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Abstract

Alzheimer’s disease (AD) neuropathology is characterized by loss of synapses and neurons, neuritic
plaques consisting of B-amyloid (Ap) peptides, and neurofibrillary tangles consisting of intracellular
aggregates of hyperphosphorylated tau protein in susceptible brain regions. Ap oligomers trigger a
cascade of pathogenic events including tau hyperphosphorylation and aggregation, inflammatory
reactions, and excitotoxicity that contribute to the progression of AD. The molecular chaperone
Hsp90 facilitates the folding of newly synthesized and denatured proteins and is believed to play a
role in neurodegenerative disorders in which the defining pathology results in misfolded proteins
and the accumulation of protein aggregates. Some agents that inhibit Hsp90 protect neurons against
AP toxicity and tau aggregation, and assays for rapidly screening potential Hsp90 inhibitors are of
interest. We used the release of the soluble cytosolic enzyme lactate dehydrogenase (LDH) as an
indicator of the loss of cell membrane integrity and cytotoxicity resulting from exposure to AB
peptides to evaluate the neuroprotective properties of novel novobiocin analogues and established
Hsp90 inhibitors. Compounds were assessed for potency in protecting proliferating and differentiated
SH-SY5Y neuronal cells against AB-induced cell death; the potential of each agent alone was also
determined. The data indicated that several of the compounds decreased Ap toxicity even at low
nanomolar concentrations and, unexpectedly, were more potent in protecting the undifferentiated
cells against AB. The novobiocin analogues alone were not toxic even up to 10 uM concentrations
whereas GDA and the parent compound, novobiocin, were toxic at 1 and 10 uM, respectively. The
results suggest that novobiocin analogues may provide novel leads for the development of
neuroprotective drugs.

1. Introduction

Considerable evidence suggests that the accumulation of B-amyloid (AB) oligomers or fibrils
lead to the neurodegeneration that occurs in Alzheimer’s disease (AD).1: 2 Deposits of insoluble
Ap are found in the brains of patients with AD and are one of the pathological hallmarks of
this disease. These AP aggregates exhibit toxic properties and are likely linked to the induction
of inflammatory processes that result in neuronal cell death.3 In addition to the Ap aggregates,
the microtubule-associated protein Tau is hyperphosphorylated and misfolded, leading to
neurofibrillary tangles (NFTs) that are also hallmarks of AD pathology. Tau is normally
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expressed in the cytoplasm of neurons where it serves to stabilize the microtubule network in
axons. In AD, tau becomes hyperphosphorylated and dissociates from microtubules, forming
filamentous aggregates of misfolded proteins that polymerize into NFTs.# The presence of
misfolded proteins suggests that enhancement of the protein-folding machinery may exhibit
therapeutic potential.

Hsp90 is a pivotal ATP-dependent molecular chaperone that interacts with many co-
chaperones to fold proteins or target misfolded proteins for degradation. Hsp90 contains two
nucleotide binding sites. The N-terminal domain binds the natural products geldanamycin
(GDA), radicicol and their derivatives, which modulate at least two different conformational
states. Recently, novobiocin, a coumarin-containing DNA gyrase inhibitor that binds to the C-
terminal nucleotide binding site and inhibits Hsp90 function was elucidated.®6:” The C-
terminal region modulates the N-terminal ATPase activity of Hsp90.8:%:10 Binding of ATP to
the N-terminal domain is required in order for the C-terminal ATP site to become available for
nucleotide binding. Based on previous studies, there is only a small therapeutic window for N-
terminal inhibitors because of toxicity that is produced upon client protein degradation.11+12
Consequently, the development of such compounds to treat neurodegenerative diseases is
limited. Novobiocin analogues have proven to be the most promising class of C-terminal
inhibitors yet identified. Although other DNA gyrase inhibitors may possess similar activities,
they remain untested for Hsp90 inhibition. The natural product itself induces degradation of
Hsp90 clients at high concentration (~700 uM in SKBr3 cells),12 and has therefore required
subsequent development to produce more efficacious compounds.

In these studies we used the release of the cytosolic enzyme lactate dehydrogenase (LDH) from
immortalized neuronal SH-SY5Y cells as a measure of cell viability in testing the protective
effects of several Hsp90 inhibitors. LDH catalyzes the conversion of pyruvate to lactate with
concomitant conversion of NADH to NAD™*. The protein is released into the medium following
disruption of the cell membrane, which leads to cell death. Therefore the LDH activity released
is not only used as an indicator of cell membrane integrity, but also as a useful method to
determine cytotoxicity. Although similar methods have been previously reported, the goal
herein was to utilize these conditions and apply them to a high-throughput screening format
that has now been optimized for 96-well plates.

A series of novobiocin analogues, including A4, A4-dimer and an additional analogue (KU32)
14=15 from our laboratory were evaluated along with several previously identified Hsp90

natural product inhibitors such as celastrol,16 gedunin,1” EGCG,® GDA!® and gamendazole.
20

To evaluate these compounds for their ability to protect neuronal cells against AB-induced
toxicity, an assay was developed employing the SH-SY5Y cell line that resulted in a
reproducible Z-factor for this system. A Z-factor of 0.76, which was obtained via this protocol,
indicates a highly reproducible and accurate measure of robustness of the assay. Furthermore,
it greatly reduces the probability that a “hit” has occurred by random coincidence. Utilizing
this assay in an HTS format will allow rapid detection of chemical modulators that protect such
cells from Ap-induced toxicity.2!

2. Experimental

2.1 A llibrary of Novobiocin Analogues

Alibrary of novobiocin analogues was designed to probe the essential nature of several residues
found on the natural product and to expeditiously reveal modifications that could enhance
Hsp90 inhibition.14 15 All compounds were prepared as a 1 M stock solution (DMSO).
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2.2 Chemicals

Epigallocatechin Gallate (EGCG) and retinoic acid (RA) were purchased from Sigma (St.
Louis, MO, USA). Celastrol and gedunin were from Cayman Chemical (Michigan, USA). All
compounds were solubilized in DMSO. All drugs were prepared as 1M stock and stored as
single use aliquots at —20°C. B-Amyloid (AB,s_35) was purchased from AnaSpec Inc. (San
Jose, CA, USA).

2.3 Cell culture of SH-SY5Y cells

The SH-SY5Y neuroblastoma cells were initially grown in DMEM medium supplemented
with 10% fetal bovine serum (FBS), 1% penicillin, and 100 pg/ml streptomycin in 75 cm?
vented culture flasks. The cells were grown at 37°C in 5% CO,, 95% humidified air. Medium
was changed every 2-3 days. When cells had reached 80-90% confluency in the flask, they
were trypsinized and seeded onto 96 wells plates.

2.4 LDH assays

The activity of LDH released into the medium was used to determine cell viability under the
various experimental conditions. Following treatment with the indicated concentrations of
drugs or DMSO alone, cells were exposed to 10 pM ABos_35 in serum-free DMEM medium
for 48 h. The medium collected from the control and drug-treated wells was centrifuged at
10,000 x g for 10 min to remove floating cells, and aliquots (5 pL) of the supernatants were
transferred to news 96-well plates for measurement of LDH activity. The reaction mixture
consisted of 50 mM phosphate buffer, pH 7.4, 1 mM pyruvate and 0.2 mM NADH in a total
volume of 0.2 mL/well. The oxidation of NADH was followed kinetically by measuring the
change in absorbance at 490 nm over 5 min at 25°C. The LDH activity released in the presence
of 10 uM Ap for 48 h was considered to be the maximal level of cell death, i.e., 100%. Effects
of the Hsp90 inhibitors in the presence of AB were evaluated as the percent of cell death that
occurred when the indicated concentrations of the drugs were added to the cultures 2 h before
the AB. When the potential toxicity of the agents added without Ap was determined, the actual
LDH activity in the medium was compared with that in DMSO-treated cells. Cell viability was
determined using the trypan blue (0.04%) exclusion assay.

2.5 Sensitivity of proliferating vs differentiated cells to drugs

In order determine if SH-SY5Y cells differentiated to a more neuronal phenotype by exposure
to retinoic acid (RA) differed in their sensitivity to the drug treatments, cells were plated at
densities of 3x10% in 48 well plates and allowed to grow for 7 days in the presence of 10 uM
of RA, during which time they stopped proliferating and began developing neurites similar to
those in primary neurons in culture. Following the differentiation step, the cells were exposed
to various concentrations of the drugs in the presence of A as was done for proliferating cells.
The cells were examined daily under a phase contrast microscope for assessment of
morphologic changes.

2.6 Statistical analysis

All values are expressed as mean + S.E., and statistical analysis was carried out using Student’s
t-test for comparisons between two groups. P values less than 0.05 were considered significant.

2.7 Suitability for high throughput screening

Once optimal conditions were found, the Z-factor was calculated as described by Zhang and

colleagues with a value > 0.5 indicating an excellent assay with high statistical reliability. The
Z-factor was determined in 10 positive controls (with 200 nM drugs) and 10 negative controls
(with vehicle DMSO). Plates were shaken for approximately 30 s to ensure homogeneity. After
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incubation and shaking at 23 °C for 30 min, the absorbance was monitored at 490 nm. The Z-
factor was determined by solution of the following equation. 16

7 — factor=1 — 3SD of sample+3SD of control
- |mean of sample—mean of control|

SD=standard deviation.

It has been shown that treatment of embryonic primary neurons and neuronal cell cultures with
AP2s_35 produces distinct morphological changes and eventual cell death, similar to the
conditions observed in human patients with AD. Pretreatment of neuronal cells with
neuroprotective agents can reduce or abolish these toxic effects.22 Neuroprotective effects of
drugs are typically determined in primary neurons derived from embryonic rat brain exposed
to 10 uM AB in the presence or absence of drug for 48 h. This requires the sacrifice of a large
number of embryonic pups and labor-intensive preparations that lead to a small number of
primary neurons. Such preparations are not amenable to high throughput screening, suggesting
the use of immortalized cell lines such as SH-SY5Y neuroblastoma cells that proliferate
rapidly, but can also be stimulated to differentiate can serve as an appropriate surrogate.
APos_35 rather than the more physiological ABq_4o peptide was used for all of the initial
screening. In a limited series of assays we tested effects of the agents against Ap1_42 — induced
toxicity and confirmed our findings with the shorter peptide as the toxic stimulus. Pretreatment
of non-differentiated SH-SY5Y cells with a series of Hsp90 inhibitors markedly decreased
ApB-induced toxicity in a dose-dependent manner as illustrated in the left column figure 3.
Minor neuroprotective effects were associated with drug concentrations as low as 0.01 nM for
KU32, A4 and A4 dimer, but >50 % protection was not observed below ~1 nM for these agents
and below 100 nM for other drugs. Treatment of SH-SY5Y neuronal cells with each drug alone
at 100 nM did lead to some cell death, suggesting that higher concentrations of the agents may
have some adverse effects when cells are not under the stress induced by the A peptide.
Comparison of the neuroprotective activity of these agents, determined that KU32, A4 and A4-
dimer exhibit greater efficacy than the other compounds. (Table 1)

When the neuroprotective effects of the agents were tested in the SH-SY5Y cells differentiated
by the addition of RA, efficacy of the drugs was significantly lower and the dose-dependence
shifted to require higher concentrations to achieve even 40% protection (Fig. 3, right panel,
p>0.05). Only KU-32 provided nearly 70% protection at 1 uM. This was somewhat unexpected
given our previous report that A4 (at 100 nM) provided nearly complete protection against
AB in primary embryonic neurons.23 Whether genotypic differences in the responses of primary
neurons and RA-differentiated SH-SY5Y cells to AB or to the drugs are responsible for the
differential efficacy remains undetermined. Gamendazole did not affect either type of cell.

We have previously reported that GDA exhibited marked anti-proliferative activity against
SkBr3 and MCF-7 cell lines at (1 uM) and induced significant cell death in primary neurons
at 10 pM.23 The novobiocin analogue A4, on the other hand, showed no anti-proliferative
activity and no neuronal toxicity at 10 pM.23 We tested the effects of the parent compound,
novobiocin, and GDA on the SH-SY5Y cells to determine if they also protect against Ap
toxicity. These 2 agents did protect the cells at concentrations of 10 nM or higher, and they
also did this much more effectively in the non-differentiated cells (Fig. 4). The data indicate
that GDA and novobiocin were less potent than the novobiocin analogues in protecting against
AB (Table 1). Even though most of the Hsp90 inhibitors did afford some protection against
AB, visual examination of the cultures suggested that higher concentrations of both GDA and
novobiocin alone led to some cell death. Upon increasing the concentration of drugs, ranging
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from 0.001 to 10 uM, only GDA and novobiocin led to an ~3-fold increase in cell death above
controls in both non-differentiated and differentiated cells. In the assay, novobiocin and GDA
produced nearly equivalent ECsq values for neuroprotection, however, Hsp90 exhibits ~ 100—
1000 fold lower binding affinity for novobiocin compared to GDA, which suggests that
inhibitors of the N- and C-termini manifest alternative mechanisms for Hsp90 modulation. No
toxicity was observed with KU-32, A4, or the A4-dimer even at 10 uM (data not shown).

The differential toxicity of GDA and novobiocin compared to the analogues was visually most
apparent in cultures of the differentiated cells, as shown in the representative images provided
in figure 5, the cells elaborate neurites that lead to the formation of cell-to-cell networks.
Progressive network formation with long neuritic projections was clearly visible in the control
cells as well as in those exposed to 10 uM KU-32, A4, and A4-dimer (Fig. 5A,B,C, and D) for
24 h. However the cells exposed to 10 uM novobiocin or GDA consistently had very short
neurites in the case of novobiocin and many enlarged and beaded projections with GDA. These
latter morphological changes are indicative of damage to the differentiated cells. These
observations suggest that KU32, A4 and A4-dimer are likely to be more suitable than GDA
and novobiocin as leads for the development of neuroprotective agents.

4. Discussion

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder, which ultimately results
in brain cell death.2* The etiology of the sporadic form of AD is complex, with an interaction
of both genetic and environmental risk factors.2> A key event in AD pathogenesis appears to
be the conversion of Ap from its soluble monomeric form into various oligomers or aggregates
within the brain, followed by the hyperphosphorylation and misfolding of Tau. Aggregates of
AP1-42 and tau have been proposed to cause death by activation of components of the apoptotic
pathway, induction of oxidative stress, and formation of free radicals,26=30 all of which
contribute to cell death.

Current treatments for AD are relatively ineffective and do little besides delay the onset of
certain symptoms. Consequently, there is an increasing need for therapeutics that can
effectively treat the disease as demographics are leading to increased incidence of AD. 31

Hsp90 has a profound effect on critical cellular processes as a consequence of its diverse
biological roles. 32 33 Hsp90 exerts its effects through other co-chaperones and partner
proteins, forming a major chaperone complex that can protect cells against toxicity resulting
from the accumulation of protein aggregates. It has been proposed that increased chaperone
activity may refold aggregated proteins and thus have potential therapeutic implications for
the numerous neurodegenerative diseases characterized by misfolded proteins. Recently,
Greengard and coworkers demonstrated that increased expression of Hsp90 and Hsp70 in
response to inhibition of Hsp90 by GDA resulted in decreased tau aggregates and provided
neuroprotection in cells that expressed mutant tau that becomes hyperphosphorylated as in AD
brain.34 Similarly we reported that A4 protects primary neurons against Ap toxicity and led to
up-regulation of Hsp70, a chaperone linked to the regulation of abnormal tau in neurons?3.
Therefore, regulation of Hsp90 expression levels can be pursued as a novel approach toward
the treatment of diseases caused by the accumulation of protein aggregates.

The limited therapeutic potential of previously identified Hsp90 inhibitors for
neurodegenerative diseases, including GDA and novobiocin, suggests that improved analogues
are necessary to provide clinically useful alternatives. Development of novobiocin analogues
to improve the poor Hsp90 inhibitory activity of the agent has been attempted. & We have
generated a library of novobiocin analogues,4:15 several of which demonstrated little or no
cell toxicity, and this includes the KU32, A4 and the A4-dimer which were used in these studies.

Bioorg Med Chem. Author manuscript; available in PMC 2010 February 15.
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Similarly, celastrol was reported to regulate the Hsp90 pathway and induce heat shock response
similar to other Hsp90 inhibitors. 16 By conducting molecular modeling studies, researchers
proposed that celastrol blocked Cdc37 binding to Hsp90 instead of binding to the Hsp90 ATP
binding pockets. Immunoprecipitation studies confirmed that celastrol did indeed disrupt
Hsp90-Cdc37 interactions.3® Gedunin was found to be an Hsp90 inhibitor as determined by
high-throughput gene expression studies.1” Further biochemical studies demonstrated that the
mechanism of modulating Hsp90 function was distinct from that of GDA and its analogues,
suggesting an additional class of Hsp90 inhibitors. 36

Epigallocatechin-3-gallate (EGCG), a widely used anti-oxidant abundant in green tea, was
reported to modulate the cytotoxicity of rotenone in human neuroblastoma SH-SY5Y cells.
18 |t appears to manifest these activities through inhibition and release of the aryl hydrocarbon
receptor (Ah receptor or AhR) from Hsp90. In addition, ECGC is capable of antagonizing AhR-
mediated toxic effects against numerous environmental insults as a result of its redox-active
functionalities. 37

Gamendazole was recently identified as an orally active antispermatogenic compound with
antifertility effects. Recent reports suggest that gamendazole binds to Hsp90, inhibits luciferase
rematuration, and is not displaced by the addition of other Hsp90 inhibitors such as GDA or
the novaobiocin analogue, A4. Consequently, gamendazole may represent yet a different class
of Hsp90 inhibitors.38

Previous studies indicated that A4 induced the degradation of Hsp90-dependent client proteins
at ~70-fold lower concentration than novobiocin. 14 The structure of A4 includes a shortened
N-acetyl amide side chain, removal of the 4-hydroxy substituent and an unmodified diol on
the noviose appendage as compared to novobiocin. 1% 39 Compound A4 is unique in its ability
to induce Hsp90 levels at concentrations 1000-10000-fold lower than that required for client
protein degradation and this observation provided the basis for subsequent studies aimed at its
development as a neuroprotective agent. A4 is also unique as compared to N-terminal inhibitors
in that it completely lacks toxicity.23 In contrast to the monomeric species, dimers of A4 based
on the structure of coumermycin Al were found to manifest anti-proliferative activity against
some cancer cells.40 Subsequent studies demonstrated that conversion of nontoxic molecules
into those that exhibit anti-proliferative activity occurs through modification of the amide side
chain. Confirmation was based on preparation of a series of monomeric species representing
the A4 scaffold, which resulted in compounds that manifest submicromolar ECsp*s against
several cancer cell lines.40

In our present studies, three novobiocin analogues provided excellent neuroprotective activity
and little if any toxicity. Thus these compounds may represent novel leads for influencing
neurodegenerative diseases as they appear to offer a wide therapeutic window for actual in
vivo testing.

5. Conclusion

In this study, we have optimized the LDH assay to screen Hsp90 inhibitors for neuroprotective
and cytotoxic activity in SH-SY5Y neuronal cells exposed to lethal concentrations of AB. The
assay described herein has been optimized for each component in an effort to provide a highly
reproducible method of evaluating an array of Hsp90 inhibitors for neuroprotective properties.
In our studies, the novobiocin analogues, A4, Ad-dimer and KU32 exhibited significant
protection against the AB-induced toxicity at low concentrations, but with a potentially large
therapeutic window. The results suggest these novobiocin analogues may represent an effective
class of novel compounds to pursue for the treatment of neurodegenerative diseases. In

Bioorg Med Chem. Author manuscript; available in PMC 2010 February 15.
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addition, the LDH activity assay was optimized to be a highly reproducible assay with a Z-
factor of 0.76 for moderate and high-throughput screening.
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Figure 1.
Structures of Hsp90 inhibitors.
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Structure of novobiocin analogues A4, A4-dimer, KU32 and other Hsp90 inhibitor
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Figure 3.

Dose dependence of protection against AB,s_3s toxicity in the SH-SY5Y by various drugs.
(Left, non-differentiated; right, differentiated by retinoic acid). * p<0.05 and ** p<0.01 vs
Ap Control
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Dose dependent GDA and novobiocin protection against AB,s_s5 toxicity. (Left, without
retinoic acid; Right, with retinoic acid). * p<0.05 and ** p<0.01 vs Ap Control
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Figure 5.

The effects of Hsp90 inhibitors on the morphological properties of SH-SY5Y cells
differentiated as described in the Methods. Phase contrast images were taken 24 h after addition
of drugs. A. Control cells were exposed only to DMSO. B, C, and D represent cells exposed
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to 10 uM KU32, A4 and A4 dimer respectively. E and F are representative of cells exposed
to 10 uM novobiocin or GDA respectively. G. Cell viablility was quantified by the trypan blue
exclusion assay. The images are representative of numerous wells in which the high
concentrations of the drugs were tested.
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ECgq values for neuroprotection
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Groups ECsg, (NM)

KU32 1.490 £ 0.421
A4 4.850 + 0.336
A4 dimer 4.482 +0.365
GDA 42.69 + 3.412
Novobiocin 48.39 +3.432
EGCG 39.87 +3.336
Celastrol 37.64 £3.621
Gedunin 38.95 £ 3.225
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