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Abstract: The 90 kDa heat shock proteins (Hsp90) are molecular chaperones e¢hat ar
upregulated in response to cellular stress and are responsilite fwrtformational maturation,
activation and/or stability of more than 200 client proteins. Mdriiese clients are oncogenic
and facilitate the progression of cancer. Disruption of Hsp90’'senh&TPase activity renders
the chaperone inactive, leading to degradation of substrates andateljimapoptosis.
Consequently, Hsp90 has become a highly sought after anti-canget tard numerous
pharmaceutical companies and academic labs are expending teffdetselop novel methods to
regulate the Hsp90-mediated protein folding process.

Included within the Hsp90 family are four isoforms, each of whichikets a unique
cellular localization, expression, function and clientele. Hgp@@ducible) and Hsp3D
(constitutive) both localize to the cytoplasm and share similatibns; however, recent studies
have identified isoform specific substrates. Tumor necrosisrfaeteptor-associated protein
(TRAP-1) is the Hsp90 isoform localized to the mitchondria and tq datspecific clients or
selective inhibitors have been identified. The fourth isoforgiusose-regulated protein 94 kDa
(Grp94), which is localized to the endoplasmic reticulum and is resperier the maturation
and stability of specific secreted and membrane bound proteins.en@uridentified Hsp90
inhibitors exhibitpan-inhibition, resulting in the disruption of all four isoforms’ ability bind
and hydrolyze ATP. This activity is believed responsible lier undesired toxicities related to
Hsp90 inhibition in the clinic, as proteins that are critical tadicafunction and the central
nervous system are dependent upon yet to be determined Hsp90 isoforms.

Another detriment arising from N-terminal Hsp90 inhibition is inductof the pro-
survival, heat shock response. Specifically, induction of the targgt9(y has resulted in

therapeutic resistance and complications with dosing and administrationgtsotoc
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Presented herein is rationale for the development of Hsp9@rnsafelective inhibitors
and the first irreversible inhibitor of Hsp90 that mitigates induacbf Hsp90; thus, providing
key advancements towards addressing the detriments associdtddsp@0 inhibitors currently

under clinical investigation.
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A New Generation of Hsp90 Inhibitors:
Addressing Isoform Selectivity and Heat Shock Induction



Chapter |

An Introduction to Hsp90 and Hsp90 Inhibitors Under Clinical Evaluation

1.1 Molecular Chaperones

The ability of organisms to maintain a cellular environment ctergisvith vitality and
well-being is referred to as homeostasis. Multiple pathwagslate cellular homeostasis, many
of which consist of feedback mechanisms that are critical tmtanaing a viable cellular
environment. One of the most important aspects of cellular homeostasis idithécatmaintain
the conformation of intracellular proteins, which encompasses thdindplstability, activation,
trafficking and degradation. This maintenance is provided by apgobwnrelated protein
families referred to as molecular chaperohgs.

As essential components of cellular viability, molecular chapsnespond to cellular
stress, and mitigate the effects of extra- or intra-celktl@ssors. Molecular chaperones interact
with unfolded or partially folded proteins, to expedite the formatiorbiofogically active
structures, or remove the denatured substiddedegradation mechanisms. Proteins that depend
upon or interact with molecular chaperones are termed clientsgaaid molecular chaperone
interacts with a unique set of clients, with some chaperonebitx@pimore selectivity than
others® > One class of molecular chaperone that has recently recgiygticant attention is the
heat shock protein family (HSP). Consistent with the name ofctass, HSP expression is
increased upon cellular stress, including elevated temperatureseveipunduction can also
result upon toxic insultinflammation® hypoxia infection!® and/or nutrient starvatiohl. The
increase of HSPs is a major constituent of the heat shock resipt®R¢, which is activated
through the transcription factor, heat shock factor-1 (HSF-1), anetiteshock element (HSE),

resulting in gene upregulatidh.



The  HSP  family| Tapje 1: Principle heat shock proteins.
) . Family Localization Function(s)
consists of multiple memben™smai Hsps (12-43 eviosol general chaperone, cd
kDa) vt factor
that are named according f{ HsD60 mitochondria, cytosol] mitochondrial protein
P extracellular folding
their molecular weight. For Hsp70 cytosol, lysosome, protein folding
mitochondria
cytosol, mitochondria protein folding,
example, Hsp90 refers to endoplasmic activation
Hsp90 . T
reticulum, stabilization, cell
subset of heat shock proteir] extracellular signaling
. . . . solubilization of
with a molecular weight of Hsp100 mitochondria protein aggregates

~90 kDa. The principle HSPsS
are presented in Table 1. The upregulation of HSPs in responsbular stressors has led to
their implication in the progression of many disease stateghliginting their potential
chemotherapeutic utility.*> 4
1.2 Heat Shock Protein 90 kDa

Heat shock protein 90 kDa (Hsp90) is one of the most abundant Asl PPasakaryotic
organisms, comprising ~1-2% of total cellular protein under non-sttesnditions> *® Upon
introduction of stress, intracellular Hsp90 is increased to ~4-68taifprotein concentratiofs.
In unstressed cells, Hsp90 exists in a latent state and aid®stasis through transient protein
folding assistance, intracellular transport, maintenance and ddg¢igra Under stressed
conditions, especially in malignancies, Hsp90 is upregulated to hdrediadreased demand of
client proteins for the conformationally viable states inducechbychaperone. Furthermore, in
stressed conditions, Hsp90 exists in a heteroprotein complexxhisite higher affinity for
ATPY" Thus, the prevalence of a high-affinity state, an addiction méeracells to oncogenic

client proteins, and a greater dependency upon Hsp90 have supported Hsp90rnnasoi

novel chemotherapeutic target for the treatment of cafiéérin addition, Hsp90 is responsible
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Figure 1. Six hallmarks of cancer. Example Hsp90 clients involved in each
hallmark are listed in orang@.

for clientele that maintain critical roles in all six hadirks of cancer (Figure #§:** Therefore,
Hsp90 inhibition results in simultaneous disruption of all six evémi$ are necessary for
oncogenesi§
I.2.1 Architecture and Energy Requirements of Hsp90

Hsp90 chaperones exist as homodimers, with each monomer consigm@lderminal
regulatory domain (NTD), a charged linker (CL), a middle domain (MBJ a C-terminal
dimerization domain (CTD) (Figure ?3 Hsp90 chaperone activity is linked to an ATP-driven
conformational change within the NTD, leading to the closure oflia-leep-helix “lid” over
the ATP binding pockéf This lid closure allows for a transient NTD dimerization that
stabilizes alignment of the catalytic residues from the Nifid MD of the protein, resulting in
ATP hydrolysis?’

Hsp90 is a member of the GHKL superfamily, which consists NA [5yrase, H$p90,

Histidine Kinase and Mut L This superfamily contains a Bergerat-type ATP-binding domain



that binds nucleotides in a bent conformation, which is in contrasthty ATPases that bind

nucleotides in a linear fashion. Mut L and Histidine kinase reptdbe other two members of
this class expressed in the human genBhighus, Hsp90 inhibitors exhibit excellent selectivity
due to the unique binding geometry not accommodated by other ATPases.

As shown in Figure 2, nascent polypeptides are delivered to the Hsp@lihmenvia
heat shock proteins 70 kDa (Hsp70) and 40 kDa (Hsp40) along with Hsp70/HspAiZziogga
protein (Hop)?® Upon transfer of the substrate (client) to HspQ®)(° client-dependent
immunophilins and co-chaperones associate with the complex to form the ddtigtgsoprotein
complex (.3.2 This activated complex exhibits a high affinity for N-témai ligands,
including ATP and competitive inhibitofS. Upon binding ATP, N-terminal dimerizatio.§)
occurs? followed by the binding of p23, which facilitates the hydrolysis PAo ADP (.5).%
This hydrolysis provides the requisite energy for client foldimgich yields the biologically

active client {.6), and releases Hsp90.{) for future catalytic turnovet. ** Introduction of a

Nascent polypeptnde ’ IP (Immunophlllns) Cochaperones,
delivered by Hsp70, and Partner

Hsp40 and Hop Proteins

N terminus

. Inhibitor
C-terminus Dru
Hsp90 g

\sp} DP ATP

protein degradation
5\; p23
v o P "
Mature Enzyme/Receptor 15 14
1.1 1.3
Normal cell Cancer cell
phenotype phenotype

Figure 2. Hsp90 protein folding cycl&.




competitive ATP-inhibitor, arrests the substrate bound compl&x), ( resulting in
ubiquitinylation of the client and subsequent degradaii@the proteasom®:
1.2.2  Hsp90 Isoforms

Four isoforms of Hsp90 are expressed in the human genome includmgasytic
Hsp9@: (inducible) and Hsp3D(constitutive); tumor necrosis factor receptor-associated protei
(TRAP-1), which is localized to the mitochondria; and glucose-regililatotein (Grp94), which
is localized to the endoplasmic reticuldm® Similarities between the isoforms include 1)
native existence as obligate homodimers; 2) dependence upon ATP-landitgdrolysis; 3) a
characteristic Bergerat-fold N-terminal ATP-binding pocket 4) similar architecture including
a NTD, MD and CTD¥" However, amongst the isoforms differences have been observel, whic
has led to investigations aimed at elucidating the biological roles of szfolhm.

Cytosolic Hsp9@ and Hsp9®@

Cytosolic Hsp90 has received the most attention from the Hsp9Qalessanmunity.
Numerous crystal and co-crystal structures have been solvedef@ytosolic forms of Hsp90
and the list of identified clients continues to grow. Substrateytosolic Hsp90 encompass a
vast array of proteins necessary for cellular function inclughogein kinase signaling proteins
(Her2, Raf, Akt), mutated signaling proteins (p53, Kit, TK3), trapsicm factors (steroid
hormone receptors: GR, AR), angiogenic factors (Hifftelomerase, and cell-cycle regulators
(CDK4 and CDK6)? As such, cytosolic Hsp90 is responsible for the conformational maturation
of enzymes implicated in all six hallmarks of cancer (Fiduce Thus, it was hypothesized that
inhibition of cytosolic Hsp90 would result in simultaneous disruption okiallhallmarks of
cancer, providing a ‘magic bullet’ chemotherapeutic target. Keweo Hsp90 inhibitor has

been approved by the FDA at present.



Hsp9@: and Hsp9p exhibit ~95 % sequence homology at the ATP-binding region,
which has limited the potential for designing Hsp®@rsus Hsp9Disoform selective inhibitors.
With the lack of isoform specific inhibitors, it has been diffidoltidentify isoform dependent
clients. However, function and expression profiles of the two pardlage been analyzed
through siRNA techniques. Constitutively active Hgp@taintains key roles in early embryonic
development, germ cell maturation, cytoskeletal stabilizationulaeltransformation, signal
transduction and long-term cell adaptation. In contrast, the inddoriole Hsp9@, is essential
for the promotion of growth, cell cycle regulation and stress-indagaaprotectior?’ Specific
cellular functions of the two isoforms, suggest that each intevattisa unique subset of client
proteins and co-chaperones. As a consequence, the client proters-@raperones proposed
to interact with “cytosolic Hsp90” are undergoing more thorough irgegsin to identify which
isoforms they interact with. For this reason, the abbreviation, Hsp@0cepted to encompass
both cytosolic isoforms and will be used in this manner for the remainder of thigatisse
Mitchondrial TRAP-1

Tumor necrosis factor (TNF) receptor-associated protein 1 PFRAwas discovered
upon its interaction with the intracellular domain of type 1 TNfeeptor (TNFR-1j2
Subsequent characterization of TRAP-1 showed ~35% identity and ~50% eweilarity with
cytosolic Hsp90, and a ~70% similarity of the N-terminal ATP bindifgmain®®
Furthermore, several known N-terminal inhibitors of cytosolic Hs@@8cussed in-depth in
section 1.2.3) also competitively inhibit ATP binding to TRAP21In addition, every amino acid
shownvia mutational analysis to be essential for ATP binding to Hsp90 isepget in the

TRAP-1 N-terminal ATP-binding pockét: *® Thus, due to the structural conservation at the N-



terminal binding pocket, no TRAP-1 selective small molecule inhilhigs been developed to
date.

Structurally, TRAP-1 lacks the charged linker connecting thterhinal and middle
domains noted in cytosolic Hsp90. Furthermore, TRAP-1 only exhibits ~#8%iity with
cytosolic Hsp90 in the C-terminal dom&rand lacks the MEEVD tetratricopeptide repeat
region responsible for the interactions with many co-chaperones. iTgpt surprising that
TRAP-1 fails to interact with cytosolic Hsp90 co-chaperones ingtudiumor suppressor p23
and Hop*® Therefore, it is hypothesized that TRAP-1 exhibits unique eellizinctions and
interacts with a specific set of client proteins and co-cloaygar distinct from those that interact
with cytosolic Hsp90. Identification of TRAP-1 selective inhibitersuld be instrumental in
delineating the biological function of this Hsp90 isoform. However, te, awt solution, crystal
or co-crystal structures have been solved for TRAP-1, which laae structure-based ligand
design difficult.

Endoplasmic Reticulum Localized Grp94

Glucose-regulated protein 94 kDa (Grp94) was first reported in 1977 upon the
observation that its induction coincided with glucose deprivdfioiSubsequent studies have
revealed additional functions of Grp94 leading to alternative nasueh as gp96 and
endoplasmirt? Unlike TRAP-1, co-crystal structures of Grp94 have been solvedevresywno
selective small molecule inhibitors have been developed.

Structurally, Grp94 exhibits ~50% overall identity with cytosolispBO in the N-
terminal domain; nonetheless, the amino acids required for ligand birdexgompletely
conserved® The primary sequence for Grp94, however, contains a 3-5 speciesieiepe

amino acid insertion, which has been shown to perturb the testiaugture of the N-terminal



ATP-binding pockef® This perturbation may provide an opportunity for ligand selectasity
is therefore hypothesized for use in the design of selectiibitors. As with TRAP-1, Grp94
also lacks the TPR domain required for interaction with cytosaa9d co-chaperones, which
suggests Grp94 operates under a unique regulatory mechanism andsiméhaa distinct set of
client proteing'* #°

Recently, Grp94 has garnered considerable attention for its involveamiiet biological
maturation of secretory and membrane proteins including Toll-likepters, integrins and
growth factors® Furthermore, Grp94 has been implicated in apoptosis protéttiancer
progressiorf® immunomodulatioff and drug resistané®. Thus, Grp94 has garnered the
attention of the Hsp90 community as a novel target for diseasggngafrom cancer to
immunological conditions. Grp94 is discussed in detail in Chapter Ill.
1.2.3 Natural Product Inhibitors of Hsp90

Known inhibitors of Hsp90 ATPase activity (Figure 3) include the mhtproducts
geldanamycin (GDA) and radicicol (RDC). Geldanamycin, a bgunimnone ansamycin

antibiotic, was first isolated from the broth &feptomyces hygroscopicus during the 19708°

The first antitumor activity for GDA was reported nearly 2@rgelater, and the mode of action

was believed to result from tyrosine kinase inhibition,

OMe due to its ability to reverse v-Src transformed cells into

52

normal phentoypes: Subsequent studies revealed

GDA to bind the N-terminal ATP-binding site of Hsp90,

< NS

)
- NH: resulting in disruption of v-Src’s maturation.
0

Geldanamycin (GDA) Radicicol (RDC)
Figure 3. Natural product
inhibitors of Hsp90.

Radicicol, a natural product that maintains

antifungal properties, was originally isolated from the




fungus Monosporium bonorden in 1953>* Subsequent studies revealed RDC to be a potent
inhibitor of Hsp90 through competitive inhibition of the N-terminal ATReling domairr> °
The identification of GDA and RDC as potent natural product inhibitors of the Hsp8fixal
binding domain has been instrumental towards the delineation of the babldgictions
manifested by Hsp90 and for the facilitation of small molecule Hsp90 inhibitor devehbpm
The co-crystal structures of adenosine nucleotides, GDA and RibGgp90 have been
solved, and have elucidated the key interactions of each ligand in-tikyiemial nucleotide-
binding pocket (Figure 4). The co-crystal structure of GDA boundH$p90 revealed the
guinone moiety of GDA to occupy the diphosphate region of the binding pac#eio provide
five hydrogen-bonding interactions with the protein Eigure 4" In contrast, the 2,4-diphenol
of RDC occupies the binding region normally occupied by the adeninefiAd@P, producing
three important hydrogen-bonding interactions with Hsg®0Rigure 4). The chlorine atom in
RDC projects into a large hydrophobic cavity that is surroundedrdmpagic amino acid¥’
Unlike the quinone ring of GDA, only one hydrogen bond is formed betweewxinane of
RDC and the phosphate-binding regiénAlthough GDA and RDC show no obvious structural
compatibility with Hsp90’s endogenous ligand, ATP, each natural prdoiads with high
affinity through a network of specific hydrogen bonding interactioriBhus, both natural
products have served as templates for the design of Hsp90 inhibitersthough the biological

profile exhibited by GDA and RDC limits their clinical utility.



GDA produces toxicity unrelated to Hsp90 inhibition and suffers from poloibility
Quinones are redox-active and recent studies have shown GDA toubstate for P-450

reductase& ®3Upon reduction by these enzymes, GDA is converted to a semiquandngon

A B
‘:’____—Q ..‘? im.m ‘\‘:Lf[(% t ______ D \ lle 82 Ala 41
ADP A P, L
e .y Dad =,_ )—Q_ GDA
Ij Thr 171 Leu 34 ( Thr'171
Leu 34 k:\ " Asp 79 Gly 83
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C
Asn 37
@® ~ L3 .\\
& 1
? :‘ . [ Lys 44
Phe 124 ® - ' .
’,. . ‘_ . Leu 173

L L ..,,én’ - iw

\ o T Met 84
b \ I N\

i Tm 171

Leu 34
§ Asp79
()l) 83
Figure 4. Schematic depictions of ligand interactions with the N-terminalailoraf Hsp90

A) ADP, B) GDA, and C) RDC’
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exposure to oxygen, generates superoxide radic&fSuperoxide radicals cause cell death in an
Hsp90-independent manner. Therefore, new Hsp90 inhibitors lacking redox-active
functionalities are being pursued to circumvent these effects.

In contrast to GDA, RDC lackm vivo activity, despite its higher affinity for the N-
terminal ATP-binding domain (GDA: K= 1.2 uM / RDC: K4 = 19 nM)?" In vivo, the
electrophilic nature of the,B,y,6—unsaturated carbonyl moiety and the allylic epoxide result in
rapid conversion to inactive compounds that have little or no affinity Hep90®* ©°
Replacement of the epoxide ring of RDC with a cyclopropane moiesulted in
cycloproparadicicol, which displays potent activity against sewenater cell lines and is being
investigated furthef’

Although the clinical utility of GDA and RDC has been dismisskd,rnatural products
have been instrumental in delineating selectivity of Hsp90 inhibiowsrds malignant cells.
Studies have shown that Hsp90 inhibitors accumulate in tumor cells arit &igiin differential
selectivity!” °® Recent immunoprecipitation experiments have demonstrated Hsp90 from
malignant cells to exist in a heteroprotein complex consistihglient proteins and co-
chaperonesl(3, Figure 2); whereas Hsp90 from normal cells was isolatedeaaricomplexed
homodimer {.1, Figure 2)" The heteroprotein complex in tumor cells demonstrates ~100-fold
higher affinity for the semi-synthetic GDA derivative, 17-AAGurthermore, upon incubation
of the isolated heteroprotein complex with ATP, a significantphér ATPase activity was
measured than exhibited by homodimeric Hsp90; thus demonstrating thhetéreprotein
complex not only exhibits higher affinity for N-terminal inhibitobsit also for the natural

substraté’! Subsequent studies revealed ATPase activity of the heteiiopcoimplex to be

inhibited at lower concentrations of inhibitors than observed for homodiHep80'’ These

11



results justify the differential selectivity manifested IN+terminal Hsp90 inhibitors for
malignant cells over normal cells and demonstrate a promising therapendmwi
1.3 Clinical Candidate Profiles

Co-crystal structures of Hsp90 bound to numerous ligands have been sdiadhas
led to structure-based ligand design efforts. These effoxts laagely aimed at developing
inhibitors for cytosolic Hsp90, as HspPOand Hsp9P have proven more prone to co-
crystallization. As a result, small molecule inhibitors ofp®3 are evaluated for inhibitory
activity against the cytosolic forms of Hsp90; however, the resilsts suggespan-inhibition
against all Hsp90 isoforn?S. At present no research group has been successful towards the
rational design of isoform selective inhibitors.
[.3.1 Ansamycin-derived Inhibitors

Despite promising anti-tumor activity both vitro andin vivo, clinical evaluation of
GDA was halted due to metabolic instability, poor solubility andiwmfable toxicity profiles at
therapeutically relevant doses. Furthermore, GDA is a P-glgtmpr(P-gp) substrate and is
often effluxed from cells prior to eliciting its biological met®’ Upregulation of P-gp pumps is
recognized as a mechanism for drug resistance in transforetisd cConsequently, analogs
based on the benzoquinone ansamycin scaffold have been pursued with the obfective

improving physicochemical and pharmacological properties amenable talclise

12
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NHR

scaffold has centered on the 17-position

as substitution at this position results in

/ maintained or improved biological activity
and superior physicochemical
‘:LLL/\/

properties® ® The improved metabolic

profile of these 17-amino substituted

Figure 5. Ansamycin-based Hsp90 inhibitors | @n&logs is attributed, in part, to the

enhanced electron-donating ability of the

amino group, thus attenuating the electrophilicity of the quinone®%irfg. ® Furthermore,

research has shown the 17-position to project towards the solvent upon Hs@®Q,bivhich

allows for the incorporation of solubilizing appendages without affigdtisp90 affinity’® "

The ansamycin-based analogs under clinical evaluation (Figuneclbide 17-allylamino-17-

demethoxygeldanamycin (17-AAG, tanespimycin, NSC330507, KOS953, CNF1010),

dimethylaminoethylamino-17-demethoxygeldanamycin (17-DMAG, alvegpim KOS1022),

and the hydroquinone hydrochloride salt of 17-AAG (17-AAGHtaspimycin hydrochloride,

IP1-504) %% ¢

The first ansamycin-derived analog to enter clinical tneds 17-AAG, which entered

evaluation in 1999.

17-AAG exhibits antitumor activity in Her2-pwesitmetastatic breast

cancer; however, current clinical trials of 17-AAG are ama treating myelomas and

lymphomag® ®* Phase | and Il clinical trials have been completed with 17-A&iBg twice

weekly and daily dosing schedules.

Preliminary results wereigrgn however, a lack of

clinical efficacy for 17-AAG in various phase Il trials hdampened enthusiasm. Dose-

13
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dependent hepatotoxicity and inadequate solubility have precluded the &mproveAAG 5% %

Therefore, numerous strategies have been pursued to increase bioavailability

Evaluation of 17-AAG has demonstrated the compound is reduced byfMiAiguinone
oxidoreductase (NQO1), resulting in the hydroquinone metabolite 17-AA&H Results from
our laboratory® and others have shown that the hydroquinone ansamycin-based anaibis ex
superior binding affinity versus the quinone counterpart for Hsp90, asasvallslow k rate’>
® " Dependence of Hsp90 inhibitors upon NQO1 poses numerous liabilities, & NQ
polymorphisms are common and NQO1 expression is a known mechanismgfoesiatancé’
8 Thus, considering the metabolic fate of 17-AAG, resistance atiqmishrough NQO1
expression, and the superior affinity of hydroquinone analogs, resesarelte Infinity
Pharmaceuticals developed the hydroquinone hydrochloride salt, 17-AA@GH-504).
Development of this analog eliminated dependence upon NQO1, therefmatingt metabolic
liabilities. Properties of this analog include high solubility iqueous formulations, and
improved Hsp90 inhibitory and tumor cell toxicity profiles when compaced7-AAG?®
Although 17-AAGH is still undergoing phase /Il clinical evaluation, one triatninated
prematurely citing “a higher than anticipated mortality rateomg patients enrolled in the
treatment arm.” Current clinical evaluation is ongoing and 17-AAiSHeing evaluated for the
treatment of non-small cell lung cancer (NSCLC), melanomas, @ttamors as well as in
combination therapy with the proteasome inhibitor, bortez8M?b.

In parallel to formulation and mechanistic studies of 17-AAG, 17A0Mvas developed
by Kosan, and incorporates a solubilizing dimethylamino-ethyl tntiat remains protonated at

physiological pH® ®* An improved physicochemical profile is believed responsible Her t

observed improvement in Hsp90 inhibitory activity and biological affect on numerocesr ezl
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lines. Although 17-DMAG exhibits an identical binding mode to otheramagsins, it
demonstrates superior chemical and metabolic stability, lowecityxhigher solubility and
bioavailability than both 17-AAG and GDR: ®* 17-DMAG is now being evaluated in Phase |
clinical trials for leukemias and advanced solid tumors.

Another ansamycin inhibitor of note is the unsubstituted amino analog, 17-AG, which has
recently entered phase | evaluation and remains an intriguingctgagound. 17-AG is the
major metabolite of 17-amino substituted ansamycins and maintains fp8ty and anti-
cancer activity™ ®* In summary, ansamycin inhibitors of Hsp90 have advanced the tuirthes
clinical trials. However, numerous detriments still existhwihis class of drugs including
formulation/scheduling difficulties due to heat shock induction, non-itedtity profiles, and
synthetic accessibility. These detriments have resultedfantseto identify small molecule,

synthetically accessible Hsp90 inhibitors that exhibit improved properties.

[.3.2 Benzamide Inhibitors

H,N__O
H
Serenex developed an Hsp90-based ATP-affix N*O o
102N NH3"CH3S 05
N'N
\

column to identify new inhibitors: *° Cell lysates were|
loaded onto the column, resulting in the capture of ~2{ FsC 7:
O SNX-5422

ATP-binding proteins. Compounds were screened | S
Figure 6. Benzamide inhibitor

their ability to selectively displace Hsp90 from the AT| developed by Serenex/Pfizer.

binding column, resulting in identification of small molecule @nide inhibitors of Hsp9O0,

which were subsequently acquired by Pfizer for development as chemotherapentsé'ad
The first benzamide inhibitor entered clinical trials in 2007. Althodige lead

compound exhibited variable bioavailability due to poor solubility andtary®lymorphisms,

prodrugs were developed to mitigate such detriments. An drialfvailable mesylate prodrug,

15



SNX-5422 (Figure 6), is currently under phase | clinical evaluatigh preliminary studies
focusing on the determination of the maximum tolerated dose (MTddtys and toxicity
profiles®* Preclinical evaluation suggests a promising biological profileHisrclass of Hsp90
inhibitor and the ability to outperform ansamycin analogs in ifipetials.”® However,
benzamide Hsp90 inhibitors, like ansamycins, continue to exhibit dose-depead#&atoxicity
that has been attributed to the cardiac potassium human-ethegea-GiERG) channéf
Furthermore, benzamide Hsp90 inhibitors are non-selective and bind &;1$p9O@, Grp94
and TRAP-1°> The non-selective nature of benzamide inhibitors may be aminsuatable
feature of this inhibitory class and may preclude FDA approval.
1.3.3 Purine Inhibitors

Utilizing structure-based drug design (SBDD), researcaefdemorial Sloan Kettering
Institute developed small molecule Hsp90 inhibitors consisting ofdbei@e ring of ATP and
an aromatic moiety® SBDD studies resulted in a lead compound, PUghich was optimized
independently by Conforma Therapeutics and later by Biogen Idieeviimg acquisition. A
pharmacophore model resulted from their optimization studies, whichdhighthree necessary
features for the purine class of Hsp90 ATPase disruptors: 19emsey NH-C=N capable of
binding the purine pocket of Hsp90, which mimics the same functional&y iy 2) an attached
aromatic ring positioned six bonds away from the,Njrbup and 3) the presence of a purine
moiety, which consists of optimally positioned basic nitrogen atomsaada the requisite
hydrogen bonding interactiofi5. Purine based analogs became the first fully synthetic Hsp90

inhibitors to enter clinical trials in 2005.
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Clinical evaluation of purine-based Hsp90 inhibitors N cl
resulted in optimism regarding this particular scaffold, as eth HZN)I\II\)N\//E:» .
inhibitors exhibit disease-modifying activity against malignesg CNF2024\\>\\?\
with minimal off-target toxicitie§ Two purine analogs, CNF101
and CNF2024 (BIIB021, Figure 7), are currently under evaluation Figure 7. Purine

the treatment of hematological and solid tumors. However, py by Biogen Idec.

(BIIB021) OMe

inhibitor  developed

inhibitors retain detrimental heat shock induction and non-selectfaiis binding profiles®

Thus, as clinical evaluation progresses, it is hypothesized thigérsscheduling difficulties and

toxicities observed with other N-terminal Hsp90 inhibitors will also be found.

1.3.4 Resorcinylic Inhibitors

Following the lead of numerous other pharmaceutical companiesaligeinitiated a

structure-based approach towards the identification of small meldt¢sh90 inhibitor§: 5

Eventually, Vernalis and Novartis commenced in collaboration, ngaiti the identification of

resorcinylic Hsp90 inhibitors. This series was optimized and decbraith solubilizing

.
L
HO O

Figure 8.
inhibitor

Novartis.

o )

NH

\
| N
o

OH

NVP-AUY922

Resorcinylic

developed by

moieties, which produced NVP-AUY922 (Figure 8), and entered clinical
trials in 2007 as an intravenous infusférf® Currently, NVP-AUY922 is
undergoing phase I/ll clinical evaluation in combinatorial formulations
and as a stand-alone agent against a variety of maligndhéfes.
Resorcinylic inhibitors demonstrate minimal selectivity leetw
cytosolic Hsp90 and either Grp94 or TRAP-1, ~10-fold and ~60-fold
respectively’’  However, detriments observed with other inhibitory
scaffolds continue to plague this class, including heat shock induction and

off-target toxicities.
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Another company pursuing resorcinylic inhibitors is Synta Phamtiaeés. The exact
structure for Synta’s lead compound, STA-989Bas not been disclosed, however examination
of the patent literature suggests the scaffold to contain a unifurationalized resorcindf
Ongoing clinical evaluation for STA-9090 include phase I/l studigs @ne study utilizing co-
administration with docetaxel, a microtubule stabilizing agenPublished clinical results for
STA-9090 have been limited; however, discussions with project leadertheatHsp90
Symposium in 2010 revealed that similar detriments observed with ofdeses of Hsp90
inhibitors are also noted with STA-9090.

1.3.5 Other Inhibitors

The inability to gain FDA approval for any chemotherapeutic,tdrgets Hsp90, has not
deterred competitors. Four other Hsp90 inhibitors have commenced clinical ievaileiuding
Kyowa Hakko Kirin's KW-2478, Myriad Pharmaceuticals’ MPC-3100, kExgl XL888, and
Astex Therapeutics’ AT13387. ° 8 All of the aforementioned inhibitors are orally available
except KW-2478, which is administered intraveneously. None of thetisgachave been
disclosed and little clinical data has been released. Howéwean be hypothesized that each of
these inhibitors will also suffer from the detriments manifédtg other N-terminal Hsp90
inhibitors, as none have demonstrated novel profiles in preliminary disclosures.

1.4 Biological Concerns with Hsp90 Inhibition

Other than detriments observed in the clinical evaluation of Hsp90 misibitumerous

research groups have identified problematic resistance mechamdrb&bgical consequences

relating to Hsp90 inhibition worthy of consideration.
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.4.1 Resistance

The ability of Hsp90 inhibitors to modulate multiple oncogenic pathviigslaunched

many research endeavors to target this chaperone. Ashgitdetvelopment of any class of

chemotherapeutic agents, resistance is a concern and recers hgvertvalidated the potential

for acquired and intrinsic resistance to Hsp90 inhibitors.

Mutations

As discussed previously, Hsp90 N-terminal inhibitors act through camapenhibition

of the ATP-binding site, disrupting the ability of the chaperone cexnfd bind and hydrolyze

ATP. Thus, the catalytic cycle
eventual cell death. Due to the

assumed that target mutation cou

is inhibited, which leads tentliprotein degradation and

competitive nature of Hsp90 inhibieysuis ATP, it was

be dismissed as a potenti
mechanism of resistance; as su
mutations would alter the ability o
the protein to bind ATP ang
therefore be deleterious to it
function.  This hypothesis wa
recently  challenged througl
studies withHumicola fuscoatra, a
fungus that produces RDC an
exhibits resistance through a sing
point mutation (L34If°  This

mutation is located within the N

lle34

Id
MN7-imino nitrogen of
Phe124 adenine ring of ADP
Dd-hydroxyl of RAD
Asn37 /
ﬂ Ser126 r\

i, | ME-exocyclic
nitrogen of
adenine ring
/ of ADP

Carbamate
Val3s nitrogen
of GdA

Figure 9. Comparison of the ligand interactions with

L34]1 mutant Hsp90. Amino acids from the co-crystal
structures are shown RDC (green), GDA (cyan), and
ADP (orange). Water molecules for RDC (red), GDA
(cyan), and ADP (Yellow) are shown as sphéfes.

19



terminal nucleotide binding pocket and causes an increase indhatibg state of the binding
domain (Figure 9). This mutation decreases the affinityl.dfiscoatra Hsp90 for RDC, while
allowing both GDA and ATP to bind normally; however, it has yet tal&ermined whether
such a mutation can arise with human Hs{#90.

Other mutations have been reported to allosterically alteséhsitivity of Hsp90 to
inhibitors (Table 2). A yeast-based approach has identified & gnognt mutation in yeast
Hsp90 (yHsp90; A107N) that can alter its affinity for both RDC dndAAG, without
compromising ATP bindin§’ Expression of Hsp®0and Hsp9P with equivalent mutations,

A121N for Hsp9@ and A116N for Hsp98 as the sole source of Hsp90 in the yeast system

Table 2. Reported mutations to Hsp90 orthologs and the assocjated
affects.

Ortholog Species Mutation Effect
Stabilizes ATP lid closure; Decreasep

yHsp90 S cerevisiae A107N efficacy of RDC and 17-AAG; ATP
binding unaffected

Decreases efficacy of 17-AAG;
yHsp90 S. cerevisiae T221 Increases ATPase activity through
Ahal independent mechanism

Stabilizes ATP lid closure; Decreaseps
Hsp9Qx H. sapiens A121N efficacy of RDC and 17-AAG; ATP
binding unaffected

Decreases efficacy of RDC and 17
Hsp9Qx H. sapiens 1128T AAG invivo; ATP binding unaffected;
Increases affinity for Ahal

Stabilizes ATP lid closure; Decreasels
efficacy of RDC and 17-AAG; ATP
binding unaffected; Increases affinity pf
Ahal

Decreases efficacy of RDC and 17
Hsp9® H. sapiens 1123T AAG invivo; ATP binding unaffected;
Increases affinity for Ahal

Hsp9® H. sapiens A116N

Decreases efficacy of 17-AAG;
Hsp9® H. sapiens T31l Increases ATPase activity through
Ahal independent mechanism

Increased hydration state; Decreasds
Hsp90 H. fuscoatra L34lI affinity for RDC; GDA and ATP
binding unaffected
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produced identical results. This alanine substitution favors closutieeoATP-lid over ATP
stimulating N-terminal dimerization and association with Ahal, ctvhincreases ATPase
activity. This increase in ATPase activity blocks the gbif inhibitors to bind®” %8 As shown
in Table 2, this same Ahal dependent mechanism of resistancechdsked to Hsp9® 1128T
and Hsp9p 1123T mutations. Additionally, an Hsp®O'341 mutation has been identified that
causes resistance to Hsp90 inhibition, however the mechanism, althéeggkrial in nature,
appears to be Ahal independ®ht. Like most chemotherapeutic agents, other mechanisms of
resistance to Hsp90 inhibitors have been reported including target indwadteration in drug
influx or efflux, and expression modification to associated co-faffors.
Heat Shock Response

Another mechanism of resistance displayed towards Hsp90 inhibitiorvé@sviie heat
shock response (HSR). Administration of Hsp90 N-terminal inhibit@dsle¢o the release of
HSF-1, subsequent trimerization of HSF-1, phophorylation and translocatitire tnucleus,
wherein HSF-1 acts as a transcription factor that binds thesheak element to induce the
HSR. This induction results in the overexpression Hsp90, Hsp70, Hsp40 pAd; Hdl of
which serve as anti-apoptotic chaperones that serve to protectltA%%? Induction of these
pro-survival chaperones, especially Hsp90, has resulted in dosingclaediubng conflicts in
patients. In addition, various cell lines exhibiting an increaseruig efflux and metabolism
have been reported to correlate directly with heat shock inductiomg ghotoaffinity labels,
Benchekroun and colleagues demonstrated the ansamycin analogsbath asibstrates and
inhibitors of P-gp pumps, suggesting drug accumulation may beteafféc Identification of
Hsp90 inhibitors that fail to activate the HSR and do not interact with P-gp pumpsoidant to

the progression of Hsp90 inhibitor development. Elimination of thesleuaéts will likely aid in
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the identification of amenable dosing and scheduling for oncologyngatieAlternatively,
strategies aimed at inhibiting Hsp90 and Hsp70 simultaneously doitingi the C-terminal
putative binding domain may represent promising avenues to mitigatee of the
aforementioned problems with current inhibitots>
Aberrant Function of Co-chaperones

A myriad of partner proteins that interact with the Hsp90 machinave been reported
and it is well accepted that these co-chaperones work in cdtalioto modulate the catalytic
cycle?* Alteration of the expression of these interactors has sweghgst another mechanism
for acquired resistance to Hsp90 inhibition (Table 3). One exaimle overexpression of
p23/Sbal, which is responsible for binding to and stabilizing the HSpBOcomplex’® Upon
stabilization, hydrolysis is blocked, and consequently the actewetiisp90 remains occupied,
eliminating the ability of inhibitors to modulate ATP binding. Conseqly, Cox and Miller
have demonstrated that overexpression of p23/Sbal leads to lower respohsésrminal
inhibitors. Furthermore, Forafon@val. reported that in the absence of p23/Sbal, cells are more
responsive to Hsp90 inhibitio. Additional studies have shown that mutants of p23/Sbhal are

viable; suggesting that p23/Sbal

Table 3. Hsp90 co-chaperones and the associated af

fects : :
t th H
on the ATPase cycle. eractions - wi sp90 may

provide the first evolutionary

Co-chaperone Effect
Decreases ATPase activity through partig | Mechanism designed to protect
HOP/Stil blockade of N-terminal nucleotide binding

pocket; Decreases efficacy of GDA and RQQ cells from Hsp90 inhibitior® In

Binds to Hsp90/ATP complex, inhibiting .
p23/Sbal ATPase actitivity; decreases efficacy of gola| total, — resistance to  Hsp90
and RDC

Increases ATPase actitivity; decreases inhibition has been reported to
efficacy of GDA and RDC

Ahal

arise through numerous
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mechanisms, and these mechanisms must be further detailed and dgntinaiored during
clinical studies.
1.4.2 Genetic Polymorphisms

Apart from acquired resistance to Hsp90 inhibitors, intrinsicakpressed genetic
polymorphisms have also been identified. Two of these polymorphismslen®lQO1 (DT-
diaphorase) and cytochrome P450 3A4 (CYP3A4)Although these polymorphisms seem to
affect only certain ansamycin scaffolds, they deserve attentosinalar problems may arise
with future Hsp90 inhibitord’ Numerous polymorphisms of Hsp90 have been identified;
however these polymorphisms usually result in diminished Hsp90tacthvi® For this reason,
only genetic polymorphisms of the enzymes responsible for the mistabafl select ansamycin
analogs are discussed herein.

Cytochrome P450 3A4 is one of the most active mixed-function oxelasgnes in the
human genome. In fact, CYP3A4/CYP3AS5 are responsible for ~36% of xenabetabdolism
and the CYP3A subfamily is the most abundantly expressed CYP lim¢h€30%) and intestine
(70%) 1% 192 Research has identified CYP3A4 as one enzyme responsilhe foretabolism of
17-AAG .1 Genetic polymorphisms of CYP3A4 are common, as over 40 single ndeleoti
polymorphisms have been identified in the CYP3A4 gene within the prorantior coding
regions. The variability in this metabolic enzyme must be ma&dtduring clinical evaluations
of ansamycin-based inhibitors of Hsp90, as dosing and scheduling proteaplseed to be
changed. Furthermore, CYP3A4 is known to be inhibited and/or induced my substrates,
including currently used chemotherapeutic agents, antibiotics, immunam@duland anti-
depressants, all of which are commonly prescribed to oncology pdtieri?é. Taken together,

the genetic variability of the enzyme paired with the potefdraserious drug-drug interactions
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suggests the development of small molecule inhibitors that laekaation with CYP3A4 is
important to the development of future Hsp90 inhibitors with clinical applications.

As discussed previously, outside of cytochromes P450 metabolismichebeas shown
the efficacy of 17-AAG to correlate directly with NQO1 gemeressionin vitro.”* "® High
expression of the NQOL1 gene results in high levels of the Dihdirase enzyme, believed to be
responsible for conversion of 17-AAG to a more efficacious hydroquinaltieough the
mechanism by which this occurs remains under investigation. Hrafyrresearch suggests up
to a ~32-fold increase in cellular sensitivity to 17-AAG @ll€ containing high levels of active
DT-diaphorase. Intriguingly, this phenomenon was not observed for Gipdesting that this
mechanism is not applicable to all ansamycin-based Hsp90 inhibitétgthermore, the
correlation between NQO1 expression and 17-AAG efficacy is not\@sar vivo.'®* The
discrepancy betweein vitro and in vivo dependence upon NQOL1 expression should be
considered when evaluating quinone containing Hsp90 inhibitors in prelimmalygical
evaluation. It is reported that 5-20% of the population is homozygoughéoNQO1*2
polymorphisni® 1% (diminished activity) and DT-diaphorase expression in human tumors is

known to be variabl&®®-1%®

suggesting that although dependence of 17-AAG upon NQOL1 has yet
to be notedn vivo, subsequent quinone containing Hsp90 inhibitors should be evaluated for
metabolic activatiomn vivo.

In total, the variability of CYP3A4 and DT-diaphorase polymorphisuoggsst the need
to determine the levels of these enzymes and their effectfioacgfprior to administration of
Hsp90 inhibitors. Furthermore, the ability to correlate enzymeztsfin vitro andin vivo may

help predict the efficacy and/or toxicity of inhibitors before adstiation. The design of

inhibitors exhibiting activity independent of cytochromes P450 metabaddisch intracellular
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reductases especially CYP3A4 and DT-diaphorase, respectively,likely enhance the
predictability and widespread use of Hsp90 inhibitors.
1.4.3 Downstream Biological Effects

The effect of Hsp90 inhibitors on the cell cycle and the mechanbsnwhich inhibitors
induce cytostasis and/or apoptosis is well understbod**® However, recent research has shed
light on unexpected biological events resulting from Hsp90 inhibitiomlirngato unanswered
guestions regarding downstream biological effects. It is wale@ted that Hsp90 inhibition
results in disruption of the Hsp90 protein folding machinery and subseqliemt protein
degradatiorvia the ubiquitin-proteasome pathway, culminating in eventual cell dé&adivever,
detrimental downstream effects resulting from Hsp90 inhibition hegently surfaced. For
example, although previous research suggests intracellular Hsp90 amhibitbe anti-metastatic
in nature® Price and colleagues report that inhibition of Hsp90 with 17-AAG upaézgll
osteoclast formation and augments bone metadtasisThis is not surprising, as it was
previously reported that 17-AAG exhibits pronounced effects on ggaesston in cancer cells,
including upregulation of genes responsible for tumor cell survival andéertiyrin bonée:*?
Considering metastatic tumor growths cause the majority of deattecer patients, and only
~20% of breast cancer patients survive longer than 5 years after bonasietastiscoverett!
113it provides an example as to why disease progression mechanisms must bedlingated.

Beyond specific disease progression, one must also look at the effects of Hsp90mnnhibit

on other tissues. Although the “magic bullet” theory introduced bghEwas intuitive, no such
compounds have come to fruition. Non-selective binding and localization talisessed
tissues have and will continue to cause undesired toxicities for otherapeutic agents.

Evidence shows that Hsp90 inhibition significantly alters dendréicfanction by reducing T-
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cell proliferation and decreasing the ability of mature dewddélls to present antigefrs.
Importantly, the data suggest that the Hsp90-protein-foldinghmeary is essential to dendritic
cell function and patients enrolled in Hsp90 inhibitor clinical tr&ddsuld be carefully monitored
for immunosupression.

Another example of deleterious downstream effects resulting Fsp®90 inhibition is
the alteration of glomerular filtration, as reported by Ramétea..'*®> Multiple reports have
established that Hsp90 is responsible for regulating nitric ofNf@) synthesis, which is
dependent upon endothelial nitric oxidase synthase (eN®%§. Due to the eNOS regulation
on glomerular filtration rate, Ramirez and colleagues invdstigéhe effect of acute Hsp90
inhibition with RDC on the eNOS pathway and glomerular filtratide.raThe study suggests
that RDC induced Hsp90 inhibition leads to decreases in eNOS phospbaorylahlOS
dimer/monomer ratio and in renal blood flow, therefore decreagimmerular filtration rate,
which can be associated with hypertension and metabolic syndtomthough eNOS is a
known Hsp90-dependent client protein and these results are not tooisgyghese effects
should be monitored during clinical evaluation of Hsp90 inhibitors.

Needless to say, further studies are necessary to detamirdownstream biological
effects of Hsp90 inhibition in order to anticipate potential complications thatinseyin clinical
trials. Future studies on the biology of Hsp90 inhibition will helmiiie potential side-effects
including immunosuppression, hypertension, liver toxicity, and kidney failure.

1.5 Concluding Remarks: The Next Generation of Hsp90 Inhibitors

Although cancer is generally defined as a malignant growthuprot caused by

uncontrolled cellular division, it is well accepted in the medaad scientific community that

cancer is also an umbrella term encompassing more than 200 slisébbas been noted that
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each cancer exhibits a unique biological profile and distinct nésrhaof progression. While
the excitement surrounding Hsp90 research stems from the atilitysp90 inhibition to
simultaneously disrupt all six hallmarks of cancer, many questemsin unanswered as to
which cancer, which combination of therapies, and which patient populatiobewesponsive
to each Hsp90 inhibitory scaffold.

Until the recent advancement of various small molecule Hsp90itmis into clinical
trials, the majority of clinically relevant Hsp90 inhibitorsveebeen ansamycin analogs. Efforts
to improve upon synthetic feasibility, compound solubility, pharmacolbgicafiles and
physicochemical properties have inspired further small moleculdogerent. Although all of
the inhibitors in clinical trials bind and inhibit the ATPase activity of the iv@al dimerization
domain, each scaffold exhibits unique downstream effects and phendtgpiges in specific
cancers. Reported structures of clinical candidates includengoisa benzamide, purine, and
resorcinylic based scaffolds.

Clinical results have shown Hsp90 inhibitory scaffolds to exhibit unique efficaéies,
suggesting specific scaffolds may be beneficial towardsaioertancer types or that
administration of multiple Hsp90 inhibitory scaffolds may act syis@oglly against malignant
growths®® % 120 Fyrthermore, it is apparent that Hsp90 inhibitory scaffolds meyept the
ability of malignancies to develop resistance to commonly prescriteemotherapeutic
agents? 1?2 suggesting the identification of a combination therapy may raprese most
promising strategy to treat patients. This has been affiimete clinic as the efficacy of
monotherapy with specific Hsp90 inhibitors, especially ansamyciedbssaffolds, has been a

disappointment; however combinatorial therapies have been prorffisthg*
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Identification of new Hsp90 inhibitory scaffolds and elucidation ofheacaffold’s
biological profile will allow clinicians to more rapidly predithe proper indication and/or
combination of therapies for each patient. Technological advancemantallow clinicians to
screen for various biological markers and forecast disease pliogresmfirming the beginning
of the personalized medicine era.

Development of new Hsp90 inhibitory scaffolds and further evaluationuokerd
scaffolds may also make it possible to identify isoformcele inhibitors. Identification of
such inhibitors may prove beneficial in eliminating potentiallyidetntal effects observed with
pan-Hsp90 inhibition. Multiple isoforms of Hsp90 are found in the human genommelnde
Hsp9@: (inducible; cytoplasmic), Hsp®0 (constitutive; cytoplasmic), Grp94 (endoplasmic
reticulum) and TRAP1 (mitochondrial). Each isoform may be responfsiblbe maturation of
distinct client proteins. Thus, the ability to target one isofeeiectively may enhance efficacy,
therapeutic control and further elucidate the physiological rokeaoh isoform. To date, little
data exist suggesting isoform selectivity for any of thaiadily relevant Hsp90 inhibitors.
Identification of isoform selective inhibitors may allow for detgion of specific client
proteins, which will further enhance selectivity and provide yetthemoclass of Hsp90
inhibitors, potentially giving rise to a series of tunable chemotherap@eitsa

Although the ability to identify Hsp90 inhibitory scaffolds is becaognitrivial,
understanding the biological responses inherent to each inhibitoryicldgscult. Hsp90 has
been validated as an anti-cancer target and clinical trials waitious inhibitory scaffolds are
ongoing. Both academic and pharmaceutical research teams cowtimuedt resources in

Hsp90 modulatory projects, however, the bottleneck for development of Hsp9Otarshibi
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remains focused on patient responses to Hsp90 inhibition and subsequetst ieffgene
expression levels.

Multiple Hsp90 inhibitory scaffolds have been identified and eachaddaffppears to
exhibit different binding modes and therefore different profiles aotaffy. Focus has shifted
from semi-synthetic ansamycin analogs to scaleable smalécoies exhibiting superior
physicochemical and pharmacological properties. The utilizati@empetitive small molecule
Hsp90 inhibitors should provide tools that elucidate mechanisms and dammdbrelogical
effects resulting from the administration of each scaffold.otigjin collaborative efforts between
medicinal chemists, pharmaceutical chemists and pharmacojagstssmall molecule Hsp90
inhibitors will undoubtedly progress towards clinical evaluation. ddwinual development of
novel Hsp90 inhibitory scaffolds paired with strong biological and medastsidies will help
decipher the complicated network associated with Hsp90 inhibition and perspnalized
chemotherapy to the forefront of medicine.
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Chapter lI
cissRadamide Analogs:
Conformationally Constrained Chimeric N-terminal Hsp90 Inhibitors
[I.L1  Rationale for the Development ofcis-Amide Inhibitors
The 90 kDa heat shock proteins (Hsp90) are ATP-dependent molecularoctesptrat
are overexpressed in response to cellular stress and necéssdahe folding, activation,

stabilization and/or rematuration of polypeptidésTwo natural products depicted in Figure 10,

geldanamycin (GDA) and radicicdl

oM
(RDC), bind competitively to theg °
OMe

Hsp90 N-terminal binding pocket

resulting in degradation of Hsp9(

N NS
o
. . . NH
dependent client proteinsia the gf ?

. L Geldanamycin (GDA) Radicicol (RDC) Radamide (RDA)
ubiquitin-proteasome pathwdy|
) | Figure 10. Structures of N-terminal Hsp90
Hsp90 clientele play key roles il innipitors. GDA and RDC are natural prodyct
inhibitors and RDA is a chimeric inhibitor developéd

multiple  hallmarks ~ of  cancér,| i, e Blagg laboratory.

therefore, inhibition of the Hsp90

protein folding machinery results in simultaneous disruption of numercechanisms of
oncogenesi&.'® Consequently, not only has Hsp90 emerged as a promising anti-tages}"
but GDA and RDC have proven to represent excellent models for wiaatevelopment of new

Hsp90 inhibitors can be pursued for drug development and mechanistic investitfations.
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Although RDC and GDA both bind the Hsp90 N-termin
ATP Bergerat-fold with high affinity, their modes of binding af
inhibitory activities are different. Radicicol exists in a bg

conformation whether bound or unbound to Hsp90 (Figure

and produces a favorable entropy of 8.3 cal/mol upon birldir
Not surprisingly, the predisposition of RDC to the bg

conformation is believed to be a contributing factor towards Figure 11. Solid-state

structure of RDC (gray
overlapped with the
Hsp90 bound
conformation (cyan).

similar activity in both cellular and recombinant assdys. Even

though RDC is the most poteint vitro natural product inhibitor

of Hsp90 identified to date, its metabolic liabilites ana
physiologic instability preclude RDC’s use therapeuticallyiols such as dithiothreitol (DTT)
inactivate RDC, suggesting physiological inactivation by endogemamti®xidants such as
glutathione®

Numerous analogs of RDC, which address the instability of the@gbbdic epoxide and
a,B,y,0-unsaturated ketone moieties, have been prepared and evaluatech®r iKlsibitory
activity.*® ' Studies by Mouliret al. utilizing molecular dynamics simulations suggested a
correlation between the conformation of RDC analogs and poténBespite the syntheses of
various analogs that exhibit greater stability, potency, and retaimoactive ground-state
conformation, no RDC-based analogs are currently under clinicdlagvam. In contrast,
considerable effort has been devoted towards the development of Gled-4=mi-synthetics as
chemotherapeutic$.

In contrast to the bentis-amide conformation of GDA when bound to Hsp90, both

solution and crystal structures have demonstrated that this nadacpexists in an extended,
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trans-amide conformation in the
ground state (Figure 12y. Multiple

studies have shown that prior to
binding Hsp90, GDA must undergo

two conformational changes; the ansa

ring must rotate over the

benzoquinone moiety and the amide

. . nd must isomeri fronr t
Figure 12. Solution structure of GDA (left) and the bond must isomerize fronrans to

Hsp90 bound structure (right). cis by rotation about G-N, and Go—

N2 (Figure 10)° The first event is reported to occur spontaneously; however, ismtieni of
the amide bond is suggested to be Hsp90-depefitientAccordingly, isothermal titration
calorimetry (ITC) experiments have shown that GDA exhibits @imopic penalty of -6.4
cal/mol upon binding Hsp98: 22

As a consequence of these thermodynamic data, Jez and coworgetisekized that
GDA analogs containing a predisposad-amide bond will result in ~1000 fold increase in
Hsp90 affinity through reduction of entropic penalfiés.Such postulations have inspired
subsequent studies aimed at determining the effecand/cis isomerization of the GDA-amide
moiety?**® However, to the best of our knowledge, no analogs had been synthesized that
exhibited a predisposeails-amide functionality.

Recently, chimeric inhibitors of Hsp90 were disclosed that contdin#dd the quinone
ring from GDA and the resorcinol moiety of RDC in an attemphimic the hydrogen-bonding
interactions exemplified by the two natural products when bound to tp80HN-terminal

nucleotide-binding pocket (Figure 1%). Although this approach produced novel scaffolds for
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Figure 13. Chimeric Hsp90 inhibitors developed

Radester
(2005)

in the Blagg Laboratory.

Hsp90 inhibition, none of the reporte OMe
O
analogs  exhibited conformationd
O
.. (6) NH
characteristics observed by the natu
OMe
products when bound to Hspd0® | c o
Analysis of the seco derivative, | ~OH
Radamide
. . (2004)
radamide (RDA), revealed the potenti
to introduce conformational aspects

OMe

OH
OMe
HN
OH
(6)
(0]
Cl
O
HO OH

Radanamycin
(2006)

both natural products when bound to Hsp90, specifically a bent conformati@ngradnd-state

cissamide moiety. Furthermore, of the three classes of chinm@nibitors developed in our

laboratory, RDA represented the most synthetically accessibiéold for which to incorporate

the desired conformational characteristics. The compounds developetdevelassified as

cis-RDA analogs.

cis-amide
.2 Synthesis ofcis-Radamide Analogs a”a'°95
HWE oB
lef/nat/on n
Retrosynthetically, we envisioned th ’ OMe
cis-amide
m0|et
desired analogs to be obtained via a Horn j?jfk i HN
(0]
o | TBso oTBS O)\/
Wadsworth—-Emmons (HWE) olefination reactid n=1 E0) ™0
2
n=2 1
between cyclic phosphonate and homologated M H
OBn
aldehydes? and3 (Scheme 1). Compouridwas o /@we
proposed to result from tander C'jgjfkwe O:N ©
TBSO OTBS Oﬁ)kOEt
reduction/intramolecular cyclization of compour 5 X=H eo1- 70
6, X = allyl (EO);
4, which could be obtained from commercial N .
Scheme 1. Retrosynthetic analysis for
available 4-benzyloxy-3-methoxybenzaldehyde the synthesis ofcis-amide chimeric
analogs.
4 steps. Aldehyde2 and 3 could be preparec
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directly from5% and6, respectively.
Commencing with commercially
available 4-benzyloxy-3-methoxy
benzaldehyde7( Scheme 2), phend was
formed via a Dakin oxidation. Treatmel
of 8 with diazophosphonat8, enlisting a
rhodium carbenoid mediated O-H insertio
etherl0.

resulted in the phenolic

Regioselective nitration of 10 was

accomplished utilizing mild ammoniun

0Bn 1) mCPBA
m )

OMe  “ch,cl,
B ————

2) LiOH
THF:MeOH:H,0

H™_~O0 90%

0 o
(EtO) /P\,Hkoa
OBn z

N2 9

OMe Rh(OAG),
B ———

Toluene

o
OH 70%

Scheme 2. Synthesis ofcisamide cyclic
phosphonate.

OBn OBn

OMe OMe
Sn,Cl, EtOH
R o) — > HN

70 %
O\)koa

(Et0);” ~O (EtO); ] (6]
NH4NO3 10,R=H
TFAA 4, R=NO,

91%

nitrate and trifluoroacetic anhydride conditions. Refluxdngith tin(ll) chloride resulted in not

only reduction of the nitro group to the corresponding aniline, but als@zatych to give the

desired key intermediaté,

The protected resorcinylic precursors were prepared bymesatof 5 with lithium

o]

% LDA, o
cl oMe —THF o o
2) DMF OMe
TBSO OTBS 440,
OTBS

5 TBSO
l 1) LDA, THF

2

2) P~ Br
83%

A (@) H
0 0804,
o NalO4 N O
OMe Dioxane: OMe
H,O
TBSO OTBS 84% TBSO OTBS

6 3

Scheme 3. Synthesis of homologate
aldehydes.

diisopropylamide at

benzylic anion,

6 (Scheme 3).

-78°C to generate the

which was quenched upon

addition of dimethylformamide to afford the

aldehyde producg, or with allyl bromide to give

Oxidation 06 with osmium

tetroxide gave the corresponding diol, which was
cleaved in situ with sodium periodate to yield the

4 homologated aldehyds,

With the synthons in hand, the fragments
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were joined via a Horner—Wadsworth—-Emmo OBn

OMe
olefination reaction and subsequent removal
1)NaH, HN 11, n=1(E)
. . . 7+ 20r3 __THR, o 12n=1(2
the tert-butyl-dimethylsilyl protecting groups or gteaF O Y Bn=206
65% =20
with  tetrabutylammonium fluoride provide cl OMe
compoundd.1-14(Scheme 4). HO OH
. . ) AICI5 Pd/C
Originally, we were only interested in th 3’5‘%‘& 822%

H+

saturated analogs, but realized the olefina OH oH
OMe OMe
. . . . . 19,
intermediates exhibited higher conformation HN/©/15,,,=1(E) HN/©/ 20
0 16, n=1(2)
17,n=2(E) O

+

- ~—

rigidity than the saturated analogs. Thus,

5 3 3 3 335
mmwunnmunn
NN = a N -
—~——
|+

- —

attempted to selectively remove the benzyl et OMe

in the presence of the unsaturated amide W} Scheme 4. Fragment coupling an
deprotection.

e

procedures reported in literature including Fed

Pd(OAC)/ESIH/EBN, and Nal/TMSCIL.  However, none of these conditions afforded the
desired products. Eventually, conditions employing aluminum(lll) chloride sokneffectively
cleaved the benzyl ether without alteration of thj@unsaturated amide to afford compounds
15-18 Gcheme 4).

Standard hydrogenation conditions with palladium on carbon under hydriogespaere
yielded racemic productd9 and 20, which were subjected to chiral HPLC to afford the

enantiopure analog21-24 (Scheme 4).
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Table 4. Anti-proliferative and ATPase activity of !I-3  Biological Evaluation of cis-
cisamide analogs. Kg values expressed asv _
concentrations unless otherwise noted. Radamide Analogs
Compound MCE-7 SKBr3 ATPase 11.3.1 Anti-pr0|iferati0n ACtIVIty
15 32+0.1 1.8+0.1 24+0.1
16 78.9+11.3 57.1+8.4 — Anti-proliferation studies with
17 15+0.1 1.2+0.1 1.6 0.0
18 9.8+1.9 159+4.1 compounds 15-24 were conducted
19 48+1.1 7.3+0.2 —
20 6.3+0.9 7.8+0.2 — ;
against MCF-7 and SKBr3 breast
21 3.6+0.1 21+0.2 15:01| 9
22 14.9+0.2 15.4+0.8 — . .
>3 57305 51107 12z00| cancercelllines. As shown in Table 4,
24 78.0+ 4.4 15.4+0.8 — o _
Radamide 18.6 +0.9 23.7+1.7 5.9 the E-olefin is more active than th&
GDA 98+0.1nM| 85+1.1nM| 2504
RDC 47.7+26nM| 375+40nM 04=x0.0| olefin for both linker lengths and the
ICso = concentration needed to produce 50% inhibition

(+)-enantiomer is more active than the
(-)-enantiomer. Rationale for the observed results will be provided in section 11.4.1.
[1.3.2 Inhibition of Hsp90 ATPase Activity

To evaluate this series for inhibition of ATPase actitityecombinant yeast Hsp90
(yHsp90) was overexpressed Escherichia coli and purified™ The purified protein was

incubated with ATP in the presenceld 17, 21, and23 following the assay protocol previously

<-(.7||
ATP
o LOF o Maliose /@':"e\
0 0 Prosphorylase 1 CPC,"
b )
0 - - Glucose-1-phasphate

I +

Maltose (C'H
ATP HO 0
HE . Ok
(9.5
a _Glucose
Hspal t
Horseradish /ﬁ \- Gluzose
peraxidase | | oxidase
N
T Hp O T AOH
HO 0, OH
I 510
N
HO \O”
o
Amplex red Gluconol|actone

Figure 14. Mechanism of coupled ATPase as3ay.
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developed in our laborataryAs depicted in Figure 14, inorganic phosphate is produced upon
Hsp90 mediated ATP hydrolysis. Maltose phosphorylase subsequerdtiates the
phosphorylation of maltose and cleavage of the glycosidic linkage to praglucese-1-
phosphate and free glucose. The free glucose is oxidized by @loxiogse in the presence of
molecular oxygen to produce hydrogen peroxidgOdy and gluconolactone. The resulting
H,0,, is utilized byhorseradish peroxidase to reduce Amplex Red, which is presentassag
media, to resorufin, which can be measured spectroscopically. ldgwewhe presence of an
Hsp90 inhibitor, Hsp90’s ATPase activity is inhibited and inorganic phosphaiet produced,
thus the catalytic cycle responsible for resorufin productionresiravented. This provides a
method to measure inhibition of Hsp90’'s inherent ATPase activity throauggisurement of
resorufin absorption at 563 nm.

As shown in Table 4, the ATPases¢(values correlated to those observed in the anti-
proliferation studies, suggesting equipotency of these analogdhdoheteroprotein complex
present in transformed cells and the purified homodimeric spemetoyed in the ATPase
assay.

11.3.3 Western Blot Analyses

To confirm the anti-proliferative nature of these compounds restiftad Hsp90
inhibition, representative compountig and23 were incubated with MCF-7 cells for 24 h and
Western blot analyses were performed with the cell lysd&egire 15). As expected, the
immunoblots confirmed concentration-dependent degradation of Hsp90-dependsmtt cli
proteins, Her2 and Raf at concentrations reflective of the corresgpadti-proliferative 1G
values, thus linking cell viability to Hsp90 inhibition. Western blot ysed also demonstrated

induction of the heat shock response, as indicated by induction of Hsp@b, iwtd common
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Figure 15. Western blot analyses of compounds§ (left) and 23 (right).
Concentratior denoted inuM.

downstream affect resulting from N-terminal Hsp90 inhibition. mWds not an Hsp90 client
protein, therefore its concentration is unaffected by the compoundsarzwsed as a loading
control.
1.4 Interaction of cis-Radamide with Hsp90 and Grp94
11.4.1 Co-crystal Structure of cRDA Bound to Hsp90

Preliminary biological studies withissRDA analogs confirmed a characteristic Hsp90
inhibitory profile. Since theis-RDA class of chimeric Hsp90 inhibitors represented a new class
of conformationally constrained N-terminal inhibitors, compo@@dcRDA) was sent to Dr.
Daniel Gewirth at the Hauptman—-Woodward Medical Research Instduteo-crystallization
studies. The racemic compound was chosen solely on the basis qficthity of material
needed. Inspired by the differences between the co-crysiatusts for theseco-analog RDA
with the N-terminal domains of both the yeast homolog of human Hsp%p@i) and canine
Grp94 (dGrp94Ny? the Gewirth laboratory attempted to co-crystallize cRDAthwboth
chaperones; however, only a co-crystal structure for cRDA bauiget N-terminus of human

Hsp9@: (hHsp9O0N) was successful (Figure 16).
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Figure 16. RA (left, green) bound to yHsp90ON and cRDA (right, blue)
bound to hHSp90N.

As revealed in the next section, the inability to co-criigeatRDA with Grp94 does not
suggest lack of binding. It is well accepted in the Hsp90 tstraicbiology community that
Grp94 is inherently difficult to co-crystallize. This isofotimincredibly flexible and adopts
numerous ligand dependent conformations. Thus obtaining co-crystalusgsuctf ligands

bound to Grp94 is arduous and often unsuccessful.

Nevertheless, comparison of RDA and cRDA w
yHsp90ON and hHsp90N, respectively, provid
valuable insights.

In both RDA and cRDA (unpublished) cd
crystal structures, the resorcinol ring makes a dif
hydrogen-bonding interaction with the carboxyld

of the aspartic acid residue (Asp79 in yHsp9

required for ATP binding, thus inhibiting the abilif Figureé 17. Resorcinylic hydrogen
bonding network of RDA (green) an

of ATP to bind (Figure 17% This orientation is| CRDA (blue) with yHSpOON labeleq
amino acids.

=
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consistent with all of the resorcinylic inhibitors to date.
Furthermore, the chlorine functionality on both inhibitors
projects towards a hydrophobic pocket containing
Phel24, while the methyl ester participates in a water

mediated hydrogen-bonding network with Asp79 and the

— R
| "

backbone of Gly83?

™
I

I
|
)
0
n |

Figure 18. Quinone interactions The difference in co-crystal structures becomes

of RDA with yHsp90N.

evident when examining the amide portion of both

inhibitors. The quinone moiety of RDA projects towards the solveguf€i18) and makes
direct hydrogen-bonding interactions with Lys44 and Ly¥98.Water-mediated contacts
between Lys44, Glu88, Asn9l, Asn92 and Lys98 and the quinone are also observed. An
additional water-mediated hydrogen bond network is also observed betreamide-linker

and Lys98, Gly121 and the Phel24 backbBneThese hydrogen-bonding networks elicit a
trans-amide conformation of RDA when bound to the Hsp90 N-terminal ATP-bingauget,

further exemplifying the inability of the chimermeco

Lys112

analogs to bind in a manner observed by either nat

® K % .
product inhibitor of Hsp90. ,f )-/

Asp102 Asn106
In contrast to the linear conformation exhibited e, P;ens
oY ¥

Lys58

-~
.”

RDA, cRDA binds the Hsp90 N-terminal ATP-bindin

-, \ N
pocket in a bent conformation indicative of the constrg | \d\/ : L

Figure 19 Quinone mimic
stereocenter (Figure 19). This binding mode, provide§ interactions of cRDA with

hHsp9O0N.
explanation for the differences in anti-proliferative

induced via the cisamide moiety and the appendir
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activity exhibited by +/— enantiomers &/Z olefins (Table 4), as a specific geometry is
necessary for binding the Hsp90 N-terminal binding pocket. This bimtiagtation results in
direct hydrogen-bonding contacts between the cRDA phenol and the backbdtteel138
(Phel24 in yHsp90) and Asn51 (Asn37 in yHsp90). An additional water-nebdhigtlrogen-
bonding network occurs between the amide carbonyl of cRDA and L(¥$584 in yHsp90).
No obvious interactions are observed between cRDA and Asp102, Asn 105, Asni3d b2 L
(Glu88, Asn91, Asn92 and Lys98 in yHsp90); all of which are amino acidsmteedct with the
quinone region of RDA. Therefore, the binding mode of cRDA provides guenset of
interactions with Hsp90 and yields a novel scaffold exploitable for inhibitorresig

11.4.2 Binding Affinity of cRDA for Hsp90 and Grp94

1.04

® yHsp82: 0.24 +0.12 uM
0.8 Grp94: 0.11+0.02 uM

004 @ yHsp82: 0.87 +0.14 uM
®Grp94: 0.52+0.13 uM

0.8

0.74

Relative Fluorescence
Relative Fluorescence

0.6+

0.5 T T T 1 0.6 T T T 1
0 10 20 30 40 0 10 20 30 40

RDA (uM) cRDA (uM)
Figure 20. Tryptophan fluorescence titration for binding of RDA angd
cRDA to full-length yHsp90 and dGrp94.

Although Gewirth and colleagues were unable to isolate high quajisgals of cRDA
bound to Grp94, they were able to determine the binding affinity of cRDBoth full-length
yHsp90 and dGrp94 through tryptophan fluorescence quenching (TFQ) analysmeins
generally exhibit intrinsic fluorescence, which is predominamégrived from tryptophan
residues. Research has shown that upon binding N-terminal ligands, Hap@@goes

conformational changes that results in tryptophan fluorescence guefthiThus, TFQ has
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been validated as a method to measure the binding affinity of Hsg@frhal ligands. The
binding affinity values for cRDA were determined to be 0.24 + @M2for yHsp90 and 0.11 +
0.02uM for dGrp94. A comparison of these values togtmm-analog RDA values (0.87 £ 0.14
uM for yHsp90 and 0.52 = 0.18M for dGrp94), shows ~4-fold increase in affinity for both
Hsp90 isoforms (Figure 20 These results suggest that both Hsp90 and Grp94 are sensitive to
ligand conformation, which provides an avenue for the design of isoform selectivéorshibi
[I.5 Concluding Remarks
In conclusion, we have designed, synthesized, and provided biologedbda series

of analogs that not only contain hydrogen bonding moieties exhibiteaD#y and RDC, but
also exhibit the conformational biases adopted by the natural produetsbeund to Hsp9@a
inclusion of a bent conformation andtia-amide moiety. In accord with Jez and co-work&rs,
introduction of acissamide moiety increased Hsp90 inhibitory activity (~10 fold), contpéoe
RDA. As indicated by the biological results, introduction of bothdiseamide and the bent
conformation to the chimeric inhibitors does not influence activigire purified recombinant
Hsp90; however, the activity against cancer cells increased ~10vitiidrespect to theseco
derivative, RDA. These results coincide with the hypothesesdpmganultiple groups, who
suggest a mechanistic difference between the heteroprotein coamgegurified recombinant
Hsp90. In addition, the data demonstrates the heteroprotein complexeisensitive to amide
isomerization and conformational predisposition.

Examination of the co-crystal structures of RBAnd cRDA bound to Hsp90 homologs
shows different binding modes of the quinone portions. RDA binds Hsp90 in a linea
conformation resulting in hydrogen bonding interactions with the lithefHsp90 N-terminal

ATP-binding pocket? whereas cRDA folds towards arhelix at the front of the pocket forming
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a unique set of hydrogen-bonding interactions. The unique binding mode of aiRIpked with
the binding affinity data for this inhibitor with yHsp90 and dGrp94 Uedto development of
selective Grp94 inhibitors.

1.6  Methods and Experimentals

OBn
OMe

0]

O%oa

(EtO){P\\O

Ethyl 2-(4-(benzyloxy)-3-methoxyphenoxy)-2-(diethoxyphosphoryl)acetatel@): Rhodium
(1) acetate(1 mol%) was added to a solution f(2.90 g, 12.61 mmol) anfl (1.58 g, 6.32
mmol) dissolvedn anhydrous toluene (50 mL) at rt. The suspension was warmed tof80 °C
18 h under argon atmosphere. The cooled solution was poured over a plugeofacéli
concentrated in vacuo. Flash chromatography £S#¥0% EtOAc in BEO) gavelO (2.00 g,
70%) as a colorless amorphous solttt NMR (CDCk, 400 MHz)$ 7.45 — 7.31 (m, 5H), 6.77
(d,J=8.8, 1H), 6.67 (d) = 2.9, 1H), 6.31 (dd] = 2.9, 8.8, 1H), 5.09 (s, 2H), 4.97 (b= 18.8,
1H), 4.36 — 4.26 (m, 6H), 3.88 (s, 3H), 1.39)t 7.1, 6H), 1.30 (tJ = 7.1, 3H);**C NMR
(CDCls, 100 MHz)s 166.6, 152.8 (dJ = 13.6), 150.8, 143.7, 137.2, 128.5 (2C), 127.8, 127.4
(2C), 114.9, 104.5, 102.1, 75.2 (s 157.7), 71.8, 64.1 (d,= 7.5), 64.0 (dJ = 6.3), 62.2, 55.6,
16.4 (d,J = 6.3), 16.4 (dJ = 5.0), 14.1; ESI-HRM®Vz 453.1667 (M + H, CrHagOsP requires

453.1678).
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(EtO){P\\O
Ethyl  2-(4-(benzyloxy)-5-methoxy-2-nitrophenoxy)-2-(diethoxyphosphorygcetate  (4):
Compoundl0 (0.96 g, 2.12 mmol) was dissolved in anhydrous THF (22 mL) and cooled to 0 °C
under an argon atmosphere. Ammonium nitrate (0.25 g, 3.12 mmol) was aduleck aand
trifluoroacetic anhydride (1.76 g, 8.38 mmol) was added dropwise toititegl tuspension. The
resulting solution was warmed to 25 °C and stirred 1 h, before sat@qieous NaHC£(10
mL) was added. The resulting biphasic solution was poured into Et@&aen() and the
aqueous layer washed with EtOAc (2 x 20 mL). The combined ard¢myers were combined,
dried with NaSQy, and concentrated. Flash chromatography {&0% EtOAc in EIO) gaveb
(0.95 g, 91%) as a yellow amorphous soltét NMR (400 MHz, CDCI3)% 7.63 (s, 1H), 7.47 —
7.33 (m, 5H), 6.75 (s, 1H), 5.15 (s, 2H), 5.10X&, 17.3, 1H), 4.42 — 4.28 (m, 6H), 3.93 (s, 3H),
1.44 — 1.36 (m, 6H), 1.31 @,= 7.1, 3H);**C NMR (CDCE, 100 MHz)5 165.8, 154.9, 147.7 (d,
J=12.2), 143.3, 135.7 (2C), 132.5, 128.7 (2C), 128.4, 127.6, 110.9, 102.1, 772 185.4),
71.6, 64.7 (dJ) = 6.3), 64.4 (dJ = 7.5), 62.5, 56.5, 16.4 (d,= 5.0), 16.4 (dJ = 6.3), 14.1; ESI-
HRMS m/z 496.1380 (M — H, C,oH2gNO1P requires 496.1373).

OBn
OMe

HN

A

Py
(Et0);” SO
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Diethyl 6-(benzyloxy)-7-methoxy-3-0x0-3,4-dihydro-2H-benzol[b][1,4]oxazin-2-
ylphosphonate (1): Tin (Il) chloride(2.50 g, 13.16 mmoljas added to a solution 4f(0.97 g,
1.95 mmol) in absolute ethanol (2.5 mL) and the suspension was refluxet fmfdre pouring
into saturated aqueous NaHE@5 mL). Precipitate was filtered and washed with EtOAc (25
mL) and BO (25 mL). The filtrate was rinsed with EtOAc (3 x 15 mL) a&mel organic layers
were combined, dried with N8O, and concentrated. Recrystallization with EtOAc and
hexanes gavé (0.59 g, 72%) as a white amorphous softét NMR (400 MHz, CDCJ) § 8.71

(s, 1H), 7.46 — 7.30 (m, 5H), 6.65 (s, 1H), 6.43 (s, 1H), 5.02 (s, 2H), 5.06:(t6.2, 1H), 4.25

— 4.03 (m, 4H), 3.82 (s, 3H), 1.34 Jt= 7.1, 3H), 1.24 () = 7.1, 3H);**C NMR (CDC}, 100
MHz) 6 161.7 (dJ = 3.1), 146.5, 143.7, 136.8, 136.4 {¢ 1.8), 128.6 (2C), 128.0, 127.5 (2C),
117.9, 103.8, 102.0, 74.1 (@= 151.5), 72.0, 63.8 (d}, = 6.3), 63.7 (dJ = 7.5), 56.4, 16.4 (dl

= 7.5), 16.3 (dJ = 5.0): ESI-HRMQWz 420.1207 (M — H, CyoH24NO,P requires 420.1212).

O
H O
cl OMe
TBSO OTBS

Methyl 4,6-bis(tert-butyldimethylsilyloxy)-3-chloro-2-(2-oxoethyl)benzoate (2): A 1.0 M

solution of lithium diisopropylamide (3.7 mL, 3.71 mmol) was added drapteis solution ob

(2.50 g, 3.37 mmol) dissolved in anhydrous THF (35 mL) at -78°C. Afteingtib min under

argon atmosphere, DMF (4.93 g, 67.45 mmol) was added at once under the solution level and the
reaction stirred at -78°C for 10 min. The resulting solution was pootedaturated aqueous
NH4CI (100 mL) previously cooled to 0°C. This mixture stirred at @3C30 minutes. The
product was extracted with EtOAc (50 mL) and the aqueous layewastsed with EtOAc (3 X

30 mL). The combined organic layers were washed with satuagteebus NaCl, dried with
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NaSQy, and concentrated. Flash chromatography £SE@ EtOAc in hexanes) gaas a
yellow oil (0.53 g, 34%):'H NMR (CDCk, 400 MHz)3 9.65 (t,J = 1.5, 1H), 6.42 (s, 1H), 3.84

(s, 3H), 3.83 (dJ = 1.5, 2H), 1.05 (s, 9H), 0.98 (s, 9H), 0.27 (s, 6H), 0.24 (s, BB)NMR
(CDCls, 100 MHz)6 195.3, 165.1, 151.1, 149.9, 128.7, 119.0, 117.3, 108.3, 49.9, 43.7, 23.2
(3C), 23.1 (3C), 16.0, 15.7, -6.7 (2C), -6.8 (2C); ESI-HRM& 473.1940 (M + H,

szH37C|O5Si2 requires 473.1946).

O~__H
(0]
cl OMe
TBSO OTBS

Methyl 4,6-bis(tert-butyldimethylsilyloxy)-3-chloro-2-(3-oxopropyl)benzoate (3): Osmium
tetraoxide (96 pL) and sodium periodate (0.42 g, 1.96 mmol) were added worededo a
solution of6 (0.32 g, 0.66 mmol) in dioxane 8 (3 : 1) (10 mL) and the resulting solution
stirred for 8 h. The precipitate was filtered and washed wWi@AEt{(20 mL). The filtrate was
washed with HO (2 x 20 mL) and saturated aqueous NaCl (20 mL). The organic \as
collected, dried with N&O, and concentrated in vacuo. Flash Chromatography.(S®

EtOAc in hexanes) gav@as a colorless oil (0.27g, 84%JH NMR (CDCk, 500 MHz)5 9.59

(s, 1H), 6.11 (s, 1H), 3.63 (s, 3H), 2.73 (d&; 6.6, 9.3, 2H), 2.56 (dd,= 6.5, 9.3), 0.81 (s, 9H),

0.74 (s, 9H), 0.02 (s, 6H), 0.00 (s, 6HJC NMR (CDCE, 126 MHz)s 201.0, 168.0, 153.1,
151.6, 137.7, 121.1, 118.4, 109.6, 52.3, 43.4, 25.6 (3C), 25.4 (3C), 24.7, 18.3, 18.0, -4.4 (2C), -

4.4 (2C); ESI-HRMSWz 487.2104 (M + H, C,3H34ClOsSi, requires 487.2103).
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(E)-Methyl 2-(2-(6-(benzyloxy)-7-methoxy-3-0x0-3,4-dihydro-2H-benzo[b][,4]oxazin-2-
ylidene)ethyl)-3-chloro-4,6-dihydroxybenzoatg11). Sodium hydride (30.0 mg) was added to

a suspension of (0.26 g, 0.62 mmol) in anhydrous THF (6 mL) at O °C. The solution was
warmed to 25 °C and stirred for 30 min under argon atmosphere before dodiri¢. A 0.1M
solution of2 (0.35 g, 0.74 mmol)n anhydrous THF was canulated into the reaction mixture.
The reaction was stirred at 0 °C for 30 min then warmed to 25 °C 1frh.
Tetrabutylammonium fluoride (2.5 mL, 2.47 mmol, 0.1 M solution in THF) vdaed dropwise

and the reaction mixture stirred for 1 h. The reaction was queénstie saturated aqueous
NH4CI and extracted with EtOAc (20 mL). The aqueous layer weedi with EtOAc (2 x 20
mL). The organic layers were combined, washed with saturategbasjUNaCl, dried with
NaSQO,, and concentrated. Repeated flash chromatography, (3@ EtOAc in hexanes)
afforded thecis andtrans (3:1) isomers givind 1 (0.16 g) andL2 (0.05g) in 67% overall yield:

'H NMR (Acetone, 400 MHz} 9.58 (s, 1H), 7.48-7.32 (m, 5H), 6.72 (s, 1H), 6.66 (s, 1H), 6.53
(s, 1H), 5.55 (tJ = 6.8, 1H), 5.04 (s, 2H), 4.49 (d= 6.8, 2H), 3.89 (s, 3H), 3.80 (s, 3HJC

NMR (Acetone, 126 MHZ) 171.3, 162.1, 158.6, 158.3, 147.1, 144.7, 142.2, 142.1, 138.4,
137.4, 129.2 (2C), 128.7, 128.6 (2C), 119.1, 118.9, 115.2, 108.6, 104.1, 103.3, 102.1, 72.5, 56.8,

52.8, 31.1; ESI-HRMS 510.0938 (M — HC,6H2,CINOg requires 510.0956).
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(2)-Methyl 2-(2-(6-(benzyloxy)-7-methoxy-3-0x0-3,4-dihydro-2H-benzo[b][1,4kazin-2-
ylidene)ethyl)-3-chloro-4,6-dihydroxybenzoatg12). *H NMR (Acetone, 400 MHzp 9.40 (s,
1H), 7.37-7.17 (m, 5H), 6.73 (s, 1H), 6.61 (s, 1H), 6.42 (s, 1H), 5.78=(6.9, 1H), 4.93 (s,
2H), 3.97 (d,J = 6.9, 2H), 3.78 (s, 3H), 3.73 (s, 3HJC NMR (Acetone, 126 MHZp 171.3,
162.3, 158.8, 156.8, 147.1, 144.9, 143.4, 141.4, 138.4, 136.5, 129.2 (2C), 128.7, 128.6 (2C),
115.2, 112.4, 108.3, 104.2, 104.1, 103.3, 102.2, 72.4, 56.8, 53.0, 28.9; ESI-HRMS 510.0959 (M
— H', C,6H25CINOg requires 510.0956).
OBn
OMe
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(E)-Methyl 2-(3-(6-(benzyloxy)-7-methoxy-3-0x0-3,4-dihydro-2H-benzo[b][,4]oxazin-2-
ylidene)propyl)-3-chloro-4,6-dihydroxybenzoate (13): Following the procedure to generate
11 and12, cyclophosphonaté (0.26 g, 0.62 mmol) was reacted wgh0.32 g, 0.66 mmol) in
anhydrous THF (6 mL). Repeated flash chromatography,(S30% EtOAc in hexanes)
afforded thecis andtrans (3:1) isomers givind.3 (0.15 g) andL4 (0.05 g) in 70% overall yield:

'H NMR (Acetone, 400 MHz} 9.44 (s, 1H), 7.48—7.29(m, 5H), 6.69 (s, 1H), 6.69 (s, 1H), 6.49
(s, 1H), 5.72 (tJ = 8.0, 1H), 5.03 (s, 2H), 3.95 (s, 3H), 3.82 (s, 3H), 3.25-3.20 (m, 2H), 3.03-
2.96 (m, 2H):**C NMR (Acetone, 126 MHZ}p 171.6, 162.4, 158.6, 158.1, 147.1, 144.6, 143.5,

142.2, 138.4, 137.4, 129.2 (2C), 128.7, 128.6 (2C), 120.4, 119.2, 114.8, 108.1, 104.1, 103.0,
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102.1, 72.5, 56.8, 52.8, 32.9, 27.4; ESI-HRMS 524.1115 (M*-G#H2CINOg requires

511.1112).

(2)-Methyl 2-(3-(6-(benzyloxy)-7-methoxy-3-o0xo-3,4-dihydro-2H-benzo[b][1,ékazin-2-
ylidene)propyl)-3-chloro-4,6-dihydroxybenzoate (14):'H NMR (Acetone, 400 MHzp 9.48

(s, 1H), 7.50-7.29(m, 5H), 6.76 (s, 1H), 6.72 (s, 1H), 6.50 (s, 1H), 6.0% (1,8, 1H), 5.06 (s,

2H), 3.98 (s, 3H), 3.83 (s, 3H), 3.30-3.20 (m, 2H), 2.63-2.57 (m,"2BINMR (Acetone, 126

MHZ) & 171.5, 158.7, 156.9, 147.0, 144.7, 143.8, 143.3, 138.4, 136.5, 129.2 (2C), 128.7 (2C),
128.6 (2C), 128.5, 118.7, 114.8, 113.9, 108.1, 104.2, 103.1, 102.1, 72.4, 56.8, 52.9, 32.0, 25.3,;

ESI-HRMS 524.1109 (M — H Cy7H»4CINOg requires 511.1112).

OMe

(E)-methyl 3-chloro-4,6-dihydroxy-2-(2-(6-hydroxy-7-methoxy-3-0x0-3,4-dihydr-2H-
benzo[b][1,4]oxazin-2-ylidene)ethyl)benzoate (15):Aluminum (Ill) chloride (42.0 mg, 0.31
mmol) was added to a solution b1 (40.0 mg, 0.08 mmol) in anhydrous anisole (10 mL) at O
°C. This mixture was stirred at 0 °C and monitored closely b§.TUpon complete conversion
of 11, MeOH (10 mL) was added and stirring continued while warming to .2%@hcentration

of the resulting solution followed by flash chromatography §S80% EtOAc in hexanes) gave

15 as a white amorphous solid (48.0 mg, 83%Ht NMR (Acetone, 400 MHzp 9.58 (s, 1H),
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6.63 (s, 1H), 6.57 (s, 1H), 6.52 (s, 1H), 5.52&, 6.8, 1H), 4.48 (dJ = 6.8, 2H), 3.89 (s, 3H),
3.79 (s, 3H)*C NMR (Acetone, 126 MHZp 171.2, 162.0, 158.7, 158.5, 144.0, 142.9, 142.3,
142.1, 136.0, 119.7, 118.6, 115.2, 108.6, 103.3, 103.1, 101.3, 56.8, 52.8, 31.1; ESI-HRMS

420.0486 (M — H, C;gH16CINOg requires 420.0486).

OH
OMe
HN
O | ©
O
cl OMe
HO OH
(2)-methyl 3-chloro-4,6-dihydroxy-2-(2-(6-hydroxy-7-methoxy-3-oxo-3,4-dijddro-2H-

benzo[b][1,4]oxazin-2-ylidene)ethyl)benzoate (16)Compoundl2 (22.0 mg, 0.04 mmol) was
subjected to the conditions used to genetéte Flash chromatography (Si060% EtOAc in
hexanes) gavé6 as a white amorphous solid (4.0 mg, 24%) NMR (Acetone, 400 MHzp

9.53 (s, 1H), 6.83 (s, 1H), 6.58 (s, 1H), 6.53 (s, 1H), 5.9Dt6.9, 1H), 4.10 (dJ = 6.9, 2H),

3.90 (s, 3H), 3.86 (s, 3HF’C NMR (Acetone, 126 MHZp 171.5, 162.6, 159.9, 157.0, 144.1,
143.5, 143.1, 141.3, 135.1, 119.3, 115.7, 112.4, 107.4, 103.4, 103.3, 101.4, 56.9, 52.8, 29.0; ESI-

HRMS 420.0496 (M — H Ci9H16CINOg requires 420.0486).
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(E)-methyl 3-chloro-4,6-dihydroxy-2-(3-(6-hydroxy-7-methoxy-3-o0x0-3,4-dihydr-2H-

benzo[b][1,4]oxazin-2-ylidene)propyl)benzoate (17): Compoundl13 (70.0 mg, 0.13 mmol)

was subjected to the conditions used to gendfateFlash chromatography (SiC0% EtOAc

in hexanes) gavé7 as a white amorphous solid (36.0 mg, 62%): NMR (Acetone, 400 MHz)

§ 9.46 (s, 1H), 6.66 (s, 1H), 6.54 (s, 1H), 6.50 (s, 1H), 5.70<(18.0, 1H), 3.95 (s, 3H), 3.82 (s,

3H), 3.24 — 3.21 (m, 2H), 3.00 (dd= 7.9, 15.9, 2H)}*C NMR (Acetone, 126 MHZ} 171.6,

162.4, 158.9, 158.3, 144.0, 143.4, 142.8, 142.4, 136.0, 120.1, 119.7, 115.0, 107.9, 103.0, 103.0,
101.3, 56.9, 52.8, 33.0, 27.4; ESI-HRMS 434.0645 (M ~G4H1sCINOg requires 434.0643).

OH
OMe

Cl
OH

(2)-methyl 3-chloro-4,6-dihydroxy-2-(3-(6-hydroxy-7-methoxy-3-oxo-3,4-dijddro-2H-
benzo[b][1,4]oxazin-2-ylidene)propyl)benzoate (18): Compoundl14 (7.0 mg, 0.013 mmol)

was subjected to the conditions used to gendfateFlash chromatography (SiCs0% EtOAc
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in hexanes) gavés8 as a white amorphous solid (3.2 mg, 57%):NMR (Acetone, 400 MHz)

9.37 (s, 1H), 6.59 (s, 1H), 6.43 (s, 1H), 6.37 (s, 1H), 5.88t7.8, 1H), 3.85 (s, 3H), 3.69 (s,

3H), 3.16 — 3.06 (m, 2H), 2.49 — 2.42 (m, 2k NMR (Acetone, 126 MHZ} 171.5, 162.4,

158.7, 157.1, 144.0, 144.0, 143.4, 143.0, 135.1, 119.2, 114.8, 113.6, 108.1, 103.2, 103.1, 101.4,

56.8, 52.9, 32.1, 25.3; ESI-HRMS 434.0635 (M 5 €,0H15CINOg requires 434.0643).

OH
OMe
HN
o @)
)
cl OMe
HO OH

() Methyl 3-chloro-4,6-dihydroxy-2-(2-(6-hydroxy-7-methoxy-3-o0xo-3,4-diydro-2H-
benzo[b][1,4]oxazin-2-yl)ethyl)benzoate (19):Palladium on carbon (10 mol%) was added to a
stirred solution of mixed isomefd and12 (60.0 mg, 0.12 mmol) in EtOAc (10 mL). Hydrogen

was bubbled through the reaction mixture and then the reaction stirredHpnaenosphere for

12 h. The reaction was filtered through a plug of celite andréselting filtrate was
concentrated and purified by flash chromatography £S30% hexanes in EtOAc) to givi® as

an amorphous white solid (42.4 mg, 85%j NMR (Acetone, 400 MHz) 9.38 (s, 1H), 6.70 (s,

1H), 6.55 (s, 1H), 6.49 (s, 1H), 4.59—4.50 (m, 1H), 3.93 (s, 3H), 3.82 (s, 3H), 3.42-3.18 (m, 2H)
2.18-2.08 (m, 2H)**C NMR (Acetone, 126 MHZp 171.4, 166.9, 162.3, 158.6, 144.0, 143.3,
142.8, 136.3, 121.5, 114.8, 108.2, 103.6, 103.4, 103.0, 78.0, 56.9, 52.8, 30.7, 29.1; ESI-HRMS

424.0783 (M + H, CioH1sCINOg requires 424.0799). Chiral HPLC with 15% EtOAc in hexanes

67



provided the pure enantiomergt)-21: [a]p +137.1 € = 0.24, CHQ)); (-)-22 [a]p -164.9(c =

0.24, CHCY).

OH
OMe

HN
O&L\{O
O-__OMe
OH

Cl
OH

(x) Methyl 3-chloro-4,6-dihydroxy-2-(3-(6-hydroxy-7-methoxy-3-o0xo-3,4-diydro-2H-
benzo[b][1,4]oxazin-2-yl)propyl)benzoate (20): Following the same procedure used to
generatel9, an E/Z mixture ofl3 and 14 (106.9 mg, 0.20 mmol) were introduced to the
conditions mentioned above. The resulting filtrate was concenteatddpurified by flash
chromatography (Si&) 30% hexanes in EtOAc) to gi\g9 as an amorphous white solid (49.0
mg, 85%): 'H NMR (Acetone, 400 MHz} 9.32 (s, 1H), 6.68 (s, 1H), 6.54 (s, 1H), 6.49 (s, 1H),
4.47 (dd,J = 4.4, 8.2, 1H), 3.94 (s, 3H), 3.80 (s, 3H), 3.17-3.05 (m, 2H), 2.01-1.91 (m, 2H),
1.90-1.78 (m, 2H),13C NMR (Acetone, 126 MHZp 171.6, 167.3, 162.4, 158.7, 144.2, 144.0,
142.8, 136.3, 121.6, 114.7, 107.9, 103.6, 102.9, 102.9, 77.6, 56.8, 52.8, 32.8, 31.0, 25.9; ESI-
HRMS 438.0969 (M + H CyH2oCINOg requires 438.0956). Chiral HPLC with 15% EtOAc in
hexanes provided the pure enantiomgfs) [o]p +11.7 € = 0.115, CHQ)); (-) [a]p -14.7(c =

0.115, CHCY).
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Anti-proliferation assay: MCF-7 and SKBr3 cells were maintained in a 1:1 mixture of
Advanced DMEM/F12 (Gibco) supplemented with non-essential amino aciglsitdmine (2
mM), streptomycin (50@ug/mL), penicillin (100 units/mL), and 10% FBS. Cells were grown to
confluence in a humidified atmosphere (&, 5% CQ), seeded (2000/well, 1Q4d.) in 96-well
plates, and allowed to attach overnight. Compound or geldanamycin atgvagyicentrations in
DMSO (1% DMSO final concentration) was added, and cells wenenet to the incubator for
72 h. At 72 h, the number of viable cells was determined usingT&@/RMS cell proliferation

kit (Promega) per the manufacturer’s instructions. Cells incubaté®& DMSO were used as
100% proliferation, and values were adjusted accordingly; VW@lues were calculated from

separate experiments performed in triplicate using GraphPad Prism.

ATPase assay:Recombinant yHsp90 was overexpressed and purftidl. The assay was run
using optimized conditions previously reported and {RePV Phosphate Assay Kit (Molecular
Probes #P-22061). Proper dilutions were made using the provided manufabsteuctions.
Assay solutions and conditions were taken directly from the optihupaditions previously
published® Each well contained a final volume of 100 pL. Wells were thixg pipette and
then shaken for approximately 30 s. Plates were then coveresarzhtied at 42 °C while
shaken for 2 h. Absorbance was measured at 563 nm gndalGes were calculated using

GraphPad Prism. Each compound was tested in triplicate on three separate occasions
Western blot analysis: MCF-7 cells were cultured as described previdisind treated with

various concentrations of drug, GDA in DMSO (1% DMSO final conceatrgtor vehicle

(DMSO) for 24 h. Cells were harvested in cold PBS and lysedRw Risis buffer containing 1
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mM PMSF, 2 mM sodium orthovanadate, and protease inhibitors on icehforL{sates were
clarified at 1400 g for 10 min at 4 °C. Protein concentration® \etermined by using the
Pierce BCA assay kit per the manufacturer’s instructioBgual amounts of protein (20 ug)
were electrophoresed under reducing conditions, transferred tmeeflitlose membrane, and
immunoblotted with the corresponding specific antibodies. Membranesimeibated with an
appropriate  horseradish  peroxidase-labeled secondary anti-body, ddvelopth

chemiluminescent substrate, and visualized.
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Chapter IlI

Design and Synthesis of Proposed
Grp94 Selective Inhibitors

[1I.1 Introduction to Grp94

The complexity, localization, and uniqueness of each protein dictateset for
multiple chaperone systerhsFurthermore, each cellular organelle maintains unique roles a
must regulate its own proteostasis. Thus, the endoplasmic wetidi#R) contains its own
chaperoning network required for the development and traffickingcvéteey and membrane
bound proteind. As such, the ER contains a resident member of the Hsp90 famitysg-
regulated protein 94 kDa (Grp94) Grp94 was first identified in 1977, upon observation that
glucose depletion of Rous sarcoma virus transformed chick embrydblfists resulted in the
over expression of a ~94 kDa protein, which was subsequently nam@d°GResearch groups
have since shown that Grp94 exhibits activities unrelated to glucose lesalsngein numerous
aliases including gp96, endoplasmin, Tra-1, or Hs5108.

Similar to other Hsp90 isoforms, Grp94 is ubiquitously expressed iam&imAs shown
in Figure 21, secretory tissues maintain an especially highl l&f Grp94 expressioh. As
expected, introduction of stress to the ER results in the induofidhe resident heat shock
response, the unfolded-protein response (UPB)milar to the cytosol's ubiquitin-proteasome
pathway, the ER maintains a protein degradation mechanism, referrad &ndoplasmic
reticulum-associated protein degradation (ERADY Although Grp94 induction is a well
accepted hallmark of ER stress, the functional role of Grp94 isypooderstood, with the only
well-studied role for Grp94 being related to immufity*™® Interestingly, inhibition of other
proteins involved in ER proteostasis results in a global induction otdhelar heat shock

response; however, Grp94 silencing fails to induce either the URRearytosolic HSR* *°
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Figure 21. Grp94 expression profile id. sapiens.’

The function of Grp94 is becoming
less enigmatic, as its significance in
cellular homeostasis and disease
progression has recently attracted the
attention of numerous researchers.

[11.2  Structure

As mentioned in Chapter |,

Grp94 exists as a soluble, obligate
homodimer;

comprised of an N-

terminal domain (NTD), charged-
linker (CL), middle domain (MD), and
a C-terminal dimerization domain
(CTD)% 19  Although the NTD
possesses the characteristic Bergerat-
fold ATP-binding pocket, interactions
between both the NTD and MD
cooperate to provide the requisite
ATP-hydrolysis activity?” 21
Residence in the ER is maintained
through a C-terminal tetrapeptide
KDEL sequence, which is recognized

by the KDEL retrieval receptor for

sequestratio”® The structure of the full-length canine ortholog of Grp94 ha ts®lved in
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insert
dog GRP94 162 NNl RPNy BIIAN KU TEAQEDGQS TS E — —|ikeln)aeaviel =TV pA .Y 206
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Figure 22. Primary sequence alignment of canine Grp94 and hHsg@gépicting the 5-amino
acid insertion at residues 182—186.

1!Ii4 1?9 11?0 1f|!9 1EIIB 1IBB

addition to various Grp94 truncates with N-terminal ligghd§® ?® However, the sites of
interaction of both co-chaperones and partner proteins for Grp94 remain unknown.

Most noteably, Grp94 exhibits a 5-amino acid insertion (QEDG@sdues 182-186,
which is not present in other Hsp90 isoforms (Figure®22)his insertion causes a dramatic
effect on the secondary and tertiary organization of Grp94, edyewai#hin the N-terminal
binding pocket. As a consequence, the architecture of the binding pockeque. Therefore, it
is not surprising that mechanistic and regulatory disparitiesdestwsp90 and Grp94 have been
reported for specific ligands?® 171923
[11.3 Cellular Functions of Grp94

Research that ablates Grp94 levels has indicated the chaperonedsebsal for the
development of planté, nematode$? fruit flies,® and mice”®> However, its function is non-
essential to the growth of mammalian cell cultures, as Grg®¥/Asiexperiments demonstrate
cell lines to grow normally and maintain the ability to diéfietiate*™ ** Furthermore, Grp94 is
essential only to metazoans, as it is not expressed in uniceltgkamisms, with the exception of
Leishmania.®* Recent literature has revealed numerous intracellular prdteibsre dependent
upon Grp94 for proper maturation and biological acti¥itWhereas cytosolic Hsp90 maintains
roles in cell-cycle regulation and signaling, Grp94 mediatigazeell communication through
the chaperoning of secretory and membrane proteins. Thus, therapieardbt Grp94 may
represent promising chemotherapeutics for the treatment of patalaginditions that rely

upon intercellular communication netwofks? 2628
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GRP94 GRP94 drug
GRP94 client proteins P KO/RNAI Inhibition

Native proteins

ADAMTS2 (Koo and Apte, 2010)

Apolipoprotein B (Linnik and Herscovitz, 1998)
Cartilage oligomeric matrix protein (Hecht et al., 2001)
Collagen (Ferreira et al., 1994)

EGF-R (Supino-Rosin et al., 2000)

ErbB2 (Chavany et al., 1996)

Golgi apparatus casein kinase (Brunati et al., 2000)

Ig chains (Melnick ef al,, 1992; Tramentozzi et al., 2008) +

IGF-1 (Ostrovsky et al., 2010)

IGF-Il (Wanderling et al., 2007; Ostrovsky et al., 2009) + + +
IFM-y (Vandenbroeck et al., 2006)

IL-12p80 (Alloza et al., 2004; MvLaughlin et al., 2008) + +

Insulin receptor IRS-1 (Saitoh et al., 2002)

Integrins CD11a, CD18, CD49d, a4, B7, «l, B2 (Randow and Seed, 2001; Liu and Li, 2008) +

MHC class Il (Schaiff et al,, 1992) +

Bile-salt dependent lipase (Mganga et al., 2000) + +
Thrombospondin (Kuznetsov ef al,, 1997)

Thyroglobulin (Kuznetsov et al., 1997)

TLR1, TLR2, TLR4 (Randow and Seed, 2001; Liu and Li, 2008)
TLR? (Yang et al., 2007)

WF51 (Kakiuchi et al., 2009)

Mutant client proteins

o-1-antitrypsin (5chmidt and Perimutter, 2005)

Protein C (Katsumi ot al., 1998)

HSV glycoprotein (Ramakrishnan et al., 1995)

+ o+

+

+

+ + + +

+

+ o+

Figure 23. Known Grp94 client proteins and method of determindtion.

As shown in Figure 23, Grp94 is responsible for a variety of proteins implicatecthcer
(IRS-1, IGF-I, IGF-II, integrins) and in immunological conditions R, integrins, IFN).2
Most intriguing about the list of clients is the selectivityhaivhich Grp94 operates, even within
families of proteins, such as TLRs and integrins. This suggestshe ability to target Grp94
may result in disease modification with a lower side-effeofile, as fewer clients appear to be
dependent upon Grp94 than Hsp90. Therefore, Grp94 isoform selective inhibpiogsent
novel biological tools and potential chemotherapies for diseases.
l11.4 Known Ligands: Non-Selective and Selective

Amino acids 35-274 of Grp94 exhibit high homology to fragments 9-236 and 1-220 of

human cytosolic Hsp90 and yeast Hsp90 (yHsp90), respectively. Thisrdoomaprises the N-
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terminal nucleotide binding pocket and mediates the binding of striigturarelated
compounds, including ATP, GDA, and RDC. Co-crystallization has showthrak natural
products bind to the same Bergarat-type ATP-binding pocket, whiabmgresed ofa-helices
positioned around a platform pfsheets: 7 1® 2 Grp94 exhibits complete conservation of the
requisite amino acids responsible for ligand binding to this pocketleWia inherent ATPase
activity and conformational equilibrium is comparable for Grp94 and ¢ibp90 isoform$® #*
the regulation of conformational reorganization seems mechaflistigaique and ligand
specific.
[11.4.1 Endogenous Ligand: ATP

Similar to all other members of the GHKL family of ATP bingiproteins, Grp94 binds
ATP in a unique bent conformatidh. However, Grp94 exhibits a weak binding affinity for
ATP, which is ~100-fold lower than that observed for cytosolic HSpJ0. In addition, unlike
other Hsp90s which bind ADP ~5-10-fold tighter than ATP, Grp94 binds botha&@PADP
with similar affinities (K ~ 5uM).*®*® With the exception of lid reorganization (discussed

below), the structures of Grp94 in complex with

nucleotides closely resemble the structures of Gr
bound to N-terminal inhibitors.
Rationale for Grp94’s weak affinity for nucleotide

is two-fold. Firstly, the 5-amino acid insertion in Grp94

primary sequence results in a sterically unfavora

G :';pr._:,-_}:r____.__. 5 [

orientation of Glyl96 (Glyl21 in Hsp90), whic| Figure 24. Depiction of the

steric clash between Grp34
diminishes ATP affinity (Figure Zéﬁ. Thus, Grp94 must Gly196 and the phosphate

region of ADF°
undergo a large conformational reorganization, whrcm
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Figure 25. Co-crystal structure comparison of ADP bound to yHsp90N (left) and dGrp94N
(right). Helices 1-4-5 are labeled and depicted in magenta (Hsp90) and (@Ho94).

includes a ~30° outward rotation of helices 1-4-5 into an open conformatiarder to
accommodate ATP (Figure 25). Secondly, examination of the electrostatics of the Grp94
ligand binding pocket revealed an acidic and negative surface poterttial phosphate binding
region, resulting in electrostatic repulsion between the negatoledrged phosphates of the
nucleotide and the protein (Figure 28)This is in contrast to the phosphate binding region in
yHsp90, in which basic groups compliment the phosphate charges. Tlotreséddic repulsion
between Grp94 and nucleotides may further facilitate the rotatibaliocks 1-4-5, providing the
requisite energy for conformational reorientatfdn.Therefore, the extensive remodeling of
helices 1-4-5 due to electrostatic repulsion and rotation appeglieiee congestion and may be
responsible for the low affinity of Grp94 for ATP. Furthermoregaesh has shown both of
these attributes are necessary to result in an open conformatubeljreeated in the discussion of

GDA in section I11.4.2.
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Figure 26. Co-crystal structure compariso-n depicting the nature of the phosphate binding
region between yHsp90N (left) and dGrp94N (ridfit).

Upon binding ATP, the open conformation of the N-terminal “lid” (helite$-5) of
Grp94 results in exposure of hydrophobic regions necessary for Nagrdinerizatiort? This
is in contrast to other Hsp90 isoforms, which undergo lid closure upon biAdiRgprior to
dimerization (Figure 25} Therefore, the mechanistic regulation of N-terminal dina¢ion
represents a key difference between Grp94 and HSp90.

The aforementioned observations suggest Grp94 to be more sensithdetminal
ligand structure, but capable of reorganizing to accommodate vdwioctsonalities. Although
the affinity of Grp94 for ATP is low, the ATPase activityois par with Hsp9p.>* The amount
of reorganization exhibited by Grp94 has not been observed in other Hsgénis, which
provides a mechanistic anomaly that may be exploitable in thgnde$ isoform selective
inhibitors.

I11.4.2 Geldanamycin

Geldanamycin was originally identified in 1$94s an inhibitor of cytosolic Hsp90 and

co-crystal structures of GD@PHsp90 were reported shortly thereafter in 19%s a result of

these seminal publications, much has been learned about the Hsp9Q faotilging the
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existence of four isoforms in the human gendmelhese disclosures and subsequent studies
revealed GDA to be gan-inhibitor of all four Hsp90 paralogs, albeit with varying affiegi
Neckers and colleagues uncovered GDA's inhibitory activity of Grpa®p6* Subsequently,
through competition binding studies, Necketsl. demonstrated GDA to bind Grp94 (1M)
with a lower efficiency than Hsp@0or Hsp9@ (170 nM)3* however, rationale for the observed
selectivity was lacking. The GD&rp94 co-crystal structure was not available until 2009, in
which a collaborative publication between the Gewirth laboratorHaiptman-Woodward
Medical Research Institute and our laboratory disclosed thels®dtt This structure has been
critical to understanding the mechanistic regulation of Grp94 by GDA.

Once again, Gly196 plays a critical role in ligand binding and exgfain the lower

affinity of GDA for Grp94. Prior to co-

crystallization, GDA was modeled into the N-
terminal ATP-binding pocket of apo-Grp94.
These modeling studies revealed a steric clash

between the macrocyclic amide of GDA and

VDW clash the backbone carbonyl oxygen of Gly196 in

. 1 - Grp94 (Figure 275 Although this clash is
Figure 27. Depiction of the Gly196/GDA

clash obsezr?yed upon docking GDA Into | similar to the predicted ATP clash, the co-
apc-Grp94

crystal structure between dGrp94N and GDA
reveals only moderate rearrangement of the flexible “lid"(f@g28). Rationale for such a small
perturbation of the lid can be proposed upon analysis of the electrestdice of the binding
pocket?® Although GDA exhibits a polar quinone ring that binds in the phosgtiaténg

region, it is considerably less polar than the phosphate moiety of bouledtides. Thus, the
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Figure 28. Co-crystal structure of GDA with
dGrp94N. The mobile subdomain consisting

helices 1-4-5 is depicted in cyan.

lack of electrostatic repulsion allows for

helices 1-4-5 to remain in a more compact
conformation than that observed in the
ADP-dGrp94N complex (Figure 25).

Cytosolic Hsp90 can accommodate GDA
through minor structural adjustments and
the GDAyHsp90 co-crystal structure is

similar to that of ATR/Hsp9O0.

Similar to Hsp90, Grp94 binds

of5DA in a bentis-amide conformation with

the benzoquinone parallel to the ansamycin

ring. Inspection of the remaining GDA and Grp94 interactions tesmealar networks as those

observed with Hsp90, including direct water-mediated contacts between the ai@rlganup and

96

Aspl49; direct hydrogen bonds to Aspll0, Lysl1l14, Gly
Gly198, and Phe 199; water mediated interactions between Ley
Asnl107, and Thr254; and multiple hydrophobic contacts betw
GDA and Met154, Leul63, Val197, and Phe¥d@onsidering the
binding affinity data and co-crystal structure evidence, inhos
surprising that GDA-derived analogs can be utilized to des

isoform selective inhibitors. In fact, GDA-derived WX514 (Figuy

Figure 29. Structure
of WX514, a selective
inhibitor of cytosolic
Hsp90.

29) exhibits a ~90-fold higher binding affinity for Hsp90 tharm

Grp943* However, the rationale for cytosolic selectivity exhibited analogs of this class

remains undisclosed.
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[11.4.3 Isoform Selective Inhibitor: N-ethylcarboxamidoadenosine

Studies regarding the adenosine receptararil A in the 1980s resulted in significant
knowledge pertinent towards understanding the adenosine reteptor. However, upon
identification of the adenosine,Aeceptor, a second class of proteins containing an adenosine

A,-like binding site was identifiet. Subsequent studies revealed

Grp94 to be a major contributor in adenosing Iland binding, Hohw .
' N
(0]
exhibitng a binding affinity of ~200 nM for 5-N- //;i\sz
ethylcarboxamidoadenosine (NECA), a broad spectrum adenosir| HN

receptor agonist (Figure 3&). In fact, Grp94 was eventuall] Figure 30. Structure
of NECA.

identified as the prominent cellular target of NE&AFurthermore,
NECA was shown to exhibit no apparent binding affinity for Hs[fastablishing NECA as the
only known Grp94 selective inhibitor.

In order to provide rationale for NECA's Grp94 binding selectjvi@ewirth and
colleagues solved the NE@#Grp94N and the RD@Grp94N co-crystal structur&s. These
structures provided a direct comparison between the Grp94 selectibéonhNECA, and a
potentpan-Hsp90 inhibitor, RDC. Prior to solution of the co-crystal structuitewas unknown
what role the 5-amino acid insertion in Grp94’s primary sequence provided.

Analyses of the co-crystal structures, suggest a unique bindingrdéon&rp94, which
is lacking in the RD&Hsp90 structure, that interacts with the 5'-ethyl moiety ofORE As
expected, the adenine moiety of NECA exhibits identical interactto Grp94 as observed in
ATP/ADP-Hsp90 complexes. This can be explained due to the complete caiservh
requisite amino acids known to interact with nucleotides direct and water-mediated

hydrogen-bonding networks. The second domain that interacts with NE&€Anique structural
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feature specific to Grp94, which is introduced by the 5-amino adrtion in its primary
sequence. The insertion occurs in the helix 1-4-5 subdomain and nedeftgthening of helix

4 and two structural modificatiofis Firstly, the orientations of Alal67 and Lys168 (Ala97 and
Lys98 in Hsp90) are reorganized, which results in a volumetricaseref the second binding
domain. This increase in volume can accommodate the 5-ethyl mupiesent in NECA.
Secondly, the lengthening of helix-4 produces increased flexil@hty a conformational re-
orientation of helices 1-4-5, which may facilitate ligand bindindss observed in Figure 31,

NECA provides a direct hydrogen-bond with the backbone carbonyl mt6®sin dGrp94 and

the 5’-ethyl moiety is stabilized through van der Waals

i interactions with Val197 and Tyr200. This pocket is

,$ ) Tyr200 not present in yHsp90, and consequently it is not
Asn162 L

surprising that this type of “conformational switch”

had not been previously observed in other Hsp90

isoforms. Furthermore, this pocket is present in apo-

Val197 Grp94, suggesting that it is not ligand-induced, but

Figure 31. Interaction of NECA| rather inherentin nature.
within the second binding domain
unique to Grp9:- Rationale for the inability of NECA to bind

Hsp90 can be postulated through molecular modeling studies. Sineeléhme portion of
NECA, ATP, and ADP bind to Grp94 and Hsp90 with identical interactionstiqguuaig of the
5’-ethyl moiety of NECA is dictated by the adenine orientatidimus, upon modeling NECA
into yHsp90’s N-terminal binding pocket, a clash between the 5-gtloylp and the main chain
carbonyl oxygen of yHsp90 Gly121 (Gly196 in Grp94) oclurhe repercussions of protein

remodeling to accommodate the ligand are detrimental, as rengpdéline protein would result
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in net energy expenditure. Therefore, it can be hypothesizethéhat-ethyl group of NECA is
the sole factor responsible for the selective binding of NECA to Grp94.

Interestingly, these results suggest that the position of Glyl9Brp94 maintains a
discriminatory role towards ligand binding, as its orientation posd the binding of
endogenous nucleotides, but allows for the binding of NECA. This is inasbitr yHsp90, as
the respective Glyl21 allows binding of ATP/ADP, but prevents NECA mgndiln total, the
observations for ligand specificity and regulation provide evidence @rpb4 selective
inhibitors can be designed; however, analogs based on the NECA sdadiedd proved
unsuccessful thus far.

1.5 Proposal of Grp94 Selective Inhibitors

As mentioned previously, the chimeric inhibitor radamide (ROM&s co-crystallized
with both yHsp90N and dGrp94N. Analysis of the two co-crystal structures revealed the
resorcinol to bind similarly to both isoforms. However, the quinone maétiR DA binds
yHsp90 in a lineartrans-amide conformation; while upon binding Grp94, two unique bent
conformations that project the quinone into the hydrophobic NECA 5’-bindingepaare
observed (50% occupancy each). One conformation manifeigtsimide orientation, while the
second, orthogonal conformation containgans-amide (Figure 32). The quinone moiety of
RDA exhibits distinct interactions with each protein, which providestarting point for the
rational design of Grp94 selective inhibitors. In fact, analgéithe RDAyHsp90 co-crystal
structure suggests the quinone to be involved in an intricate hydrogemdporedivork, whereas
it's interaction with Grp94 is limited. This has led to spedoifathat the quinone may be

dispensable for Grp94 binding, but obligatory for Hsp90 binding. Considehese t
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Figure 32. Co-crystal structures of RDA bound to yHsp90 (left) and Grpyhtjr
The two RDA conformations populated when bound to Grp94 are depictednrany
yellow.

observations, two approaches were utilized to design Grp94 selettibgars: 1) manipulation
of the quinone moiety; and 2) conformational constraint to incorporaseaaide bioisostere.
[11.5.1 Quinone Substitution

The first series of analogs aimed at manipulating the sulbsti pattern of the quinone
ring, and thus eliminating critical interactions required for binding Hsp90, hatammang Grp94

inhibitory activity. Furthermore, analyses of the co-crystalctures suggested a more intricate

Asn162 /J Asn162
N N
2 \,L' R Gly196

‘ i Gly196
v ) v

-

a

\ Phewa( l" K : ’ ( ?-_;- :
y ) \_."‘ Phe199 \.{

o oot
Asn107 », 2 Asn107 .,

f. ‘..:

Figure 33. Quinone hydrogen bonding network comparison between yHsp90 (left), and the
cis-amide (middle) anttans-amide (right) conformations of RDA that bind Grp94.

87



hydrogen-bonding network between the quinone and yHsp90 than that whicbsesed for
the quinone (in either orientation) and Grp94 (Figure 33). Thereforalogs25-27 were
proposed to systematically evaluate substituents of the RDA quimugne To design these

analogs, thetrans-amide conformation

exhibited by RDA when bound to Grp9¢

was chosen as the design template, as /@ © ©
conformation represents the lowest ener

and highest populated conformation of t i(;L i(;L é
amide in solution.

Removal of the 5-carbonyl2 Figure 34. Proposed analogs which lack k

functionalities for Hsp90 binding.

132
<

Figure 34) on the RDA quinone woul

eliminate hydrogen-bonding interactions between the carbonyl asé8L§s observed in the
yHsp90 structure. Interactions between Lys98 and the 5-carbonylalgreobserved in the
GDA-yHsp90 complex, which is critical to the binding affinity. Althougistmanipulation will
also change the oxidation state of the 2-carbonyl, this should ect afteractions with Lys44,
as the hydroquinone of RDA interacts similarly in the yHsp9Gemsinal binding pocket.
Furthermore, thé&rans-amide conformation exhibited by RDA when bound to Grp94 suggests no
apparent function of the 5-carbonyl (Figure 33). Thus, removal of this functjosiaditild result
in lower affinity for Hsp90, while unaffecting interactions with Grp94.

Further reduction 025 via removal of the 2-oxo functionality provides anai which
lacks the hydrogen bonding capability with Lys44 and Lys98 of yHspdlls manipulation is
also predicted to affect the hydrogen-bonding network of the ligaitld Grp94, as this

functionality is involved in hydrogen bonding with the backbone amid€dydf96 and Phel199.
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However, the NECAGrp94 co-crystal structure suggests this region of Grp94 tgdrephobic
in nature® Therefore, this manipulation may still provide beneficial van derlg/and/otr-
stacking interactions with Grp94. Lastly, removal of the 4-methoaigty will provide analog
27, which eliminates all functionalities present on the RDA quinoneveBpment of this
focused library allows for the rapid evaluation of ties-quinone hypothesis.
[11.5.2 Incorporation of a cis-Amide Bioisostere

The second approach towards the design Grp94 selective inhibitors ensesnpas
bioisosteric replacement strategy. Previous evaluation of ciRChapter IlI) revealed that
chimeric analogs exhibiting a conformationally biasesamide moiety resulted in an improved
binding affinity for Grp94. While the affinity for Hsp90 also improvit ~110 nM affinity for
Grp94 and ~5-fold improvement from RDA was most intriguing. HoweWer,slynthesis of
cRDA was not amenable to facile SAR development. Upon evaluattids-amide bioisosteric
replacements, imidazole was chosen for two reasons: 1) ald@hytkzed for the synthesis of
RDA and cRDA, could be maintained as an advanced intermedidteefsynthesis of a variety
of analogs; and 2) optimized methodology had been previously reported, whitédethe rapid
preparation of analogs in a straightforward manner with relatively ineixpersgents**

Closer analysis of the second

Grp94 binding domain revealed th 28:n=0 Table 5. Surflex binding
o ne2 NN scores 028-32
pocket to be hydrophobic in nature af 34:n=3 n Binding
32:n=4 Compound Score
to containzm-rich amino acids Phel9y ¢ 28 4.80
OMe 29 5.94
and Tyr200, which are poised for | _ HO OH 30 -
y P Figure 35: Initial 2; -
stacking interactions. In agreeme 'mt'gamle. a?aLogs RDA 3.82
with varying linker “ROA 171
with the “dispensable quinong '€Ngth.

89



hypothesis, molecular modeling studies with imidazoles containingndepe benzene ring
(Figure 35) provided the desired interactions. Utilizing Surflexking softwaré? “* analogs
28-32 were docked to the RD&rp94 complex (PDB: 2GFD). As shown in Table28,and29
were the only analogs that bound successfully to Grp94; and both exHubtter binding scores
than RDA and cRDA. Furthermor28-32 failed to dock to the RDAHsp90 complex (PDB:
2FXS). Therefore, the first series of analogs synthesipedisted of an imidazole linkage
flanked with a benzene ring attached with various linker lendgBexause of the flexible Grp94
lid region and inability of available modeling programs to condlidig, linker lengths n = 3 and
4 were synthesized to confirm the docking results. The biologvedliaion of these analogs

will be described in detail in

Chapter IV; however, analog9 (n

N\ N
= 1) exhibited superior activity in
the functional Grp94 inhibitory
assay, which was in agreement with

N N\/C) N N\/C\ NT\Nﬁ modeling studies. Therefore,
functionalized analogs based upon
29 were designed for subsequent
OMe development.

N\ N N\ N Analogs chosen for

synthesis are depicted in Figure 36.

Compounds 33 and 34 were

designed to evaluate  steric
Figure 36. Imidazole analogs based up2®

constraints and stereochemical
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dependence. Analod5-38 were designed to assess the compatibility and optimal location of
hydrogen bond acceptors. The exact binding orientation of the zwmladanalogs remained
unknown at the onset of analog development, however it was hypothesizte thegsence of a
hydrogen-bond acceptor may interact favorably with Tyr200 or theeiprdtackbone, thus
increasing affinity for Grp94. Furthermore, incorporation @fssamide bioisostere altered the
projection angle towards the 5’-binding pocket present in Grp94. Thus, ard@efB were
devised to provide an evaluation of all possible locations, as hydrogen badegmetrically

and directionally dependent. Additionally, anal®@

was designed to mimic the methyl ether present
N\ N\/ N\ N

RDA and cRDA, providing further information on th
effects of hydrogen-bond donors, and to assess

spatial limitations of the binding pocket.

. =\
In parallel to the development of substitut N\ N Ny N—"OMe

analogs based o029, alkyl-imidazoles 4043, Figure jé[k
37) were designed. These compounds w

hypothesized to mimic NECA'’s 5-ethyl functionality o
Figure 37. Alkyl-imidazoles.

which interacts with the Grp94 binding domaia van

der Waals interactions with Val197 and Tyr200, rather thatacking interactions.
1.6  Synthesis of Proposed Grp94 Selective Inhibitors

A key component of selecting the two aforementioned hypothesesdiolagon was the
ability to utilize advanced intermediates previously reported Ibyatoratory. This allowed for
the rapid evaluation of the two hypotheses in an efficient mannkouwtisignificant scaffold

development.
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[11.6.1 Synthesis of des-Quinone Analogs

Synthetically, analog25-27 were obtained in 3-steps from the previously disclosed
aldehyde3 (Scheme 5§** Commencing with a Pinnick oxidation, agid** “°was obtained in
high yield and subsequently coupled with the necessary anilines througloyerant of
EDCI/DMAP peptide coupling conditions. Facile removal of tdxé-butyldimethylsilyl (TBS)
protecting groups with tetnabutylammonium fluoride (TBAF) yielded the desired compounds

25-27. Biological evaluation of these analogs is discussed in detail in Chapter IV.

O<__H O.__OH RNH, O.__NHR
NaCI02
NaH,PO EDCI
o] 274 o} DMAP 0o
Cl 2-methyl-2-butene ~ C! pcm  Cl
OMe = 'BuOH, H,0 OMe &1 _83% OMe
TBSO 3 OTBS 78 % TBSO 44 OTBS R'O OR!'
TRAF[ R = TBS
THF D> g = H (25-27)
Scheme 5.Synthetic route tdes-quinone analogs.

[11.6.2 Synthesis of Imidazole Bioisosteric Analogs
The imidazole linked compounds were obtained in two steps BomAs shown in

Scheme 6, aldehyd&was treated with primary amines, glyoxal, and ammonium bicarhhate

“0 followed by subsequent TBS removal with
0 —\
_ O<_H ’ N N-g
TBAF to produce the desired compoun H)S(
o 0 o
— i i ' ' cl RNH,, MeOH

(28-43, in acceptable yields. Biologicg OMe NHiHC%3 cl oM

) o TBSO OTBS 28 - 54% RO OR'
evaluation of these analogs is discussed 3 R o TBS

TBAF h

detail in Chapter IV. THF D> R = H (28-43)
l1l.7 Concluding Remarks Scheme 6.Synthetic route to analo@8—-43

In conclusion, analysis of RD¢Hsp90N, cRDAhHsp90N, and RDAIGrp94N co-

crystal structures revealed ligand specific interactions, whiehe vexploitable for isoform
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selective inhibitors. Each of the 19 analogs designed provided informetitical for the
advancement of Grp94 selective inhibitors. Furthermore, the proposed saafitng for an
efficient evaluation of both thdes-quinone and theis-amide bioisostere hypotheses. Chapter
IV will discuss the biological assays utilized to evaluate an&6g43 for isoform selectivity.

[11.8 Methods and Experimentals

General procedure for analogs 25-27:Acid 44 (1 equiv.) was dissolved in anhydrous DCM at
25 °C. To the reaction flask was added 1-ethyl-3-(3-dimethipi@propyl) carbodiimide)
(EDCI, 3 equiv.) followed by 4-dimethylaminopyridine (DMAP, 3 equivAfter dissolution, a
0.5 M solution of the required aniline (3 equiv.) in anhydrous DCM was dadéte reaction
flask. The reaction was stirred at 25° C until complete corores the acid was observed by
TLC. Upon complete conversion, the reaction mixture was poured p@ocaHd extracted with
DCM. The organic layers were combined, dried with Mg@&@d concentrated in vacuo. The
resulting residue was redissolved in wet THF and tetra-n-butytarium fluoride (TBAF, 4
equiv.) was added dropwise to the reaction flask at room temperatAfeer complete
conversion of starting material, as observed by TLC, the orastas quenched with saturated
aqueous NECI and extracted with EtOAc. The organic layers were combineeld davith
NaSQy, and concentrated in vacuo. Purification conditions and yields for albamomds are

described below:

OMe
HO
HN_ _O
O
|
C OMe
HO OH
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methyl 3-chloro-4,6-dihydroxy-2-(3-((2-hydroxy-4-methoxyphenyl)amino)3-
oxopropyl)benzoate (25): Purified by flash chromatography utilizing 95:5 (DCM:MeOH) as

the eluent; Yield: 63 %'H NMR (CDCk, 500 MHz)3 9.27 (s, 1H), 7.19 (d] = 8.8 Hz, 1H),

6.52 (s, 1H), 6.48 (d] = 2.8 Hz, 1H), 6.41 (dd] = 8.8 Hz, 2.8 Hz, 1H), 3.96 (s, 3H), 3.75 (s,

3H), 3.45-3.48 (m, 2H), 2.77-2.80 (m, 2/ NMR (CDCk, 125 MHz)s 172.9, 171.4, 162.6,

159.4, 158.9, 151.1, 142.8, 123.9, 120.9, 115.0, 108.0, 106.3, 104.4, 103.3, 55.6, 53.0, 36.1,

30.6; ESI-HRMSWz 394.0684 (M — H, GH17CINO; requires 394.0694).

OMe

HN__O

0]

Cl
OMe

HO OH

methyl 3-chloro-4,6-dihydroxy-2-(3-((4-methoxyphenyl)amino)-3-oxopropybenzoate (26):
Purified by flash chromatography utilizing 97:3 (DCM:MeOH)ths eluent; Yield: 61 %'H

NMR (Acetone-B, 500 MHz)$ 10.98 (bs, 1H), 9.02 (s, 1H), 7.59 (= 9.0 Hz, 1H), 6.87 (dJ

= 9.0 Hz, 1H), 6.50 (s, 1H), 3.95 (s, 3H), 3.77 (s, 3H), 3.40-3.43 (m, 2H), 2.62-2.65 (M, 2H);
¥C NMR (Acetone-Iy, 125 MHz)6 171.4, 170.4, 162.4, 158.6, 156.7, 143.3, 133.7, 121.6 (2C),

114.8, 114.6 (2C), 108.3, 103.1, 55.6, 52.9, 36.7, 29.1, ESI-HR¥S378.0738 (M — H,

C18H17CINOg requires 378.0744).

HN__O

Cl
OMe

HO OH
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methyl 3-chloro-4,6-dihydroxy-2-(3-oxo-3-(phenylamino)propyl)benzoat€27): Purified by

flash chromatography utilizing 90:10 (DCM:MeOH) as the efuéfield: 83 %;'H NMR
(CDCls, 500 MHz)8 11.16 (s, 1H), 7.46 (d, = 7.9 Hz, 2H), 7.27 (t) = 7.9 Hz, 2 Hz), 7.10 (s,
1H), 7.06 (tJ = 7.4 Hz, 1H), 6.53 (s, 1H), 6.05 (bs, 1H), 3.91 (s, 3H), 3.42-3.45 (m, 2H), 2.55—
2.58 (m, 2H);**C NMR (CDC}, 125 MHz)$ 170.4, 169.9, 163.0, 156.2, 141.7, 137.8, 129.1
(2C), 124.4, 119.7 (2C), 113.9, 106.9, 103.0, 52.7, 36.7, 28.8; ESI-HAM®BI8.0629 (M — H,

C17H1sCINOs requires 348.0639).

General procedure for compounds (28-43): Aldehyde3 (1 equiv.) was dissolved in wet
MeOH at 25° C. The required aniline/amine (1 equiv.) was added depwaia syringe to the
reaction flask followed by addition of ammounim bicarbonate {BH}O3, 1 equiv.). Glyoxal

(1 equiv.) was then added dropwiga a syringe and the reaction was allowed to stir at 25 ° C
for 8 h. Upon complete conversion of the aldehyde, TBAF as oliséywd& LC, TBAF was
added dropwiseia syringe and the reaction was allowed to stir at 25 °C for mBQ upon
which time, the reaction was quenched with sat. ag,Q\tdnd extracted with EtOAc. The
organic layers were combined, dried with,8@&,, and concentrated in vacuo. All compounds
were purifiedvia flash chromatography utilizing 95:5 (DCM:MeOH) as the eluent. Yieldalfor

compounds are provided below:

0]

Cl o~

HO OH
methyl 3-chloro-4,6-dihydroxy-2-(2-(1-phenyl-1H-imidazol-2-yl)etlyl)benzoate (28):Yield:

28%;'H NMR (CDCk, 400 MHz)5 7.56 — 7.39 (m, 3H), 7.32 (d= 6.8, 2H), 7.14 (s, 1H), 7.05
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(d,J = 1.0, 1H), 6.51 (s, 1H), 3.84 (s, 3H), 3.50 — 3.42 (m, 2H), 3.06 — 2.97(M*FPHNMR
(CDCl;, 125 MHz)$ 171.0, 162.9, 158.2, 147.7, 141.4, 137.4, 129.6 (2C), 128.7, 127.0, 126.1
(2C), 121.1, 114.9, 105.7, 102.6, 52.53, 31.15, 26.20; ESI-HR¥S371.0797 (M — H,

ClgH16C|N204 requires 371.0799).

Cl s

HO OH
methyl 2-(2-(1-benzyl-1H-imidazol-2-yl)ethyl)-3-chloro-4,6-dihydoxybenzoate (29):Yield:
54%;*H NMR (CDCk, 400 MHz)$ 11.74 (bs, 1H), 7.37 — 7.29 (m, 3H), 7.09 — 7.07 (m, 3H),
6.88 (d,J= 1.4, 1H), 6.52 (s, 1H), 5.14 (s, 2H), 3.85 (s, 3H), 3.60 — 3.47 (m, 2H), 3.08 — 2.95(m,
2H); 3C NMR (CDCB, 125 MHz)5 171.0, 162.8, 159.6, 147.8, 141.2, 135.9, 129.1 (2C), 128.2,

126.7 (2C), 126.1, 120.3, 115.5, 105.0, 102.7, 52.6, 49.7, 30.9, 26.0; ESI-AR\885.0953

(M = H, GoH1sCINO4 requires 385.0955).

=\
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HO OH
methyl 3-chloro-4,6-dihydroxy-2-(2-(1-phenethyl-1H-imidazol-2-yl)éhyl)benzoate (30):

Yield: 51%;*H NMR (CDCk, 400 MHz) 7.35 — 7.22 (m, 3H), 7.07 (d= 6.9, 2H), 7.01 (s,

1H), 6.82 (s, 1H), 6.48 (s, 1H), 4.16Jt 7.1, 2H), 3.90 (s, 3H), 3.53 — 3.40 (m, 2H), 3.04 (t,

=7.1, 2H), 2.85-2.72 (m, 2H')3,C NMR (CDC, 125 MHz)5 170.8, 162.8, 158.5, 147.3,
141.4,137.2,128.9 (2C), 128.7 (2C), 127.1, 126.4, 119.1, 115.0, 105.6, 102.7, 52.6, 47.4, 37.6,

30.8, 25.8; ESI-HRM$®vz399.1115 (M — H, &H20CIN2O,4 requires 399.1112).
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methyl  3-chloro-4,6-dihydroxy-2-(2-(1-(3-phenylpropyl)-1H-imidazol2-yl)ethyl)benzoate

(31): Yield: 48 %;'H NMR (CDCk, 400 MHz)§ 7.32 — 7.11 (m, 5H), 7.04 (s, 1H), 6.89 (s, 1H),

6.51 (s, 1H), 4.02 — 3.81 (m, 5H), 3.63 — 3.44 (m, 2H), 3.06 — 2.91 (m, 2H), 2168716, 2H),

2.22— 2.04 (m, 2H)**C NMR (CDCE, 125 MHz)$ 170.9, 162.8, 159.3, 147.2, 141.3, 140.2,
128.7 (2C), 128.3 (2C), 126.4, 126.2, 119.1, 115.4, 105.2, 102.8, 52.6, 45.3, 32.7, 32.2, 30.9,
25.9; ESI-HRMSWz 413.1272 (M — H, &H3CIN,O,4 requires 413.1268).

F\J\/\Q
N N
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(¢]] o~

HO OH
methyl 3-chloro-4,6-dihydroxy-2-(2-(1-(4-phenylbutyl)-1H-imidaol-2-yl)ethyl)benzoate
(32): Yield: 37 %;*H NMR (CDCk, 400 MHz)5 7.33 — 7.13 (m, 1H), 7.02 (d= 1.1, 1H), 6.85
(d,J=1.2, 1H), 6.51 (s, 1H), 3.97 — 3.86 (M, 5H), 3.58 — 3.47 (m, 2H), 3.04 — 2.94 (m, 2H), 2.67
(t, J = 7.4, 2H), 1.80 (dtJ = 11.3, 7.1, 2H), 1.68 (dg = 15, 7.1, 2H)*C NMR (CDC}, 125
MHz) 6 171.0, 162.8, 159.4, 147.1, 141.4, 141.3, 128.5 (2C), 128.4 (2C), 126.1, 125.9, 119.2,

115.4, 105.1, 102.7, 52.6, 46.0, 35.3, 30.8, 30.4, 28.4, 25.9; ESI-HRM&7.1421 (M — H,

Ca3H25CINLO,4 requires 427.1425).
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(S)-methyl 3-chloro-4,6-dihydroxy-2-(2-(1-(1-phenylethyl)-1H+nidazol-2-yl)ethyl)benzoate

(33): Yield: 35 %;*H NMR (CDCk, 400 MHz)§ 7.28 — 7.17 (m, 3H), 7.01 (dd,= 1.4, 1H),

6.97 (m, 3H), 6.42 (s, 1H), 5.36 @= 7.0, 1H), 3.71 (s, 3H), 3.42 (M, 2H), 2.84)(t 8.2, 2H),

1.74 (d,J = 7.0, 3H);**C NMR (CDCE, 125 MHz)5 171.0, 162.8, 159.0, 147.5, 141.5, 141.4,
129.0 (2C), 127.9, 126.2, 125.6 (2C), 116.7, 115.3, 105.3, 102.7, 54.8, 52.5, 30.7, 26.2, 22.5;

ESI-FHRMSmM/z399.111 (M — H, &H21CIN,O,4 requires 399.1112).

Cl -

HO OH
(R)-methyl 3-chloro-4,6-dihydroxy-2-(2-(1-(1-phenylethyl)-1H-4midazol-2-yl)ethyl)benzoate

(34): Yield 42 %;*H NMR (CDCk, 400 MHz)$ 7.28 — 7.17 (m, 3H), 7.01 (dd,= 1.4, 1H),

6.97 (m, 3H), 6.42 (s, 1H), 5.36 (@= 7.0, 1H), 3.71 (s, 3H), 3.42 (m, 2H), 2.84)(t 8.2, 2H),

1.74 (d,J = 7.0, 3H);13C NMR (CDCk, 125 MHz)6 171.0, 162.8, 159.0, 147.5, 141.5, 141 .4,
129.0 (2C), 127.9, 126.2, 125.6 (2C), 116.7, 115.3, 105.3, 102.7, 54.8, 52.5, 30.7, 26.2, 22.5;

ESI-HRMSm/z399.111 (M — H, @H21CIN2O, requires 399.1112).
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HO OH

methyl 3-chloro-4,6-dihydroxy-2-(2-(1-(pyridin-4-ylmethyl)-1H-imidazol-2-
yl)ethyl)benzoate (35):Yield: 40 %;'H NMR (CDCk, 400 MHz)$ 8.58 (dd,J = 4.5, 1.5, 2H),
7.13 (d,J = 1.4, 1H), 6.96 (dJ = 6.0, 2H), 6.92 (dJ = 1.4, 1H), 6.47 (s, 1H), 5.19 (s, 2H), 3.89

(s, 3H), 3.55 — 3.44 (m, 2H), 2.99 — 2.89 (m, 2KE NMR (CDCk, 125 MHz)3 170.1, 162.5,
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159.3, 150.1 (2C), 148.0, 145.8, 141.2, 127.2, 121.3 (2C), 120.3, 115.3, 105.4, 102.8, 52.6, 48.4,

31.0, 26.0; ESI-HRM$vz 386.0912 (M — H, &H1sCIN3O4 requires 386.0908).

HO OH
methyl 3-chloro-4,6-dihydroxy-2-(2-(1-(pyridin-3-ylmethyl)-1H-imidazol-2-
yl)ethyl)benzoate (36):Yield 48 %;H NMR (CDCk, 400 MHz)& 8.59 (dd,J = 4.6, 1.7, 1H),

8.51 (d,J = 1.4, 1H), 7.40 — 7.30 (m, 2H), 7.11 (= 1.3, 1H), 6.92 (dJ = 1.3, 1H), 6.50 (s,

1H), 5.20 (s, 2H), 3.90 (s, 3H), 3.58 — 3.49 (m, 2H), 3.01 — 2.92 (M ZHNMR (CDC}, 125

MHz) 6 170.5, 162.5, 158.8, 149.4, 148.0, 147.7, 141.4, 134.6, 132.1, 127.3, 124.1, 120.0, 115.1,
105.6, 102.9, 52.6, 47.1, 31.1, 26.1; ESI-HRM& 386.0903 (M — H, &H1sCIN3O4 requires

386.0908).

N N N

Cl -

HO OH
methyl 3-chloro-4,6-dihydroxy-2-(2-(1-(pyridin-2-ylmethyl)-1H-imidazol-2-
yl)ethyl)benzoate (37):Yield: 45 %:*H NMR (CDCk, 400 MHz)$ 8.61 (d,J = 4.5, 1H), 7.69
(td,J=7.7, 1.7, 1H), 7.26 (dd,= 7.3, 5.2, 1H), 7.11 (d} = 1.3, 1H), 6.98 (dJ = 1.3, 1H), 6.85

(d, J = 7.9, 1H), 6.49 (s, 1H), 5.29 (s, 2H), 3.88 (s, 3H), 3.58 — 3.45 (m, 2H), 3.06 — 2.91 (m,
2H); 3¢ NMR (CDCk, 125 MHz)6 170.8, 162.7, 158.6, 156.0, 149.7, 147.9, 141.3, 137.5,
127.0, 123.0, 120.7, 120.2, 115.1, 105.6, 102.8, 52.6, 51.2, 30.9, 26.0; ESI-HHREE.0899

(M = H, CgH1sCIN3O4 requires 386.0908).
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HO OH
methyl 3-chloro-4,6-dihydroxy-2-(2-(1-(pyrimidin-5-ylmethyl)-1H-imidazol-2-
yl)ethyl)benzoate (38):Yield; 45 %;*H NMR (CDCk, 400 MHz)3 9.19 (s, 1H), 8.54 (s, 2H),
7.11 (d,J = 1.4, 1H), 6.91 (dJ = 1.4, 1H), 6.48 (s, 1H), 5.20 (s, 2H), 3.89 (s, 3H), 3.55 — 3.44
(m, 2H), 3.02 — 2.92 (m, 2H}C NMR (CDCE, 125 MHz)$ 169.1, 161.4, 157.6, 157.5, 154.4

(2C), 146.7, 140.1, 128.9, 126.6, 118.7, 114.0, 104.8, 102.0, 51.6, 44.0, 30.1, 25.1; ESI-HRMS

m/z 387.0861 (M — H, &H17,CIN4O,4 requires 387.0860).

O—
a0
0
cl o
HO OH

methyl 3-chloro-4,6-dihydroxy-2-(2-(1-(4-methoxybenzyl)-1H-imidazeR-yl)ethyl)benzoate
(39): Yield 33%;H NMR (CDCk, 400 MHz)& 7.19 (m, 3H), 7.10 (d] = 1.3, 1H), 6.93 (m,
2H), 6.64 (s, 1H), 5.22 (s, 2H), 3.89 (s, 3H), 3.79 (s, 3H), 3.52)(dd9.0, 7.0, 2H), 3.10 (m,
2H); 3C NMR (CDCE, 125 MHz)$ 171.2, 162.2, 160.6, 158.9, 147.5, 141.6, 129.7 (2C), 128.8,

123.9, 121.7, 115.1 (2C), 115.0, 108.2, 103.6, 55.6, 53.1, 50.1, 31.0, 26.1;, ESI-HMRMS

415.1061 (M — H, gH»;CIN,Os requires 415.1061).

I_\
N N
O
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HO OH
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methyl 3-chloro-2-(2-(1-ethyl-1H-imidazol-2-yl)ethyl)-4,6-dihydoxybenzoate (40): Yield:
43 %;™H NMR (MeOH, 500 MHz) 6.91 (2, 1H), 6.77 (s, 1H), 6.12 (s, 1H), 3.82Xg,7.3 Hz,
2H), 3.73 (s, 3H), 3.30-3.33 (m, 2H), 2.84-2.87 (m, 2H), 1.2 %,7.3 Hz, 3H);"*C NMR
(MeOH, 125 MHz)5; 172.4, 163.1, 154.7, 148.6, 141.3, 135.1, 127.3, 119.9, 104.6, 101.3, 52.4,

41.6, 32.0, 27.3, 16.5; ESI-HRM8Zz 323.0797 (M — H, GH1CIN,O, requires 323.0799).

N._N

0]

cl OMe

HO OH
methyl  3-chloro-4,6-dihydroxy-2-(2-(1-isobutyl-1H-imidazol-2-yl)etlyl)benzoate  (41):
Yield: 42 %;*H NMR (MeOH, 500 MHz) 7.02 (s, 1H), 6.91 (s, 1H), 6.39 (s, 1H), 3.87 (s, 3H),
3.70 (d,J = 7.5 Hz, 2H), 3.32-3.37 (m, 2H), 2.96—-2.99 (m, 2H), 1.92-2.05 (m, 1H), 0.9%&(d,
6.7 Hz, 6H);13C NMR (MeOH, 125 MHz) 171.5, 161.1, 160.4, 148.7, 141.4, 126.9, 121.4,

115.6, 109.3, 103.6, 54.0, 52.8, 31.7, 31.2, 27.4, 20.1 (2C); ESI-HR®351.1115 (M — H,

C17H20CIN2O,4 requires 351.1112).

/_\
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cl OMe

HO OH
methyl  3-chloro-4,6-dihydroxy-2-(2-(1-neopentyl-1H-imidazol-2-yl)dtyl)benzoate (42):
Yield: 35 %;*H NMR (MeOH, 500 MHz)5 7.00 (s, 1H), 6.91 (s, 1H), 6.35 (s, 1H), 3.85 (s, 3H),
3.70 (s, 2H), 3.35-3.38 (m, 2H), 2.98-3.01 (m, 2H), 0.96 (s,'SBINMR (MeOH, 125 MHzp

171.7, 162.1, 161.6, 149.5, 141.4, 126.6, 122.5, 116.5, 107.9, 103.8, 57.6, 52.7, 34.3, 31.7, 28.1

(3C), 27.8; ESI-HRMS$/z 365.1269 (M — H, ¢H22CIN,O,4 requires 365.1268).
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HO OH
methyl  3-chloro-4,6-dihydroxy-2-(2-(1-(2-methoxyethyl)-1H-imidazol-2¢l)ethyl)benzoate
(43): Yield: 39 %;'H NMR (MeOH, 500 MHz)5 7.05 (d,J = 1.3 Hz, 1H), 6.88 (d] = 1.2 Hz,
1H), 6.27 (s, 1H), 4.05 (i = 5.2 Hz, 2H), 3.85 (s, 3H), 3.60 {t= 5.2 Hz, 2H), 3.40-3.42 (m,
2H), 3.31 (s, 3H), 2.98-3.01 (m, 2HJC NMR (MeOH, 125 MHz)p 172.2, 165.1, 162.6, 149.4,
141.4, 127.1, 121.0, 118.1, 105.3, 104.4, 73.0, 59.2, 52.5, 46.7, 31.9, 27.4; ESHHARMS

353.0902 (M — H, @H1sCIN2Os requires 353.0904).
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Chapter IV
Evaluation of Proposed Grp94 Selective Inhibitors

IV.1 Biological Roles of Grp94: Implications for Grp94 Inhibition

As discussed previously, glucose-regulated protein 94 kDa (Grp94)ratadéntified as
an induction product resulting from glucose deprivatioBubsequent studies identified Grp94
as the endoplasmic reticulum (ER) paralog of heat shock pr@fekDa (Hsp90). Although
potent Hsp90 inhibitors have been developed, no isoform selective inhibidves been
identified, other than NECA, which has proven to be an unacceptattiegtaoint for small
molecule development. The highly homologous N-terminal binding domain dhéiselegeneral
research community to consider isoform selective inhibitors ampactical venture. However,
analyses of the co-crystal structures has revealed obvioususdfuantd mechanistic differences,
specifically between Grp94 and cytosolic Hsp90 that can be esgléatr inhibitor design.
Identification of a selective Grp94 inhibitor would result in aaplggm shift for Hsp90 inhibition
and help elucidate biological roles of Grp94. Recently, siRNA, immegcqgptation, and
combinatorial Hsp90/Grp94 ATPase disruption has implicated Grp94 inrcandethe innate
and adaptive immune responses. Thus, small molecule selective Gng8tbia have become
desirable.
IV.1.1 Grp94 and Cancer

The ER manifests its own response to cellular stress, a o@jgsonent of which is the
unfolded-protein response (UPR)Much like the heat shock response (HSR), which results in
induction of cytosolic chaperones; activation of the UPR incre&gesaincentration of resident
ER chaperones. Therefore, not surprisingly, Grp94 levels are elevated in numerous

malignancies. Known client proteins of Grp94, discussed in Chapter Ill, impliGafe94 in the
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maturation and trafficking of secretory and membrane bound prétepecific clients of Grp94
that exhibit known roles in cancer progression include the insulipta@csubstrate-1 (IRS-1),
insulin-like growth factors | and Il (IGF-1 and IGF-II), and integiins.

IRS-1 is constitutively activated in numerous solid tumors includirggadh cancers,
leiomyomas, Wilms' tumors, rhabdomyosarcomas, liposarcomas, leiomyosa, and adrenal
cortical carcinomas. ® Tyrosine phyosphorylation of IRS-1 results in activation of the
phospoinositide 3-kinase (PI3K) and mitogen-activated protein (MARJski pathways; two
pathways tied to oncogene$is. Furthermore, IRS-1 was found to play a key role in the
constitutively activate-catenin/Wnt signaling pathway, which contributes to transformation
and cancer progression’® Blockade of the phosphorylation sites, through phenylalanine
mutations, results in IRS-1 inactivation and a subsequent reduction inguongh* Recently,
studies by Saitoh and colleagues have identified IRS-1 as a Grpédedmt client proteth and
established Grp94 as a promising option for regulating aberrant IRS-1 function.

Another important class of client proteins dependent upon Grp94 istéogin family™>
1 Intriguingly, not all integrins are Grp94-dependent, includindntegrins which are Grp94
independent® This intra-class specificity is a unique feature of Grp94 famther suggests
Grp94 inhibition to yield a more acceptable toxicity profile thanhitbis targeting cytosolic
Hsp90. Integrins mediate adhesion between cells and their surrowemimgnment including
other cell types or the extra cellular matrix. Thus, ias surprising that integrins regulate cell
signaling, morphology, motility, and influence the cell cyclépélnhich are features critical to
intitiation, progression and metastasis of solid tumdrsTherefore, indirect disruption of

integrin formation, through Grp94 inhibition, represents a promising therapeutic venue
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Of the client proteins dependent upon Grp94 for cancer progressior, #8&-IGF-II
are the most studied. Argon and colleagues have demonstratddperedence of IGFs upon
Grp94 and showed that upon Grp94 knockdown, pro-IGF intermediates areedafget
endoplasmic reticulum-associated degradation (ERAD) and matir¢ #Bd IGF-1l are not
formed?”? Under normal cellular conditions, IGFs are tightly regulatedh@dGF signaling
pathway is pro-growth and anti-apoptotic. However under stressatitioas aberrant IGF
signaling triggers a cascade of molecular events that cah iesnalignancy’* Additionally,
IGFs are known to activate signaling cascades through IBiBelng?* thus intertwining two
Grp94 clients to cancer progression.

Grp94 involvement in multiple facets of oncogenesis provides an impetuthe
development of small molecule inhibitors. Development of selectiveiinhs may elucidate a
novel anti-cancer target and thus provide a new class of cancer chemothesapeuti
IV.1.2 Grp94 and Inflammation

Beyond its role in the initiation and progression of cancer, Gha84been demonstrated
to maintain an intricate role in immunomodulatfo® Client proteins of Grp94 implicated in
aberrant immuno-activity include major histocompatibility compleXMHC 11),%* Toll-like

13, 14;

$4 Bintegrins™ “interferony (IFN-y),%° and the p40 subunit of the interleukin-

receptors (TLR
12 (IL-12¥" ®®family of cytokines. While all of these clients maintain sole immunity, the
affect on TLR activity has been most pursued.

TLRs are a component of the innate immune system responsilvkcéanizing foreign
molecules present in the cellular mili€u.Upon recognition of foreign material, TLRs trigger
intracellular signaling cascades, which lead to immunoresponse higemre transcription.

Immunoprecipitation and Grp94 knockout models have demonstrated the dependebRd,of T
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TLR2, TLR4 and TLR9 upon Grp94.'* Inhibition of Grp94’s function leads to TLR retention
in the ER and decreased surface presentation. Expression levElSRomRNA remains
unaffected by Grp94 inhibition, suggesting Grp94 is responsible féickiah TLRs to the cell
membrané. Thus, Grp94 represents a relevant therapeutic target for elisedss in which an
exaggerated response to infection is evident including sepsis, foediraghritis, asthma and
chronic autoimmune disordets?
IV.2 Biological Evaluation of Proposed Grp94 Isoform Selective Inhibitors

After synthesizing the proposed Grp94 isoform selective inhibitorgidedan Chapter
[ll, our attention turned towards their evaluation. With no estaddisprotocol for the
identification of Grp94 inhibitors, prior studies guided our desire to evaluate suchsanalog
IV.2.1 Anti-proliferative Activity

Previous reports have demonstrated Grp94 to be essential for emlugoalopment,
but unlike cytosolic Hsp90, non-essential for mammalian cell cuttiatglity.'* *° Considering
this observation, compoun@5-43were evaluated against MCF-7 and SKBr3 cell lines, two
breast cancer cell lines sensitive to Hsp90 inhibition. Thusyafogs 25-43 exhibit Hsp90
inhibitory activity, cell death will be apparent. As shown in €abl none of the analogs
designed to be selective Grp94 inhibitors exhibited cytotoxicitynagdCF-7 or SKBr3 cell
lines at concentrations as high as\®@. This mimics the activity of NECA, a known Grp94
selective inhibitor, which was discussed in Chapter Ill. As a ahrtRDA (Chapter II) is
included in Table 6, which manifests low micromolar activity agiaboth MCF-7 and SKBr3
cells lines. This preliminary study provided the foundation foraboltation with the Nicchitta

laboratory at Duke University to evaluate the inhibitors in a functional Grp@4.ass
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Table 6. Anti-proliferative and Toll-trafficking results for compounds
25-43 1Csp values expressed jtM concentrations.
Compound MCF-7 SKBr3 Grp94
25 >50 >50 >50
26 >50 >50 12.6+1.0
27 >50 >50 >50
28 >50 >50 3.8+0.2
29 >50 >50 0.03 +0.02
30 >50 >50 ND
31 >50 >50 ND
32 >50 >50 ND
33 >50 >50 ND
34 >50 >50 ND
35 >50 >50 >50
36 >50 >50 0.4+0.3
37 >50 >50 23+1.6
38 >50 >50 0.6+0.1
39 >50 >50 0.2+0.2
40 >50 >50 1.1+0.7
41 >50 >50 0.3+0.1
42 >50 >50 04+0.1
43 >50 >50 16.5+1.2
cRDA 6.3+0.9 7.8+0.2 85+2.2
NECA >50 >50 1.1+0.2
ND = not detemined; compound exhibited <50% inhibition gil4.

IV.2.2 Inhibition of Toll-trafficking: A Grp94 Functional Assay

As discussed previously, TLRs are dependent upon Grp94 for théokiraj to the cell
membrane. In collaboration with the Nicchitta laboratory, we d@esl a functional Grp94
assay utilizing human embryonic kidney cells (HEK293) stably teatesfl to express the Toll
receptor, theDrosphilia melanogaster ortholog of human interleukin-1 receptor (Figure 38).
This receptor is of the same superfamily as the human TLR2 aRd fidceptors, establishing it
as a viable surrogate for monitoring TLR expression. In the mpresef functional Grp94, the
Toll receptor is trafficked to the cell membrane; however, in the absefgectibnal Grp94, the

Toll receptor is sequestered intracellulary and not present on the cell amembr
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pcDNA-Toll-FLAG Receptor sequestration

O O O in cytosol
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Functional
Grp94

Receptor expression
Figure 38. Functional Grp94 assay description. HEK293 cells stably
transfected with Toll are exposed to Grp94 target siRNA or small moleauefs a
the presence of Toll expression is measured by confocal microscopy.

As expected, treatment of stably transfected HEK293 cells @iff94 targeted siRNA

resulted in inhibition of Toll membrane presentation (Figure 39). efbis, we proposed that a

similar affect would be manifeste

Grp94 siRNA Untreated
by a small molecule Grp94 treated (Grp94 -) (Grp94 +)
S >
R

inhibitor. As shown in Table &6,
28, 29 and 36-43 exhibited

inhibition ~ of  Toll-trafficking,

indicative of Grp94 inhibition.
Figure 39. Results of functional Grp94 Tollf
des-Quinone Analogs trafficking assay. Cells treated with Grp94 targefed
SiRNA (left) and untreated cells (right).

As discussed in Chapter Il

the des-quinone RDA analogs26—27 Figure 40) were designed to systematically evaluate the
necessity of each moiety on the quinone ring for Hsp90 inhibition. dthypothesized that the
functionalities on the quinone ring are necessary for Hsp90 inhikatnah removal of such

critical hydrogen-bonding functionalities should provide Grp94 selective intsbitor
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As predicted, removal of the 5-
Jﬁ; © © carbonyl of RDA’s quinone ring 2b),
eliminated Hsp90 inhibitory activity up to
I;{E\L I;{E‘k I;{E‘k concentrations as high as 5@M.
However, elimination of the 5-carbonyl

Figure 40. Proposed analogs which lack keyfailed to produce a Grp94 inhibitor, as
functionalities for yHsp82 binding.

shown in Table 6. Subsequent removal of

the 2-carbonyl Z6) introduced micromolar Grp94 inhibition. A representative depiabiothe
confocal microscopy results f@6, is shown in Figure 41. As can be observed, Toll-expression
on the cellular membrane is inhibited in a dose-dependent manndrougtit the 1G, value
suggested by the graphic is 11/, it should be noted that g calculations are conducted using

at least 10 separate images, each containing 10-20 cells per concentration.

Further manipulation of
the RDA quinone ringvia
removal of the 4-methyl ether

provided analog 27.

Figure 41. Representative confocal microscopy results

O terestingly, 27 hibited
26 in the Toll-trafficking assay. nierestingty, exniblte

neither Hsp90 nor Grp94
inhibitory activity at concentrations as high as|Bd. These results suggest that, for analogs
based uposeco-RDA, the 4-methyl ether, or surrogate hydrogen-bond acceptor, is apcéss
Grp94 inhibition. Furthermore, the lack of activity 86, suggests the presence of the 2-
hydroxy group, to inhibit the necessary conformation required for bindm94G The 4-

methoxy functionality is proposed to hydrogen-bond with the free phenol 200yn the Grp94
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N-terminal nucleotide-binding pocket. This is speculative, as dockindies with this
compound failed. This modeling failure was expected however,ubeca order to
accommodate the interaction with Tyr200 the lid region of Grp94 teidisplaced, which
cannot be accomplished in the static representation of the proteinto@ck® or Surflex®
modeling programs. Thus, to develop this class of Grp94 selechimtors further, analogs
exploiting the interactions and spatial constraint of the 4-positiadh be synthesized.
Additionally, it would be advantageous to acquire the co-crystaltsteuof 26, to account for
the proposed lid displacement and provide a viable structure for subsequent modelisg studie
Imidazole cis-Amide Bioisostere Analogs

The second hypothesis discussed in Chapter Illl wasithamide bioisosteric replacement

of the amide bond, displayed by RDA, would provide selective Grp94

inhibitors.  This proposal was a result of the analyses| 2%

A WON-=O
P4
(]
i@

w
~ou:x
S335535

RDA-yHsp90ON and RDAIGrp94N  co-crystal  structureg 3%

Furthermore, the binding data acquired for cRDA, demonstrates

Figure 42: Initial
imidazole  analogg
with varying linker
length.

provide a synthetically accessible scaffold capable of producing

cisamide constraint results in a higher binding affinity f

recombinant Grp94. Thus, an imidazole linkage was hypothesiz

relevant analogs to test this hypothesis. The first seriemabgs synthesized weP8-32
which incorporated a phenyl substituted imidazole connected througimgaether linkages
(Figure 42). As observed in Table 6, only linker lengths of z28 &nd one Z9) yielded
significant Grp94 inhibition, with compourih, exhibiting low-nanomolar activity. This was in
agreement with the initial Surflex docking studies reported in Chéptevhich suggest linker

lengths of n = 0 or 1 exhibit superior Grp94 binding. Compd&8was hypothesized to project
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Figure 43. Representative confocal microscopy results Z8rin the
Toll-trafficking assay.

into the NECA binding pocket and-stack with either Phel99 or Tyr200. The confocal

microscopy results fa29 are shown

in Figure 43. Due to the superid =\ Q =\ \(©
Ny N~ N« _N

Grp94 inhibitory  activity, an -

O o}

cl OMe cl OMe
expanded concentration range w.

HO OH HO OH
33 34

evaluated.  Thus, compoun@d9

served as our lead compound f N\ N N\ N N\ N

further SAR development, leadin

to analogs33-39 (Figure 44) and

40-43 (Figure 45). OMe
As demonstrated in Table 6 N\ N N\ N

steric bulk is not accommodate

Cl

around the linker as introduction ¢ Ho

a § 33 or (R 34) methyl group
Figure 44. Imidazole analogs based up?@

dramatically decreased activity
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This result was not surprising, as addition of a chiral centersaithe position of the aromatic
ring. Thus, the proposedstacking interactions with Phe199 and/or Tyr200 become hindered.
Compound35 also failed to elicit Grp94 inhibition even though it was hypothesized to hydrogen-
bond with Tyr200 similar t@6. This was not entirely unexpected as electron-poor 4-pyridyl
systems exhibit dramatically different properties than elaetich anisoles; however, the
inability of 35 to exhibit Grp94 inhibition suggests a different binding mode for treafides-
guinone analogs than the constrained imidazole class of inhibitorss cdimcides with the
alternative binding modes exhibited trgans- andcis-RDA when bound to Grp94, and suggests
two exploitable scaffolds that can be optimized for Grp94 inhibitidinus, thetrans-RDA
conformation should be used as a model des-quinone analogs. Likewise, thes-RDA
conformation serves as a relevant model for development of thezimiedseries. Furthermore,
the pyridine analog86—38 provide additional SAR data demonstrating tir@yridine @6) to
exhibit ~5-fold higher Grp94 inhibitory activity compared to thpyridine,37. Addition of an
extra hydrogen-bond acceptor to yield pyrimidBf&resulted in similar activity t@6, which
suggests no additional hydrogen-bonding contacts are gained througttdhgoration of an
additional heteroatom. The Grp94 inhibitory activity manifested®y38is hypothesized to
occur from beneficial binding interactions between the heterocydliogen and the protein
backbone amides provided by Gly196 or Phel99, as shown in Figure 33 in Chapter lIl.
Incorporation of go-methoxy group yielded the second-most active compound of this
series, which manifests a Grp94 inhibitoryd@alue of ~200 nM. Assuming a similar binding
mode to29, this suggests exploitable space surrounding the 4-position. Thus, dnlogs will

aim to discern the size of this cavity.
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Figure 45. Alkyl-imidazoles
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After evaluation of the synthesized benzylated
imidazole analogs, compound$®0-43 (Figure 45),
were evaluated in anti-proliferation and Toll-
trafficking assays. As observed in Table 6, all of the
analogs were active, withl exhibiting the most potent
Grp94 inhibition. However, none of the aliphatic
analogs exhibited activity comparable 29. This
suggests interactions

that n-stacking outweigh

hydrophobic interactions and contribute to the potency

observed for29. Considering the results from the Toll-trafficking assay, paund 29 was

selected as a lead compound for further evaluation and was re-named KU-NG-1.

IV.3 Biological Profile of KU-NG-1

IV.3.1 Western Blot Confirmation for Lack of Hsp90 Inhibition

Although no cytotoxicity was observed fqr
KU-NG-1 up to 10uM, Western blot analysis wa
conducted on MCF-7 cell lysates treated with K
NG-1 to confirm the lack of Hsp90 inhibition. A
shown in Figure 46, no dose-dependent cli
protein degradation was observed upon treatm
with KU-NG-1, as indicated by Akt and Raf level

Furthermore, no induction of Hsp90 or Hspirou
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W e e e e 15570
- — A

G o Actin

Figure 46. Western blot analysis of
MCF-7 cell lysates after treatment
with KU-NG-1.

occurred, which is a hallmark of Hsp90 N-terminal inhibition, as keélldicussed in detail in

Chapter V. Actin concentration is independent of Hsp90 and serves as a control.
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IVV.3.2 NCI Cell Panel Profile

Although Randow and Seed demonstrated a lack of dependency of immulieesell
upon Grp94, very little evidence existed for transformed cell lin€sir preliminary anti-
proliferative studies conducted with MCF-7 and SKBr3 breast caceés lines confirmed
Randow and Seed’s findings; however, Grp94 expression is known toat®rvath tumor
growth and progression. Therefore, KU-NG-1 was submitted to therndhiCancer Institute
(NCI) for evaluation against 60 cell-panel cytotoxicity assegn attempt to elucidate the affect
of Grp94 inhibition against various malignant cell cultures. As shaviigure 47, none of the
cell-lines exhibited sensitivity to a 1M treatment of KU-NG-1. This confirms Randow and
Seed’s findings and provides evidence that cell culture viahititgeneral, is independent upon
Grp94.

Interestingly, however, overexpression of Grp94 in numerous maligisahas been
shown. For instance, breast cancer carcinomas (HBL-100, MDA-MB-2%1F-R] T47D,
MDA-MB-453 and SKkBR3) exhibit a ~3-5-fold increase of Grp94 in comparisonotmal
breast tissue. Furthermore, in conditions deprived of glucose, whigltsrnconditions observed
in a poorly vascularized tumor, a 9-fold induction of Grp94 was obsé&hdtitionally, ductal
and lobular invasive breast carcinomas show an increase in &rg9dimilar increase in Grp94
expression is noted in gastfft, pancreati¢’ colon®® lung®* esophagedl™ and oraf®
malignancies; with Grp94 overexpression often correlating with poognosis. Thus, the
expression pattern of Grp94 specific to tumors suggests a roleafmerc progression and

metastasis, even though transformed cell cultures lack dependency upon Grp94.
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Figure 47. NCI 60 cell-panel cytotoxicity results for KU-NG-1.

As discussed previously, Grp94 is responsible for the biological niatuiat signaling
molecules and secretory proteins, both of which are more importantthoeedimensional
tumors than a cell-culture monolayer. This may provide an explanfirothe apparent

dependence upon Grp94 for tumor growth and invasion even though cell cdiunesstrate
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lack of dependence. Therefore, in order to validate Grp94 asnaising anti-cancer target,
three-dimensional tumor models must be utilized to fully understanalief Grp94 in cancer

biology. Recent research suggests the three-dimensional tumor eremtotamnfluence drug

sensitivity** %> Additionally, specific signaling pathways are dependent upon thee-thr
dimensional phenotyp®,thus providing rationale that artificial monolayer cell-culturesy not

suffice for the evaluation of Grp94 inhibitors as anti-cancer chemotherapgatits.

IV.3.3 Binding Data for KU-NG-1

In collaboration with  Daniel| Table 7. Binding affinity data for KU-NG-1
and Grp94 and hHsp90.
Gewirth at the Hauptman-Woodwar Protein Method Affinity
dGrp94N ITC 1.6uM
Medical Research Institute, the bindin hHsp90ON ITC 0.8uM
dGrp94 TFQ 0.25uM
affinity of KU-NG-1 for recombinant hHsp90 TFQ 0.10uM

Grp94 and Hsp90 was obtained utilizing isothermal calorimetry (I'8@Y tryptophan
fluorescence quenching (TFQ) techniques. In the ITC experimbaetdinding affinity of KU-
NG-1 was determined for the N-terminal truncates of canine G(d@4p94N) and human
Hsp90 (hHsp90). These truncates have been shown to bind ligands ilaafashion and with
similar binding affinities as their full-length counterpartsurtRermore, dGrp94N exhibits ~98%
homology with hGrp94N and is an accepted surrogate for biochentimiesi® Figure 48
shows representative binding curves for ITC experiments. As oldseki¢-NG-1 shows
reproducible binding curves for both dGrp94N and hHsp90ON. Surprisingly, KU-NBds
hHsp90N with a ~2-fold higher binding affinity than dGrp94N, as showirable 7. To confirm
this observation, binding affinity was also determined with TFQzutgi full-length dGrp94 and
hHsp90. As shown in Figure 49 and Table 7, the results verified-fald-higher binding

affinity for hHsp90 in comparison to dGrp94.
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Figure 48. Representative ITC binding curves for KU-NG-1 binding to dGrp94N (left) an
hHsp90N (right).

nd

Considering the preliminary evaluation of KU-NG-1, which demonstratdctive

Grp94 inhibitory activity, we were surprised by th

binding affinity results.

affinities may provide

physiologically relevant form of Grp94, as purifig
recombinant Grp94 may not represent a via

model for the species present under physiolog

conditions.

chaperones, and/or co-factors in cells may result

conformation of Grp94 more conducive to N

Interactions between Grp94, (

The observed bindin

information about th

Titration of GRP94, hHsp90 with KU-NG1
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Figure 49. TFQ KU-NG-1 titration
results for Grp94 and hHsp90.

KU-NG-1 M
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terminal ligand binding; a conformation which is not populated in recombiagsays.
Likewise, KU-NG-1 binds tightly to recombinant Hsp90; however itynmat bind to the
heteroprotein complex exhibited by Hsp90 in transformed cells. Thugjrtimg data paired
with KU-NG-1's cellular profile suggests a complex-induced c@algy. Although Grp94 has
been shown to interact with co-chaperones and co-factors (unpublishidndateteroprotein
complexes have been identified or isolated. Therefore, studiesothldt\erify this complex-
induced selectivity are not currently possible with recombinant assays.

A second hypothesis for the observed discrepancy is that Grp®tantiimay exhibit a
slow-tight binding profile due to the necessity for lid displacemeiite binding studies
completed to date were conducted on a short time scale, and do nattdocdime-dependent
inhibition. Thus, necessary studies are ongoing and will address this hypothesis.

IV.4  Future Directions and Concluding Remarks

The development of a Grp94 isoform selective inhibitor represents aarnted territory,
and therefore the utility of such an inhibitor has yet to be denadedtr To date, all experiments
identifying Grp94 dependent processes or client proteins have been cdnduitteGrp94
targeted siRNA or unselective Hsp90 inhibitors. Thus, the biologicalefof Grp94 results
from disruption of the protein at the pre-transcriptional level, @r ambinatorial disruption of
both Hsp90 and Grp94. Considering the complex array of cellufaonstbilities for Grp94 and
the complex network involved with the mature chaperone, the onlyrtegbanism to determine
the utility of Grp94 inhibition is through the design of small molecule selective iatsbi

Analysis of the Grp94 ATPase cycle can be utilized to exphardiscrepancy between
the binding and cellular data. Upon binding client proteins, alteratiotiseitertiary structure

arise, including changes to the N-terminal binding dorfairThus, it is plausible that the
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conformation of the N-terminal binding pocket conducive to inhibitor bingsngot revealed
until client protein binding. Furthermore, conformations of the Grp@dridinal binding pocket
may be client specific. Thus, Grp94 inhibitory scaffolds may disspetific clients, while not
affecting others. For example, the conformation of Grp94 N-teirbinding pocket induced
upon binding TLR binding may not be reciprocated upon the binding of IGFs, thirdjilitor
such as KU-NG-1 may only bind and inhibit the conformation of Grp94 reage$sr TLR
trafficking. This leads to the proposal that small molecule GipBibitors can not only be
designed, but can be manipulated to exhibit client specific affects.

As discussed in this chapter, we believe the first smalkcnle Grp94 inhibitor has been
identified.  Ultilizing structure-based design techniques in péaraligh conformational
constraints, we have identified two scaffolds exhibiting Grp94 inhibitas,demonstrated
through a novel Toll-trafficking assay. Development of a cldasmlazole isosteres yielded
nanomolar compounds, one of which, KU-NG-1, manifests ~ 30 nM activity.

Collaborations with the Gewirth laboratory have produced a coatistsucture for KU-
NG-1 bound to Grp94N, which is undergoing the final stages of refinemidmrefore, a clear
picture of the interactions between KU-NG-1 and Grp94 will be abia) expediting the
structure-based development of novel compounds. The progression of Grfitbrishelies
opon the ability to develop relevant functional assays. Development lofassays will help
analyze the proposal that client-induced conformation drives inhibitomigghdnd may provide
evidence that client specific inhibitors can be developed.

IV.5 Methods and Experimentals
Anti-proliferation Assay: MCF-7 and SKBr3 cells were maintained in a 1:1 mixture of

Advanced DMEM/F12 (Gibco) supplemented with non-essential amino aciglsitdmine (2
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mM), streptomycin (50@ug/mL), penicillin (100 units/mL), and 10% FBS. Cells were grown to
confluence in a humidified atmosphere (&, 5% CQ), seeded (2000/well, 1Q4d.) in 96-well
plates, and allowed to attach overnight. Compound or geldanamycin eigveoycentrations in
DMSO (1% DMSO final concentration) was added, and cells wenenet to the incubator for
72 h. At 72 h, the number of viable cells was determined usingT&@/RMS cell proliferation
kit (Promega) per the manufacturer’s instructions. Cells incubaté®& DMSO were used as
100% proliferation, and values were adjusted accordingly; VW@lues were calculated from

separate experiments performed in triplicate using GraphPad Prism.

Western Blot Analysis: MCF-7 cells were cultured as described previdlisind treated with
various concentrations of drug, GDA in DMSO (1% DMSO final concentration), or vehicle
(DMSO) for 24 h. Cells were harvested in cold PBS and lysed in RIPA lysis baffaining 1

mM PMSF, 2 mM sodium orthovanadate, and protease inhibitors on ice for 1 h. Lysates were
clarified at 1400 g for 10 min at 4 °C. Protein concentrations were determined dpyhesin

Pierce BCA assay kit per the manufacturer’s instructions. Equal amountseh g2 11g)

were electrophoresed under reducing conditions, transferred to a niteszinémbrane, and
immunoblotted with the corresponding specific antibodies. Membranes were aotubt an
appropriate horseradish peroxidase-labeled secondary anti-body, developed with

chemiluminescent substrate, and visualized.
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Chapter V

The Design, Synthesis and Biological Evaluation
of a Pro-mustard Irreversible Alkylator of Hsp90

V.1 Rationale for an Irreversible Hsp90 Alkylator

As discussed in Chapter |, numerous detriments exist with currgp®CHinhibitors
undergoing clinical evaluation. While many of these complicatawis® frompan-inhibition of
all four Hsp90 isoforms, biological events, such as heat shock induatebelieved inherent to
N-terminal Hsp90 inhibition. This is a consequence of heat shock fh¢té&F-1) release and
subsequent binding to the heat shock element (HSE), which inducesiptansasf the heat
shock gene$.? Under non-stressed conditions, Hsp90 binds HSF-1, preventing its fureton a
transcription factor  Figure 50F In contrast, under stressed conditions, such as the

accumulation of denatured proteins, HSF-1 is released from H8p98{bsequent trimerization

X and/or X N-terminal inhibitor

HSF-1
\ @ rphosphate
ubiquitin
war denatured protein

o Hsp90

Hsp70
i 3 4

[ ¥ Hsp40
: ® ® Hsp27
. translocationﬂ ﬁ

to nucleus

cllent protein
degradation

Figure 50. Heat shock factor-1 mediated induction of the heat shock response.
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and phosphorylation of HSF-1 renders the active HSF-1 transcriptidar f).>* This
phosphorylated trimer translocates into the nucleus and binds the Hf8&ntote transcription
of HSP genes4).>* N-terminal Hsp90 inhibitors also stimulate HSF-1 release, rttion of
the heat shock response (HSRThus, while client proteins are degraded upon Hsp90 inhibition
(5), the intracellular concentration of Hsp90 and various other anti-apophatperones (Hsp70,
Hsp40 and Hsp27) are induced. This pro-survival response, specificallyiomdatthe target
protein, Hsp90, has resulted in dosing and scheduling issues with Hsp9tbistiibthe clinic®
Therefore, a solution to this problem may lie in an Hsp90 inhibitorrdgatlts in synchronous
degradation of the chaperone alongside client proteins. Although H&8Eake and heat shock
induction would still occur, a significant concentration of Hsp90 wouldsub to proteasome
degradation, culminating in an overall stagnant intracellular Hsp90 concentration.
V.2 Design of 17-CEAG

Studies resulting from our laboratory and others have revealed thegninone of
GDA, as compared to the quinone, to exhibit greater activity agmamstformed cell$. This
finding resulted in subsequent studies that identified NADH quinone oxiddesau@NQO1L) as
the enzyme responsible for reduction of the quinone to the more actireghinoné*°
Xenobiotic metabolism is a secondary function of NQOL, as its pyitmalogical role is to
maintain a reduced antioxidant state of coenzyme Q (CoQ) in thmchundrial electron
transport chait®™*® Nonetheless, NQO1's secondary role in xenobiotic metabolism imfone
importance, as numerous quinone containing molecules are known to unde@johliated

reduction®
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Previous studies have shown that 17-amino substitut
to the GDA scaffold maintain high affinity for Hsp§0.*° The
dependence of ansamycin analogs upon NQO1 for reduc

provided a novel approach towards the development g

mechanism-based irreversible Hsp90 inhibitor that containg Figure 51. Structure of

17-CEAG.

pro-mustard functionality, namely 17-chloroethylamino-J

demethoxygeldanamycin (17-CEAG, Figure 51). This compound was prigvimatented in
2006 for photolabeling purposes; however, alkylation studies were never dis¢losed.

In the quinone oxidation state, the pendent nitrogen lone-pair is deéutahto the
guinonen-system. Upon reduction by NQOL1 the electron-deficient quinomarnsformed into
an electron-rich hydroquinone. Thus, delocalization of the nitrogen lonaspanfavorable,
rendering the electrons reactive and available to displace thendggb chlorinevia an
intramolecular §2 mechanism (Figure 525.%° The resulting aziridinium ion then provides the
requisite functionality for Hsp90 alkylation upon bindifig!® As expected, Surflé% #
molecular modeling studies suggest the 17-CEAG aziridine to bep@@similarly to 17-AAG
with the nucleophilic Lys44 poised for attacked onto the aziridiniungug€i 53). Once

alkylated, the Hsp90 machinery should become ubiquitinylated and subseqiemrtgled by

Figure 52. Reduction/activation of 17-CEA@a NQO1. Electron flow depicted by
green (favorable) and red (unfavorable) arrows. Electronic naturguioone
oxygens depicted with electron withdrawal in blue and electron donation in orange.
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the proteasom& This degradation ig
proposed to counteract induction caused
HSF-1 release; thus, leading to a negligik
change in Hsp90 concentration.
V.3  Synthesis of 17-CEAG

In accordance with previous 17
amino-17-demethoxygeldanamycin
derivatives®> 17-CEAG was synthesized i
one step from GDA (Scheme 7). Updg

treatment of GDA with 2-chloroethylamin

Figure 53. Overlay of 17-CEAG aziridine
(yellow) and 17-AAG (magenta) in the N
terminal Hsp90 AT-binding pocket.

hydrochloride and diisopropylethylamine

(DIPEA) in dichloromethane (DCM) at room temperature, nucleophifiplacement of the 17-

methyl ether resulted in the desired compound, 17-CEAG, in 90% vyield.

OMe

"OMe

HZN/\/CI
HCI

_ >

DIPEA, DCM
90%

Scheme 7.Synthesis of 17-CEAG.

V.4  Biological Evaluation of 17-CEAG

Upon synthesis of 17-CEAG, biological evaluation was undertaken irboddgon with

David Ross’ laboratory at The University of

Colorado Denver to elucidate tl@yaptofile.
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V.4.1 NQO1 Reduction Dependence

NQOL1 (also known as DT-diaphorase) is an obligate 2-electrondrdtesfoprotein that
catalyzes the reduction of quinones to hydroquindfi#s?* In 1999, researchers at the National
Cancer Institute (NCI) aimed to determine the metabolic &dteansamycin-based Hsp90
inhibitors in hopes of elucidating toxicity issues associated Wighdlass of inhibitors. Results
suggested 17-AAG to be a substrate for NQO1 redultiBarthermore, the reduced form of 17-
AAG, 17-AAGH,, exhibited a 32-fold increase in growth inhibitory activity agavwastous cell-
lines® These studies demonstrated that 17-amino substituted ansamyciys aralsubstrates
for NQOL1.

In accordance with the studies completed at NCI, 17-CEAG h@srsto be dependent
upon NQOL1 for reduction to 17-CEAGHKFFigure 54). Incubation of 17-CEAG with NADH in
potassium phosphate buffer was not sufficient to reduce the parepbaond; and only the
guinone species was present by HPLC analysis. However, upon additid@@1 to the

reaction mixture, rapid reduction occurred revealing near complete conversion EAGHE

50000 50000
17-CEAG
400001 | 40000 17-CEAGH,
50 uM 17-CEAG 50 uM 17-CEAG
£ ‘ 200 uM NADH £ 200 uM NADH
£ 30000 50 mM potassium S 30000 2.5 ug rhNQO1
5 ‘ phosphate buffer ~ 50 mM potassium
A pH 7.4 x 30 min ™ phosphate buffer
< 20000 || 2 20000, pH 7.4 x 30 min
|| 17-CEAG
100001 | | 10000+
\ |I ﬁ
S 0 NS ¥ S S L ——
0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 0 24 6 810121416 18202224 26 28 30 32 34 36
Time {min) Time (min)

Figure 54. Dependence upon NQO1 for reduction of 17-CEAG to 17-CEAQHRcubation
of 17-CEAG without NQO1 (left) and incubation of 17-CEAG in the preseof NQO1

(right).
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50000- In order to further verify the
40000- 17-CEAG dependence upon NQO1 for formation
E s0.m17-ceac | Of 17-CEAGH, a small molecule
S 30000 200 uM NADH
& 2,519 rhNQOT . . L
@ 1 uM ES936 irreversible NQO1 inhibitor, ES936,
g 20000+ 50 mM potassium
phosphate buffer . . .
100001 pH 7.4 x 30 min was incubated with NQO1 prior to
L addition of 17-CEAG. As observed in
05 5 4 & B 101214 16 18 20 22 24 26 28 30 32 34 36
Time (min) Figure 55, ES936 completely abolished
Figure 55. Affect of NQOL1 inhibitor, ES936, on
the reduction of 17-CEAG. the reduction of 17-CEAG, as only the

qguinone form was present. Results from these experiments deangnstrate that 17-CEAG is
an NQOL1 substrate and is dependent upon the reductase for conversion to 17.CEAGH
V.4.2 Anti-proliferative Activity

Previous studies suggest mammalian cell cultures to be moretiveens the
hydroquinone form of ansamycifs. Furthermore, research has shown cell lines exhibiting
higher concentrations of NQO1 are more sensitive to ansamycimémathan cell lines
deficient in NQOZT> ?° To parallel previously studies, 17-CEAG was evaluated for anti-
proliferative activity against two isogenic cell lines: 1pM-468 breast cancer cells, which are
NQOL1 null as a consequence of a genetic polymorphism; and 2) MBANQOL) cells which

have been stably transfected to express high levels of NQO1.
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Firstly, the intracellular concentration of each 17-CEAG sgesis measureda HPLC

analysis. As shown in Figure 56, the only species present in NQOtetlalwas 17-CEAG.

Additionally, the size of the peak in the HPLC trace demorstiabor membrane permeabililty

for the quinone species, consistent with previous studies.

Otherini@moved binding
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Figure 56. Oxidation state of 17-CEAG in MDA-468 (NQO1 null) cells (Jleihd MDA-468

interactions with the Hsp90 N-terminal binding pocket, superior intrdaelsequestration and

thus higher intracellular concentrations have been proposed as réasthresimproved activity

manifested by hydroguinone ansamycin spetieSherefore, it was not surprising that cells

expressing high levels of NQO1, exhibited a high intracellotarcentration of 17-CEAGKH

which  further supports that

hydroquinone species are more efficient

sequestered intracellulary than

counterparts.

In addition, as observed in Table 8, 1

CEAG manifested ~12-fold

proliferative activity against MDA-468 (NQOL1

cells than MDA-468 cells. This ~12-fold increase in activitysvaéso observed upon treatment

ansamycin

Table 8. Anti-proliferation activity of
17-CEAG against MDA-468 and MDA}

the quing 468 (NQO1) cell-lines.
MDA-468
Compound 'IVCI:DA('A'ISI? (NQO1)
W | 1Cs (uM)
17-AAG 10.05 0.86
higher ant|| 17-CEAG 4.53 0.37

MTT cytotoxicity assay
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of the cell-lines with 17-AAG, which is comparable to activéyhibited by other NQO1
dependent ansamycins.
V.4.3 Western Blot Analyses

To confirm cytotoxic activity resulted from Hsp90 inhibition, Western Blot esesywere
conducted on MDA-468 (NQO1) cell lysates after treatment witCEAG and 17-AAG, both
in the presence and absence of NQO1 inhibitor ES936. As shown in Biguidt, a client of
Hsp90, demonstrated a dose-dependent degradation in the presence of b8 andA17-
CEAG, which is indicative of Hsp90 inhibition. As discussed previouslyipition of Hsp90
with N-terminal inhibitors results in HSF-1 mediated heat shodkation. In the presence of a
reversible Hsp90 inhibitor (17-AAG), dissociation of the inhibitor fronp®Gs occurs, allowing
the chaperone to continue the protein folding cycle. Thus, no Hsp90 degradaiion t

counteract the HSF-1 mediated induction, which results in an overa#ase in Hsp90

MDA-468 (NQO1) )
Pretreatment w/ ES936 17-AAG MDA-468 (NQO1)

-

MDA-468 (NQO1) }
Pretreatment w/ ES936 17-CEAG MDA-468 (NQO1)

Actin
Figure 57. Western Blot analyses of MDA-468 (NQOL1) cell lysateeraf
treatment with 17-AAG and 17-CEAG; both in the presence and absénc
ES936. Concentrations expresse@lds
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concentration.  This phenomenon is

61 __ @8 NQOT WESSS6 observed after treatment of MDA-468
g £3 NQOT
£ (NQO1) cells with 17-AAG, and is
<
3 illustrated in Figure 58. In contrast,
upon treatment of MDA-468 (NQO1)
.Iog[‘l?-AAG](pM) cells with 17-CEAG, client protein

Figure 58. Densitometry results of the Westefndegradation occurred at  similar
Blots from MDA-468 (NQO1) cell lines after
treatment with 17-AAG. concentrations to 17-AAG (10-100

nM); however, Hsp90 levels remained
constant (Figure 59) while Hsp70 levels increased. As expectabe ipresence of ES936,
Hsp90 induction is observed. This can be attributed to inhibition of NQOthwftigates the
formation of 17-CEAGH, thus eliminating the alkylation of Hsp90. However, at high
concentrations of 17-CEAG, occupation of NQO1 by 17-CEAG prevents ionibdf the
enzyme by ES936. Thus, 17-CEAG reduction occurs and subsequent Hgpé@ibalkesults in

regression of Hsp90 concentration to

control levels. Therefore, Wester
E38 NQO1 WES936
Blot analyses confirm the hypothes €3 Naot

that NQO1 dependent formation of 1]

Hsp90/Actin

CEAGH, leads to Hsp90 alkylatiorn

and subsequent degradation, resulti

log[17-CEAG] (uM)

in a negligible overall change if .
Figure 59. Densitometry results of the Western

Hsp90 levels. Blots from MDA-468 (NQO1) cell lines after
treatment with 17-CEAG.
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V.5  Future Studies and Concluding Remarks

Prior to publishing the profile for 17-CEAG, more studies are needctly, Hsp90
alkylation studies must be completed to ensure protein modificationcisgring. Preliminary
alkylation studies have failed; however condition optimization isomg with the Desaire
Laboratory at The University of Kansas. Alkylation was hypsitesl to be the rate-limiting
experiment, as facile auto-oxidation back to the quinone spatiedro has been reported
previously with 17-amino ansamycin inhibitors, which would mitigateathiéty to alkylate the
protein. Secondly, Western Blot analyses need to be conductedgretiemce of a proteasome
inhibitor, such as bortezomib to verify the mechanism of Hsp90 degradaibn alkylation. If
Hsp90 alkylation leads to proteasome mediated degradation, then inhibitibe pfoteasome
should reveal similar Hsp90 induction as seen with 17-AAG. Both dfetlsudies are
imperative in confirming the mechanism of action for 17-CEAG.

As discussed in this chapter, a pro-mustard ansamycin-based H&i86r has been
designed and synthesized. Knowledge of NQO1 based reduction dadsotHsp90 inhibitor
has provided rationale for the development of 17-CEAG. Our sthdies shown 17-CEAG to
be dependent upon NQO1 for reduction to 17-CEAGH#ependent upon NQO1 for anti-
proliferative activity, and to exhibit dose-dependent Hsp90 clieatepr degradation while
failing to increase Hsp90 levels up to ~uM. Therefore, 17-CEAG has exhibited the
biological profile proposed at the onset of studies and represents sipgptead for the first

pro-mustard Hsp90 alkylating agent.
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V.6  Methods and Experimentals

(4E,6Z,8S,9S,10E,12S,13R,14S,16R)-19-((2-chloroethyl)amino)-13-hydroxy-8,14-
dimethoxy-4,10,12,16-tetramethyl-3,20,22-trioxo-2-azabicyclo[16.3.1]docosa-
1(21),4,6,10,18-pentaen-9-yl carbamate (17-CEAG)Io a solution of 2-chloroethylamine
hydrochloride (105 mg, 0.9 mmol, 10 equiv.) and N.N-diisopropylethylamineEBR) 151 mg,
1.17 mmol, 13 equiv.) in anhydrous DCM under argon at 25 °C, was added geldanamyc
(GDA, 50 mg, 0.09 mmol). The reaction was stirred under argon at 2&r *€18 h. After
complete conversion of GDA, as observed by TLC, the solvent was rermovaduo and the
residue subjected to flash chromatography utilizing 97:3 (DCM:Me@d#ithe eluent. The
desired product was isolated as a purple amorphous solid (49 mg, 98% eNMR (CDCE,
500 MHz)$ 9.09 (s, 1H), 7.29 (s, 1H), 6.94 (kb 11.5 Hz, 1H), 6.56 (ddd} = 11.5 Hz, 11.0
Hz, 1.0 Hz, 1H), 6.35 (bt] = 5.0 Hz, 1H), 5.87 (bd] = 9.5 Hz, 1H), 5.85 (bdd] = 11.0 Hz,
10.0 Hz, 1H), 5.18 (s, 1H), 4.72 (bs, 2H), 4.30 (bd, 10.0 Hz, 1H), 4.03 (bs, 1H), 3.94-3.83
(m, 2H), 3.75-3.67 (m, 2H), 3.56 (ddii= 9.0 Hz, 6.5 Hz, 2.0 Hz, 1H), 3.43 (ddiz 9.0 Hz,
3.0 Hz, 3.0 Hz, 1H), 3.35 (s, 3H), 3.26 (s, 3H), 2.73 (dgd 9.5 Hz, 7.0 Hz, 2.0 Hz, 1H), 2.70
(d, J = 14.0 Hz, 1H), 2.24 (dd,= 14.0 Hz, 11.0 Hz, 1H), 2.01 (bs, 3H), 1.78d; 1.0 Hz, 3H),
1.80-1.75 (m, 2H), 1.75-1.68 (m, 1H), 1.00-0.96 (m, 6%@);NMR (CDCk, 125 MHz)$ 183.8,

181.2, 168.3, 155.9, 144.7, 140.8, 135.9, 135.0, 133.6, 132.9, 127.0, 126.5, 110.0, 109.1, 81.6,
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81.4,81.2,72.7,57.1,56.7, 46.9, 42.7, 35.1, 34.4, 32.4, 28.8, 23.0, 12.8, 12.6, 12.5; ESI-HRMS

630.2548 (M + Na, ¢H4.CIN3sONa requires 630.2558).

Western Blot Analyses:MDA468 or MDA468/NQ16 were maintained in RPMI 1640 media
supplemented L-glutamine (2 mM), streptomycin (500 pg/mL), peni¢lld® units/mL), and
10% FBS. Cells were grown to confluence in a humidified atmosphére(3H% CO2), seeded
(3x1C/well, 2 mL) in 6-well plates, and grown to 60% confluency prior targpsCells were
then treated with various concentrations of 17-CEAG or 17-AAG inrSOM1% DMSO final
concentration), or vehicle (DMSO) for 24 h. Cells were harvesterbld PBS and lysed in
mammalian protein extraction reagent (MPER, Pierce) contaprimtgase inhibitors (Roche) on
ice for 1 h. Lysates were clarified at 14,000g for 15 min at 4PGtein concentrations were
determined using the Pierce BCA protein assay kit per the aanuér’'s instructions. Equal
amounts of protein (ug) were electrophoresed under reducing conditions, transferred to a
PVDF, and immunoblotted with the corresponding specific antibodies. Membrwere
incubated with an appropriate horseradish peroxidase-labeled secamtiénydy, developed
with a chemiluminescent substrate, and visualized. Densitometsyperformed using ImageJ

“Gels” tool.
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