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Abstract
Heat shock protein 90 (Hsp90) is a chaperone uindestigation for the treatment of cancer

and neurodegenerative diseases. NeuroprotectivO0HSpterminal inhibitors derived from



novobiocin (novologues) include KU-32 and KU-596.These novologues modulate
molecular chaperones and result in an inductionHe&t Shock Protein 70 (Hsp70).
“Noviomimetics” replace the synthetically compleaviose sugar with a simple cyclohexyl
moiety to maintain biological efficacy as compatedhovologues KU-596 and KU-32. In
this study, we further explore the development @fiomimetics and evaluate their efficacy
using a luciferase refolding assay, immunoblot ysig] a c-jun assay, and an assay
measuring mitochondrial bioenergetics. These newiomimetics were designed and
synthesized and were found to induce Hsp70 andtresumproved biological activity.
Noviomimetics39e and 40a were found to potently induce Hsp70 and in vergnusing

effects in cellular assays.
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Introduction

Molecular chaperones represent promising therapeatgets for both cancer and
neurodegenerative diseaséds.The 90kDa Heat Shock Protein 90 (Hsp90) is a cutde
chaperone that is responsible for the folding ardunation of more than 300 client protein
substrates.Hsp90 modulates client protein substrates assatiaith all 10 hallmarks of
cancer, supporting that inhibition of this chaperamay be useful for the treatment of
cancer’® However, Hsp90 is also a target for neurodegeiveraliseases since molecular
chaperones can refold denatured proteins and tEBpéuprotein aggregatés’** The N-
terminus of Hsp90 contains an ATP-binding site, Afid® hydrolysis provides the requisite
energy needed to fold client protein substraté8.Currently, there are six N-terminal

inhibitors undergoing clinical evaluation for theotential treatment of canc&f’®



Unfortunately, inhibition of the N-terminus and seluent client protein degradation also
leads to induction of the heat shock response (H®Rich results in the overexpression of
the heat shock proteins, Hsp27, Hsp40, Hsp70 am®Ms%% In contrast to N-terminal
inhibitors, C-terminal inhibitors can segregateswti protein degradation from induction of
the pro-survival heat shock response.

The DNA gyrase inhibitor, novobiocirl), was the first Hsp90 C-terminal inhibitor
discovered® Through extensive structure-activity relationshigise natural product was
modified to exhibit anti-proliferative activi§??® Continued development of the potential
cancer therapeutics led to the identification dbayxic replacements of the noviose sudar,
29 which improved inhibitor synthesis, as well asniiféecation of new cores that target Hsp90,
which could be used instead of the coumarin ¢bf@These cytotoxic compounds provide
an excellent platform for the treatment of canesrthese analogs induce the degradation of
Hsp90-client proteins, which in cancer cells letmlghe disruption of multiple oncogenic
pathways.

Structure-activity relationship studies previousigentified KU-32 @) as an
efficacious neuroprotective agent in cellular medafl Alzheimer’s diseas&>*> Modulation
of Hsp90 by2 results in the induction of Hsp70 levels, whicim cafold denatured proteins,
decrease the levels of abnormal proteins, and ptepeotein aggregation, which can
ultimately alleviate the phenotypes associated witany neurodegenerative disea¥es.
Subsequent studies demonstrated thagversed clinical symptoms of Diabetic Peripheral
Neuropathy (DPN) in vivo and protected against aeat glucotoxicity’’ >° A homology
model of the Hsp90 C-terminus was then utilizeddsign a second generation of analogues,
termed novologues (novobiocin analogues), whichharged the coumarin core ®fwith a
biphenyl ring system, and ultimately produ@¢Figure 1A: Previous studie$j** Although
3 exhibits promising activity and is undergoing pligdcal evaluation, modeling studies with

3 identified unexplored regions within the C-termlirmnding site that may improve its



activity, which ultimately led to the identificatioof noviomimetics (a non-noviosylated
compound)4.*? Preliminary studies witld confirmed that these noviomimetics maintained
the desired biological activity & but are more synthetically desirable due to reaho¥the
complex noviose sugaf:*® As a result, a new library of novologues and nmiinetics were
designed in which modifications were incorporatedyain additional interactions with the
binding pocket (Figure 1A: Current Study). Sevetampounds obtained from this third

generation library exhibit improved activity wheonepared t@8 and4 as described herein.

A.  Previous Studies Current Study
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Figure 1. A). A summary of prior and current studies preseriterein. B). Compound®
(KU-596),4, and29 docked to Hsp90 C-terminal homology model.




Results and Discussion

A homology model of the Hsp90 C-terminus was wutilizfor the design of new
novologues, and demonstrated the potential fornaihg pocket adjacent to the noviose
sugar in3 as illustrated in Figure 1B. During prior studeberein replacements of the
noviose sugar were explored, was identified as a simplified novologue that &ited
similar biological activity td3.** As shown in Figure 1B, the noviose surrogate tsj@to
this previously unexplored binding pocket and thememodifications to the benzyl ring dn
were explored to identify improved modulators. Miodtions at theortho- position were
investigated to determine whether hydrogen bonditgractions could be established with
GLU537, GLN682, or nearby amino acids (Figure 1Bubstituents at theeta- andpara-
positions were explored to identify potential hyghobic interactions at this location. In
addition, modification to the central ring 8fwas sought to determine whether hydrogen
bond donors or acceptors could interact with thetide backbone (Figure 1B). The
substituents chosen for these studies included blgitironic and steric functionalities to

establish preliminary structure-activity relationssh

Synthesis of pheno®* (Scheme 1A) commenced by benzyl protection of 2,4-
dihydroxybenaldehyde, 5. The resulting benzyl ether was converted to
trifluoromethanesulfonaté, in the presence of N-Phenyl bis-trifluoromethaufonimide
and potassium carbonate using microwave condifiors. subsequent Suzuki coupling
reaction with commercially available 3-fluorophetwgronic acid was employed to generate
the biaryl ring system found if, which was then subjected to a Henry reaction, vadid by
simultaneous reduction of both the nitro and oldtinctionalities with lithium aluminum
hydride to yield amin®. Acylation of8 was followed by cleavage of the benzyl ether under

hydrogenolysiconditions to afford the phend,
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Scheme 1. A). Synthesis of phend. Reaction conditions to make pher®la. BnBr,

NaHCG;, CHsCN, 75%;b.(CRCO),0, EgN, DCM, 60%;c.3-fluoro-phenylboronic acid
Pd(PPR)s, K,COs;, DMF, 90%; d.CH3NO,, NH;OAc, 98%;e.LiAlH 4, THF, 30 min,f.

Ac,0, EgN, 72% over 2 stepsl.H,, Pd/C, MeOH, 90%. B). Synthesis of Noviomimetics
14b-u: h. TsClI, Pyridine, OC-rt, on CHC}; i. NaH, Acetonitrile, rt, 16hij. Ko,COs;, DMF,
80°C, 2d, 55-80%b: x =0-OCHs; ¢: X =0-CHjz; d: x =p-Br; e x =p-Cl; f: x =0-F; g: x =
0-Br; h: x =0-Cl; i: x =mBr; j: Xx =m-Cl; k: X =m-OCHg, |: X =p-F; m: x =p-OCHg; n: X
= p-CHs; 0: x =p-CFs; p: x =p-tBu; g: X = 2, 6-dichloroy: x = 2-OCH;, 4-Cl;s: x = 2-Br,
4-Cl; t: x = 2-naphthalenaj: x = 2-OCH,, 4-CH;s. C). Synthesis of compound8 and19:
k. NaH, DMF, rt, on, 60%t. PPh, DIAD, THF, rt, 3h, 58%m. OsQ, NMO, THF/H0,
on, 83%.

Compoundsl4b-u were obtained via any3 substitution reaction between phegfol

and the toluenesulfonates of the correspondingrssigaogates (Scheme 1%)Compound

18 was obtained by a Mitsunobu reaction between ph8remd the corresponding sugar

mimic. Novologuel8 was then subjected to an osmium tetroxide catdlgiieydroxylation

to obtain the corresponding didb (Scheme 1C).
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Scheme 2. A). Synthesis 0£6. a. (CRCO)0, EgN, DCM, 60%:;b.
3-fluoro-phenylboronic acid, Pd(PBPh KyCOs;, DMF, 90%;
¢.CH3NO,, NH,OACc, 98%;d. LIAIH 4, THF, 30 minie. Ac,O, EgN,
72% over 2 stepsf. Hy, Pd/C, MeOH, 90%p. BF;OEt, DCM,
40%; h. EtsN, MeOH, 85%. B). Synthesis @b: i. Me;SOy K,CO;,
H,O/Acetone (1/1), 55%; C). SynthesBi: j. MOMCI, DIPA,
DCM, 65%; D). Synthesis @&4: k. NaHCQ, BnBr, MeCN, 45%].
MOMCI, DIPEA, DCM, 70%; E). Synthesis 0f37: m.
Hexamethylenetetramine, Trifluoroacetic Acid, 25f0;NaHCQ;,
BnBr, KI, MeCN, 75%.

Synthesis of each derivative that contained a memtlitore began via different
starting materials. Synthesis of compou2fsi commenced by reduction of commercially
available 2,4-dihydroxybenzaldehyde with sodiumnof@orohydride in the presence of HCI
(Scheme 2A¥? The resulting methylbenzene was formylated to inb£4-dihydroxy-5-
methylbenzaldehyde, which was then benzyl protetieproduce?0.>® Compound20 was
then subjected to the same conditions utilizedrtmpce phenoBb, and ultimately yielded

phenol25 (Scheme 2A). The noviose sugar was synthesizaedj usipreviously reported



proceduré®® The protected sugar was activated){* and then coupled wit®5 using
Schmidt conditions? Solvolysis of the carbonate with triethylamine andthanol provided
the final product,26. Synthesis oR9 and 31 began by formylation of phloroglucinol,
followed by benzyl protection of 2,4,6-trihydroxyimaldehyde using potassium carbonate
and benzyl bromide to yiel@7. To achieve the final produ@9, 27 was subjected to
dimethyl sulfide in water and acetone to yield thethyl ether28 (Scheme 2BJ? This key
intermediate was then subjected to the conditiaevipusly described in Scheme 2B, to

obtain29.

Compound3l was obtained by the treatment 2 with chloromethyl methyl ether
chloride to produce the mono-protected pheB6l (Scheme 2C¥*°° which was then
subjected to the conditions previously describegive 31. Synthesis of compour@d began
by selective benzylation of 2,3,4-trihydroxybenzgdlyde, which was then subjected to
chloromethyl methyl ether formation to produce fintediate33. Similarly, compound3
was subjected to conditions previously describedctueve the free phenol, which was then
coupled with the trichloroacetamide of noviose ocadie and upon solvolysis, ga®4.
Synthesis of compoun87 was initiated by subjecting 2-nitrobenzene 1,3-d a Duff

reaction>® The resulting product was then benzyl protectegletsl compound6, which was

modified according to the conditions highlightedScheme 2E to obtain the final produ&#,



We have previously shown that the cytoprotectivievelg manifested by KU-32 and
KU-596 requires Hsp70 induction. Therefore, uponnstauction of the library of

noviomimetics, we evaluated Hsp70 induction via@férase reporter assay (Figure 2A).
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Figure 2. A). Evaluation of Hsp70 induction via noviomimetigs a Luciferase
Reporter Assay. Results are mean +SEM. (n = 8:%)=0-CHjs; d: x =p-Br; e x
=p-Cl; f: x =0-F; g: x =0-Br; h: x =0-Cl; j: X =m-Cl; k: x =m-OCH;, |: X = p-F;
m: X =p-OCHgs; n: X = p-CHjz; 0: X = p-CFs; p: X = p-tBu; g: X = 2, 6-dichloroy: x
= 2-OCH;, 4-Cl; s. x = 2-Br, 4-CI;t: x = 2-naphthalenay: x = 2-OCH, 4-CH;. B).
Induction of Hsp70 protein expression by selectiommmetics. 50B11 cells wers
treated for 24hr with 1 uM of the indicated Novaleg or DMSO, the negativ|
control. Immunoblot analysis was performed and idem®try was used to repo
fold induction of Hsp70. A representative blotasated in Supplemental Figure 2
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As shown in Figure 2Al4e induced the most robust Hsp70 levels for the new
noviomimetics. Generally, the noviomimetics withbstitutions at theuara- and ortho-

positions appear to manifest increased Hsp70 leWlsereas, substitutions at timeeta-



position appear detrimental, as less Hsp70 indaaticcurred 14i-k.  Thepara-substituted
noviomimetics showed greater induction of Hsp70 nththe correspondingortho-
noviomimetics {4c, f-h). Generally, electron-withdrawing groups at tbera- position
produced the most robust Hsp70 induction, follovilsdelectron donating groups at the
ortho- position. Similarly,19 is a para-substituted noviomimetic that contains a cyclohexy
cis-diol and also yielded good activation of the leci#se promoter. Thes-diol of 19,
mimics the noviose sugar more than the unsubdlitcyelohexane ring, which may explain

its enhanced activity.

Immunoblot analyses were then performed to furdseamine the effect of select
noviomimetics on Hsp70 protein expression. Compednl14b, 14g, and14h all resulted in
induction of Hsp70. Consistent with the inductioh lociferase activity via the Hsp70
promoter;ortho- and para-substituted noviomimetics induced Hsp70 proteinreggion as
evidenced byl14b, 149, 14h, 18, and 19 (Figure 2B). Additionally meta-substituted
noviomimetics resulted in a decreased inductionHsp70 when compared to similarly
substitutedortho- andpara-noviomimetics, as evidenced g and14o0. Dually modified,
14r, demonstrated the least amount of Hsp70 inducBaggesting that the binding pocket
does not tolerate modifications at both @ntho- andpara-position. Surprisinglyl8 and19
were less effective in the immunoblot assay, despitobust induction of luciferase activity.
The remainingpara- and ortho- substituted compounds were similarly effective whe
comparing activity between the luciferase assay #wedimmunoblot assay. Due to the
promising biological activity in both assays, 4 mowimetic side chainsl1db-e) were

selected for further investigation.

Comparison studies between the noviomimetic sidgenshand the original KU-32
coumarin scaffold were carried out to further aliaté positive neuroprotective effects.

Additionally, comparison studies were conductedvéoify which core could provide the

10



greatest Hsp70 induction. The coumarin containimmyiomimetics 46-49, supporting
information, Figure Sl) were synthesized with seddanoviomimetic side chains. Using the
luciferase reporter assay, the phenol for eachfddafind noviomimetics46-49, were
evaluated (Supporting Information, Figure S1). 8xtdé 9 and45 did not contain any sugar
moiety/surrogate and were found to be inactive. ibloumetics containing the KU-32

coumarin scaffold exhibited less activity than thmaryl counterparts (Figure Sl).

The decrease in Hsp70 induction 46¢49 could result from the rigid coumarin core.
The biphenyl core offers enhanced flexibility thatnot available with the coumarin core,
which may allow for improved interactions withinetibinding pocket. Increasing flexibility
may also be important due to the increase in leafjthe noviomimetic side chain compared
to noviose sugar. Substitutions on the centrg were evaluated using immunoblot analysis
to observe Hsp70 level and to support improvedracteons with the binding pocket. The
novologues were analyzed at varying concentrat{@80s 100, 300, 1000, and 3000nM) as

shown in Figure 3A.

11
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Figure 3. A). Immunoblot analysis of Hsp70 induction of ntgues in
nontransfected 50B11 cells. 50B11 cells were tcedte 24hr with the indicatec
Novologues or DMSO as the negative control. Immuwiobnalysis was performefl
and densitometry was used to report fold induatibHsp70. Results are mean +SEIV.
(n >2). B). Immunoblot analysis of Hsp70 inductmidually modified noviomimetics
in nontransfected 50B11 cells. 50B11 cells weraté®@ for 24hr with the indicatefl
Noviomimetic or DMSO as the negative control. Immbiot analysis was performed
and densitometry was used to report fold inductadnHsp70. A representative
immunoblot can be found in supplemental figure 8siRts are mean +SEM. (n >2).

Novologues containing substituted central ringsdpo@d improved Hsp70 induction
as compared t8 (Figure 3A). Novologue26 and 34 resulted in the largest induction of
Hsp70. It is possible that the methyl substitymesent ir26, overlays in three-dimensional
space witl2, and reinstates interactions that are lost whewimgadrom the coumarin core to
the biphenyl ring system. Furthermore, the datppstts the importance of having a
hydrophobic substitution on the central core2@sesulted in the greatest induction of Hsp70.
In continuation, the novologues containing centafe substituents were coupled with
selected noviomimeticsl8a-e). These noviomimetics were synthesized as destribe

Scheme 2 and then analyzed via immunoblot analyssaluate Hsp70 induction.

12



As shown in Figure 3B, noviomimeti@9a, 39d, 40a, and41d resulted in the greatest
Hsp70 induction. Collectively, all noviomimeticstiv a methoxy group at the 3-position
(39a-¢) resulted in increased Hsp70 levels compared wwonometics with other central ring
modifications. Interestingly, none of the methyhtaining noviomimetics38a-d) resulted in
improved Hsp70 induction, which was unexpectedesiicresulted in the greatest induction
of all of the central ring modifications. It ikély that switching from the noviose sugar to a
noviomimetic alters binding, and ultimately leads & decrease in Hsp70 levels.
Noviomimetics containing a phenol on the centnagjnivere similarly active when located at
the 3- or 6- positions 40a-e and4la-€), and only the noviomimetic side chain seemed to
impact induction of Hsp70. Noviomimetic side clsamandd appear to produce the most
robust induction of Hsp70, regardless of the céming modification, and therefore provide

desired neuroprotective activity.

Validation of Hgp90 Inhibition via the c-Jun Assay and Mitochondrial Bioenergetic

(mtBE) Assessment

Further assessment of the neuroprotective actinagifested by select noviomimetics
was carried out after confirmation of the desirgtbprotective response and induction of
Hsp70 levels. As such, noviomimeti2g, 31, 39d, 39, 40a, 40b, and41d were selected for

further biological evaluation in an assay to eveduajun levels.

13
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Figure 4. c-Jun levels in 50B11 cells upon treatment with
1.0 uM of noviomimetic for 24 hours. C-Jun w3gs
upregulated by placing the cells in 10% serum doimtg
media for 2 hours. The cell lysates were thenectdld for
immunoblot analysis. A). c-Jun levels in resmons
Noviomimetic treatment, normalized to SF Serum.. B)
Representative immunoblot of c-Jun and Actin (calhfior
the tested noviomimetics. Immunoblot analysis Was
performed and densitometry was used to report fold
induction of c-Jun. Results are mean +SEM. (n >2).

Hsp70 regulates c-jun levels by increasing its degtion via the proteasome (Figure
4)>" Therefore, induction of Hsp70 via noviomimeticsuits in the degradation of c-jun.
The assay was carried out by treating 50B11 ceite serum free media for 24 hours,
resulting in cell cycle arrest and a decrease énetkpression of c-jun. The cells were then
treated with vehicle or 1.0M of the indicated noviomimetic, and c-jun was indd by

placing the cells in medium containing 10% FBSZdrours. The protein was harvested and

c-Jun levels were evaluated.

All of the selected noviomimetics decreased c-Jewvels when compared to the

untreated control (Figure 4). Importantly, mosviomimetics exhibited improved activity

14



when compared t8, and a few had improved activity as compared. td he general trend of
the data illustrates that noviomimetics with a figleenol at the 3-position were more
effective than noviomimetics with a methoxy at Bposition. Excitingly, noviomimetic

40a resulted in the greatest reduction in c-Jun levBleduction of c-Jun levels by all
noviomimetics suggests that the mechanism of actooars via induction of Hsp70.

Prior work indicated that the neuroprotective efig manifested b to improve the
symptoms of diabetic peripheral neuropathy wasaatsm with an increase in mitochondrial
respiration. To determine whether the increase spM expression correlated with
mitochondrial respiration, 50B11 cells were treatgth various noviomimetics for 24 hours
(Figure 5). Mitochondrial respiration was then mead in intact cells using an XF96
extracellular flux analyzer, which provides conewmtr measures of mitochondrial oxygen
consumption rates (OCR) and extracellular acidiiicarates (ECAR) as an indication of
glycolytic activity. A variety of noviomimetics we selected to examine this correlation

between Hsp70 expression and mitochondrial respir&ffects on mitochondrial respiration.

15
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Figure 5. Compound 19 enhances mitochondrial function. ABBDcells were seeded
into the 96 well plates, maintained in high glucB8¢EM supplementeavith 10% fetal
bovine serum. After 12 hours, 50B11 cells were gednnto high glucose DMEM
medium with 1% FBS, treated together with i\ 3, 4, 39d, 39¢, 40a, 31. After 24 hr,
the cells were stressed with 0.5mMQ4 for 2hr. HO, can largely inhibit 50B11
mitochondrial bioenergetics, indicated by largetgictased response to FCCpM13,4
and39e can significantly increase cellular Maximal Reapory Capacity (MRC) of
oxidative stress. 50B11 cells were treated for 1@ith DMSO, 3, 4, 31, 39¢, 39d, 40a.
B). Bar graph representation of data acquired if ps0.05 vs HO..

Hydrogenperoxide can induce cellular apoptosisutjinomitochondrial dysfunction.
0.5mM hydrogen peroxide can cause mitochondriaéimogetics (MtBE) loss, indicated by
largely decreased response to FC8RBnd4 effectively improved mtBE, however the dually
modified noviomimetics resulted in decreased makinespiratory capacity (Figure 5).
Surprisingly, noviomimeti@9e was the most effective at increasing the MRC, dliengh it
was not as efficacious in the c-jun assay as theratoviomimetics. The different results
obtained from these two assays are due to eacly asBang upon a different cellular

mechanism for the analyzed biological result.

Conclusion

In conclusion, a library of novologues was desigmeath the goal of replacing the

synthetically complex noviose sugar with a simptifisugar surrogates. The current work

16



supports that noviomimetics can successfully retiagnability to increase Hsp70 expression
and mitochondrial function, two mechanistic feasuréhat are associated with the
neuroprotective efficacy of both biaryl-based nogples such a4 and novobiocin-based
compounds such & Noviomimetic 40a exhibited promising effects in the c-Jun assay,
while 39e was effective at increasing the MRC. Thus, novioetics may serve as a new
series of synthetically simplistic, neuroprotectiveompounds for treating various

neurodegenerative diseases.
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Highlights
* Treatment of 50B11 cells with Noviomimetics induced Hsp70 levels
* Noviomimetics decreased c-JUN levels in 50B11 cells
* Noviomimetic treatment improved mitochondrial bioenergetics



