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Abstract
Heat shock protein 90α (Hsp90α) was immobilized on aminopropyl silica via the N-terminus to create
the Hsp90α(NT)-column or C-terminus to create the Hsp90α(CT)-column. Binding to the exposed
C-terminus on the Hsp90α(NT)-column was characterized using frontal chromatography and C-
terminus ligands coumermycin A1(CA1) and novobiocin (NOVO). The calculated Kd values were
220 ± 110 nM (CA1) and 100 ± 20 nM (NOVO). Non-linear chromatography was used to determine
the association and dissociation rate constants associated with the NOVO-Hsp90α complex, 22.2
(±8.8) μM−1 sec−1 and 2.7 (±0.6) sec−1, respectively. Binding to the exposed N-terminus on the
Hsp90α(CT)-column was characterized using frontal chromatography. The Kd values of N-terminus
ligands geldanamycin (GM) (90 ± 50 nM) 17-(Allylamino)-17-demethoxygeldanamycin (17-AAG)
(210 ± 50 nM) and radicicol (RAD) (20 ± 9 nM) were consistent with previously reported values.
The effect of the immobilization on ATPase activity was investigated through the determination of
IC50 values for inhibition of ATPase activity on the Hsp90α(CT)-column. The IC50 for GM was 2.80
± 0.18 μM and the relative IC50 values were 17-AAG > GM > RAD, in agreement with previously
reported values and indicating that immobilization had not affected ATPase activity or sensitivity to
inhibition.
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Introduction
Heat shock protein 90 (Hsp90) is a family of cellular proteins (Hsp90α, Hsp90β, Grp94, Trap
1) that act as molecular chaperones, which guide the normal folding, intracellular disposition
and proteolytic turnover of many key regulators of cell growth and survival [1]. These proteins
are required for the stability and function of over 100 proteins (clients) including receptors,
protein kinases and transcription factors [1,2]. Hsp90 operates through the formation of
dynamic multiprotein-client complexes and inhibitors of these complexes and/or the activity
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of Hsp90 within these complexes have been identified. Since increased expression and activity
of Hsp90 have been observed in human cancers, Hsp90 inhibitors represent a new and perhaps
selective class of anti-cancer agents [1-6]. One Hsp90 inhibitor, 17-(allylamino)-17-
demethoxygeldanamycin (17-AAG) is currently in clinical trials [2,4].

The structure and function of Hsp90 has been the subject of recent reviews [1,2]. The protein
contains highly conserved N-, middle- and C-terminal domains, Fig. 1, and displays an intrinsic
ATPase activity, which is necessary for its function [1]. The ATPase activity has been
associated with an adenine nucleotide binding pocket in the N-terminus, although the middle-
and C-terminal domains also appear to play a role in this function [1]. Drug development
programs have been directed at compounds that bind to either the N- or C-terminus of Hsp90
and that disrupt client-Hsp90 complexes and inhibit ATPase activity [1-6].

Since binding to Hsp90 is a critical step, the determination of binding affinities, Kd values, of
potential Hsp90 inhibitors is an important aspect of drug discovery programs. These affinities
have been determined using isothermal titration calorimetry (ITC) [3] or competitive binding
studies [5,7]. In the latter experiments, biotinylated geldanamycin (GM) was used as the marker
ligand. An additional approach to the identification and description of Hsp90 inhibitors and
for determination of Kd values is the use of an online screen utilizing a liquid chromatography
column containing immobilized Hsp90. Previous studies with columns containing
immobilized human serum albumin or other transport proteins have been used to determine
ligand binding affinities, ligand binding sites, and ligand-ligand binding interactions including
allosteric interactions [8,9].

In the present study, Hsp90α has been covalently immobilized onto the surface of an
aminopropyl silica liquid chromatography stationary phase. Since both the N-terminus and C-
terminus of the protein are targets for drug development, the protein was immobilized via the
N-terminus to create the Hsp90α(NT)-column or by the C-terminus to create the Hsp90α(CT)-
column, Fig. 2. The immobilizations were accomplished using standard coupling techniques
involving glutaraldehyde (N-terminus) or 1-ethyl-3-(3-methylaminopropyl)carbodiimide (C-
terminus). The columns were used to study binding interactions with the immobilized
Hsp90α including determination of Kd values and association and dissociation rate constants.
The results from these studies are reported below.

The intrinsic ATPase activity of Hsp90 is also a key target in drug discovery. Functional studies
to determine IC50 values of putative Hsp90 ATPase inhibitors have involved a pyruvate/lactate
dehydrogenase-coupled enzyme assay [3] and the direct measurement of free inorganic
phosphate using fluorescence [7] or colorimetric [10] assays; the latter approach having been
used in a high-throughput screen. Functional assays based upon growth inhibition [4] and
HER-2 degradation [5] have also been used to study Hsp90 inhibition. Because ATPase activity
is a key component of the protein's function as well as a primary pharmacological target, the
effect of immobilization on Hsp90 ATPase activity was also investigated in order to determine
if immobilization via the C-terminus affected binding at the adenine nucleotide binding pocket
in the N-terminus.

Materials and methods
Chemicals

Coumermycin A1 (CA1) and radicicol (RAD) were purchased from Biomol Int. (Plymouth
Meeting, PA), geldanamycin (GM) was purchased from InvivoGen (San Diego, CA, U.S.A.),
17-(allylamino)-17-demethoxygeldanamycin (17-AAG) and novobiocin (NOVO) were
purchased from Calbiochem (Darmstadt, Germany). Recombinant human HSP90α (∼90%
pure) was purchased from Stressgen Bioreagents (Ann Arbor, MI, U.S.A.). Bovine serum
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albumin (BSA), ammonium acetate, ATP, 1-ethyl-3-(3-methylaminopropyl)carbodiimide
(EDC), glutaraldehyde, glutaric acid, glycine, pyridine (99.8%), sodium azide, and Tris buffer
were obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO, U.S.A.). The water used in
the study was prepared using a Milli-QWater Purification System (Millipore Corporation,
Bedford, MA, U.S.A.). The aminopropyl silica (APS) stationary phase (Nucleosil 300-7
NH2) was purchased from Macherey-Nagel (Düren, Germany).

Immobilization of HSP90α via N-terminus (Fig 2A)
A 50 mg portion of APS was added to 10 ml of pyridine [10 mM, pH adjusted to 6.0 with 100
mM HCl] in a 15 ml conical plastic tube and the mixture was vortex-mixed for 15 min,
centrifuged at 1500 × g for 10 min, and the supernatant was discarded. The APS was suspended
in 10 ml of 5% glutaraldehyde, rotated at 200 rpm in an orbital shaker for 3 h and then
centrifuged at 1500 × g for 10 min. The supernatant was discarded and the activated APS was
washed three times with 10 ml portions of pyridine [10 mM, pH 6.0] as described above. A
suspension of 200 μg human HSP90α protein in 300 μl of pyridine [10 mM, pH 6.0] was added
to the activated APS, and then left for 24 h at 4°C. After the mixture had warmed to room
temperature, 5 ml of glutaric acid [1M, pH 8.0] was added and the resulting mixture was rotated
at 200 rpm in an orbital shaker for 30 min, centrifuged at 1500 × g for 10 min and the supernatant
discarded. The HSP90α(NT)-silica was rinsed three times with 5 ml portions of Tris-HCl buffer
[10 mM, pH 7.4] containing 150 mM NaCl, 0.1 % (w/v) BSA, 1mM EDTA, 0.1% sodium
azide. The suspension containing the Hsp90α(NT)-silica was placed into a Tricorn 5/20 glass
column (50 × 5 mm I.D., GE Healthcare Bio-Sciences AB, Uppsala, Sweden) and allowed to
settle. The fitting on the column were tightened to create a 6 × 5 mm I.D chromatographic bed.
The column was washed with Tris-HCl buffer [10 mM, pH 7.4] for 2 h using a standard
chromatographic pump with flow rate 0.2 ml/min at 25 °C. The Hsp90α(NT)-column was ready
for immediate use or could be stored at 4°C until use.

Immobilization of HSP90α via C-terminus (Fig 2B)
A 100 mg portion of APS was placed in a 15 ml plastic tube and rinsed with 10 ml of potassium
phosphate [10 mM, pH 5.5] containing 150 mM NaCl. Hsp90α protein (200μg or 400μg) was
added to 400 μl of potassium phosphate [10 mM, pH 5.5] containing 150 mM NaCl and the
suspension was added to the APS. The mixture was vortex-mixed for 5 min followed by the
addition of 200 μl of a 10 mg/ml solution of EDC. The pH of the reaction mixture was adjusted
to 5.0 using 0.1 M HCl and the mixture was then rotated at 200 rpm in an orbital shaker for 24
h at 4°C. The mixture was allowed to warm to room temperature, centrifuged at 1500 × g for
10 min and the supernatant was discarded. The Hsp90α(CT)-silica was rinsed three times with
5 ml portions of Tris-HCl buffer [10 mM, pH 7.4] containing 150 mM NaCl, 0.1 % (w/v) BSA,
1mM EDTA, 0.1% sodium azide. The suspension containing the Hsp90α(CT)-silica was placed
into a Tricorn 5/20 glass column and allowed to settle. The fitting on the column were tightened
to create a 12 × 5 mm I.D chromatographic bed. The column was washed with Tris-HCl buffer
[10 mM, pH 7.4] for 2 h using a chromatographic pump with flow rate 0.2 ml/min at 25 °C.
The Hsp90α(CT)-column was ready for immediate use or could be stored at 4°C until use.

Chromatographic system, frontal and non-linear chromatographic studies
The chromatographic system was composed of a LC-10ADvp pump, SIL-10ADvp
autosampler, CTO-10ASvp column oven, SPD-10AV US-VIS detector, SCL-10ADvp
controller (Shimadzu, Columbia, MD, U.S.A.). In the frontal chromatography studies a 10 ml
superloop (GE Healthcare Bio-Sciences AB) was used to deliver the sample while in the non-
linear chromatography studies a standard 10 μl injection loop was used. The data was acquired
by CLASSvp software, v. 5.03 (Shimadzu). The mobile phase consisted of Tris-HCl [10 mM,
pH 7.4] delivered at 0.2 ml/min at 25 °C. Before each injection the column was flushed for at
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least 6 h. The ligands were detected using UV absorption at λ = 254 nm (NOVO), λ = 280 nm
(CA1), λ = 308 nm (GM), λ = 334 nm (17-AAG), or λ = 310 nm (RAD). The Hsp90α(NT) and
Hsp90α(CT) columns prepared using 200 μg of the protein were used in these studies.

Frontal chromatography studies
Serial concentrations of CA1 [50, 250, 400, 500, 600 nM], RAD [10, 25, 40, 50, 60 nM], GM
[10, 50, 125, 250, 500 nM], 17-AAG [100, 250, 400, 500, 1000 nM] and NOVO [50, 100, 250,
300, 400 nM] were prepared in Tris-HCl [10 mM, pH 7.4]. A 10 ml aliquot of each solution
was placed in the super loop and applied as a continuous stream to the Hsp90α columns.

The observed retention volumes were used to calculate binding affinities (Kd values) of the
studied HSP90α inhibitors (IHSP90α) using a previously described approach, Eqn 1 [11]:
IHSP90α (V − Vmin) = Bmax IHSP90α ⋅ {(KIHSP90α) + IHSP90α }−1 (1)

where: V is the retention volume of IHSP90α measured at the midpoint of the breakthrough
curve, Vmin is the retention volume of IHSP90α in the highest concentration applied of the
displacer ligand and Bmax is number of the active binding sites of the immobilized target. The
Kd values were obtained by plotting [IHSP90α](V-Vmin) versus [IHSP90α] and the data were
analyzed by nonlinear regression with the sigmoidal response curve using Prism 4 software
(Graph Pad Software Inc., San Diego, CA, U.S.A.).

Non-linear chromatography studies
Serial concentrations of NOVO [2.5, 5.0, 10.0, 15.0, 25.0, 30.0 and 50.0 μM] were prepared
in Tris-HCl [10 mM, pH 7.4] and 20 μl aliquots were injected onto a HSP90α(NT) column.
The column was washed with mobile phase for 1.5 h, at the end of each injection.

The observed peak asymmetries were analyzed using Impulse Input Solution, Eqn. 2, as
previously described [11-13]. PeakFit v4.11 for Windows software (SPSS Inc., Chicago, IL)
was used to perform the calculations.

y =
a0
a3

1 − exp( − a3
a2

)
a1
x I1( 2 a1x

a2 )exp( − x − a1
a2

)
1 − T( a1a2 , x

a2
) 1 − exp( − a3

a2
)

(2)

where y is intensity of signal, x is reduced retention time,
T(u, v) = exp( − v)∫0

uexp( − t)I0(2 vt)dt , I0() and I1() are modified Bessel functions, a0 is
area parameter and a1 is center parameter, which determine the true thermodynamic capacity
factor (k'), a2is width parameter and a3 is distortion parameter. Kinetic parameters can be
calculated as follows: kd = 1/a2/t0; Ka = a3/C0; ka = Ka/kd, where: t0 is the dead time of the
column; C0 is the concentration of NOVO injected multiplied by the width of the injection
pulse [12].

Chromatographic system, determination of IC50 values
The HSP90α(CT)-column prepared using 400 μg of Hsp90α protein was placed in a 1100 LC/
MSD liquid chromatography-mass spectrometry system (Agilent Technologies, Palo Alto, CA,
U.S.A.) composed of a vacuum degasser, a quarternary pump, a thermostated autosampler, and
a thermostated column compartment. The mass selective detector (MSD Quad SL) was used
with an electrospray ionization interface (ESI) and on-line nitrogen generation system (Parker,
Haverhill, MA, USA). The data was acquired by ChemStation software, Rev. A.10.02 (Agilent
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Technologies). The analyses were performed using a mobile phase composed of ammonium
acetate [10 mM, pH 7.4] delivered at a flow rate of 0.2 ml/min at 25 °C.

The optimized conditions for ATP/ADP/AMP measurements were as follows: fragmentor
voltage 70 V, gain 2, drying gas flow 6 L min, nebulizer pressure 60 psig, drying gas
temperature 350°C, vaporizer temperature 210°C, and capillary voltage −4000. Target
compounds were quantified in the single ion monitoring mode (SIM) at m/z 506 (ATP), m/z
426 (ADP) and m/z 346 (AMP). The areas under the curve associated with the analytes were
determined by integration of the ion counts contained within the peaks produced by the mass
spectral analysis of ATP (ATPAUC), ADP (ADPAUC) and AMP (AMPAUC) and the
TotalAUC was determined as the sum of the AUCs (ATPAUC + ADPAUC + AMPAUC). The
parameter X was defined as ATPAUC/TotalAUC and the parameter Y as ADPAUC/TotalAUC.

ATPase inhibition studies
GM was added to the mobile phase in sequential concentrations of 0.0, 0.5, 1.0, 1.5, 2.5, 3.0,
5.0, 10.0 μM and the resulting mobile phase was passed through the column for 10 min. ATP,
20 μl of a 50 μM solution, was injected onto the column and the AUCs of the eluted ATP, ADP
and AMP were determined. The column was washed with ammonium acetate [10 mM, pH 7.4]
for 30 min in between injections of ATP. Each experiment was repeated 3 times.

The IC50 value associated with the effect of GM on the hydrolysis of ATP was calculated as
the relationship between the ratio Y/X and the concentration of GM in the mobile phase. The
data was analyzed using a sigmoidal dose-response fitting program contained within Prism 4
software (Graph Pad Software, Inc.) running on a personal computer.

Results
Frontal chromatography studies

The Hsp90α columns were characterized using frontal chromatography techniques in which
serial concentrations of known inhibitors, Fig. 3, were added to the mobile phase and passed
through the column. In this approach, the sigmoidal-like chromatographic trace produced by
the inhibitor contains a relatively flat initial portion, which represents nonspecific and specific
binding of the marker to the stationary phase and target, and a vertical rise in the
chromatographic trace (breakthrough), which ends, or plateaus, when the target is saturated.
Representative chromatographic traces produced by frontal chromatography studies utilizing
NOVO and 17-AAG are presented in Fig. 4A and 4B, respectively. The relationship between
the concentration of the inhibitor and the volume required to produce the breakthrough was
analyzed using Eqn. 1 in order to calculate the Kd of the inhibitor for the immobilized
Hsp90α. This technique has been previously applied to the study of numerous ligand-protein
interactions including binding to human serum albumin [9], cell surface receptors [11] and
drug transporters [14].

Binding to the exposed C-terminus on the Hsp90α(NT)-column was characterized using the
known C-terminus ligands CA1 and NOVO, and frontal chromatography peaks with
concentration-dependent breakthroughs were observed. The chromatographic traces obtained
by adding NOVO (50 - 400 nM) to the mobile phase running on the Hsp90α(NT)-column are
presented in Fig. 4A. Using this approach, the calculated Kd values were 220 ± 110 nM (CA1)
and 100 ± 20 nM (NOVO) with an average number of binding sites (Bmax value) of 140 pmoles
{range 250-30, n = 2} and correlation coefficients (r2) of 0.9488 (CA1) and 0.9795 (NOVO).
The addition of GM, an N-terminus ligand, did not produce a frontal chromatogram and the
addition GM to the mobile phase did not affect the breakthrough volumes of NOVO. These
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results indicate that GM did not specifically bind to the Hsp90α(NT)-column nor did it
competitively or allosterically displace the C-terminus ligands.

Since the binding affinities of the C-terminus ligands have not been previously reported, the
chromatographically determined Kd could not be directly compared to data obtained using
other experimental techniques. However, the use of frontal chromatography in the online
determination of binding affinities has been extensively validated. Therefore, the results
demonstrate that the Hsp90α(NT)-column could be used to determine Kd values for compounds
that bind at the C-terminus. In addition, the data indicate that the immobilization of Hsp90α
via the N-terminus hindered binding to this domain and produced a Hsp90α(NT)-column that
differentially binds C-terminus ligands.

Binding to the exposed N-terminus on the Hsp90α(CT)-column was characterized using the
known N-terminus ligands GM, 17-AAG and RAD. Frontal chromatography peaks with
concentration-dependent breakthroughs were observed and the frontal chromatography traces
obtained by adding 17-AAG (100 - 1000 nM) to the mobile phase running on the Hsp90α(CT)-
column are presented in Fig. 4B. The calculated Kd values were 90 ± 50 nM (GM), 210 ± 50
nM (17-AAG) and 20 ± 9 nM (RAD) with an average Bmax value of 130 (± 77) pmoles, n =
3, and the calculated r2 values were 0.9588 (GM), 0.9569 (17-AAG) and 0.9723 (RAD). These
affinities are consistent with the previously reported Kd values for GM (1,200 nM) and RAD
(19 nM) determined using ITC and yeast Hsp90 [3]. In addition, the relative affinities
determined using the Hsp90α(CT)-column, RAD > GM > 17-AAG are consistent with the
previously reported relative IC50 values for the inhibition of Hsp90 ATPase activity, GM (4.8
μM), 17-AAG (8.7 μM) and RAD (0.9 μM) [10]. Since IC50 values can be related to Kd using
the approach described by Cheng and Prusoff [15], the results indicate that the Hsp90α(CT)-
column can be used to determine the binding affinities of compounds at the N-terminus of
Hsp90α.

NOVO, a C-terminus ligand, did not produce a frontal curve when it was chromatographed on
the Hsp90α(CT)-column, indicating that immobilization via the C-terminus hindered specific
binding to that terminus. In addition, addition of NOVO to the mobile phase did not affect the
breakthrough volumes of GM demonstrating that it did not affect GM binding either
competitively or allosterically. The data indicates that the Hsp90α(CT)-column selectively
binds N-terminus ligands.

Non-linear chromatography studies
The shape of a chromatographic peak is the function of the specific and non-specific
interactions between the solute and the stationary phase. When the stationary phase contains
an immobilized protein, the mass transfer process defined by the dissociation and association
of a ligand-protein complex is usually slow producing broad, non-Gaussian chromatographic
peaks with significant tailing. The degree of deviation from a Gaussian distribution is a function
of applied ligand concentration and the concentration-dependent asymmetry can be used with
non-linear chromatography (NLC) techniques to characterize the separation processes
occurring on the column, including the kinetics involved in the formation and dissolution of
the solute-stationary phase complex, the association (ka) and dissociation (kd) rate constants,
as well as the equilibrium constant (Ka, calculated as ka/kd) [11,16].

The injection of increasing concentrations of NOVO on the Hsp90α(NT)-column produced
asymmetric peaks indicative of the NLC process, Fig. 5. The data was processed as previously
described [16]. Analysis of the data showed that NLC parameters can be obtained from peak
profiles produced by injections of 10 μl of NOVO solutions in concentrations ≤ 5 μM. Using
this approach, the calculated ka and kd values associated with the interaction of NOVO and the
immobilized Hsp90α were 22.2 (±8.8) μM−1sec−1 and 2.7 (±0.6) sec−1, respectively. The Ka
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was 8.1 (±1.5) μM and when expressed as Kd (1/Ka) the value was 122 nM, which is consistent
with the Kd value determined using frontal chromatography techniques, 100 ± 20 nM.

Previous NLC studies of noncompetitive inhibitors of the α3β4 nicotinic acetylcholine receptor
with a cellular membrane affinity chromatography column containing this receptor have
demonstrated that chromatographically derived kd values reflect the time required to recover
from the functional inhibition of the receptor [17,18]. In addition, once the NLC parameters
have been determined, the kd values can be determined after a single injection of a test
compound [18]. Thus, the results of this study indicate that Hsp90α-columns can be used as
part of drug screens and structure-activity studies to assess the relative length of binding of test
compounds to Hsp90α.

Determination of ATPase inhibition
Since the ATPase activity of Hsp90 has been associated with an adenine nucleotide binding
pocket in the N-terminus [1,2], the Hsp90α(CT)-column was used to determine if the ATPase
activity was altered by the immobilization and if this activity could be inhibited by GM. Initial
studies indicated that during the chromatographic process ATP was degraded to AMP by non-
enzymatic interactions with the stationary phase. This was confirmed by the synthesis and
testing of a control column prepared by treating APS with EDC without the subsequent addition
of Hsp90α. The non-enzymatic production of AMP was included in the analysis of the
experimental data.

The initial studies also indicated that the enzymatic conversion of ATP to ADP occurred on
the Hsp90α(CT)>-column, Fig. 6, and that this hydrolysis could be inhibited by GM. The ability
of GM to inhibit the ATPase activity of the Hsp90α(CT)-column was examined by adding
increasing concentrations of GM to the mobile phase and then determining the resulting effects
on the ADP/ATP areas-under-the-curve ratios, expressed as Y/X as defined in Table 1. The Y/
X ratios were related to GM concentrations using a sigmoidal dose-response curve, and the
calculated IC50 value for GM was 2.80 ± 0.18 μM (r2 = 0.894) which is in agreement with the
previously reported value of 4.80 ± 0.08 μM [10].

In order to determine if the Hsp90α(CT)-column could differentiate between the functional
inhibition produced by GM, 17-AAG and RAD, 2.5 μM concentrations of each of these
compounds were added to the mobile phase and the corresponding Y/X ratios determined. A
second Hsp90α(CT)-column was used in these studies and on this column the Y/X ratios were
3.24 (no inhibitor), 3.07 (17-AAG), 2.23 (GM) and 1.72 (RAD). The results are consistent with
the previously reported relative IC50 values for these compounds, 17-AAG > GM > RAD, with
RAD being the strongest inhibitor [10]. In addition, the addition of NOVO to the mobile phase
had no affect on the observed ATPase activity. The results indicate that the Hsp90α(CT)-
column is sensitive to ATPase inhibitors and that relative IC50 values can be estimated using
a single injection of the test compounds.

Discussion
This study reports the first immobilization of Hsp90 within a chromatographic system and the
use of the resulting columns to characterize interactions between the immobilized protein and
inhibitors of its function. The results of this study demonstrate that the Hsp90α can be
immobilized on the surface of APS using either the carboxylic moiety on the C-terminus or
the amino moiety on the N-terminus to produce Hsp90α(CT)- and Hsp90α(NT)-columns,
respectively.

The ability of the exposed N-terminus on the Hsp90α(CT)-column to bind compounds
identified as N-terminus ligands was not affected by the immobilization and frontal
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chromatography techniques could be used to calculate Kd values associated with these ligands.
However, the immobilization via the C-terminal did hinder the ability of C-terminus ligands
to bind to the immobilized Hsp90α. It is unclear whether this was a function of the length of
the spacer between the silica and protein or if conversion of the carboxyl moiety into an amide
derivative altered the C-terminus binding pocket. Since the same effect was observed with
binding to the Hsp90α(NT)-column, i.e. compounds identified as N-terminus ligands did not
bind to the column while C-terminus ligands did, the effect is most likely due to steric hindrance
arising from the chromatographic backbone. Future studies will explore this issue by examining
the effect of increasing spacer length on binding to the immobilized protein.

While the lack of binding of a N-terminus ligand to the Hsp90α(NT)-column and of a C-
terminus compound to the Hsp90α(CT)-column appears to be a problem, it also can be used
to rapidly differentiate between the two binding sites. A single parallel displacement
chromatography experiment using the two Hsp90α columns and the appropriate marker ligand
will be able to determine if a test compound binds to HSP90α and to identify the site at which
it binds. This approach has been previously used to identify and rank the interactions of test
compounds with immobilized nicotinic acetylcholine receptor isoforms [11].

This paper reports the initial immobilization of Hsp90α within a chromatographic system and
the characterization of the resulting columns. As with the question of the effect of the length
of the spacer, the immobilization process has not been optimized. This will also be addressed
in future studies. One approach will be based upon previous work with a cellular membrane
affinity column containing membranes from a cell line expressing the drug transporter P-
glycoprotein [14]. These studies have demonstrated that the chromatographic system can be
converted from one based upon silica particles to an open tubular column format. The change
to an open tubular column format eliminated non-specific interactions with the
chromatographic backbone and reduced experimental time from hours to minutes without
affecting the ability of the chromatographic system to accurately reflect functional transport
of P-glycoprotein substrates.

In addition to the screening of recombinant Hsp90 proteins, this approach can also be adapted
to the comparison of Hsp90 proteins obtained from different cell lines and different states of
the same cell. The advantage of this approach is not only the direct comparison of binding
affinities between the Hsp90 proteins, but also the characterization of the interaction process.
Previous studies have shown that immobilized protein-based columns and cellular membrane
affinity columns can be used to determine the thermodynamic parameters associated with the
ligand-protein process [11,17] as well as determine allosteric interactions between binding sites
on the immobilized protein [9,11]. The Hsp90α columns developed in this study can be used
in the same manner. The results from the initial thermodynamic studies of the binding of
compounds to the N-terminus and C-terminus of immobilized Hsp90α and the effect of middle-
terminus interaction on the binding to the N-terminus and C-terminus will be reported
elsewhere.

The ability of the Hsp90α(CT) column to detect ATPase inhibition and to estimate relative
IC50 suggest that this column may be of use in the online screening for ATPase inhibitors. High
throughput chromatographic screens for enzyme inhibitors using immobilized enzymes have
been developed [19,20] and the immobilized Hsp90α should be readily adaptable to this
technology.
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Figure 1.
Structure of Heat Shock 90 protein (Hsp90α) adapted from reference 1.
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Figure 2.
The synthetic approaches used in the covalent immobilization of Hsp90α on an aminopropyl
silica liquid chromatography stationary phase via the a) amino terminus and b) carboxyl
terminus.
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Figure 3.
The Hsp90 inhibitors used in this study.
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Figure 4.
Chromatographic results obtained using the immobilized Hsp90α columns in which: A. The
frontal chromatography traces obtained by adding NOVO (50 - 400 nM) to the mobile phase
running on the Hsp90α(NT)-column; B. The frontal chromatography traces obtained by adding
17-AAG (100 - 1000 nM) to the mobile phase running on the Hsp90α(CT)-column.
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Figure 5.
The nonlinear chromatography traces obtained by zonal injections of NOVO (2.5, 5, 10, 15,
25, 30, 50 μM) on the Hsp90α(NT)-column.
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Figure 6.
Chromatographic traces produced by the mass spectrometric detection of ATP (solid line) and
ADP (broken line) after the injection of ATP on a Hsp90α(CT)-column in the absence of GM
(Y/X 8.24) and after the addition of 2.5 μM GM (Y/X 2.29) to the mobile phase.
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