = 7.5, 4 mM EDTA and 3 mM DTT.

N-Hsp90α was expressed from a pGEX-4 T3 vector49 in
minimal media supplemented with 15N NH4Cl. Cell cultures
were allowed to reach an OD600 of 0.5 before inducing with
0.25 mM IPTG, for 5 hours at 37 °C. Cells were collected,
resuspended in 50 mM Tris, pH = 8.0, 200 mM NaCl, 1 mM
EDTA, 2 mM DTT, and lysed by sonication. The lysate was
subsequently clarified by centrifugation and the fusion
N-Hsp90 was purified over a GST column and digested over-
night at 4 °C by thrombin. N-Hsp90 was purified through a
second GST and finally through a Superdex 200 column.

NMR spectroscopy

STD experiments for both KU-32 and KU-596 were run under
identical conditions, in 50 mM potassium phosphate buffer,
pH = 7.5, 100 mM KCl and 2 mM DTT in 100% D2O. The li-
gand concentration was 770 μM and the Hsp90α concentra-
tion was 4.7 μM. The Agilent dpfgse_satxfer2 pulse sequence
was used, with on-resonance irradiation frequencies set at
0.08 ppm and 0.004 ppm respectively for KU-32 and KU-596,
respectively, while for both ligands the off-resonance fre-
quency was set at 30 ppm. The same regions of both the on-
and off-resonance experiments were integrated to quantify

the STD effect, and the results are presented as the amplifica-
tion factor (ASTD), according to (1):

A I I
ISTD
SAT T

L
P





 
 

0

0

(1)

where, I0 is the integral of a signal in the off-resonance spec-
trum, ISAT is the integral of the same signal in the on-
resonance spectrum, [L]T is the ligand concentration, and [P]
is the Hsp90α concentration. Reported ASTD values were
obtained using a saturation time of 2 s. The amplification fac-
tor at 0 s saturation time (A0) was quantified by the method of
initial slopes.30 Specifically, saturation build-up curves were
obtained by performing a set of 12 experiments with increas-
ing saturation times (0.1, 0.3, 0.5, 0.75, 1.0, 1.25, 1.5, 2.0, 2.5,
3.0, 4.0, and 5.0 s). The rate constant ksat and the calculated
STDmax were derived by fitting the curves to (2):

STD(tsat) = STDmax × (1 − e−ksat×tsat) (2)

from which A0 was obtained as STDmax × ksat.
Methyl-TROSY titrations of Hsp90 were acquired in 20

mM deuterated Tris, pH = 7.5, 100 mM NaCl, 0.5 mM EDTA,
1.5 mM DTT in D2O, at a concentration of 100 μM. The same
buffer was used for the titration of N-Hsp90, but in 7.5%
D2O. Ligand concentration was 0.9, 1.4 and 2.5 mM for KU-
32, KU-596 and AMP-PNP. For KU-32 and KU-596, the spectra
of free and ligand bound Hsp90 were acquired in the pres-
ence of the same amount of deuterated DMSO (1.15%). For
AMP-PNP the spectra of free and ligand bound Hsp90
contained the same MgSO4 concentration (5 mM).

The assignment of Hsp90α methyl groups has been
reported previously by others.40
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