N
N

N

HAL

open science

Thermodynamics of radicicol binding to human Hsp90
alpha and beta isoforms

Asta Zubriené, Malgorzata Gutkowska, Jurgita Matuliené, Romanas

Chaleckis, Vilma Michailoviené, Aliona Voroncova, Ceslovas Venclovas, Alicja

Zylicz, Maciej Zylicz, Daumantas Matulis

» To cite this version:

Asta Zubriené, Malgorzata Gutkowska, Jurgita Matuliené, Romanas Chaleckis, Vilma Michailoviené,
et al.. Thermodynamics of radicicol binding to human Hsp90 alpha and beta isoforms. Biophysical

Chemistry, 2010, 152 (1-3), pp.153. 10.1016/j.bpc.2010.09.003 . hal-00694295

HAL Id: hal-00694295
https://hal.science/hal-00694295

Submitted on 4 May 2012

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00694295
https://hal.archives-ouvertes.fr

Accepted Manuscript

BIOPHYSICAL
CHEMISTRY

Thermodynamicsof radicicol binding to human Hsp90 a phaand betaisoforms

Asta Zubriene, Malgorzata Gutkowska, Jurgita Matuliene, Romanas
Chaleckis, Vilma Michailoviene, Aliona Voroncova, Ceslovas Venclovas,
AlicjazZylicz, Macigj Zylicz, Daumantas Matulis

PIl: S0301-4622(10)00227-9

DOI: doi: 10.1016/}.bpc.2010.09.003
Reference: BIOCHE 5429

To appear in: Biophysical Chemistry

Received date: 7 July 2010
Revised date: 14 September 2010
Accepted date: 15 September 2010

Please cite this article as: Asta Zubriene, Malgorzata Gutkowska, Jurgita Matuliene,
Romanas Chaleckis, Vilma Michailoviene, Aliona Voroncova, Ceslovas Venclovas, Al-
icja Zylicz, Maciej Zylicz, Daumantas Matulis, Thermodynamics of radicicol bind-
ing to human Hsp90 alpha and beta isoforms, Biophysical Chemistry (2010), doi:
10.1016/j.bpc.2010.09.003

This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.


http://dx.doi.org/10.1016/j.bpc.2010.09.003
http://dx.doi.org/10.1016/j.bpc.2010.09.003

Thermodynamics of radicicol binding to human Hsp90 alpha and beta

isoforms

Asta Zubriené®, Malgorzata Gutkowska®®, Jurgita Matuliené', Romanas Chaleckis®, Vilma
Michailoviené®, Aliona Voroncova®, Ceslovas Venclovas®, Alicja Zylicz®, Maciej Zylicz?, and

Daumantas Matulis?

! Laboratory of Biothermodynamics and Drug Design, Institute of Biotechnology, LT-02241
Vilnius, Lithuania

2 International Institute of Molecular and Cell Biology in Warsaw, 02-109 Warsaw, Poland
¥ The Nencki Institute of Experimental Biology, 02-093 Warsaw, Poland

% Laboratory of Bioinformatics, Institute of Biotechnology, LT-02241 Vilnius, Lithuania

ABSTRACT

Radicicol is a natural antibiotic that specifically inhibits chaperone Hsp90 activity and binds to
its active site with nanomolar affinity. Radicicol has been widely used as a lead compound to
generate synthetic analogs with reduced toxicity and increased stability that could be employed
clinically. Here we present a detailed thermodynamic description of radicicol binding to human
Hsp90 and yeast Hsc82 studied by isothermal titration calorimetry and thermal shift assay.
Titrations as a function of pH showed a linked protonation event upon radicicol binding. The
intrinsic binding constant and the thermodynamic parameters (including the enthalpy, entropy,
and heat capacity) were determined for yeast Hsc82, and human alpha and beta Hsp90. Recent
experimental evidence in literature shows that yeast Hsc82 has significant differences from
human Hsp90 isozymes. Here we support this by demonstrating differences in radicicol binding
thermodynamics to these proteins. The intrinsic enthalpy of radicicol binding to Hsc82 was -46.7
kJ/mol, to Hsp90alpha -70.7 kJ/mol, and to Hsp90beta was -66.8 kJ/mol. The enthalpies of

binding were significantly different, while the intrinsic dissociation constants were quite similar,
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equal to 0.25, 0.04, and 0.15 nM, respectively. The structural features responsible for such large

difference in binding enthalpy but small difference in the intrinsic binding Gibbs free energy are
discussed.
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INTRODUCTION

Heat shock protein 90 (Hsp90) is a component of the cellular chaperone machinery® 2. There are
a number of recent developments in the understanding of the interesting and complex mechanism
of Hsp90 action®* %7, Hsp90 is over-expressed in cancer cells and Hsp90 inhibitors have
shown selectivity for cancer cells. Therefore, small-molecule inhibitors are being developed as

anticancer therapeutics® % 11112,

Two groups of natural product inhibitors of Hsp90, based on geldanamycin (GM) and radicicol
(RD) have been discovered that bind to the N-terminal domain at the active site ATP-binding
pocket. Both natural compounds have been used as leads to develop compounds with desired
pharmaceutical properties such as increased potency and reduced toxicity™ °. RD is the more
potent binder of the two. Radicicol, also known as monorden, was originally discovered as an
antifungal substance of fungal origin in 1953 and is a specific Hsp90 inhibitor**. The co-crystal
structures of radicicol bound to the Hsp90 N-terminal domains from various species have been
determined, and they show numerous hydrogen bonds with the ATP-binding pocket of the N-
terminal domain® *®, As determined using isothermal titration calorimetry (ITC) full-length
yeast Hsc82 binds radicicol with a Kq of 19 nM, and the N-terminal domain of yeast Hsc82 binds

radicicol with a Kq4 of 2.7 nM®®,

Here, we determine the thermodynamics of RD binding to the N-terminal domain of human
Hsp90 using a combination of ITC and thermal shift assay (TSA). Isothermal titration
calorimetry fully characterizes the thermodynamics of the binding reaction, including not only
the Kq (Gibbs free energy), but also the enthalpy, entropy, and heat capacity of binding™" %920,
The full thermodynamic description of binding is important for structure-based drug
development™® ?°. The thermal shift assay?*, also known as differential scanning fluorimetry??
and ThermoFluor®?, is a high-throughput screening method for hit selection and the
determination of the protein-ligand binding constants used in the pharmaceutical industry®*. This
biophysical technique can be applied to any protein-ligand non-covalent binding reaction,
independent of whether the ligand stabilizes or destabilizes the protein upon binding®. In cases
when there is a single binding event, the ITC and TSA results complement each other for

increased precision of the measurements?. In addition, the method is useful for the



characterization of protein stability in the presence of various excipients®” and the optimization

of conditions for protein crystallization®.

We have redetermined radicicol binding thermodynamics to yeast Hsc82 and determined binding
to human Hsp90 alpha and beta isozymes using ITC and TSA methods to estimate the binding
affinity of very tight interactions. Furthermore, linked protonation effects were determined and
dissected from intrinsic binding thermodynamics showing large differencesin intrinsic
enthalpies but small differencesin theintrinsic Gibbs free energies of binding. Our findings
support recent demonstrations 2* 3 31 3% 33 \yhjch show that Hsc82, used as a model and
archetypical Hsp90 machine, shows differences in the mode of action compared to other family

members.

Because the binding affinity is a combined function of the binding enthal py and the binding
entropy, improved affinity could result when any or both terms are designed to contribute more
favorably to binding®. The enthalpy and heat capacity of binding correlate with structural
parameters such as hydrogen bond formation and hydrophobic contacts more closely than the
Gibbs free energy. Despite structural determination of radicicol binding to Hsc82, the
thermodynamic characterization of the linked protonation reactions® and comparison with
human Hsp90 and isoforms has been insufficiently detailed to understand the binding

energetics.



RESULTS

| sothermal titration calorimetry of radicicol binding to Hsp90. The energetics of radicicol

binding to various constructs of human Hsp90 and Hsp90 , and yeast Hsc82 was measured
using ITC. Figure 1A shows arepresentative raw datatitration of Hsp90aN with radicicol. The
binding reaction is strongly exothermic. Thefirst 12 peaks represent the heats of binding and
heats of dilution whereas the small peaks after the 12" injection represent the heats of dilution.
The binding of radicicol to Hsp90 was found to be stoichiometric under al conditions examined.
Variation of the time between injections did not affect the observed enthal py indicating that the

binding measurements were done under reversible equilibrium binding conditions.

Figure 1B showsthe integrated I TC curves of radicicol binding to Hsp90aN in two buffers, 50
mM sodium phosphate or 50 mM Tris, both at pH 7.5, and at 25 °C. Similarly, Figure 1C shows
the integrated ITC curves of radicicol binding to yeast Hsc82F in the same two buffers. The
enthalpies of binding are different in buffers of different ionization enthalpy. Therefore, one or
more proton binding/release events are linked to radicicol binding for both human and yeast
proteins. To determine the intrinsic thermodynamic parameters of binding, the proton binding
energetics has to be dissected from the energetics of radicicol binding.

Figure 1D compares the integrated ITC curves of radicicol binding to the N-termina domains of
a and B Hsp90 isozymes with the full-length proteins. It was important to determine whether
there is a differencein the binding thermodynamics to a and p Hsp90 isoforms, as both isozymes
are present in the human body. The binding to the N-terminal ATP-binding domain of the protein
is often studied using the Hsp90 protein construct lacking the middle and C-terminal domains.
Therefore, it was aso important to determine whether the N-terminal domain of both isozymes
bind radicicol with the same energetics as the full-length native protein. Differences between
radicicol binding to the N-terminal and full-length protein were negligible and within the
experimental error of ITC measurements. Furthermore, the ITC experiments were performed as a
function of buffer, pH, temperature, and the type of Hsp90/Hsc82 construct to dissect the
thermodynamic parameters of binding from the linked protonation values. All of the Hsp90 and
Hsc82 constructs tested exhibited the protonation event linked to radicicol binding. The observed
enthalpies of binding showed a marked difference between the values obtained in the Tris and



phosphate buffers in the akaline pH region. Human and yeast proteins bound radicicol with
significantly different observed enthal pies and Kgs. Table 1 shows the observed binding

parameters of selected ITC runs. The enthalpies of buffer ionization were taken from reference
36

A theoretical treatment demonstrating the use of 1TC measurements to dissect proton linkage

from ligand binding was given by Murphy and coworkers %' 3% %

.If aprotein hasasingle
ligand-binding site and a single proton uptake is linked to the binding process (i.e., aproton is
taken from the buffer solution), then there are four linked processes described by the

thermodynamic parameterslabeled F in Figure 2, Panel A.

When ligand binding affects and shifts the pKj, of any ionizable group on a protein molecule, the
binding and protonation events are linked. All thermodynamic parameters, such as the Gibbs free
energies (or binding constants), enthal pies, entropies, and the heat capacities, are additive. Asit
takes energy to shift the pK,, the binding constant of aligand would be diminished at the pH at
which the proton needs to be taken or given to the buffer. If ligand binding is linked to the
binding of asingle proton, then the observed binding constant (Kqs) and the intrinsic binding
constant to the protonated protein form (Kin) are related by:

1+10% P
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K.> and K4 are the proton dissociation constants from the liganded and unliganded protein,
respectively. The change in the number of protons bound by the protein upon binding of the
ligand (n) is the difference between the fractional saturation of protonsin the liganded and free

protein:
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The value of n can be determined by ITC because it contributes to the observed binding enthal py
( bHobs):

bH bH n beuffer (3)
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pH is the enthalpy that would be measured in a buffer that has an ionization enthalpy  pHpugfer
equal to zero. However, it isnot equal to the intrinsic binding enthalpy. A series of observed
enthal pies measured at constant pH in buffers with different ionization enthal pies (Figure 2B)
plotted as a function of buffer ionization enthalpy will yield aslope equal to n and an intercept of

pH (Figure 2C). The n vaues (Eq. (2)) plotted as afunction of the pH are shown in Figure 2D.
The data points are obtained from the slopes as shown in Figure 2C, whereas the line isfitted to
Eq. (2) and yields a pK,' equal to 6.6. The enthalpies in Figure 2B are fitted using the same pK,'
(6.6). The pK.° could not be determined and is greater than 11 because thereisno returnton = 0
in the pH region that is accessible for binding measurements. The enthalpy of protonation of the
ionizable group that is affected by radicicol binding in the Hsp90aN-radicicol complex was best
fit by the value of -8.0 kdxmol™. Theintrinsic (buffer-independent) enthal py of radicicol binding
can be estimated from the rel ationship:

bHobs bH n bHoon‘pIa( n beuf'fer (4)

As no experimental conditions were found where radicicol would bind to the deprotonated
protein form, it was not possible to determine the protonation enthal py difference between the
free and liganded forms of Hsp9O0.

Figure 3 shows the dependencies of the intrinsic binding enthal pies as a function of temperature.
The slopes of the lines give the intrinsic heat capacities of radicicol binding to Hsp90. The heat
capacity of radicicol binding to Hsp90aN is equal to approximately -620 JxmolxK™. Table 2
lists the intrinsic thermodynamic parameters of radicicol binding to all tested Hsp9O0 protein

constructs.

The binding of radicicol to Hsp90 is very tight, on the order of single-digit nanomolar or even
tighter. Direct measurements by titrating Hsp90 with radicicol by ITC cannot estimate the
binding constant because the curve is too steep, as previously discussed™. The ¢ value (c =
CxKj, Cisthe molar concentration of the protein, and Ky, is the binding constant, when the
binding stoichiometry is 1:1) for an ITC titration must be between 5 and 500. However, our ITC
measurements were carried out using Hsp90 concentrations of at least 4 UM, and the binding
constant of radicicol is expected to be approximately 2x10'° M™%, Thus, the c value is at least



80,000, significantly above the value of 500 required for ITC. Therefore, different methods are
required to measure the binding constant accurately in this pH region. This could be done by ITC
using displacement titration of aweakly-binding ligand. However, this approach did not work

40
|

well for radicicol™. The most precise results were obtained using the thermal shift assay.

Thermal shift assay of radicicol binding to Hsp90. The thermal shift assay measures the binding

constant of aligand by determining the increase in the melting temperature of the protein that is
caused by the ligand %> %, Protein unfolding is monitored using the intrinsic tryptophan
fluorescence or the fluorescence of an extrinsic probe (such as 1,8-anilinonaphtal ene sulfonate,
ANS) upon increasing the temperature of the protein solution at a constant heating rate. Soluble
single-domain globular proteins melt with asingle transition that is affected by ligands. Full-
length Hsp90 yields a complicated multi-domain melting transition profile. However, the N-
terminal domain of Hsp90 yields a single transition that can be analyzed using the thermal shift

assay.

Figure 4 shows ANS fluorescence curves as a function of temperature at two pH values (pH 7.0
in panel A and pH 10.0 in panel B) and severa radicicol concentrations. The concentration of
Hsp90aN was 10 uM. With no radicicol added, and when the pH is 7.0, there is a steep increase
in fluorescence observed at approximately 50 °C. Thisincrease is due to protein unfolding that
exposes hydrophobic surfaces where ANS can bind and be excluded from guenching by the
agueous environment**. ANS actually binds using a combination of hydrophobic and ionic
interactions but the ion pairs between the ANS sulfonate groups and the protein amino groups
are not visible using fluorescence® *%, When the radicicol concentration is greater than that of

the protein, the melting temperature of Hsp9O0 is increased by more than 10 °C.

Protein melting temperatures were determined by fitting the protein melting curves (Figure 4)
according to Eq. (5):

Yoz, Yer,) (M m)(T T)
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y(T) isthe calculated fluorescence as afunction of temperature; y; ; isthe fluorescence of the
probe bound to folded native protein before the transition at Try; Y, 5 isthe fluorescence of the
probe bound to the unfolded protein after the unfolding transition at Tr,; me isthe slope of the
fluorescence dependence on temperature when the probe is bound to the native protein; my isthe
slope of the fluorescence dependence on temperature when the probe is bound to the unfolded

protein; |, H, istheenthalpy of protein unfolding at Ty ;S 'isthe entropy of protein
unfolding at T, ,C, isthe heat capacity of protein unfolding and is assumed to be

temperature-independent over the temperature range studied; Ris the universal gas constant; and
T is the absolute temperature (Kelvin).

A number of transition curves at various concentrations of added ligand were determined and
plotted as afunction of the concentration of added ligand, yielding the melting temperature (Ty,)
dependencies as a function of the radicicol concentration (Figure 4C). The curvesin Figure 4C
were fit globally according to Eq. (6), yielding the pH dependencies of the binding constants.

L =(K 1)| P 1 (& AyHy, +85Cp T Ty, Ty 20 S; wuCpln T/T, /RT, 1
I T K., - '
u 'Tﬁ'. b.T,
n (6)
R 1 L
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Lt isthetotal concentration of added ligand, K ; isthe protein unfolding equilibrium constant
a Tm; Pristhetota protein concentration; K, istheligand binding constant at Tr; | H; is

the enthalpy of protein unfolding at T;; T, is the protein melting temperature when no ligand is

added; |, S; istheentropy of proteinunfoldingat Tr; |, C, isthe heat capacity of protein

unfolding and is assumed to be temperature-independent over the temperature range studied;

oHy, isthe enthalpy of ligand binding at To; To is the temperature at which the binding process
isstudied (usudly 37 °C); ,,S; istheentropy of ligand binding at To; and ,C, isthe heat

capacity of ligand binding and is assumed to be temperature-independent over the temperature

range studied.



The binding constant at the physiological temperature Ty is determined using Eq. (7):

K _ e‘ ‘—\hHTo ‘Toubsro /RTy (7)

bTy —
The radicicol dosing curvesin Figure 4C show the greatest shift in Ty at pH 6.5, but the
unliganded protein is most stable at pH 7.5. At pH 9.0, the shift issignificantly smaller than near

neutral pH, indicating a significant decrease in the binding constant.

To compare radicicol binding to the two human Hsp9O0 isoforms, we carried out athermal shift
assay at various pH values. Figure 5 compares selected fluorescence profilesat pH 7.0 for  and
Hsp90N. The melting temperature shift is greater for the alphaisozyme. A similar result is
seen in Figure 5B, where the radicicol dosing curves are shown at pH 8.0 for the two isozymes.
Therefore, both the ITC and thermal shift assays show stronger radicicol binding to the alpha

isozyme rather than the betaisozyme.

Figure 6 shows the pH dependencies of the binding constants as determined using ITC and TSA.
Both methods clearly show that the observed binding constant decreases at pH values greater
than approximately 7.0. Thelinein Figure 6 is fitted using the pKa' of 6.6 and the Kiyy of
2.5x10' M. At pH values below 8.5, the observed binding constant is determined correctly
only using the TSA, and it is underestimated using I TC because the ¢ value is above 500 (as
described above).

Thermodynamics of radicicol binding to the Hsp90 and Hsc82 isozymes. After dissecting the

proton linkage, the intrinsic thermodynamic parameters of radicicol binding to four recombinant
human Hsp90 constructs are shown in Figure 7. All intrinsic thermodynamic parameters of
radicicol binding, including binding to yeast Hsc82, are listed in Table 2. Most importantly, it
appears that radicicol binds about 4-5 times more strongly to Hsp90 than to Hsp90 .
Truncating the protein did not affect the binding constant significantly. However, it should be
kept in mind that it was more difficult to determine the Ky for the full protein as the TSA method
was not used due to the complicated unfolding T-curve. Therefore, the data are based solely on
ITC comparisons at pH values where reliable ITC data could be obtained (i.e., pH 8.0-9.0).

10



Dissection of the radicicol binding thermodynamics into their enthalpic and entropic
contributions shows that radicicol-Hsp90 binding is driven by enthal py and opposed by entropy.
However, the entropic opposition accounts for approximately only 10% of the energy opposing
binding. About 90% of the binding energy comes from the favorable enthalpic contribution. The
thermodynamic parameters of binding to the full-length protein and the N-terminal domain are

very similar. The difference is within the error of the measurements (Table 2).

The heat capacity change during radicicol-Hsp90 binding is approximately equal to -700+140
JxmolxK ™. The slight difference between the N-terminal and full-length forms of Hsp90, and
between the alpha and beta isoformsis most likely due to the error of the measurements. The
negative heat capacity is often considered a signature of hydrophobic interactions, and the value

is approximately of the expected magnitude for a molecule that has the MW of radicicol.

Thereisasmall but statistically significant difference between the enthalpy and the Gibbs free
energy of radicicol binding to Hsp90 and Hsp90 . The binding is slightly weaker to Hsp90
than to Hsp90 . Thisreduction in affinity is caused primarily by less favorable enthal pic rather
than entropic contributions. The reduction in the favorable Gibbs free energy was approximately
equal to 4 kJ/mol, whereas the reduction in the favorable exothermic enthal py was approximately
equal to 7 kJmol.

However, the binding of radicicol to yeast Hsc82N and yeast Hsc82F differed significantly from
the binding to human Hsp90. The enthal py of binding to the yeast forms of both protein
constructs was less exothermic than was the binding to the human protein (Table 1). Full
protonation linkage analysis determined that the enthalpy of protonation of an unknown protein
group linked to radicicol binding was essentially the same as in both human isozymes indicating
that the same residue is responsible for the linked protonation event.

However, the most striking difference between yeast and human isozymesisin theintrinsic
enthalpy of binding. The enthalpy of radicicol binding to yeast Hsc82F was 20.1 kJ/mol less
exothermic than Hsp90 F isozyme and 14.4 kJ/mol less exothermic than Hsp90 F isozyme.
Thislarge difference in enthal pies combined with relatively small differencein theintrinsic

Gibbs free energies yields opposing contributions from the entropy of binding. It appears that

11



radicicol binding to human Hsp90 isozymes is entropically opposed while binding to yeast
Hsc82 is entropically favored process. However, overall enthalpic contribution to the binding

reaction is significantly greater than the entropic contribution.

Despite the difficulties involved and the large number of ITC titrations required to carry out the
full thermodynamic proton linkage analysis, it is important to dissect the linkage to obtain the
intrinsic binding parameters of any ligand. The binding of radicicol to Hsp90 is a good example
of a single binding-linked protonation event for which the thermodynamic characterization of

binding would yield misleading results without the linkage analysis.

12



DISCUSSION

Radicicol is an important natural inhibitor of Hsp90 that has been used as alead compound to
design inhibitors for therapeutic purposes. It is now at preclinical development at the Memorial
Sloan-K ettering Cancer Center*?. Single amino acid mutationsin Hsp90 may increase resistance
to radicicol through an increased affinity of mutated Hsp90 to cochaperone Ahal* and are not
related to change in radicicol affinity. Other mutants, however, directly affect radicicol binding
affinity at the active site’®.

Radicicol binding to Hsc82 was characterized structurally by determining the structures of
various protein constructs with radicicol using X-ray crystallography. A detailed mechanism of
resistance to radicicol was recently determined for the fungus Humicola fuscoatra, which
produces radicicol®. The Hsp90 from the fungus contains amino acid substitutions that reduce
radicicol affinity but do not affect ATPase activity. However, despite detailed structural studies,
we lacked a detailed energetic characterization of the interaction of radicicol with Hsp9O0.
Various studies only use severa ITC experiments and determine alimited number of association
constants, without reporting the intrinsic binding enthal pies, entropies, and heat capacities.

To correlate the structural features of binding (such as the intermolecular van der Waals contacts,
hydrogen bonds and presence of water molecules) with the energetics of binding one needs to
carry out adetailed thermodynamic study of the binding reaction and to determine various
dependencies (such as the pH-, buffer-, and temperature-dependencies). If there are any binding-
linked protonation reactions, it is necessary to dissect their input to every thermodynamic
parameter of the binding. Even after thisanalysis, it may not be possible to assign energetic
parametersto all of the structural parameters. The binding reaction may contain a number of
other linked events, such as any protein conformational changes that may occur upon ligand
binding™.

The dissection of linked protonation reactions and the application of two biophysical techniques,
i.e., ITCand TSA, determined the Ky values of radicicol with Hsp90 to be approximately 0.04
nM, with Hsp90 to be approximately 0.15 nM, and with Hsc82 to be approximately 0.25 nM.

These values are significantly tighter than determined previously using ITC* and without the

13



dissection of the linked protonation reactions. This approach was more accurate than the
displacement I TC experiments, as previously discussed.*> The combination of ITC and TSA
helps to determine ultra-tight binding constants by analyzing the pH-dependence (Figure 6).
Interestingly, geldanamycin was shown to inhibit Hsp90 about 3-fold tighter than Hsp90 “.

The main uncertainty of the TSA method is the precision of the enthalpy of Hsp90 protein
unfolding. A 10% uncertainty in the value of unfolding enthalpy yields an uncertainty of the
binding constant of ~2 fold®. The enthalpy of unfolding can be determined using several
biophysical techniques such as DSC and acid-titration ITC**, and by fitting raw TSA curves or
ligand-dosing curves™. The enthalpy of unfolding was accurately measured by all these methods
only for the single-domain Hsp90N, but could not be done as precisely for the full-length multi-
domain Hsp90 protein. Therefore, radicicol binding to Hsp90F was not determined by TSA.
However, the binding constants for the full-length protein were shown to be the same as for the
N-terminal Hsp90 domain by the ITC titrations at pH 8.0-9.0 and thus assumed to be the same at
pH 7.0, where binding is too tight to be determined by ITC.

There were no such conditions found at high pH where there would be no linked protonation
event. Therefore, it was not possible to determine the pK, shift of the amino acid in Hsp90
responsible for the proton uptake at high pH. Asthe pK, value was approximately 6.6, it is
natural to assume that it is a histidine residue that binds a proton from aqueous solution upon
radicicol binding (i.e., that a histidine residue is required to be protonated for the Hsp90 to bind
radicicol).

However, there are no histidines in human Hsp90 in the proximity of the radicicol-binding site.
Therefore, the linkage may be related to aspartic acid 93 (corresponding to D79 in yeast Hsc82),
which islocated in the immediate vicinity of the radicicol binding-site. We have constructed
D93A and D93E mutants in order to test this possibility. However, both mutants did not express
well or went to inclusion bodies indicating that the protein with such mutation has very different
structure and stability. Asacontrol, several other adjacent D mutants expressed and purified
well. Thisindicates that human D93 is crucia for the protein. Radicicol binding measurements

could not be carried out with these mutants.

14



The enthalpy of protonation of an unknown group was determined to be equal to -8.0 kJxmol ™,
Thisistoo small for a histidine residue (about -29 kJ/mol) or phenolic group of radicicol (about -
21 kJ/mol). However, the valueis close to the enthal py of Asp protonation which is equal to -
5.6+1.6 kJ/mol (based on values determined at 25 °C as reviewed in*). Therefore, we consider it
to be highly likely that Asp93 is responsible for the linked protonation effect. However, the

certain identity of the amino acid remains to be determined.

Figure 8A shows the structural arrangement of important radicicol interactions bound to Hsc82
(PDB ID 1bgq). Radicicol forms hydrogen bonds only with Asp79 and severa water molecules.
Other direct contacts between radicicol and protein are identical for the three protein isoforms.
Therefore, other amino acids are not shown. Thereisno crystal structure available in the PDB of
radicicol bound to any human Hsp90 isozyme. Therefore, a computational model of human
Hsp90o. in the radicicol-bound form was constructed on the basis of the high-resolution (1.55A)
structure of human Hsp90a complexed with dihydroxyphenyl amide inhibitor (PDB code:
3EKO). First, the human Hsp90a structure (3EKO) was superimposed with the native and
mutant yeast Hsc82 structures (PDB: 1BGQ and 2WER, respectively) that were solved with
radicicol bound. Superposition of the structures revealed that the aromatic rings of the inhibitors
superimposed very closely in all three structures. Therefore, we obtained the human Hsp90a
complex with radicicol by simply substituting the dihydroxyphenyl amide inhibitor with
radicicol from any of the superimposed yeast structures. The radicicol-bound Hsp90p model was
obtained using the model of Hsp90a bound to radicicol, constructed as described above. The few
side chains that differ between Hsp90a and Hsp90P were replaced in the Hsp90a structure and
positioned automatically using SCWRL3*. Water molecules that occupied essentially the same
position in the human X-ray structure (3EKO) and both yeast structures (1BGQ and 2WER)

were retained in the models.

Figure 8 B and C compares the hydrogen bond arrangements in the vicinity of radicicol, Asp93
and Ser52 (Hsp90 ) or Ala(Hsp90 ) that are most likely to account for the difference in the
radicicol binding energetics to the alpha and betaisoforms. There is only one amino acid (residue
52) that differsin the vicinity of the radicicol binding site. There is no direct contact between Ser

or Alaand radicicol. However, as described previously *°, water molecules play acrucial rolein
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mediating the radicicol-Hsp90 interaction. When radicicol binds to the aphaisozyme, Ser52
makes three additional contacts that cannot be formed with the betaisozyme (in which Alalacks
the OH group). These three additional hydrogen bonds are likely to be responsible for ~7 kJ/mol
of the enthalpy and ~4 kJ/mol of the Gibbs free energy difference between the radicicol binding
to the alpha and betaisozymes. The binding is enthal pically more favorable when the additional

hydrogen bonds are formed.

However, the structure of radicicol — Hsc82 complex is very similar to Hsp90 , but the
energetics of binding is significantly different. The enthal py of radicicol binding to Hsc82 is 14.4
kJmol less exothermic than for Hsp90 . This difference could not be assigned to any obvious
structural features of the protein-radicicol complex. Therefore, additional possibilities such as
linked folding or conformational change reaction coupled with the binding reaction must be

considered as the possible source of the significant difference in binding enthal py.

Heat capacity changes were calculated using five published empirical relationships between
changesin solvent-accessible surface areaand C, to compare with experimentally measured
values (Table 3). Calculated heat capacities were significantly smaller in their absolute values
than the experimental C, values. This indicates a conformational change occurring during
radicicol binding to the chaperone similarly to the conformational change occurring upon ATP
binding™®.

Radicicol binding to Hsp90 is interesting in many respects regarding drug design. First, the
binding reaction is very tight (i.e., it has a very favorable Gibbs free energy). Second, the binding
reaction has a very favorable enthalpy of binding. Third, there are few direct contacts between
Hsp90 and radicicol that could account for such alarge binding energy. Fourth, water molecules

play an essential role in the recognition and binding.
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MATERIALSAND METHODS

Materials. Radicicol was purchased from A.G. Scientific, Inc., dissolved in DM SO at 50 mM,
and stored at -20 °C. The concentration of radicicol was determined spectrophotometrically using
an extinction coefficient of 14,700 M™cm™ in methanol at 265 nm™. Partial degradation of
radicicol in DM SO solution occurred if stored over amonth, especially in the presence of

reductants. It was important to prepare fresh solutions for all measurements.

Hsp90 constructs. Hsp90 the N-terminal domain of apha Hsp90. The gene encoding full-

length human Hsp90 protein was purchased from RZPD, Deutsches Ressourcenzentrum fir
Genomforschung GmbH (Germany). For protein expression, the N-terminal fragment of the
Hsp90 gene, corresponding to amino acids 3-241, was inserted into the pET-15b vector
(Novagen, Madison, WI, USA) using the Xhol/BamHI restriction sites, thereby fusing a Hiss tag

to the N-terminus of the protein.
Hsp90 F - Full length alpha Hsp90 was cloned and purified as previously described™.

Hsp90BF — Full-length beta Hsp90 was cloned from the gene that was amplified from the
pBAD24Hsp90beta vector (the kind gift of Dr. Dawid Walerych) using the primers 5'-
GGGGGTCTAGACATATGCCTGAGGAAGTGC-3 and 5-
GCTAAGTGTCGACCTAATCGACTTCTTCCA-3'. Thiswas then cloned using the Ndel and

Sall restriction sitesinto the pET28b expression vector.

Hsp90BN — the N-terminal domain of beta Hsp90. The sequence coding for the N-domain
(amino acid residues 1-239) of human Hsp90 beta was amplified from the same template using
the same forward primer and the reverse primer 5'-
CATAAGCTTTATCTTACTCTTCTTTCTCACC-3'. Thiswas then cloned using the Ndel and

HindlIl restriction sites into the pET28b expression vector.

Y east Hsc82F. The yeast (S. cerevisiae) Hsc82 gene was amplified from cDNA (the kind gift of
Dr. Pawel Bieganowski) using the primers. 5'-
CGGCACATATGGCTGGTGAAACTTTTGAAT-3 and 5-
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GCCGGATCCTTAATCAACTTCTTCCATCTCGG-3'. Thiswas then cloned using the Ndel

and BamHI restriction sitesinto the pET28b expression vector.

Y east Hsc82N. Sequence coding for the yeast Hsc82 N-terminal domain (amino acid residues 1-
222) was amplified from the Hsc82 plasmid (pET28b) using the same forward primer and the
reverse primer 5-GCCGGATCCTTATTCTGGAATTGGAACTTCCTTTTC-3. Thiswasthen

cloned using the Ndel and BamHI restriction sites into the pET28b expression vector.

Protein expression and purification. Hiss-tagged Hsp90 N protein was expressed in the
Escherichia coli strain BL21 (DE3). The bacterial cultures were grown until an Asspof 0.5— 0.8
was reached, and the expression was induced by the addition of 1 mM isopropyl-1-thio- -D-

gal actopyranoside (final concentration). Protein was purified according to Richter et al. °%. The
cells were lysed by sonication, and the soluble protein was purified using a Ni-IDA affinity
column, followed by an anion exchange chromatography column (Amersham Biosciences). The
eluted protein was dialyzed into a storage buffer containing 20 mM Hepes (pH 7.5) and 50 mM
NaCl. The purity of the Hsp90 N preparations was analyzed using SDS-PAGE and determined
to be higher than 98%. The protein concentrations were determined by UV-VIS
spectrophotometry and confirmed using the standard Bradford method. The protein stock
solution was stored at -70 °C.

Other proteins (except Hp90 N and Hsp90 F) were expressed in the E. coli BL21 RIL strain
(Stratagene). All proteins carried an N-terminal Hiss-tag and were purified on His-selective HF
resin (Sigma) according to a standard protocol, before being further purified on a Resource Q
column (Biorad) in a0.05-0.50 M KCI gradient. The proteins were dialyzed against buffer
containing 25 mM Hepes, pH 7.5, 150 mM KCIl and 10% glycerol, and frozen in liquid nitrogen.

|sothermal titration calorimetry. The protein solutions (2-5 uM) were loaded into the VP-ITC

isothermal titration calorimeter (Microcal, Inc.) cell (approximately 2 ml, with an active cell

volume of 1.4 ml). Thetitration syringe (250 |) wasfilled with 20 - 50 (usually 40) uM ligand
solution. Titrations were carried out using 25 injections of 10 pl each, injected at 3 to 4 minute
intervals. The stirring speed was 260 rpm. Titrations were carried out at a constant temperature

in the 13 — 37 °C temperature range. The ligand solutions were prepared in the same buffer as the
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protein solutions, and contained the same concentration of DM SO (usually 0.5-1%). The total
number of independent I TC titration experiments was 140. Variation of the protein concentration
(within 1-10 puM range) or the time intervals between injections (within 3-5 min range) did not
affect the measured enthal pies to an extent greater than the standard error.

Protein denaturation experiments. The thermal shift assay was performed using the iCycler iQ
Real Time Detection System (Bio-Rad, Hercules, CA), a Corbett Rotor-Gene 6000 (QIAGEN
Rotor-Gene Q), and the | SS PC1 spectrofluorimeter equipped with atemperature-controlled

water bath. The temperature reproducibility was measured to be £0.2 °C. The protein
concentrations were measured spectrophotometrically ( 2s0 (Hsp90 N) = 15,930 M*cm™). The
protein concentration was usually 10 uM and the ligand concentrations varied from 0 to 200 yuM.
Universal buffer containing 50 mM sodium phosphate, 50 mM sodium acetate, 25 mM sodium
borate, and 50 mM sodium chloride was usually used for the pH-dependence experiments of the
protein denaturation. DM SO was added to make up 0.5-1% (v/v) of the solution in each
measurement. Unfolding of the protein was monitored by measuring the fluorescence of the
solvatochromic fluorescent dye Dapoxyl™ sulfonic acid sodium salt (iCycler) or ANS, both
usually at 50 uM. The total volume of the reaction was 10 pl when using the iCycler or Corbett
instruments and 3 ml for the ISS PC1 cuvette that was covered to prevent evaporation. Samples
in theiCycler or Corbett instruments were overlaid with 2.5 pl of silicone oil DC 200. For this
assay, 96-well iCycler iQ PCR plates were used. Samplesin the ISS PC1 were excited with
380+5 nm UV light, and the ANS fluorescence emission was registered at 510+5 nm. The
samples were heated at arate of 1 °C/min. The binding constants obtained by the thermal shift
assay have standard error better than 1.6 fold. The greatest source of error isin the determination
of the enthalpy of unfolding. The T, is determined with +0.2 °C standard error.

Sructure analysis and calculation of C,,. Solvent accessible surface areas were calculated using

Naccess computer program>. The differencesin surface areas upon radicicol binding were
estimated by subtracting the areas in the presence and absence of radicicol in the structures of
1bgq (Hsc82N) and modeled Hsp90 N and Hsp90 N. Heat capacities were calculated using

empirical equation relating it to changes in non-polar and polar solvent-accessible surface areas

( Anon-polar and Apolar reSpeCtiver):
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CP kl A'lon- polar k2 Abolar

where k; and k are empirical coefficients determined for several protein sets reviewed in**.
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TABLES

Table 1. Representative I TC data for the binding of radicicol to recombinant human and yeast
Hsp90 protein constructs as a function of pH, temperature, and buffer ionization enthal py.

Construct Temp., °C pH Buffer ionizZHbut pHobs Kg, "M
Hsp90aN 13 75 Pi° 7.4 -63.5 1.3
25 75 Pi 5.1 -72.9 0.15
37 75 Pi 2.9 -81.2 0.47
25 55 Tris 475 711 0.24
25 6.0 Tris 475 -59.3 0.14
25 6.5 Tris 475 -55.5 0.34
25 7.0 Tris 475 -48.7 0.03
25 75 Tris 475 -44.8 0.91
25 8.0 Tris 475 -40.7 1.4
25 8.5 Tris 475 -37.7 7.4
25 9.0 Tris 475 -35.9 73.2
25 6.0 Pi 5.1 -68.7 0.29
25 8.5 Pi 5.1 -72.8 8.6
Hsp90oF 13 75 Pi 7.4 -55.5 1.06
25 75 Pi 5.1 -68.6 0.32
37 75 Pi 2.9 -77.4 0.43
25 6.0 Tris 475 -51.1 1.23
25 7.5 Tris 475 -40.7 0.21
25 8.5 Tris 47.5 -35.6 5.8
25 6.0 Pi 5.1 -69.0 2.0
25 8.5 Pi 5.1 -62.3 4.0
Hsp90pN 13 75 Pi 7.4 -56.3 2.9
25 75 Pi 5.1 -62.7 0.5
37 75 Pi 2.9 -75.3 31
25 6.0 Tris 475 -55.2 0.55
25 75 Tris 475 -35.7 0.34
25 8.5 Tris 475 -30.9 10.06
25 6.0 Pi 5.1 -66.9 0.07
25 8.5 Pi 5.1 -60.3 5.91
Hsp90aN 37 75 Hepes 21.6 -70.4 0.6
Hsp90oF 37 75 Hepes 21.6 -69.1 0.59
Hsp90pN 37 75 Hepes 21.6 -59.3 2.0
Hsp90pF 37 75 Hepes 21.6 -59.0 3.0
yeastHsc82N 37 75 Hepes 21.6 -52.5 9.6
yeastHsc82F 37 7.5 Hepes 21.6 -53.2 26.0
25 75 Tris 475 -18.5 2.38
13 75 Pi 7.4 -42.6 1.46
25 75 Pi 5.1 -48.8 7.69
37 75 Pi 2.9 -57.6 13.9
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a: units in kixmol™; b: Pi is phosphate buffer. The standard deviations were 3 to 5 kJxmol™ for
the enthalpy and up to 1.6 fold for the Kq, especially when the binding was too tight to measure
accurately using ITC.
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Table 2. The intrinsic thermodynamic parameters of radicicol binding to Hsp90 at 25 °C.

Protein K, pHintr, bGintr. T vSntr, bSintrs bCp
nM kdxmol™ | kJxmol™® | kdxmol™ | Ixmol™*xK™ | Jxmol™txK™

Hsp90oN 0.04 -70.7 -59.4 -11.4 -38 -620
Hsp90aF 0.04 -66.8 -59.4 7.5 -25 -860
Hsp90BN 0.15 -60.6 -56.1 4.6 -15 -760
Hsp9OBF 0.15 -61.1 -56.1 -5.0 -17 N.D
Hsc82F 0.25 -46.7 -54.8 8.1 27.1 -620
Uncertainties | 41 gold +4 +2.6 +4.7 +16 +140
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Table 3. Experimental and calculated C, values for the binding of radicicol to Hsp90

Hsp90 , and Hsc82. The C, values were calculated using area coefficients reviewed in>*,

Solvent accessible surface area and heat Hsp90 Hsp90 Hsc82
capacity difference upon binding

Avonpolar-calculateds A -191 -193 -182.4
Avolar-calculateds A° -58,6 -57,4 -71,9
Co-experimental, Jxmol *xK ™ -620 -760 -620
Cp-cal-Spolar, JXmol IxK 221 -225 -202
Cp-calc-Murphy-Freire, JXMol K™ -295 -300 -265
Co-calc Meyers, IXmol K™ -201 -204 -186
Cp-calc-Makhatadze-Privalov, XMl <K ™ -357 -363 -327
Cp-calc-Robertson-Murphy, JXmMol XK -157 -157 -158
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FIGURE LEGENDS

Figure 1. Representative isothermal titration calorimetry curves of radicicol binding to various
human and yeast Hsp90 family member protein constructs. Panel A. The raw data curves of
radicicol binding to Hsp90 N in 50 mM sodium phosphate, pH 7.5, at 25 °C. Insert shows the
chemical structure of radicicol. Panel B. The integrated ITC data curves of radicicol binding to
Hsp90 N in two buffers. m — in sodium phosphate, and ~—in Tris chloride buffer, both at pH
7.5 and 25 °C. Note that the observed enthalpy of binding is significantly more exothermicin
phosphate than in Tris buffer. Panel C. The integrated ITC data curves of radicicol binding to
yeast Hsc82 in the same conditions. Note that the observed enthal pies are significantly different
from Hsp90 N. Panel D. Integrated I TC data curves of radicicol binding to various constructs of
Hsp90: A —Hsp90 N, —Hsp90 F, ®—Hsp90 N, and O - Hsp90 F. Solid lines show curve
fits for the N-terminal Hsp90 while the dashed lines show curve fits for the full-length Hsp9O0.
Differences between the N-terminal and full-length protein binding were within the experimental
error. All of the tested constructs bound radicicol stoichiometrically. The intrinsic parameters of

radicicol binding to various Hsp90 constructs and isozymes are summarized in Table 2.

Figure 2. Demonstration of the linked protonation event observed upon radicicol binding to
Hsp90 N. Panel A. Schematic representation of the linked protonation events. Here Fy,’
represents ligand binding to unprotonated protein, F,P represents ligand binding to protonated
protein, pr represents proton binding to free (unliganded) protein, and pr represents proton
binding to ligand-bound protein. Panel B. The observed enthalpies as a function of pH in two
buffers. — phosphate, and m — tris. The data points are the enthal pies that were observed
experimentally using ITC, and the lines are fitted to the single binding-linked protonation model,
Eq. (4). Panel C. The observed enthalpies as afunction of the buffer deprotonation enthal py at
various temperatures. ¢ — 13 °C, 0 - 25 °C, and A — 37 °C. The data points are the
experimentally-observed enthalpies, and the trendlines are linear fits. Their slopes are equal to

the binding-linked protonation events. There was little change of n as afunction of temperature.
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The zero intercepts of the lines are equal to the buffer-independent binding enthalpies. The
enthalpies are not intrinsic binding enthal pies because they contain the heats of protonation of
unknown protein functional groups. Panel D. The number of linked protonation events (n),
obtained from the slopes of the linesin Panel C as afunction of pH. The lineisfitted to the
single binding-linked protonation model, Eq. (4). The midpoint of the curve occurring around pH
6.6 indicates the existence of afunctiona group on the protein that has a pK, ~6.6. Radicicol
binds to the protonated form of the protein. Therefore the protein must bind a proton to bind
radicicol.

Figure 3. Intrinsic binding enthal pies obtained after accounting for the linked protonation event
as afunction of temperature for radicicol binding to various proteins. Panel A: m—Hsp90 N,
and A —Hsp90 F. Panel B: m— Hsp90 N, and ® — Hsp90 N. The slopes are linear fitsto the
experimental data and are equal to the intrinsic heat capacities of radicicol binding. Theintrinsic

binding parameters are summarized in Table 2.

Figure 4. Radicicol bindingto Hsp90 N determined from the thermal shift assay. Raw data at
pH 7.0 (Panel A) and pH 10.0 (Panel B). The Hsp90 thermal denaturation transitions (T were
increasingly shifted upwards as the concentrations of radicicol increased: m—0 M, x—-40 M,

—-80 M,and @ -160 M. Note that both the unliganded and liganded forms of Hsp90 N
were destabilized at pH 10.0 and also made the relative T, shift smaller than at pH 7.0. Panel C.
The T, data from the thermal shift assay as a function of the concentration of added radicicol at
various pH values. The data points are obtained from the raw data asin Panels A, B, and the
lines are fitted according to the model, Eq. (6). Note that the protein is most stable at pH 7.5-9.0,
but the T, shift caused by the ligand is greatest at pH 6.5. The leftmost data point is obtained
when no radicicol is added.
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Figure 5. Radicicol binding to theHsp90 and isoformsat pH 8.0 from the thermal shift
assay. Panel A. Theraw data. Filled symbols- Hsp90 N, open symbols- Hsp90BN. The
triangles show the melting curvesin the absence of added radicicol, whereas the squares show
the protein melting curves after 20 uM radicicol is added. Panel B. The dependence of the
melting temperature of Hsp90 N (m) and Hsp90BN (A) on the concentration of radicicol. The
melting temperature shift is greater for the than the f isozyme. Analysis of the data shows that

the binding constant is greater for the thanthe isozyme.

Figure 6. The observed binding constants of the interaction of radicicol with Hsp90 N obtained
using three experimental approaches. — isothermal titration calorimetry in phosphate buffer, m
— isothermal titration calorimetry in Tris buffer, and x — the thermal shift assay, all at 25 °C. The
lineis fitted according to Eq. (1) for alinked protonation event using pKa = 6.6. The pKz° is
somewhere greater than 11, but the exact value is unknown. There is aclear decrease in the
binding strength at higher pH. The dashed line shows the upper limit of accurate Ky,
determination by ITC (where the ¢ value (c = CxKp) is500). TSA provides more accurate values
at low pH than does ITC.

Figure 7. The intrinsic thermodynamic parameters (squares — enthalpies, triangles — entropies,
and circles— Gibbs free energies) of radicicol binding to various proteins as a function of
temperature. Panel A: Hsp90 N (filled symbols) and Hsp90 F (open symbols). Panel B:
Hsp90 N (filled symbols) and Hsp90BN (open symbols). The intrinsic binding constants and the
Gibbs free energies were essentially indistinguishable for the two Hsp90 constructs (Panel A).

Therefore, LG isshown asasinglelinefor both constructs.

Figure 8. A structural model of radicicol binding to Hsp90. Panel A. Experimental crystal
sctructure of radicicol bound to the yeast Hsc82 (pdb ID 1bgq). Panels B and C. Computational

models of radicicol bound to the human Hsp90 (Panel B) and Hsp90p (Panel C), prepared as
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explained in the text. Thehuman Hsp90 and  isozymes differ only by one amino acid
(position 52 in ) inthe vicinity of radicicol binding site, i.e., Serin  and Alain . Theserine
OH group can make three additional hydrogen bonds that cannot be formed in the beta isozyme,
where the serineis replaced with alanine. Thisis essentially the only difference between two
modeled structures, and is therefore likely to be responsible for the differences in the binding
Gibbs free energy and enthalpy. Y east Hsc82 contains Alain the structurally equivalent position
38 (asin human Hsp90 ).
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FIGURES

Figure 1. Panels A and B
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Figure 1. Panels C and D
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Figure 2. Pand A:

Figure 2, Panel B:
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Figure 3. Panels A and B
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Figure 4. Panels A and B
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Figure 4. Panel C
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Figure 5. Panels A and B
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Figure 6
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Figure 7. Panels A and B
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Figure 8. Panel A:

Radicicol

ASPT79

Panel B:

Radicicol

ASP93

42



Panel C
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