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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, 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.
370 5 260 2116.
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1. Introduction

Heat shock protein 90 (Hsp90) is a component of the cellular
chaperonemachinery [1,2]. There are a number of recent developments
in the understanding of the interesting and complex mechanism of
Hsp90 action [3–7]. 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
[8–12].

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.
Bothnatural compoundshavebeenused as leads todevelopcompounds
with desired pharmaceutical properties such as increased potency and
reduced toxicity [1,9]. RD is themore potent binder of the two. Radicicol,
also known as monorden, was originally discovered as an antifungal
substance of fungal origin in 1953 [13] and is a specific Hsp90 inhibitor
[14]. The co-crystal structures of radicicol bound to the Hsp90 N-
terminal domains from various species have been determined, and they
show numerous hydrogen bondswith the ATP-binding pocket of the N-
terminal domain [15,16]. As determined using isothermal titration
calorimetry (ITC) full-length yeast Hsc82 binds radicicol with a Kd of
19 nM, and theN-terminal domain of yeast Hsc82 binds radicicol with a
Kd of 2.7 nM [15].

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 Kd (Gibbs free energy), but also the enthalpy, entropy, and
heat capacity of binding [17–20]. The full thermodynamic description
of binding is important for structure-based drug development [18,20].
The thermal shift assay [21], also known as differential scanning
fluorimetry [22] andThermoFluor® [23], is a high-throughput screening
method for hit selection and the determination of the protein-ligand
binding constants used in the pharmaceutical industry [24]. This
biophysical technique can be applied to anyprotein-ligandnon-covalent
binding reaction, independent of whether the ligand stabilizes or
destabilizes the protein upon binding [25]. In cases when there is a
single binding event, the ITC and TSA results complement each other for
increased precision of themeasurements [26]. In addition, themethod is
useful for the characterization of protein stability in the presence of
various excipients [27] and the optimization of conditions for protein
crystallization [28].

We have redetermined radicicol binding thermodynamics to yeast
Hsc82 and determined binding to human Hsp90 alpha and beta
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isozymes using ITC and TSAmethods to estimate the binding affinity of
very tight interactions. Furthermore, linked protonation effects were
determined and dissected from intrinsic binding thermodynamics
showing large differences in intrinsic enthalpies but small differences
in the intrinsic Gibbs free energies of binding. Our findings support
recent demonstrations [29–33] which show that Hsc82, used as a
model and archetypical Hsp90machine, showsdifferences in themode
of action compared to other family members.

Because the binding affinity is a combined function of the binding
enthalpy and the binding entropy, improved affinity could result
when any or both terms are designed to contribute more favorably to
binding [34]. The enthalpy and heat capacity of binding correlate with
structural parameters such as hydrogen bond formation and hydro-
phobic contacts more closely than the Gibbs free energy. Despite
structural determination of radicicol binding to Hsc82, the thermody-
namic characterization of the linked protonation reactions [35] and
comparison with human Hsp90α and β isoforms have been insuffi-
ciently detailed to understand the binding energetics.

2. Results

2.1. Isothermal titration calorimetry of radicicol binding to Hsp90

The energetics of radicicol binding to various constructs of human
Hsp90α and Hsp90β, and yeast Hsc82wasmeasured using ITC. Fig. 1A
shows a representative raw data titration of Hsp90αN with radicicol.
The binding reaction is strongly exothermic. Thefirst 12peaks represent
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Fig. 1. Representative isothermal titration calorimetry curves of radicicol binding to various h
of radicicol binding to Hsp90αN in 50 mM sodium phosphate, pH 7.5, at 25 °C. Insert shows
binding to Hsp90αN in two buffers: ■ — in sodium phosphate, and Δ — in Tris chloride buff
more exothermic in phosphate than in Tris buffer. Panel C. The integrated ITC data curve
enthalpies are significantly different from Hsp90αN. Panel D. Integrated ITC data curves o
Hsp90βN, and □ — Hsp90βF. Solid lines show curve fits for the N-terminal Hsp90 while t
terminal and full-length protein binding were within the experimental error. All of the tes
binding to various Hsp90 constructs and isozymes are summarized in Table 2.
the heats of binding and heats of dilution whereas the small peaks after
the 12th injection represent the heats of dilution. The binding of
radicicol to Hsp90 was found to be stoichiometric under all conditions
examined. Variation of the time between injections did not affect the
observed enthalpy indicating that the binding measurements were
done under reversible equilibrium binding conditions.

Fig. 1B shows the integrated ITC curves of radicicol binding to
Hsp90αN in two buffers, 50 mM sodium phosphate or 50 mM Tris,
both at pH 7.5, and at 25 °C. Similarly, Fig. 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
enthalpies. 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.

Fig. 1D compares the integrated ITC curves of radicicol binding to
the N-terminal domains of α and β Hsp90 isozymes with the full-
length proteins. It was important to determine whether there is a
difference in the binding thermodynamics to α and β 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 also 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
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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 alkaline pH region. Human and yeast proteins
bound radicicol with significantly different observed enthalpies and
Kds. 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 ITCmeasurements
to dissect proton linkage from ligand bindingwas given byMurphy and
coworkers [37–39]. If a protein has a single ligand-binding site and a
single proton uptake is linked to the binding process (i.e., a proton is
taken from the buffer solution), then there are four linked processes
described by the thermodynamic parameters labeled F in Fig. 2, Panel A.

When ligand binding affects and shifts the pKa 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), enthalpies, entropies, and the heat capacities,
are additive. As it takes energy to shift the pKa, the binding constant of
a ligand 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
Table 1
Representative ITC data for the binding of radicicol to recombinant human and yeast
Hsp90 protein constructs as a function of pH, temperature, and buffer ionization
enthalpy.

Construct Temp., °C pH Buffer ΔionizHbuf
a ΔbHobs

a Kd, nM

Hsp90αN 13 7.5 Pib 7.4 −63.5 1.3
25 7.5 Pi 5.1 −72.9 0.15
37 7.5 Pi 2.9 −81.2 0.47
25 5.5 Tris 47.5 −71.1 0.24
25 6.0 Tris 47.5 −59.3 0.14
25 6.5 Tris 47.5 −55.5 0.34
25 7.0 Tris 47.5 −48.7 0.03
25 7.5 Tris 47.5 −44.8 0.91
25 8.0 Tris 47.5 −40.7 1.4
25 8.5 Tris 47.5 −37.7 7.4
25 9.0 Tris 47.5 −35.9 73.2
25 6.0 Pi 5.1 −68.7 0.29
25 8.5 Pi 5.1 −72.8 8.6

Hsp90αF 13 7.5 Pi 7.4 −55.5 1.06
25 7.5 Pi 5.1 −68.6 0.32
37 7.5 Pi 2.9 −77.4 0.43
25 6.0 Tris 47.5 −51.1 1.23
25 7.5 Tris 47.5 −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

Hsp90βN 13 7.5 Pi 7.4 −56.3 2.9
25 7.5 Pi 5.1 −62.7 0.5
37 7.5 Pi 2.9 −75.3 3.1
25 6.0 Tris 47.5 −55.2 0.55
25 7.5 Tris 47.5 −35.7 0.34
25 8.5 Tris 47.5 −30.9 10.06
25 6.0 Pi 5.1 −66.9 0.07
25 8.5 Pi 5.1 −60.3 5.91

Hsp90αN 37 7.5 Hepes 21.6 −70.4 0.6
Hsp90αF 37 7.5 Hepes 21.6 −69.1 0.59
Hsp90βN 37 7.5 Hepes 21.6 −59.3 2.0
Hsp90βF 37 7.5 Hepes 21.6 −59.0 3.0
yeastHsc82N 37 7.5 Hepes 21.6 −52.5 9.6
yeastHsc82F 37 7.5 Hepes 21.6 −53.2 26.0

25 7.5 Tris 47.5 −18.5 2.38
13 7.5 Pi 7.4 −42.6 1.46
25 7.5 Pi 5.1 −48.8 7.69
37 7.5 Pi 2.9 −57.6 13.9

a: units in kJ×mol−1; b: Pi is phosphate buffer. The standard deviations were 3 to
5 kJ×mol−1 for the enthalpy and up to 1.6 fold for the Kd, especially when the binding
was too tight to measure accurately using ITC.
binding of a single proton, then the observed binding constant (Kobs)
and the intrinsic binding constant to the protonated protein form
(Kintr) are related by:

Kobs = Kintr
1 + 10pH−pKb

a

1 + 10pH−pKf
a

ð1Þ

Ka
b and Ka

f 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 protons in the liganded and free
protein:

n = f bp−f fp =
10pKb

a−pH

1 + 10pK
b
a−pH

− 10pK
f
a−pH

1 + 10pK
f
a−pH

ð2Þ

The value of n can be determined by ITC because it contributes to
the observed binding enthalpy (ΔbHobs):

ΔbHobs = ΔbH + nΔbHbuffer ð3Þ

ΔbH is the enthalpy that would be measured in a buffer that has an
ionization enthalpy ΔbHbuffer equal to zero. However, it is not equal to
the intrinsic binding enthalpy. A series of observed enthalpiesmeasured
at constant pH in buffers with different ionization enthalpies (Fig. 2B)
plottedas a functionof buffer ionization enthalpywill yield a slopeequal
to n and an intercept of ΔbH (Fig. 2C). The n values (Eq. (2)) plotted as a
function of the pH are shown in Fig. 2D. The data points are obtained
from the slopes as shown in Fig. 2C, whereas the line is fitted to Eq. (2)
and yields a pKaf equal to 6.6. The enthalpies in Fig. 2B are fitted using the
same pKa

f (6.6). The pKab could not be determined and is greater than 11
because there is no return to n=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 Hsp90αN-radicicol
complex was best fit by the value of −8.0 kJ×mol−1. The intrinsic
(buffer-independent) enthalpy of radicicol binding can be estimated
from the relationship:

ΔbHobs = ΔbHintr + nΔbHcomplex + nΔbHbuffer ð4Þ

As no experimental conditions were found where radicicol would
bind to the deprotonated protein form, it was not possible to determine
the protonation enthalpy difference between the free and liganded
forms of Hsp90.

Fig. 3 shows the dependencies of the intrinsic binding enthalpies 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 Hsp90αN is equal to approximately −620 J×mol−1×K−1.
Table 2 lists the intrinsic thermodynamic parameters of radicicol
binding to all tested Hsp90 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 [40].
The c value (c=C×Kb, C is the molar concentration of the protein, and
Kb 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 μM, and the binding constant of radicicol is expected to be
approximately 2×1010 M−1 [40]. Thus, the c value is at least 80,000,
significantly above the valueof 500 required for ITC. Therefore, different
methods are required tomeasure the binding constant accurately in this
pH region. This could be done by ITC using displacement titration of a
weakly-binding ligand. However, this approach did not work well for
radicicol [40]. Themost precise results were obtained using the thermal
shift assay.
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2.2. Thermal shift assay of radicicol binding to Hsp90

The thermal shift assay measures the binding constant of a ligand
by determining the increase in the melting temperature of the protein
that is caused by the ligand [25,26]. Protein unfolding is monitored
using the intrinsic tryptophan fluorescence or the fluorescence of an
extrinsic probe (such as 1,8-anilinonaphtalene sulfonate, ANS) upon
increasing the temperature of the protein solution at a constant
heating rate. Soluble single-domain globular proteins melt with a
single transition that is affected by ligands. Full-length Hsp90 yields a
complicatedmulti-domainmelting transition profile. However, the N-
terminal domain of Hsp90 yields a single transition that can be
analyzed using the thermal shift assay.

Fig. 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 several
radicicol concentrations. The concentration of Hsp90αN was 10 μM.
With no radicicol added, andwhen the pH is 7.0, there is a steep increase
in fluorescence observed at approximately 50 °C. This increase is due to
protein unfolding that exposes hydrophobic surfaces where ANS can
bindandbe excluded fromquenchingby the aqueous environment [41].
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 [42,43]. When
the radicicol concentration is greater than that of the protein, the
melting temperature of Hsp90 is increased by more than 10 °C.

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

y Tð Þ = yF;Tm + mF T−Tmð Þ

+
yU;Tm−yF;Tm

� �
+ mU−mFð Þ T−Tmð Þ

1 + e ΔUHTm + ΔUCp T−Tmð Þ−T ΔUSTm + ΔUCp ln T =Tmð Þð Þð Þ=RT
ð5Þ

y(T) is the calculated fluorescence as a function of temperature; yF, Tm
is the fluorescence of the probe bound to folded native protein before
the transition at Tm; yU, Tm is the fluorescence of the probe bound to the
unfolded protein after the unfolding transition at Tm;mF is the slope of
the fluorescence dependence on temperature when the probe is
bound to the native protein; mU is the slope of the fluorescence
dependence on temperature when the probe is bound to the unfolded
protein; ΔUHTm is the enthalpy of protein unfolding at Tm; ΔUSTm is the
entropy of protein unfolding at Tm; ΔUCp is the heat capacity of protein
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unfolding and is assumed to be temperature-independent over the
temperature range studied; R is the universal gas constant; and T is
the absolute temperature (Kelvin).

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

Lt = KU;Tm
−1

� � Pt
2KU;Tm

+
1

Kb;Tm

 !

= e− ΔUHTr + ΔUCp Tm−Trð Þ−Tm ΔUSTr + ΔUCp ln Tm =Trð Þð Þð Þ=RTm−1
� �

× ½ Pt2 1

e− ΔUHTr + ΔUCp Tm−Trð Þ−Tm ΔUSTr + ΔUCp ln Tm =Trð Þð Þð Þ=RTm

+
1

e− ΔbHT0
+ ΔbCp Tm−T0ð Þ−Tm ΔbST0 + ΔbCp ln Tm =T0ð Þ

� �� �
=RTm

�
ð6Þ
Table 2
The intrinsic thermodynamic parameters of radicicol binding to Hsp90 at 25 °C.

Protein Kd,
nM

ΔbHintr,
kJ×mol−1

ΔbGintr,
kJ×mol−1

TΔbSintr,
kJ×mol−1

ΔbSintr,
J×mol−1×
K−1

ΔbCp,
J×mol−1×
K−1

Hsp90αN 0.04 −70.7 −59.4 −11.4 −38 −620
Hsp90αF 0.04 −66.8 −59.4 −7.5 −25 −860
Hsp90βN 0.15 −60.6 −56.1 −4.6 −15 −760
Hsp90βF 0.15 −61.1 −56.1 −5.0 −17 N.D.
Hsc82F 0.25 −46.7 −54.8 8.1 27.1 −620
Uncertainties ±1.6-

fold
±4 ±2.6 ±4.7 ±16 ±140
Lt is the total concentration of added ligand, KU, Tm is the protein
unfolding equilibrium constant at Tm; Pt is the total protein
concentration; Kb, Tm is the ligand binding constant at Tm; ΔUHTr is
the enthalpy of protein unfolding at Tr; Tr is the protein melting
temperature when no ligand is added; ΔUSTr is the entropy of protein
unfolding at Tr; ΔUCp is the heat capacity of protein unfolding and is
assumed to be temperature-independent over the temperature range
studied; ΔbHT0 is the enthalpy of ligand binding at T0; T0 is the
temperature at which the binding process is studied (usually 37 °C);
ΔbST0 is the entropy of ligand binding at T0; and ΔbCp is the heat
capacity of ligand binding and is assumed to be temperature-
independent over the temperature range studied.
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The binding constant at the physiological temperature T0 is
determined using Eq. (7):

Kb;T0
= e− ΔbHT0

−T0ΔbST0

� �
=RT0 ð7Þ

The radicicol dosing curves in Fig. 4C show the greatest shift in Tm
at pH 6.5, but the unliganded protein is most stable at pH 7.5. At pH
9.0, the shift is significantly smaller than near neutral pH, indicating a
significant decrease in the binding constant.

To compare radicicol binding to the two human Hsp90 isoforms,
we carried out a thermal shift assay at various pH values. Fig. 5
compares selected fluorescence profiles at pH 7.0 forα and βHsp90N.
The melting temperature shift is greater for the alpha isozyme. A
similar result is seen in Fig. 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 beta isozyme.

Fig. 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 approx-
imately 7.0. The line in Fig. 6 is fitted using the pKa

f of 6.6 and the Kintr of
2.5×1010 M−1. At pH values below 8.5, the observed binding constant is
determined correctly only using the TSA, and it is underestimated using
ITC because the c value is above 500 (as described earlier).

2.3. 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 Fig. 7. All intrinsic thermodynamic para-
meters 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 Hsp90α than to Hsp90β. Truncating
the protein did not affect the binding constant significantly. However,
it should be kept inmind that it wasmore difficult to determine the Kd

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).
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Dissection of the radicicol binding thermodynamics into their
enthalpic and entropic contributions shows that radicicol-Hsp90
binding is driven by enthalpy 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 J×mol×K−1. The slight differ-
ence between the N-terminal and full-length forms of Hsp90, and
between the alpha and beta isoforms is 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.

There is a small but statistically significant difference between the
enthalpy and the Gibbs free energy of radicicol binding to Hsp90α and
Hsp90β. The binding is slightly weaker to Hsp90β than to Hsp90α.
This reduction in affinity is caused primarily by less favorable
enthalpic 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 enthalpy was
approximately equal to 7 kJ/mol.

However, the binding of radicicol to yeast Hsc82N and yeast
Hsc82F differed significantly from the binding to human Hsp90. The
enthalpy 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
isozymes is in the intrinsic enthalpy of binding. The enthalpy of
radicicol binding to yeast Hsc82F was 20.1 kJ/mol less exothermic
than Hsp90αF isozyme and 14.4 kJ/mol less exothermic than Hsp90βF
isozyme. This large difference in enthalpies combined with relatively
small difference in the intrinsic Gibbs free energies yields opposing
contributions from the entropy of binding. It appears that 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.

3. Discussion

Radicicol is an important natural inhibitor of Hsp90 that has been
used asa lead compound todesign inhibitors for therapeuticpurposes. It
is now at preclinical development at the Memorial Sloan-Kettering
Cancer Center [12]. Single amino acid mutations in Hsp90may increase
resistance to radicicol through an increased affinity ofmutatedHsp90 to
cochaperoneAha1 [44] andarenot related to change in radicicol affinity.
Other mutants, however, directly affect radicicol binding affinity at the
active site [16].

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,
whichproduces radicicol [5]. TheHsp90 fromthe 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
Hsp90. Various studies only use several ITC experiments and determine
a limited number of association constants, without reporting the
intrinsic binding enthalpies, 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 a detailed 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 proton-
ation reactions, it is necessary to dissect their input to every
thermodynamic parameter of the binding. Even after this analysis, it
may not be possible to assign energetic parameters to 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 [45].

The dissection of linked protonation reactions and the application
of two biophysical techniques, i.e., ITC and TSA, determined the Kd

values of radicicol with Hsp90α to be approximately 0.04 nM, with
Hsp90β 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 [15] and without the dissection of
the linked protonation reactions. This approach was more accurate
than the displacement ITC experiments, as previously discussed. [40]
The combination of ITC and TSA helps to determine ultra-tight binding
constants by analyzing the pH-dependence (Fig. 6). Interestingly,
geldanamycin was shown to inhibit Hsp90α about 3-fold tighter than
Hsp90β [46].

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 [26]. The enthalpy of unfolding can be determined using
several biophysical techniques such as DSC and acid-titration ITC
[47,48], and by fitting raw TSA curves or ligand-dosing curves [40].
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 pKa shift of the amino acid in Hsp90 responsible for
the proton uptake at high pH. As the pKa 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 is
located 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. As a control, several other adjacent D
mutants expressed and purifiedwell. This indicates that human D93 is
crucial for the protein. Radicicol binding measurements could not be
carried out with these mutants.

The enthalpy of protonation of an unknown groupwas determined
to be equal to−8.0 kJ×mol−1. This is too small for a histidine residue
(about−29 kJ/mol) or phenolic groupof radicicol (about−21 kJ/mol).
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However, the value is close to the enthalpy of Asp protonation which is
equal to −5.6±1.6 kJ/mol (based on values determined at 25 °C as
reviewed in [36]). 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.

Fig. 8A shows the structural arrangement of important radicicol
interactions bound to Hsc82 (PDB ID 1bgq). Radicicol forms hydrogen
bonds only with Asp79 and several water molecules. Other direct
contacts between radicicol and protein are identical for the three
protein isoforms. Therefore, other amino acids are not shown. There is
no crystal structure available in the PDB of radicicol bound to any
human Hsp90 isozyme. Therefore, a computational model of human
Hsp90α in the radicicol-bound form was constructed on the basis of
Fig. 8. A structural model of radicicol binding to Hsp90. Panel A. Experimental crystal sctruct
models of radicicol bound to the human Hsp90α (Panel B) and Hsp90β (Panel C), prepared as
(position 52 in α) in the vicinity of radicicol binding site, i.e., Ser in α and Ala in β. The serine
isozyme, where the serine is replaced with alanine. This is essentially the only difference
differences in the binding. Gibbs free energy and enthalpy. Yeast Hsc82 contains Ala in the
the high-resolution (1.55 Å) structure of human Hsp90α complexed
with dihydroxyphenyl amide inhibitor (PDB code: 3EKO). First, the
human Hsp90α structure (3EKO) was superimposed with the native
and mutant yeast Hsc82 structures (PDB: 1BGQ and 2WER, respec-
tively) that were solved with radicicol bound. Superposition of the
structures revealed that the aromatic rings of the inhibitors super-
imposed very closely in all three structures. Therefore, we obtained
the human Hsp90α complex with radicicol by simply substituting the
dihydroxyphenyl amide inhibitor with radicicol from any of the super-
imposed yeast structures. The radicicol-bound Hsp90β model was
obtained using the model of Hsp90α bound to radicicol, constructed as
described above. The few side chains that differ between Hsp90α and
Hsp90β were replaced in the Hsp90α structure and positioned
ure of radicicol bound to the yeast Hsc82 (pdb ID 1bgq). Panels B and C. Computational
explained in the text. The human Hsp90α and β isozymes differ only by one amino acid
OH group can make three additional hydrogen bonds that cannot be formed in the beta
between the two modeled structures, and is therefore likely to be responsible for the
structurally equivalent position 38 (as in human Hsp90β).
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automatically using SCWRL3 [49]. 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.

Fig. 8B and C compares the hydrogen bond arrangements in the
vicinity of radicicol, Asp93 and Ser52 (Hsp90α) or Ala (Hsp90β) that
are most likely to account for the difference in the radicicol binding
energetics to the alpha and beta isoforms. There is only one amino
acid (Ser52 in Hsp90α or Ala47 in Hsp90β) that differs in the vicinity
of the radicicol binding site. There is no direct contact between Ser or
Ala and radicicol. However, as described previously [16], water
molecules play a crucial role in mediating the radicicol–Hsp90
interaction. When radicicol binds to the alpha isozyme, Ser52 makes
three additional contacts that cannot be formedwith the beta isozyme
(in which Ala lacks 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 beta isozymes. The binding is enthalpically
more favorable when the additional hydrogen bonds are formed.

However, the structure of radicicol–Hsc82 complex is very similar
to Hsp90β, but the energetics of binding is significantly different. The
enthalpy of radicicol binding to Hsc82 is 14.4 kJ/mol less exothermic
than for Hsp90β. This difference could not be assigned to any obvious
structural features of the protein-radicicol complex. Therefore, addi-
tional 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 enthalpy.

Heat capacity changes were calculated using five published empirical
relationships between changes in solvent-accessible surface area and ΔCp
to compare with experimentally measured values (Table 3). Calculated
heat capacitieswere significantly smaller in their absolute values than the
experimental ΔCp values. This indicates a conformational change
occurring during radicicol binding to the chaperone similarly to the
conformational change occurring upon ATP binding [45].

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 a
large binding energy. Fourth, water molecules play an essential role in
the recognition and binding.

4. Materials and methods

4.1. Materials

Radicicol was purchased fromA.G. Scientific, Inc., dissolved in DMSO
at 50 mM, and stored at −20 °C. The concentration of radicicol was
determined spectrophotometrically using an extinction coefficient of
14,700 M−1 cm−1 in methanol at 265 nm [50]. Partial degradation of
radicicol in DMSO solution occurred if stored over amonth, especially in
the presence of reductants. It was important to prepare fresh solutions
for all measurements.
Table 3
Experimental and calculated ΔCp values for the binding of radicicol to Hsp90α, Hsp90β,
and Hsc82. The ΔCp values were calculated using area coefficients reviewed in [54].

Solvent accessible surface area and heat capacity
difference upon binding

Hsp90α Hsp90β Hsc82

ΔAnon-polar-calculated, Å2 −191 −193 −182,4
ΔApolar-calculated, Å2 −58,6 −57,4 −71,9
ΔCp-experimental, J×mol−1×K−1 −620 −760 −620
ΔCp-calc-Spolar, J×mol−1×K−1 −221 −225 −202
ΔCp-calc-Murphy–Freire, J×mol−1×K−1 −295 −300 −265
ΔCp-calc-Meyers, J×mol−1×K−1 −201 −204 −186
ΔCp-calc-Makhatadze–Privalov, J×mol−1×K−1 −357 −363 −327
ΔCp-calc-Robertson–Murphy, J×mol−1×K−1 −157 −157 −158
4.2. Hsp90 constructs

Hsp90αΝ — The N-terminal domain of alpha Hsp90. The gene
encoding full-length human Hsp90α protein was purchased from
RZPD, Deutsches Ressourcenzentrum für Genomforschung GmbH
(Germany). For protein expression, the N-terminal fragment of the
Hsp90α gene, corresponding to amino acids 3–241, was inserted into
the pET-15b vector (Novagen, Madison, WI, USA) using the XhoI/
BamHI restriction sites, thereby fusing a His6 tag to the N-terminus of
the protein.

Hsp90αF — Full length alpha Hsp90 was cloned and purified as
previously described [51].

Hsp90βF — 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′-GGGGGTCTAGACATATGCCT-
GAGGAAGTGC-3′ and 5′-GCTAAGTGTCGACCTAATCGACTTCTTCCA-3′.
This was then cloned using the NdeI and SalI restriction sites into the
pET28b expression vector.

Hsp90βN — The N-terminal domain of beta Hsp90. The sequence
coding for the N-domain (amino acid residues 1–239) of humanHsp90
beta was amplified from the same template using the same forward
primer and the reverse primer 5′-CATAAGCTTTATCTTACTCTTCTTTCT-
CACC-3′. This was then cloned using the NdeI and HindIII restriction
sites into the pET28b expression vector.

Yeast 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′-GCCGGATCCT-
TAATCAACTTCTTCCATCTCGG-3′. This was then cloned using the NdeI
and BamHI restriction sites into the pET28b expression vector.

Yeast 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′. This
was then cloned using the NdeI and BamHI restriction sites into the
pET28b expression vector.

4.3. Protein expression and purification

His6-tagged Hsp90αN protein was expressed in the Escherichia coli
strain BL21 (DE3). The bacterial cultures were grown until an A550 of
0.5–0.8 was reached, and the expression was induced by the addition
of 1 mM isopropyl-1-thio-β-D-galactopyranoside (final concentra-
tion). Protein was purified according to Richter et al. [52]. The cells
were lysed by sonication, and the soluble protein was purified using a
Ni-IDA affinity column, followed by an anion exchange chromatog-
raphy 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 Hsp90αN 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 Hsp90αN and Hsp90αF) were expressed in
theE. coliBL21RIL strain (Stratagene).All proteins carried anN-terminal
His6 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 a 0.05–0.50 M KCl gradient. The proteins were
dialyzed against buffer containing 25 mM Hepes, pH 7.5, 150 mM KCl
and 10% glycerol, and frozen in liquid nitrogen.

4.4. Isothermal titration calorimetry

The protein solutions (2–5 μM) were loaded into the VP-ITC
isothermal titration calorimeter (Microcal, Inc.) cell (approximately
2 ml, with an active cell volume of 1.4 ml). The titration syringe (250 μl)
was filled with 20–50 μM (usually 40) ligand solution. Titrations were
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carried out using 25 injections of 10 μl each, injected at 3 to 4 minute
intervals. The stirring speedwas 260 rpm. Titrationswere carried out at
a constant temperature in the 13–37 °C temperature range. The ligand
solutionswere prepared in the same buffer as the protein solutions, and
contained the same concentration of DMSO (usually 0.5–-1%). The total
number of independent ITC titration experiments was 140. Variation of
the protein concentration (within 1–10 μM range) or the time intervals
between injections (within 3–5 min range) did not affect themeasured
enthalpies to an extent greater than the standard error.

4.5. 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 ISS PC1 spectrofluorimeter
equipped with a temperature-controlled water bath. The temperature
reproducibility was measured to be ±0.2 °C. The protein concentra-
tions were measured spectrophotometrically (ε280 (Hsp90αN)=
15,930 M−1 cm−1). The protein concentration was usually 10 μM
and the ligand concentrations varied from 0 to 200 μM. 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.
DMSO 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 μM. The
total volume of the reaction was 10 μl when using the iCycler or
Corbett instruments and 3 ml for the ISS PC1 cuvette that was covered
to prevent evaporation. Samples in the iCycler or Corbett instruments
were overlaid with 2.5 μl of silicone oil DC 200. For this assay, 96-well
iCycler iQ PCR plates were used. Samples in 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 a rate 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 is in
the determination of the enthalpy of unfolding. The Tm is determined
with ±0.2 °C standard error.

4.6. Structure analysis and calculation of ΔCp

Solvent accessible surface areas were calculated using Naccess
computer program [53]. The differences in 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
Hsp90αNandHsp90βN.Heat capacitieswere calculatedusing empirical
equation relating it to changes in non-polar and polar solvent-accessible
surface areas (ΔAnon-polar and ΔApolar respectively):

ΔCP = k1ΔAnon�polar + k2ΔApolar

where k1 and k2 are empirical coefficients determined for several
protein sets reviewed in [54].
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