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Abstract—The Hsp90 molecular chaperone is responsible for the conformational maturation of nascent polypeptides and the rema-
turation of denatured proteins. Inhibition of Hsp90 represents a promising approach towards the treatment of cancer because
numerous signaling cascades can be simultaneously targeted by disruption of the Hsp90-mediated process. Hsp90’s ATPase activity
is essential to the Hsp90-mediated protein folding process, consequently, a coupled assay was developed and optimized for deter-
mination of Hsp90’s inherent ATPase activity. Using maltose phosphorylase, glucose oxidase, and horseradish peroxidase as
components of this assay, a highly reproducible assay with a Z-factor of 0.87 has been produced.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The transformation of linear polypeptides into biologi-
cally active, three-dimensional structures is an essential
process that has been regarded as the second half of
the genetic code.! Generally, this protein maturation
process is mediated by molecular chaperones which bind
nascent polypeptides and transform them into native
proteins that can function in subsequent biological pro-
cesses. In addition to the maturation of newly formed
polypeptides, several chaperones are overexpressed in
response to cellular stresses to refold denatured proteins
into their biologically active conformation. Heat shock
proteins (Hsps) represent a family of chaperones that
are overexpressed under cellular stress, including elevat-
ed temperature.?©

Although there are several members of the Hsp family,
one class has shown exceptional promise for the devel-
opment of anti-tumor compounds. The 90 kDa heat
shock proteins (Hsp90) are responsible for both refold-
ing denatured proteins and folding newly formed poly-
peptides. They are overexpressed in cancer cells and
are essential for cell viability.”® The Hsp90-mediated
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protein folding mechanism is ATP dependent and ener-
gy derived from ATP hydrolysis is essential to this pro-
cess.!0 In 1994, Whitesell and Neckers discovered that
the anti-tumor compound, geldanamycin (GDA),
bound Hsp90, and disrupted its ability to function as a
molecular chaperone.!' Later studies by Pearl and co-
workers conclusively showed that GDA bound to
Hsp90 in an ATP binding motif that was structurally
different than most ATP-utilizing enzymes.'? In fact,
only bacterial DNA gyrase, and eukaryotic enzymes
MutL and histidine kinase bind ATP in this unique bent
conformation, suggesting that selective inhibitors can be
made to bind this unusual motif.!3-14

One of the consequences of Hsp90 inhibition by GDA is
the rapid degradation of Hsp90-dependent client pro-
teins. During the Hsp90-mediated protein folding pro-
cess, a number of client and partner proteins bind the
Hsp90/client protein complex, which results in an acti-
vated heteroprotein complex.!>!® Awaiting ATP for
continuation of the maturation process, this activated
multiprotein complex can bind inhibitors of ATP and
form an unstable structure. Ubiquitin ligase is recruited
to the unproductive complex and ubiquitinates the pro-
tein substrate for degradation by the proteasome.>
Consequently, inhibition of Hsp90 transforms the
Hsp90 protein folding machinery into a catalyst for
protein degradation.
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Forty eight Hsp90-dependent client proteins associated
with oncogenesis have been identified.!® These sub-
strates include numerous kinases responsible for signal-
ing cascades, transcription factors including the steroid
hormone receptors, and other oncogenesis-related pro-
teins, such as telomerase. Inhibition of Hsp90 simulta-
neously causes the degradation of these proteins and
thus provides a combinatorial attack on multiple onco-
genic pathways.!7 22

The two most potent inhibitors of Hsp90 identified thus
far are GDA?*?* and radicicol.>>?° GDA has been
shown to produce toxicity unrelated to Hsp90 inhibi-
tion, which led to the development of two GDA deriva-
tives, 17-AAG and 17-DMAG, both of which are
currently in phases I and II clinical trials for the treat-
ment of cancer (Fig. 1).278

Unfortunately, these molecules are plagued by poor sol-
ubility, which makes formulation difficult.>® Further-
more, GDA has only recently been synthesized and
improved analogues have not yet been prepared.’®-3! In
contrast to GDA, radicicol is not active in vivo.>?> Conse-
quently, a tremendous effort is currently underway to
identify and develop new inhibitors of Hsp90 that can
be easily modified for increased binding affinity and sol-
ubility, while at the same time decreasing toxicity.

As mentioned previously, inhibitors of Hsp90 act by
competitive inhibition versus ATP. In fact, in the ab-
sence of partner/client proteins, Hsp90 maintains inher-
ent ATPase activity that has been shown to be
dramatically reduced by Hsp90 inhibitors.?* Workman
and co-workers described a malachite-green assay for
identification of inhibitors of Hsp90’s inherent ATPase
activity®* and the Chiosis and co-workers disclosed a
fluorescence polarization assay for identification of
Hsp90 inhibitors.>> However, additional assays that
can be used for elucidation of new Hsp90 inhibitory
scaffolds by high-throughput screening have not been
reported. Because of the tremendous interest in the
development of new Hsp90 inhibitors and the lack of
biochemical assays for identification of such inhibitors,
we have sought to develop a coupled assay that can be
readily used to screen Hsp90 inhibitors in a high-
throughput manner.3%37
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Figure 1. Inhibitors of Hsp90.

In this article, we report the development of a coupled
enzymatic assay that was optimized for each enzyme
and reagent, as well as time and temperature to provide
a highly reproducible assay sufficient for determining
Hsp90’s ATPase activity.

2. Experimental
2.1. Materials

96-Well cell culture cluster clear, non-pyrogenic, poly-
styrene, flat- bottomed plates with low evaporation lid
(catalog # 3595) were purchased from Corning Incorpo-
rated, Corning, NY. Maltose monohydrate (catalog # 4-
7288) was purchased from Supelco, Bellefonte, PA.
Horseradish peroxidase, Type VI, salt free, lyophilized
powder (catalog # P-8375) was obtained from Sigma—
Aldrich Chemical Co., St. Louis, MO. Glucose oxidase,
from Aspergillus niger, a lyophilized powder (catalog #
49180) was purchased from Fluka, St. Louis, MO. Re-
combinant maltose phosphorylase from Escherichia coli
(code # MAP2F) was purchased form Biozyme Labora-
tories Limited, San Diego, CA. 10-Acetyl-3,7-dihydr-
oxyphenoxazine (amplex red, reference # BC043) was
obtained from Synchem Laborgemeinschaft, Kassel,
Germany. ATP, disodium salt of special quality (catalog
# 10519979001), was purchased from Roche Applied
Science, Indianapolis, IN. Dimethyl sulfoxide (DMSO
molecular biology grade), potassium chloride (enzyme
grade), tris hydroxymethyl aminomethane hydrochlo-
ride (electrophoresis grade), and magnesium chloride
hexahydrate (MgCl,) were purchased from Fisher
Biotech. All aqueous solutions were prepared with
Millipure water to minimize sources of inorganic phos-
phate. New plasticware was used for all solutions and
mixtures. Absorbance was measured at 563 nm
with a SpectraMAX 190 microplate reader (Molecular
Devices). Geldanamycin was obtained from the
NCI Development Therapeutics Program.

2.2. Purification of yeast Hsp82

Purification of yeast Hsp82 was based on a literature
procedure previously described by Buchner and co-
workers.?8 E. coli strain BL21-CodonPlus(DE3)-RIL-X
was transformed by heat shock with pET28-HSP82 con-
taining the full-length Hsp82 gene of Saccharomyces
cerevisiae with an N-terminal Hisg tag for purification.
Selection of transformed cells was performed on LB-
Agar, containing kanamycin and chloramphenicol. Indi-
vidual colonies were subjected to an analysis of their
overexpressing ability and the clone with the highest
Hsp82 expression was isolated for further studies. A
12 L culture was grown in the presence of kanamycin
until ODs9s 0.8 was reached (3-4 h), before induction
of expression with 1 mM isopropyl-1-thio-B-p-galacto-
pyranoside. Cells were then grown for 3 h and harvested
by centrifugation at 7000 rpm for 30 min at +4 °C. Har-
vested cells were weighed and stored at —20 °C. Frozen
cells (25-28 g) was thawed and re-suspended in
~250 mL of 40 mM potassium phosphate buffer
(pH 8.0), containing 400 mM potassium chloride and
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6 mM imidazole. Phenylmethanesulfonyl fluoride and
benzamidine were added to the buffer at final concentra-
tions of 1 mM. Cells were lysed with a constant cell dis-
rupting system (‘Basic Z° 0.75 KW benchtop model,
Constant Systems Ltd, UK). To increase the efficiency
of disruption, cells were passed through twice. The ly-
sate was centrifuged at 8000 rpm for 1 h at +4 °C and
the supernatant was centrifuged again at 18,000 rpm
for 1 h at +4 °C. The supernatant was loaded onto a
Ni—-NTA column (ProBound Resin, Invitrogen) at a
flow rate of 0.5 mL/min. The column was washed with
40 mM potassium phosphate buffer (pH 8.0), containing
400 mM potassium chloride and 20 mM imidazole. A
linear gradient of imidazole (20-500 mM) in 40 mM
potassium phosphate buffer (pH 8.0) containing
400 mM potassium chloride was applied to the column
for Hsp82 elution, which was usually found in fractions
corresponding to 170-200 mM of imidazole. The frac-
tions were pooled and concentrated to a volume of 6—
10 mL. The concentrate was subjected to gel filtration
on Superdex 200 resin in 20 mM Tris—-HCI, pH 7.5, con-
taining 300 mM KCl and 1 mM EDTA. Fractions, cor-
responding to ~0.5 of the column volume typically
contained Hsp82. These fractions were concentrated to
a volume of 3.0-3.5 mL. Total protein yield was normal-
ly around 65-68 mg, which provides Hsp82 in greater
than 90% homogeneity for use in subsequent studies.

2.3. ATPase activity assay

The ATPase activity assay procedure was based on that
previously described.?®3” Amplex red was diluted in
DMSO to a 10 mM concentration. Maltose phosphory-
lase, maltose, glucose oxidase, and horseradish peroxi-
dase were diluted in enzyme buffer (0.1 M Tris—HCI,
pH 7.5) to a concentration of 200 U/mL, 40 mM,
200 U/mL, and 100 U/mL, respectively.

Test compounds were diluted to final concentrations of
40 pM and distributed into individual wells. Assay buffer
(3 uL) (100 mM Tris, 20 mM KCI, and 6 mM MgCl,,
pH 7.4) was added to each well. The first and second rows
in the 96-well plate were used for positive and negative
controls and to determine the Z-factor for each plate.
The last row contained only assay buffer to determine
background absorbance. Hsp90 protein was thawed on
ice and diluted in assay buffer to a 250 ng/uL stock solu-
tion. 25 pL of that solution was added to each well (total
6.25 pg of Hsp90), except for the background wells which
received 25 pL of assay buffer. A working solution was
prepared prior to addition. It was prepared by combining
2 U/mL glucose oxidase, 4 U/mL maltose phosphorylase,
0.4 mM maltose, 100 uM amplex red, 0.4 U/mL HRP,
and enzyme buffer. Reaction solution (50 uL) was added
to each well, except for the blank which contains buffer.
Just before use, ATP was diluted in assay buffer to a con-
centration of 2.5 mM. ATP solution (20 puL) was added to
each well for a final volume of 100 pL. Plates were mixed
by pipette and then shaken for approximately 30 s to en-
sure homogeneity. Plates were covered with a plate cover
and incubated for 3.0 h at 37 °C. The absorbance was
measured at 563 nm. Each of the subsequent assays was
performed in triplicate on at least two separate occasions.

2.4. ATP’s effect on background activity

With varying sources of ATP commercially available,
two sources were identified with the lowest inorganic
phosphate concentration. These were from Sigma (cata-
log # A-6419) Chemical Co. and Roche Applied Science
(catalog #10519979001). The working solution was
mixed with concentrations of glucose oxidase, maltose
phosphorylase, maltose, HRP, and amplex red as noted
above. Each source of ATP was diluted in assay buffer
to 2.5 mM before 20 pL of each solution was added to
different wells containing 30 pL assay buffer and 50 pL
working solution to provide a final volume of 100 pL.
Plates were mixed by pipette and then shaken for
approximately 30s. The plates were incubated for
3.5 h and monitored every 10 min at 563 nm.

2.5. Effect of temperature

Hsp90 protein, GDA (20 uM), and assay components
were added to two different 96-well plates at concentra-
tions stated above. The plates were covered with a plas-
tic plate cover and incubated at 37 °C and 42 °C,
respectively, following the protocol outlined above.

2.6. Effect of time on ATPase assay

Absorbance was measured at 563 nm at 15 min intervals
to determine the optimal length of the assay.

2.7. Effect of Hsp90 concentration

The concentrations of each of the components; glucose
oxidase, maltose phosphorylase, maltose, HRP, and am-
plex red were kept at 8, 4 U/mL, 0.4 mM, 0.4 U/mL, and
100 uM, respectively. Hsp90 was added to individual
wells so that the final amount of Hsp90 was 2.5, 3.75,
5.0, and 6.25 png. Assay buffer was added to a final vol-
ume of 50 pL. Working solution (50 uL) was added to
provide a final volume of 100 pL. Plates were mixed
by pipette and then shaken for approximately 30s to
ensure homogeneity. The plates were incubated for
3.0 h and the absorbance was measured at 563 nm.

2.8. Horseradish peroxidase’s activity

To determine the effect of horseradish peroxidase on the
oxidation of amplex red, a reaction with H,O, was used.
50 uL of 10 uM H,0O, was added to individual wells.
The initial concentration of 0.4 U/mL of horseradish
peroxidase was added to the reaction to determine re-
sponse time. Amplex red was kept at a concentration
of 100 pM. Other components of the coupled assay sys-
tem were omitted. The reaction solution was added to
the 50 pL test solutions for a final volume of 100 pL.
Plates were mixed by pipette and shaken for approxi-
mately 30s before incubation for 3.0 h at 42 °C and
measured at 563 nm.

2.9. Effect of glucose oxidase concentration

Hsp90, GDA, and assay buffer were added as de-
scribed above to a 96-well plate with positive controls
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containing no GDA and two negative controls that
included GDA/Hsp90/ATP and one with ATP. Glu-
cose oxidase was added to an Eppendorf vial to a fi-
nal concentration of 2, 4, and 8 U/mL. The
concentrations of the other reactants; maltose phos-
phorylase, maltose, HRP, and amplex red were kept
constant at 4 U/mL, 0.4 mM, 0.4 U/mL, and 100 uM,
respectively. The reaction solutions were then added
to 50 pL test solutions to a final volume of 100 pL.
Plates were mixed by pipette and then shaken for
approximately 30s before incubation at 42°C for
3.5 h. Absorbance was measured at 563 nm.

2.10. Glucose oxidase’s effect on background activity

Various sources of glucose oxidase were purchased and
tested to determine their effect on the background
absorbance. Glucose oxidase from Sigma Chemical
Company and Fluka Chemicals was purchased and
used at a concentration of 8 U/mL. Concentrations of
each of the other components, maltose phosphorylase,
maltose, HRP, and amplex red were 4 U/mL, 0.4 mM,
0.4 U/mL, and 100 puM, respectively. The reaction solu-
tion was prepared by adding all enzymes to the enzyme
buffer. The reaction solutions were then added to the
50 pL test solutions, mixed by pipette, and shaken be-
fore incubation at 42 °C for 3.5h. Absorbance was
measured at 563 nm.

2.11. Effect of maltose phosphorylase on ATPase activity

Hsp90, GDA, and assay buffer were added as described
above, to a total volume of 50 pL. Positive controls (no
GDA) and negative controls containing Hsp90/GDA/
ATP/buffer and no Hsp90, ATP/buffer were also pre-
pared. Increasing concentrations of maltose phosphory-
lase were added to determine relative absorbance as a
function of ATPase activity. Maltose phosphorylase
was added to Eppendorf tubes at concentrations of 4,
8, and 16 U/mL. Concentrations of the other reactants;
glucose oxidase, maltose, HRP, and amplex red were
maintained at 8 U/mL, 04mM, 04U/mL, and
100 uM, respectively. Reaction solutions were added to
the 50 pL test solutions to produce a final volume of
100 pL. Plates were mixed by pipette and shaken for
approximately 30s before incubation for 3.5h at
42 °C. Absorbance was measured at 563 nm.

2.12. Maltose phosphorylase’s effect on background
activity

Sources of maltose phosphorylase were purchased and
tested to determine their effect on the background sig-
nal. Maltose phosphorylase from Sigma Chemical
Company and Biozyme laboratories was purchased
and used at a concentration of 4 U/mL. Concentra-
tions of other reactants; glucose oxidase, maltose,
HRP, and amplex red were 8 U/mL, 0.4 mM, 0.4 U/
mL, and 100 uM, respectively. The reaction solutions
were then added to the 50 pL test solutions, mixed
by pipette, and shaken for approximately 30s. The
plate was then incubated for 3.0 h at 42 °C and absor-
bance was measured at 563 nm.

2.13. Suitability for high-throughput screening

Once optimal conditions were found, the Z-factor was
calculated taking 10 positive controls with 6.25 ug
Hsp90, 20 pL of 2.5 mM ATP, and 5 pL assay buffer
and added to 50 uL working solution. Concentrations
of glucose oxidase, maltose phosphorylase, maltose,
HRP, and amplex red were 8§ U/mL, 4 U/mL, 0.4 mM,
0.4 U/mL, and 100 uM, respectively. Ten negative con-
trols were also prepared with 30 uL assay buffer, 20 uL
of 2.5 mM ATP stock solution, and 50 pL reaction buff-
er for a final volume of 100 uL. Plates were mixed by
pipette and then shaken for approximately 30 s to en-
sure homogeneity. Plates were covered with a plate cov-
er and incubated for 3.5 h at 42 °C. The absorbance was
monitored at 563 nm. The Z-factor was determined by
solution of the following equation:3’

3SD of sample + 3SD of control

Z-factor =1 —
|mean of sample — mean of control|

SD = standard deviation.

3. Results

The Hps90 N-terminal ATP binding site is highly con-
served amongst all species.!® ATP binding is believed
to act as a conformational switch that allows binding
of nascent client proteins when unoccupied. Once occu-
pied, ATP binding promotes head to head dimerization
of the N-terminal residues to afford a closed clamp con-
formation reminiscent of DNA gyrase.*® In the absence
of client proteins, Hsp90 maintains inherent ATPase
activity that is substantially diminished in the presence
of Hsp90 inhibitors.3! To develop an assay suitable for
measuring Hsp90’s inherent ATPase activity, we turned
to a coupled enzymatic assay to accurately determine
the amount of ATP hydrolyzed by the Hsp90
chaperone.

Previous reports have shown that the coupled enzyme sys-
tem containing maltose phosphorylase (MP), glucose oxi-
dase (GO), and horseradish peroxidase (HP) is
appropriate for determining the amount of inorganic
phosphate produced by ATP hydrolyzing enzymes.3¢3’
Inorganic phosphate released by Hsp90 is utilized by malt-
ose phosphorylase, which phosphorylates maltose and
then cleaves the disaccharide to produce glucose-1-phos-
phate and glucose (Fig. 2). The resulting product, glucose,
is a substrate for glucose oxidase, which uses atmospheric
oxygen to produce gluconolactone and hydrogen perox-
ide. Finally, horseradish peroxidase consumes hydrogen
peroxide by the oxidation of amplex red (non-fluorescent)
to provide the resorufin product. For greater sensitivity,
the fluorescence emission of resorufin at 587 nm can be
measured in lieu of absorbance at 563 nm.

Since the N-terminal ATP binding site is highly con-
served amongst all Hsp90’s, and previous studies have
demonstrated that yeast Hsp90 (Hsp82) produces higher
ATPase activity (~10-fold) than the mammalian homo-
logues, we proceeded to develop an assay with yeast
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Figure 2. Mechanism of coupled assay.

Hsp90 (Hsp82).3® For development of the assay, it was
necessary to overexpress and purify large amounts of
Hsp82 for optimization of the assay protocol. A plasmid
encoding the gene for yeast Hsp90 was obtained from
the laboratory of Buchner and co-workers.® [The plas-
mid encodes for a polyhistidine tag at the N-terminus of
Hsp90 to aid purification of Hsp90 by separation on a
nickel affinity column.] After inoculation of cultures,
expression was induced by the addition of IPTG. The
cells were lysed and the cell lysate was separated by
SDS-PAGE to confirm the overexpression of yeast
Hsp90. After purification by a Ni-NTA and gel filtra-
tion column, the protein was concentrated to 5 mg/
mL. SDS-PAGE analysis showed Hsp90 to be greater
than 90% homogeneous, as shown in Figure 3.

3.1. ATP as a source of inorganic phosphate

It is well known that commercially available ATP can
contain large amounts of inorganic phosphate that can
have detrimental effects on determination of enzyme-
catalyzed ATP hydrolysis. Therefore, the first aim of
this study was to identify a relatively pure source of
ATP that did not cause formation of resorufin simply
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Figure 3. Hsp90 purification. (A) molecular weight markers (200, 116,
97, 62, 45, and 31 kDa), (B) molecular weight markers (250, 150, 100,
75, 50, 37, 25, and 20 kDa), (C) cell lysate, (D) pool from Ni-NTA
chromatography, and (E) pool of fractions after gel filtration on
Superdex-200.

0.1

—e—Roche ATP

0.08 +—
—=—Sigma ATP /
0.06 a—
004 W
0.02

[ i = e L B S

Absorbance (563nm)

o ©O O © o o o o
S 4 4 ® ¥ n © ~ ®
— D T B s T R |

190

-0.02

Time (min)

Figure 4. ATP’s effect on the background absorbance.

by the addition of impure ATP containing phosphate.
Six sources of ATP were purchased and analyzed at
37 °C in combination with the assay cocktail lacking
Hsp90. The best sources of ATP that lacked significant
phosphate impurities were obtained from Sigma (cata-
log # A-6419) and Roche Biosciences (catalog #
10519979001). Upon optimization of temperature (see
below) we determined the background absorbance of
each to be 0.09 and 0.06 absorbance units at 563 nM,
respectively, at 42 °C (Fig. 4).

3.2. Effect of temperature on Hsp90 ATPase activity

With the purified recombinant protein in hand, we
sought to explore the efficiency of the coupled assay sys-
tem by monitoring the Hsp90-mediated hydrolysis of
ATP. Previous studies have shown that Hsp90 is more
active at 42 °C than at 37 °C. To determine whether
the coupled assay was stable and the enzymes were ac-
tive at an elevated temperature, we conducted studies
at both 37 and 42 °C to evaluate the efficiency of this as-
say. As can be seen in Figure 5, Hsp90 ATPase activity
was increased at 42 versus 37 °C, suggesting the feasibil-
ity of optimizing the assay by incubation at this temper-
ature. In addition, it was determined that the Z-factor
also increased at a higher temperature, indicating that
elevated temperatures did not affect the reproducibility
or the deviation of absorbance for this assay. Conse-
quently, all assays described in this manuscript reflect
the elevated temperature of 42 °C.

3.3. Length of assay

Upon identification of a temperature that afforded the
greatest enzymatic activity, the stability of the enzymes
involved in this multicomponent assay was surveyed.
Hsp90-catalyzed hydrolysis of ATP was monitored by
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Figure 5. Hsp90 ATPase activity at 37 and 42 °C.



C. Avila et al. | Bioorg. Med. Chem. 14 (2006) 1134-1142 1139

O Hsp90
0.6 | m Background Absorbance

o 1w O 1w O 1w O 1w O W
- ® ¥ © ~ & © q o
— 4 4

150
165
180
195
210
225
240

Time (min)

Figure 6. Hsp90 ATPase activity as a function of time.

measuring the amount of resorufin produced over the
course of 4.0 h at 15 min intervals. As can be seen in Fig-
ure 6, the Hsp90-mediated reaction maintained linearity
up to 3.5h, after which the slope quickly decreased,
indicative of the loss of enzymatic activity. Control
experiments were run with inorganic phosphate to verify
that the assay had no inherent problems associated with
higher measurements of absorbance (data not shown).

3.4. Optimal Hsp90 concentration

With the background, temperature, and length of assay
firmly established, we sought to optimize the amount of
Hsp90 needed for a reproducible assay using the assay
system described. Hsp90 was added to each well so that
the final amount of Hsp90 was 2.5, 3.75, 5.0, and
6.25 pg. The working solution containing components
of the enzyme coupled assay was added and incubated
with ATP for 3.5 h at 42 °C. As can be seen in Figure
7, the Hsp90-catalyzed hydrolysis of ATP was linear un-
der these conditions and correlated well with the amount
of Hsp90 used in the individual assays. Z-factors were
calculated for each concentration of protein and it was
determined that 6.25 pg Hsp90 provided the highest Z-
factor.

3.5. Horseradish peroxidase’s effect on the absorbance of
resorufin

To verify that HRP did not cause a lag time between the
hydrolysis of ATP and the final measurement of resoru-
fin absorbance, HRP was incubated with amplex red
and hydrogen peroxide. As can be seen in Figure 8, am-
plex red was immediately oxidized to resorufin, which is
consistent with the reported K. for this enzyme
(Kcar ~ 100/min).36-37
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Figure 8. Effect of H,O, on horseradish peroxidase.

3.6. Optimization of glucose oxidase on the Hsp90
ATPase reaction

To determine whether glucose oxidase produced a de-
layed response between Hsp90-catalyzed hydrolysis of
ATP and resorufin production, three concentrations of
glucose oxidase were surveyed in the multicomponent
assay. Glucose oxidase, 2, 4, and 8 U/mL were added
to individual wells followed by addition of the other
components. As demonstrated in Figure 9, increasing
the concentration of glucose oxidase to 8 U/mL resulted
in an absorbance reading of 0.68 at 2.5 h, instead of the
3 h previously observed with 2 U/mL, suggesting that
shorter time periods are appropriate or that increased
time may provide greater sensitivity.

3.7. Effect of glucose oxidase on background absorbance

Although increased glucose oxidase concentrations pro-
vided higher absorbance readings, they also resulted in
an elevated background as well. In the absence of
Hsp90, the assays were reproduced with Roche’s ATP
and glucose oxidase purchased from Sigma and Fluka.
As shown in Figure 10, background absorbance for
the Sigma product was 0.12, while that obtained from
Fluka produced a lower background of 0.06 absorbance
units after 3 h of incubation at 42 °C. Attempts to re-
move phosphate impurities from the Sigma product
via precipitation and redissolving in phosphate free buff-
er provided no decrease in background absorbance.

3.8. Maltose phosphorylase’s effects on the Hsp90 ATP-
ase reaction

Continuing to optimize each step of this coupled enzy-
matic assay, we looked at the previous enzyme in this

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Absorbance (563nm)

2 U/mL 4 U/mL 8 U/mL

Figure 9. Effect of glucose oxidase concentration on Hsp90 ATPase
activity.
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Figure 10. Background absorbance with different sources of glucose
oxidase.

multicomponent assay, maltose phosphorylase. Using
the optimized conditions obtained thus far, three con-
centrations of maltose phosphorylase were added to
individual wells before addition of other components.
After incubation at 42 °C for 3 h with 4, 8, and 16 U/
mL of maltose phosphorylase, it was determined that
the previously maximized absorbance was reached with-
in 1.8 h in the presence of 16 U/mL of maltose phos-
phorylase (Fig. 11). Once again, this suggested that
shorter reaction times could be used if necessary, or that
longer reaction times were likely to provide greater
sensitivity.

3.9. Effect of maltose phosphorylase on background
absorbance

Maltose phosphorylase was purchased from Sigma (cat-
alog # M-8284) and Biozyme Laboratories (catalog #
MAP2F) and added to the coupled assay system lacking
Hsp90. In contrast to the other assay components, malt-
ose phosphorylase had a significant effect on the produc-
tion of resorufin. In fact, maltose phosphorylase from
Sigma produced a background absorbance of 0.45,
while the enzyme purchased from Biozyme provided a
background of 0.16 in the same assay (Fig. 12). The re-
sults from this experiment suggest that the source and
purification of maltose phosphorylase is critical to the
development of this assay and that attention to phos-
phate contamination should be carefully analyzed prior
to using in such an assay.

3.10. Optimized Hsp90 ATPase assay

The optimized assay for monitoring the amount of inor-
ganic phosphate produced by Hsp90-catalyzed hydroly-
sis of ATP was found to be a working solution that
contains glucose oxidase, maltose phosphorylase, malt-
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Figure 11. Maltose phosphorylase’s effect on Hsp90-catalyzed hydro-
lysis of ATP.
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Figure 12. Background absorbance resulting from different sources of
maltose phosphorylase.

ose, amplex red, and horseradish peroxidase at concen-
trations of 8 U/mL, 4 U/mL, 0.4 mM, 100uM, and
0.4 U/mL, respectively. Hsp90 (6.25 pg) was added and
incubated at 42 °C for 3.5 h. The amount of inorganic
phosphate produced by this assay was compared to a
standard curve prepared by incubation of various phos-
phate concentrations with the assay system in the ab-
sence of Hsp90. In accordance with previous results,
yeast Hsp90 was found to produce a K., of ~0.6/min.
A positive control for inhibition of Hsp90 ATPase activ-
ity was the introduction of 20 uM GDA, which com-
pletely abolished Hsp90’s ATPase activity in this
assay, but did not affect the coupled assay system in
the presence of increasing concentrations of inorganic
phosphate. The ICsy of GDA in this assay was deter-
mined to be 2.5 uM, which is well within the reported lit-
erature values for other measurements of Hsp90
inhibitory activity.*!**> The background absorbance of
this assay in the presence of Hsp90 and 20 uM GDA
was typically between 0.15 and 0.17 absorbance units,
while uninhibited Hsp90 produced an absorbance be-
tween 0.60 and 0.70 units after 3 h of incubation at
42 °C (Fig. 13).

To determine the efficiency of this assay, a Z-factor was
calculated for the assay in the absence and presence of
GDA. Using the equation previously described by
Zhang et al., 20 assays were simultaneously run on a
96-well plate, which included 10 inhibited and 10 unin-
hibited reactions.?® The average absorbance measure-
ment was 0.64 for the Hsp90-catalyzed reaction and
0.15 for the inhibited assays. Using this equation, the
Z-factor was determined to be 0.87, which represents a
highly reproducible and optimized assay that should
prove useful in subsequent high-throughput screening
experiments.
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Figure 13. Hsp90 ATPase activity at optimized conditions with
background activity.
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4. Discussion

As Hsp90 continues to evolve as a promising target for
the development of cancer chemotherapeutics, there will
be an increasing need to identify new inhibitors that lack
the undesirable properties associated with the natural
product inhibitors. An increasingly powerful method
for the identification of such lead compounds is high-
throughput screening, which requires a highly robust
and reproducible assay for evaluating structurally di-
verse compounds in an expedient manner. Because
mammalian Hsp90 produces low ATPase activity, re-
combinant yeast Hsp90 was chosen for the development
of such an assay. Yeast Hsp90 ATPase activity is signif-
icantly higher than that of the mammalian homologue.
Furthermore, the N-terminal nucleotide binding pockets
are highly conserved amongst species and the co-crystal
structures of several inhibitors bound to yeast Hsp90
have been previously solved, providing adequate struc-
tural information for subsequent modification of mole-
cules identified by high-throughput screening.'?

Since the rate-determining step in this assay system is
Hsp90-catalyzed hydrolysis of ATP (Hsp90 K., ~ 0.4/
min, MP K, ~ 20/min, GO K, ~ 24/min, and HP
K.t ~ 100/min), the coupled assay described herein pro-
vides an effective measurement of Hsp90’s ATPase activ-
ity.3¢-37 There are numerous sources of ATP that are
commercially available; however, many of these contain
a significant amount of inorganic phosphate, which in
this assay severely effects the measurement of back-
ground activity.

During our studies we determined that the most
reliable source of ATP was catalog # 10519979001 from
Roche. This source of ATP provided Hsp90 with a K,
similar to that previously described by other researchers
while simultaneously providing a low background
absorbance.

Although several concentrations of Hsp90 were effective
at providing signal-to-noise ratios between 3:1 and 5:1,
6.25 pg of Hsp90 per 100 pL well provided an outstand-
ing Z-factor, which illustrates the highly reproducible
nature of the assay. Previous reports have demonstrated
that Hsp90’s ATPase activity is increased at elevated
temperature, which is not surprising when one considers
that Hsp90 must refold rapidly accumulating heat dena-
tured proteins at temperatures higher than 37 °C. There-
fore, the results from our studies, which indicate that
Hsp90’s ATPase activity is greater at 42 °C are not sur-
prising.!? The ability to increase temperature enabled us
to increase the Hsp90-catalyzed hydrolysis of ATP while
increasing background absorbance only minimally. The
stability of other enzymes involved in this multicompo-
nent assay had not been previously determined at higher
temperatures and it was unknown whether a suitable
signal-to-noise ratio could be obtained. To address these
issues we focused on the optimization of each reagent
and commercially available enzyme in this assay. It
was determined that a fourfold increase in glucose oxi-
dase concentration provided shorter reaction times. In-
creased concentrations of MP also had a small impact

on this assay; however, the cost of maltose phosphory-
lase from commercial sources is relatively high com-
pared to other components of the assay. As a result,
we settled upon a lower concentration, which proved
to be appropriate for measuring Hsp90’s ATPase activ-
ity in a reproducible and cost-effective manner.

Results from these experiments provide a number of
mechanisms for optimizing the manner in which
Hsp90 ATPase activity is determined. We have found
that increasing the reaction time at 42 °C provides
increasingly higher signal-to-noise ratios that are inde-
pendent of the optimized reagents and enzymes de-
scribed in this protocol. In the end the following
conditions were found to be optimal for determining
Hsp90’s inherent ATPase activity: glucose oxidase
(8 U/mL), maltose phosphorylase (4 U/mL), maltose
(0.4 mM), amplex red (100 pM), horseradish peroxidase
(0.4 U/mL), and Hsp90 (6.25 png) were combined and
incubated for 3.5 h at 42 °C and the absorbance of the
resorufin product was measured at 563 nm.

5. Conclusion

Hsp90 has inherent ATPase activity, which is drastically
reduced in the presence of inhibitors.*> The assay de-
scribed herein has been optimized for each component
in an effort to provide a highly reproducible assay for
determining Hsp90’s inherent ATPase activity. Togeth-
er, the optimized conditions obtained from these studies
provide a valuable tool for identification of molecules
that selectively inhibit Hsp90’s N-terminal ATPase
activity similar to that of GDA, which is one of the most
potent inhibitors identified thus far. The cost- effective
nature of this assay, the optimization of individual com-
ponents described in this article, and the highly repro-
ducible nature of this assay provide a reliable method
for identification of Hsp90 inhibitors for future high-
throughput screening efforts.
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