Chapter III

Inhibition of KIX-targeting Activators

A. Abstract

Disrupting protein-protein interactions with small molecules has long been a
goal in drug development. The design of such therapeutics, however, has been
problematic due to the large surface area of protein-protein interfaces compared to
the limited number of contacts available to small molecules, and the difficulty of
targeting a protein landscape lacking native small molecule binding sites. We have
developed a small molecule that interacts with the KIX domain of CBP in an
overlapping region to that of natural transcriptions activators MLL and Jun. This
molecule, iTAD 1, competitively inhibits luciferase expression driven by Gal4-fused
MLL and Jun minimal activation domains, suggesting that iTAD 1 prevents these
activators from interacting with CBP. To further define the nature of the
isoxazolidine-KIX interaction, several analogues of iTAD 1 were synthesized,
appending functionality both to mimic side-chain residues found in natural
activators and add non-native functionality, in an attempt to increase potency or
specificity. We discovered, however, that most modifications greatly reduced
efficacy and, in some cases, resulted in significantly increased toxicity. The ability of
iTAD 1 to perturb endogenous signaling pathways was then examined by probing
the effects of iTAD 1 on CCND1 (cyclin D1 gene), a gene whose expression is tightly
regulated by Jun. iTAD 1 was found to decrease levels of cyclin D1 expression in

MCF-7 breast cancer cells.
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iTAD 1 thus successfully inhibits protein-protein interactions in the context of
endogenous promoters, but additional work will be required to further optimize the

activity of this molecular class.

B. Introduction
1) Protein-Protein Interactions

Protein-protein interactions are crucial for proper cell and tissue function,
and the critical nature of these interactions makes them prime targets for
therapeutic intervention. Blocking protein-protein interactions may occur through
direct inhibition at the protein-binding interface, or through binding an allosteric

site that changes the conformation of the interfacial region enough to preclude

binding.1-14

This strategy is truly the exception to the current paradigm of blocking
known small molecule binding sites in enzymes and receptors. There are few small
molecules (vide infra) that target protein-protein interactions for several reasons: 1)
protein interfaces are typically flat and featureless, 2) many proteins contain non-
contiguous interfacial regions that are difficult to occlude with synthetic ligands, and
3) the propensity of small molecules to participate in non-productive interactions.
Despite these issues, small molecules exhibit several favorable characteristics as
potential modulators of protein-protein interactions. They are generally more stable
and cell-permeable than peptides and are amenable to analog generation and
structure-activity relationship (SAR) analysis.1 4512 [n addition, recent advances in
high-throughput screening technology have enabled the testing of molecules in
whole-cell assays, in addition to purified protein components, giving a better profile

of the molecules tested with regard to cell permeability, stability, and toxicity.
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2) Protein-Protein Interactions as Therapeutic Targets

The most well known examples of protein-protein interaction inhibitors
(PPIs) are the compounds that block the interaction between p53 and MDM2.
However, although there are several examples of compounds that inhibit this
interaction (Figure IlI-1a-b), none have become clinically useful therapeutics. This is
due in large part to inactivating mutations of p53 and other p53 inhibitor proteins
such as MDMX that are not affected by these classes of compounds.13.1> Another
advanced example of PPIs are compounds in development by Abbott Laboratories
and Genentech that mimic an interaction between the anti-apoptotic proteins Bcl
and the BH3-only proteins (Figure I11-2).16 These compounds, now 13 years in
development, will likely be the first small molecule clinical therapeutics that target

protein-protein interactions.

a)

Figure III-1. Structure of p53-MDM2 complex and its inhibitors. a) MDM2 is shown
in yellow, p53 is in blue.l” b) Benzodiazepine, cis-imidazoline, and nutlin inhibitors
of p53-MDM?2.12 Structure adapted from 1ycr.
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Bcl and p53 are important targets because impaired apoptosis is a
characteristic of many malignant cells, enabling evasion of cell death signals and
resistance to chemotherapy. p53 is a tumor suppressor that modulates cellular
responses to stress by induction of cell-cycle arrest or apoptosis. MDM2
downregulates p53 activity, thus inhibition of the p53-MDM2 interaction results in
increased levels of p53 in the cell, leading to growth arrest or cell death.18 19 Bcl
proteins are pro-survival factors, overexpression of which overrides cell death
signals leading to oncogenesis. The Bcl family is countered by the BH3-only
proteins, members of the cell death machinery. Compounds that mimic the binding
of these BH3-only proteins to the Bcl family will block interactions between the Bcl
proteins and their targets, leading to induction of apoptosis.16 20-22 These examples,
however, are not typical of most protein-protein interactions; both MDM2 and Bcl-2
contain deep hydrophobic binding clefts that are more amenable to small molecule

targeting than other, more featureless, protein surfaces.

ABT-737 ABT-263

Figure III-2. Antagonists of Bcl proteins.1® These compounds were developed by
Abbott Laboratories in partnership with Genentech and mimic the BH3-only
proteins.

3) iTAD-KIX Interaction

As outlined in Chapter 2, we have shown that iTAD 1 interacts with the
MLL/Jun/Tat/Tax binding site within the KIX domain of CBP, and may thus function

as a protein-protein interaction inhibitor. To exploit this binding site overlap,
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however, the KIX-TAD interaction must be important for protein function; otherwise
blocking that interaction would not have a downstream effect. Examination of the
literature immediately revealed studies with Tat demonstrating that it retains full
activity when its KIX-interacting region is deleted.23-26 The molecular interactions of
CBP and Tax are not well understood, though Tax is known to bind the KIX, CH1, and
CH3 domains.27-29 Thus our further studies focused on MLL and Jun, as their CBP
contacts are well characterized and critical for activity. Both of these proteins are
involved in oncogenesis, MLL primarily in hematopoietic defects, and Jun in several
different solid tumors.3%. 31 Decreasing transcription of MLL and Jun target genes is a
useful mechanism to further dissect the roles of these proteins in oncogenesis, and
to probe the potential therapeutic value of decreased transcriptional output from

these activators.

C. MLL

MLL is a 470 kDa protein that maintains expression of a number of
developmental genes, most notably the Hox genes that are involved in
hematopoiesis.32-38 Not surprisingly, MLL has been implicated in ~10% of adult and
infant primary and secondary leukemias, often arising from chromosomal
translocations fusing MLL with another protein. There are over 40 proteins
demonstrated to form oncogenic fusions with MLL, all of which result in aggressive
leukemias that respond poorly to chemotherapy and exhibit a poor prognosis.38-42
MLL has several epigenetic functions, including a SET domain (histone
methyltransferase), and regions for binding the SWI/SNF complex and CBP (both
containing HAT domains).35 43,44 The MLL binding site on the KIX domain of CBP is
also utilized by the viral activators Tat (Human Immunodeficiency Virus, HIV) and
Tax (Human T-Cell Leukemia Virus, HTLV).45 46 These activators sequester CBP for
use in activating transcription of the viral genome, and it is thought that competition
of Tax and MLL for this binding site may account for some of the oncogenic
properties of HTLV.46-49 The KIX domain is thus an important region for the

recruitment of CBP and the downstream effects that result. iTAD 1 will serve as a
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useful small molecule probe of the molecular recognition events that occur during

KIX binding.

D. Jun

c-Jun is a 39 kDa nuclear phosphoprotein involved in the regulation of cell
growth, differentiation, and adhesion. c-Jun contains an N-terminal TAD and is
regulated through phosphorylation at Ser63 and Ser73 by Jun-N-terminal kinases
(JNKs), and is essential for embryonic viability past day twelve.5 Jun is a component
of the activator protein 1 (AP-1) complex that binds DNA at both
tetradecanoylphorbolacetate response- (TRE) and cAMP response elements (CRE).
AP-1 consists of homo- or heterodimers of the Jun, Fos, and ATF family of activators,
though c-Jun is involved in the greatest number of AP-1 dimers.31.50-52 One
mechanism by which Jun activates transcription is through recruitment of CBP to

the promoter of target genes through direct binding of the KIX domain.31,51,53

An investigation of non-small cell lung primary and metastatic tumors
showed that 31% of these tumors overexpress c-Jun. This is not surprising,
considering the key role Jun plays in the regulation of the cell cycle. Jun decreases
the expression of p53 (an important tumor suppressor), which in turn
downregulates the expression of p21, a cyclin-dependent kinase inhibitor (Figure
[11-3a).31,51,54-59 [n addition, the expression of cyclin D1, a crucial component of the
cell cycle control apparatus, is tightly controlled by c-Jun.>7-58 Progression through
the cell cycle is controlled by the periodic and phase-specific regulation of the
activity and abundance of a defined cohort of proteins. Cyclin D1 is synthesized
early in G1 phase and promotes the G1-S transition in a complex with Cdk4, by
phosphorylating and inactivating the tumor suppressor Rb (Figure I1I-3b).60-63 Due
to its multiple roles in oncogenesis, modulation of Jun function is a powerful
therapeutic target; small molecule inhibitors such as iTADs may provide a

mechanism for such regulation.
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Mitogenic Signals

Cyclin D1
Genes required for
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b)
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Restriction Point
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Figure III-3. The cell cycle. a) The role of cJun and cyclin D1 in the cell cycle. b)
Schematic of the eukaryotic cell cycle.

E. Inhibition of KIX-Binding TADs in a Luciferase Assay

As we have previously demonstrated using NMR spectroscopy, iTAD 1 binds
the KIX domain of CBP in an overlapping region to that of the natural activators MLL
and Jun. A competitive inhibition experiment was conducted with MLL and Jun
minimal activation domains and iTAD 1 to assess the functional effect, if any, of
inhibiting this overlapping binding site in cells. The minimal activation domains,
determined using gradual truncations of the full-length protein, had been
determined for these TADs. The minimal TADs were fused to a Gal4-DBD facilitating
localization of the TADs upstream of a reporter gene, and the cells were treated with

iTAD 1. In this case, the Gal4 fusion proteins were transfected into HeLa cells,
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where, upon binding the reporter plasmid, the MLL or Jun TAD recruit their target
proteins and upregulate transcription of the reporter gene. Inhibition of key
protein-protein interactions by the small molecule would decrease reporter gene
expression, quantified by luminescence of Firefly luciferase, compared to a Renilla
luciferase control (Figure IlI-4a and b). Additional control experiments also showed

that iTAD 1 does not inhibit Firefly or Renilla luciferase.
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Figure III-4. Inhibition of KIX-binding TADs. a) Schematic of DNA-bound TAD
inhibitor by free activation domain. b) Percent inhibition of Gal4-MLL- and Gal4-Jun-
driven luciferase expression. Briefly, HeLa cells were transfected with a plasmid
expressing the Gal4 DBD-MLL- or Jun-minimal TAD fusion protein, a reporter
plasmid and transfection control, as has been previously described. Compound was
added to the cells as a DMSO solution 6 h after transfection such that the final
concentration of DMSO in all wells was 1% (vol/vol). Fold activation and error were
calculated as previously described.
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Previous work has shown that either enantiomer of iTAD 1 can activate
transcription when tethered to a DBD.* To confirm that the absolute
stereochemistry is not a critical factor in the interaction of iTAD 1 to the KIX
domain, the two enantiomers of iTAD 1 were prepared by my colleagues Amy

Danowitz and Dr. Will Pomerantz (Figure I1I-5a).
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Figure III-5. Stereochemical configuration does not effect iTAD inhibiton of KIX-
binding TADs. a) Structures of (+) and (-) iTAD 1. b) Inhibition of of Gal4-MLL- and
Gal4-Jun-driven luciferase expression by (+), (-), and (%) iTAD 1. Transfections and
activity calculations were performed as previously described.

Both racemic and enantioenriched iTAD 1 inhibit luciferase expression
driven by the MLL and Jun minimal TADs in a dose-dependent manner; therefore,

stereochemical configuration is not an important determinant in these interactions
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(Figure III-5b). Maximal inhibition was approximately 65% for Jun and 50% for
MLL, both at the highest concentrations of iTAD 1 (50 uM). The different degrees of
inhibition can be attributed, at least in part, to different levels of activity; MLL is a
potent activator, while Jun is considerably weaker. It is not surprising that higher
levels of inhibition were not observed; endogenous TADs contact multiple
coactivators through different binding interactions.®5-67 Complete abrogation of
activity would necessitate blocking each TAD-coactivator interacting surface, a
highly unlikely event given the diversity of these interactions. At this time, it was
unclear if iTAD 1 was selectively blocking the binding of these TADs to KIX or if it

was indirectly inhibiting their function through a different, non-specific, mechanism.
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Figure III-6. Effect of iTAD 1 on non-KIX-binding TADs. Transfections and activity
calculations were performed as previously described.

To examine this further, two additional activation domains, ESX and VP16,
were tested in this assay. Neither VP16 nor ESX is known to bind the KIX domain of
CBP; thus their activity should be unaffected by iTAD 1. Indeed, neither protein is
affected by addition of up to 50 uM iTAD 1 (Figure III-6). Furthermore, iTAD 1 does
not affect the activity of CREB, which binds to another site on the KIX domain
(Figure III-7). 43.68,69 These data show that iTAD 1 is not a general transcriptional

inhibitor.
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Figure III-7. KIX-Myb-MLL ternary complex. KIX is in blue, MLL in green, and Myb in
red. Figure adapted from 2agh. iTAD 1 binds the MLL site and does not inhibit CREB
binding to the CREB/Myb binding site.

F. Synthesis and Evaluation of iTAD Analogues

The sequence of the MLL and Jun KIX-binding regions are shown below in
Figure I1I-8a; the putative residues mimicked/overlapped by iTAD 1 are highlighted
in red. Due to the flexible nature of this binding site, it is likely that incorporation of
different functionality on the iTAD framework will result in different small molecule
binding modes. Other binding modes may, in turn, result in an increase in the
potency of the compound, or alternatively, provide specificity for inhibiting a
particular activator (i.e. significantly inhibit Jun without affecting MLL activity).
Several compounds containing other functionality common to amphipathic TADs
(acids, amines, alcohols) were synthesized in this endeavor, in addition to
compounds containing “non-native” functionality. Figure I1I-8b shows
representative examples of substitutions at four different positions around the

isoxazolidine ring.
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Figure III-8. iTAD structural modifications. a) Putative residues on MLL and Jun
mimicked by iTAD 1. b) Examples of structural modifications made to the iTAD core
architecture.

A series of alcohols and amines were generated starting from intermediate

isoxazoline 4: the benzyl group was appended under microwave conditions,

followed by transformation of the alkene to a primary alcohol (vide supra) (Scheme

111-1).70
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Scheme III-1. Synthesis of hydroxyl- and amine-functionalized iTADs.

Silyl ether 32 was then treated with tetrabutylammonium fluoride (TBAF) to
generate diol 34 in excellent yield. Alternatively, 32 was treated with
diphenylphosphoryl azide (DPPA) under Mitsunobu conditions to generate an azide
at the C3 position. The azide was subsequently subjected to Staudinger reduction
conditions with triphenylphosphine (PPhs3) to afford amine 33. Treatment with Boc
anhydride followed by cleavage of the TBS ether with TBAF afforded Boc protected
alcohol 35. Treatment with 95% trifluoroacetic acid removed the Boc group and
afforded amine 36 in 90% yield. Treatment of compound 35 with DPPA under
Mitsunobu conditions afforded azide 37, followed by treatment with 95% TFA
removed the Boc group providing amine 38. Treatment of 37 with PPhsz allowed

access to diamine 39, in moderate yield.

A series of carboxylic acids and esters were generated beginning with silyl
ether 31 from the previous series (Scheme III-2). The t-butyldimethylsilyl (TBS)
ether was removed using TBAF and the resulting alcohol underwent oxidation using
the Jones reagent affording 41. The resulting carboxylic acid was converted to
methyl ester 42 using iodomethane. The alkene was subsequently converted to a
primary alcohol through a three-step sequence as described previously to yield
alcohol 43. Treatment of 43 with lithium hydroxide afforded carboxylic acid 44.

Another carboxylic acid analogue was generated from 18 (iTAD 1) by treatment
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with Jones reagent to yield a C3 carboxylic acid (this was accomplished by Ryan
Casey).”! Azide and amine derivatives 45-47 were synthesized as previously

described.
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Scheme III-2. Synthesis of iTAD esters and carboxylic acids.

A final series of compounds was synthesized bearing a phenyl group at C3 in
place of the isobutyl functionality. The synthesis began with benzaldehyde oxime,
which underwent a 1, 3-dipolar cycloaddition with allyl alcohol, as previously
described. The phenyl isoxazoline 49 was treated with BF3-OEt; and allylmagnesium
chloride to afford the hydroxy isoxazolidine 50.72 73 The primary alcohol was
treated with methanesulfonyl chloride followed by displacement with sodium azide
to afford azide 51, followed by alkylation as described previously to afford 52. The
alkene in 52 underwent subsequent oxidation, cleavage, and reduction as described
previously to afford alcohol 59. Reduction of the azide with PPh3 proceeded in good
yield to afford amine 64.
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Scheme III-3. Synthesis of C3-phenyl-substituted iTADs.

87%

These compounds possess diverse functionality around the isoxazolidine
framework. Each compound was tested for inhibition of both MLL and Jun minimal
TADs in the luciferase expression system described previously. For example, we had
theorized that replacement of benzyl functionality with an aliphatic substituent
would better mimic Jun (L67, L70) over MLL (F2852, L2854). In addition, there are
several acidic and basic residues in these KIX-binding sequences (MLL: D2848,
D2851, K2855, Jun: D64, K69, E74, E76) near the region that iTAD 1 is thought to
mimic. It was hoped that addition of an acidic or basic group might advantageously

affect binding to KIX.
MLL DCGNILPSDIMDFVLKNTP

Jun LLTSPDVGLLKLASPELERLIIQSSNGHIT

Figure III-9. Residues mimicked by iTAD analogues. Residues mimicked by iTAD 1

are in red, putative residues mimicked by analogues are in blue.

Figure III-9 (Residues mimicked by iTAD 1 in red, acidic/basic residues in blue). The
inhibition data for these compounds is shown in Figures III-10 and 11, the

structures of compounds tested are shown in Figure I1I-12.
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Figure III-10. Inhibition of Gal4-MLL-driven luciferase expression. Transfection
conditions and activity and error calculations were performed as previously
described.
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Figure III-11. Inhibition of Gal4-Jun-driven luciferase expression. Transfection

conditions and activity and error calculations were performed as previously
described.
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Figure III-12. Compounds tested for MLL and Jun Inhibition. (N2 derivatives and C5
amides were synthesized by Dr. Will Pomerantz)

The most active iTAD 1 analogues were the p-fluoro and p-methyl
compounds, although p-Me was cytotoxic at concentrations over 20 uM. Two other
relatively active compounds were the C5 amide and C5 dimethoxyacetal. Both
molecules showed potent inhibition at low concentrations (relative to iTAD 1),

however, these molecules were also cytotoxic at concentrations approaching 20 uM.
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iTAD 1 not only shows inhibition of MLL- and Jun-driven luciferase expression, it is
not cytotoxic at concentrations up to 50 uM in Jun-transfected cells, and 100 uM in

MLL-transfected cells.

Thus, we were unable to attain additional potency or specificity for MLL or
Jun using the iTAD architecture. These results were not entirely surprising, for
natural TADs are generally tolerant of mutagenesis; there are several examples
where only mutation of many residues throughout the TAD completely abrogates
TAD-coactivator binding and transcriptional activation. The N-terminal TAD of the
viral activator VP16, for example, has four residues, F473, F475, E476, and F478
(out over 100), that all must be mutated to significantly impact activity.”4-80
Additionally, the Hinnebusch group has shown that there are seven clusters of
hydrophobic residues in the yeast activator Gen4; none of these clusters is essential
for Gnc4 activity, suggesting these clusters perform redundant functions in

activation.81 82

The glucocorticoid receptor (GR) TAD has also been subjected to
mutagenesis studies; mutation of E219, F220, and W234 in a 210 amino acid
construct was enough to affect binding, though no other combination of mutations
had significant impact.83-8> These studies demonstrate the importance of
hydrophobic amino acids for TAD function, and that certain hydrophobic residues
are critical for coactivator binding and transcriptional activation. Interestingly,
there is often one key polar residue amongst the hydrophobic amino acids, as is
seen in above in GR and in the KIX-binding region of MLL. This provides additional
evidence that alteration of the hydroxyl group (to an acid or amine) may

significantly impact binding and function.

Thus, “mutation” of iTAD 1 functional groups leads to a reduction in the
ability to block TAD-KIX interactions. Given the tolerance of natural TADs to
mutagenesis, and the large difference in interacting surface area, it is not
surprisingly that making minor structural changes to a small molecule would not

improve potency. This also highlights the difference between designing small
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molecule TADs and small molecule PPIs; TADs are localized to DNA, increasing their
effective concentration and the relative concentration of their coactivator targets.
Low binding affinity, in this case, is not detrimental to function; however, in the case
of PPIs, low binding affinity and non-specific interactions may account for the loss in
activity. Further investigation of the affinity and iTAD-coactivator co-complex
lifetimes, possible metabolic modifications, and membrane permeability, for these
molecules will aid in the elucidation of additional determinants for the design of

iTAD-based PPIs.

G. Inhibition of Cyclin D1 Expression

The studies described above merited further investigation of iTAD 1-
mediated inhibition of MLL and Jun. However, these experiments were carried out
using plasmid DNA in a competitive inhibition experiment. To assess the effect of
iTAD 1 in an endogenous promoter context, the expression of a Jun-regulated gene,
cyclin D1, was examined. Cyclins are allosteric regulators of cyclin-dependent
kinases (CDKs), key regulators of cell-cycle progression. D-type cyclins (D1, D2, and
D3) are G1 specific and associate with CDK4 and CDK6, promoting restriction point
progression during the G1 phase of cell division (Figure I11-13).63 Unlike other
cyclins, the expression of cyclin D1 is heavily influenced by mitogenic signals and

thus not surprisingly is often overexpressed in cancers.>7. 58, 60-62

Mitogenic Signals

Jun 4‘ p53 ——>  p21
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Cyclin D1 .
\ CDKs —| Rb —| E2F1-3 —— cGe?Ins;clreequ:gZ?efszrion
Figure III-13. Cyclin D1 and control of the cell cycle. Expression of cyclin D1 is
influenced by mitogenic signals and results in activation of cyclin-dependent
kinases, resulting in phosphorylation of Rb and an increase in expression of genes
required for cell cycle progression.
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The promoter region of CCND1 (cyclin D1 gene) contains an AP-1 binding
site, where Jun (part of the AP-1 complex, vide supra) binds and recruits
coactivators.58 Due to limiting quantities of CBP in cells, perturbation of the Jun-CBP
interaction may preclude activation of cyclin D1 gene transcription, slowing cell
growth and stalling the cell cycle in the G1 phase.8¢-89 Towards this end, MCF-7
breast cancer cells were treated with several concentrations of iTAD 1, up to 100
uM, and Western blots were performed to assess the levels of cyclin D1 and Jun
(Figure I1I-14a-b). MCF-7 cells express significant levels of both Jun and cyclin D1
and are therefore an excellent system in which to test the effects of iTAD 1 in an
endogenous context.>4 56,59 The treatment of cells with 40 uM iTAD 1 resulted in the
decrease of cyclin D1 expression with no changes in the expression of Jun or
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a common indicator of cell
viability. The compound appeared to have a deleterious effect on cells beginning at
50 uM concentration, evidenced by a decrease in the levels of GAPDH (Figure III-
14c).

a)
Cyclin D1 +iTAD 1 -iTAD 1
— —
b)
Jun +iTAD 1 -iTAD 1
c)
GAPDH + [iTAD 1] uM 0 40 60 80

-.-“-

Figure I1I-14. Effect of iTAD 1 on cyclin D1 expression. a) Western blot with anti-
cyclin D1 antibody after 24h treatment of MCF-7 cells with 40 uM iTAD 1. b) Jun

expression is unaffected by treatment with 40 uM iTAD 1. c) No toxicity is observed
until treatment with > 40 uM iTAD 1.

Further experiments were performed to investigate the effect of iTAD 1 on

the growth of MCF-7 cells. Unfortunately, even at 40 uM, iTAD 1 had no significant
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effect on the growth rate of treated cells, relative to control cells treated only with

the DMSO vehicle (Figure I1I-15).
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Figure III-15. Effects of iTAD 1 on growth of MCF-7 cells. Cells were treated with
WST-1 dye for 1 hour prior to reading absorbance at 440 nm. Briefly, cells were
plated and allowed to adhere for 12 h. Compound was added in 5 uL. DMSO (final
DMSO concentration 1% vol/vol) and the cells incubated for 24, 48, 96, or 144 h.
Fresh media was added at day 4, absorbance readings were taken 1 h after addition
of WST-1 dye.

This result was not particularly surprising since in c-Jun -/~ cells, there is a 4.5
fold reduction in expression of cyclin D1, resulting in cell cycle arrest in the G1
phase after 3-4 days.57 It is unlikely that iTAD 1 could so completely block c-Jun
coactivator interactions as to approach the decrease in levels of cyclin D1 seen in c-
Jun null cells. Additional compounds with the iTAD architecture may attain higher

potency or specificity in this regime.

H. Conclusions

iTAD 1 has emerged as an inhibitor of the interaction between the CBP KIX
domain and the TADs of endogenous activators MLL and Jun. Cell-based
experiments have demonstrated that iTAD 1 can decrease production of a Jun-

regulated gene, cyclin D1, in the context of an endogenous promoter. In addition, a
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synthetic strategy has been implemented that allows for generation of iTAD
analogues at four positions on the five-membered heterocycle, allowing for
incorporation of diverse functionality around the ring. Most analogues were
unsuccessful at inhibiting MLL or Jun driven transcription, showing intolerance for
functional group alteration from iTAD 1. These data, however, do provide an
excellent starting point for further development of design criteria for small molecule

inhibitors of TAD-coactivator interactions.

I. Experimental

General.

Unless otherwise noted, starting materials were obtained from commercial
suppliers and used without further purification. Toluene, CH2Clz, THF, and Et,0
were dried by passage through activated alumina columns. All reactions involving
air- or moisture-sensitive compounds were performed under a dry N>
atmosphere.?® Unless otherwise noted, organic extracts were dried over NazS0Og,
filtered, and concentrated under reduced pressure on a rotary evaporator. BF3-OEt;
and EtsN were distilled from CaH;. DMF was distilled under reduced pressure from
P20s. NBS was recrystallized from EtOH/water. Purification by column
chromatography was carried out with E. Merck Silica Gel 60 (230-400 mesh)
according to the procedure of Still, Kahn and Mitra.?? Reverse-phase HPLC
purification was performed on a Varian ProStar 210 equipped with Rainin Dynamix
UV-D II detector using a C18 (8 x 100 mm) Radial PakTM cartridge using a gradient
mixture of 0-80% 0.1% TFA/water and acetonitrile, unless otherwise specified. UV-
Vis spectra were recorded in ethanol. 1H and 13C NMR spectra were recorded in
CDCl3 at 400 MHz and 125 MHz, respectively, unless otherwise specified. IR spectra
were measured as thin films on NaCl plates using a Perkin Elmer Spectrum 1000 FT-
IR. High-resolution mass spectra were measured on a VG-250-S Micromass, Inc.,
mass spectrometer at the University of Michigan Mass Spectrometry Laboratory.
Compounds not directly referred to in the text are labeled S. The MLL plasmid was a

generous gift from Dr. Jay Hess and the Jun plasmid was purchased from Promega.
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Cell-based Activity Assay.

HeLa cells were purchased from the American Tissue Culture Center (ATCC)
and plated onto treated polystyrene petri dishes (Corning) with 10 mL of D-MEM ( +
4.5 g/L d-glucose, + l-glutamine, - sodium pyruvate, + 10% FBS, + NEAA)
(invitrogen). The cells were grown at 37°C 5% and 5% CO- to 80-90% confluence.
Upon reaching the desired confluence, the D-MEM was removed and 4 mL 0.25%
trypsin was added. The cells were incubated with the trypsin solution for 5 minutes
at 37°C and 5% COxz. Following the inubation, 10 mL of D-MEM were added and the
resultant solution was pipetted up and down several times to ensure removal of all
cells from the dish surface. The solution was centrifuged in a 15-mL Falcon tube at
1000 rpm for 2 minutes in a Fisher Centrific centrifuge. The supernatant was
removed and the cell pellet was resuspended in 10 mL of D-MEM. The concentration
of cells was calculated using a Hausser Scientific improved Neubauer phase
counting chamber hemocytometer. Based on the determined concentration the cells
were diluted to 100,000/mL in D-MEM. 100 uL of the cell solution was then added
to each well of a Microtest flat-bottom, low-evaporation-lid 96-well plates (Becton-
Dickinson) and the plated cells were incubated overnight at 37°C and 5% CO.. The
media was removed from the plated cells and they were washed once with Opti-
MEM ( + HEPES, + 2.4 g/L sodium bicarbonate, + I-glutamine) (Invitrogen) and then

transfected.

The transfection procedure consisted of first mixing appropriate plasmids
and Lipofectamine 2000~ together in Opti-MEM- media for each well being
transfected. After a 20 minute incubation at room temperature 100 uL of the
solution was placed in the appropriate wells and the cells were incubated for 5
hours at 37°C and 5% CO.. At the end of the 5-hour incubation, the transfection
solution was removed and 100 uL fresh D-MEM was added to each well. To the
media was added 1 uL of either DMSO or the appropriate concentration of a
molecule being tested dissolved in DMSO (the final concentration of DMSO in all the
wells was 1%). The cells were then incubated for 24 hours at 37°C and 5% COx.
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Following the 24-hour incubation, the media was removed from each well
and the cells were washed once with PBS buffer. 20 uL of passive lysis buffer
(Promega) was added to each well and the cells were incubated for 20 minutes at
room temperature on an orbital shaker. Subsequently, the total volume of each well
was added to a cuvette along with 25 uL of Luciferase Assay Reagent Il (Promega)
and the luminescence was recorded. Then 25 uL Stop & Glo reagent was added and
the Renilla luminescence was recorded again on a Berthold FB12 single cuvette

luminometer.92

Cyclin D1 expression.

MCF-7 cells were plated in 500 uL media (RPMI + 10% FBS) in a 24-well
plate (40,000 cells per well) and allowed to adhere overnight (12h). Media was
removed and 495 uL fresh media and 5 uL. of DMSO alone or with compound (final
concentation of DMSO = 1%). The cells were incubated with compound for 24 hours
and then lysed using 50 uL passive lysis buffer per well (Promega) with a proEt3Nse
inhibitor cocktail (Invitrogen) at rt on an orbital shaker for 20 minutes. The lysate
was cleared by centrifugation at 14000 rpm for 10 minutes then mixed with loading
dye and BME (final concentration of 1%) and heated at 95°C for 10 minutes. The
lysates were separated by SDS-PAGE and detected by Western blot as previously
described. Cyclin D1 (1:1000) and Jun (1:1000) antibodies were obtained from

Santa Cruz Biotech.

MCF-7 cell proliferation.

MCF-7 cells were plated in 500 uL. media (RPMI + 10% FBS) in a 24-well
plate (40,000 cells per well) and allowed to adhere overnight (12h). Media was
removed and 495 uL fresh media and 5 uL of DMSO alone or with compound (final
concentration of DMSO = 1%). The cells were incubated overnight and the
absorbance was read after 24 hrs (60 minutes after addition of WST-1 dye) and
every 48h thereafter for 8 days (first reading is day 1). Media was changed and fresh
compound added on Day 4.
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Small Molecule Synthesis and Characterization.

N-O
/ OH

H

((R)-(3-phenyl-4,5-dihydroisoxazol-5-yl)methanol) (49): Allyl alcohol (2.8 mL,
41.3 mmol, 10 eq) was added to a solution of benzaldehyde oxime (48) (500 mg,
4.13 mmol, 1 eq) in toluene (42 mL). The mixture was stirred in an ice/water bath
and aqueous NaOCI (15 mL of a 705 mM solution, 10.4 mmol, 2.5 eq) was added
dropwise over 2h. The biphasic mixture was warmed to room temperature and
stirred overnight. The aqueous layer was extracted with EtOAc (3 x 50 mL) and the
combined organic extracts were washed with water (100 mL) and brine (100 mL)
then dried over MgS04. The solvent was removed in vacuo and product was isolated
by flash chromatography (9:1 Hex/EtOAc) providing 669 mg of 49 in 90% yield as a
clear light yellow oil. 1H NMR: 8 3.61-3.71 (m, 2H), 3.82-3.89 (m, 2H), 4.78-4.88 (m,
1H), 7.20-7.23 (m, 1H), 7.35-7.41 (m, 2H), 7.61-7.68 (m, 2H); 13C NMR: 38.1, 64.0,
84.1,129.0,128.8, 130.6, 136.9, 157.7; HRMS (ESI) calcd for [C10H11NO2 + Na]*:
200.0687, found: 200.0689.

((3S,5R)-3-allyl-5-(((tert-butyldimethylsilyl)oxy)methyl)-3-
phenylisoxazolidine) (53)To a solution of 49 (669 mg, 3.7 mmol, 1 eq) in CH2Cl>
(40 mL) cooled in an ice-water bath was added EtsN (780 uL, 5.6 mmol, 1.5 eq),
DMAP (46 mg, 0.4 mmol, 0.1 eq), and TBSCI (567 mg, 5.6 mmol, 1.5 eq). The reaction
mixture was allowed to warm to rt and stir for 4h at which time the reaction was
complete by TLC and MS analysis. Water (50 mL) was added and the aqueous layer
was extracted with EtOAc (3 x 30 mL). The combined organic extracts were washed
with brine (50 mL) and dried over MgSOa. The solvent was removed in vacuo and

carried directly through to the next step. To that end, the silyl ether was dissolved in
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toluene (10 mL) and cooled in a dry ice/acetone bath. Freshly distilled BF3-OEt>
(320 uL, 2.5 mmol, 3 eq) was added drop wise over 10 min. The reaction mixture
stirred for 45 minutes at which time allyl magnesium chloride (1.26 mL of a 2ZM
solution in toluene, 2.5 mmol, 3 eq) was added dropwise over 15 minutes. The
reaction stirred with continued cooling for 10h. The reaction was allowed to slowly
warm to rt and sat. NH4Cl (2 mL) was added followed by water (5 mL). The aqueous
layer was extracted with EtOAc (3 x 10 mL) and the combined organic extracts were
dried over MgSO4 and the solvent removed in vacuo. The product was isolated by
flash chromatography (95:5 Hex/EtOAc) to give 245 mg of 53 in 44% yield as a
clear oil. TH NMR: 6 0.06 (s, 6H), 0.98 (s, 9H), 2.18-2.32 (dd, 2H, ] = 12.0, 8.8), 3.61-
3.71 (m, 2H), 3.82-3.89 (dd, 2H, ] = 10.3, 5.9), 4.78-4.88 (m, 1H), 5.05-5.11 (m, 2H),
5.72-5.83 (m, 1H), 7.20-7.23 (m, 1H), 7.35-7.41 (m, 2H), 7.61-7.68 (m, 2H); 13C NMR:
-5.6,-5.5, 25.8, 38.1, 64.0, 76.4, 84.1, 117.5, 129.0, 128.8, 130.6, 136.9, 139.3; HRMS
(ESI) calcd for [C19H31NO2Si + Na]*: 356.2022, found: 356.2029.

((3S,5R)-3-allyl-2-benzyl-5-(((tert-butyldimethylsilyl)oxy)methyl)-3-
phenylisoxazolidine) (54): To a solution of 53 (150 mg, 450 wmol, 1 eq) in DMF
(4.5 mL) were benzyl bromide (110 uL, 900 umol, 2 eq) and iPr;NEt (170 uL, 940
umol, 2.1 eq). The mixture was irradiated at 20% power for 15 seconds (x2) and
allowed to cool to rt over 20 min. The procedure was repeated 10x, then the
reaction mixture was partitioned between water (10mL) and Et20 (10 mL) and the
aqueous layer was extracted with Et20 (3 x 10 mL). The combined organic extracts
were dried over MgSO4 and the solvent was removed in vacuo. The product was

isolated by flash chromatography (99:1 Hex/EtOAc) to provide 179 mg of 54 in 98%
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yield. TH NMR: 6 0.06 (s, 6H), 0.98 (s, 9H), 2.18-2.32 (dd, 2H, ] = 12.0, 8.8), 3.61-3.71

(m, 2H), 3.78-3.93 (m, 4H), 4.78-4.88 (m, 1H), 5.05-5.11 (m, 2H), 5.85-5.93 (m, 1H),

7.22-7.41 (m, 8H), 7.61-7.68 (m, 2H); 13C NMR: -5.5, -5.6, 25.8, 38.1, 63.4, 64.0, 76.4,
84.1,117.5,126.7,128.1,128.8,129.0, 130.6, 135.4, 135.7, 136.9, 139.3; HRMS (ESI)
calcd for [C26H37NO2Si + Na]*: 446.2491, found: 446.2502.

(((3S,5R)-3-allyl-2-benzyl-3-phenylisoxazolidin-5-yl)methanol) (55): To a
solution of 54 (179 mg, 440 umol, 1 eq) in THF (4.4 mL) cooled in an ice-water bath
was added TBAF (1.8 mL of a 1.0 M solution in THF, 1.77 mmol, 4.0 eq) dropwise
over 10 minutes and the reaction was allowed to warm to rt with stirring for 4h at
which time the rxn appeared complete by TLC. Sat. NH4Cl (2 mL) was added
followed by H20 (2 mL) and the aqueous layer was extracted with EtOAc (3 x 10
mL) and the combined organic extracts were dried over MgSO4 and the solvent was
removed in vacuo. The product was isolated by flash chromatography (95:5
Hex/EtOAc) to provide 135 mg of 55 in 99% yield as a clear oil. 1H NMR: 6 2.18-2.32
(dd, 2H,]=12.0, 8.8), 3.61-3.71 (m, 2H), 3.78-3.93 (m, 4H), 4.78-4.88 (m, 1H), 5.05-
5.11 (m, 2H), 5.85-5.93 (m, 1H), 7.22-7.41 (m, 8H), 7.61-7.68 (m, 2H); 13C NMR: 38.1,
64.0,63.4,76.4,84.1,117.5,126.7,128.1, 128.8, 129.0, 130.6, 135.4, 135.7, 136.9,
139.3; HRMS (ESI) calcd for [C20H23NO2Si + Na]*: 332.1626, found: 332.1634.
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3-((3S,5R)-2-benzyl-5-(hydroxymethyl)-3-phenylisoxazolidin-3-yl)propane-
1,2-diol) (57): To a solution of 55 (100 mg, 323 wmol, 1.0 eq) and NMO (57 mg, 485
umol, 1.5 eq) in tBuOH/THF/H20 (11 mL, 4:1:0.5) cooled in an ice-water bath was
added 0s04 (325 uL of a 2.5% wt solution in 2-propanol, 0.1 eq) dropwise over 5
minutes and the reaction was allowed to come to rt with stirring for 12h. To quench
the reaction, saturated aqueous Na»S;04 (2 mL) was added in water and the mixture
stirred at rt for 1h. Sat. NH4CI (2 mL) was added and the aqueous layer was
extracted with EtOAc (3 x 15 mL) and the combined organic extracts were washed
with brine (20 mL) and dried over MgSOa. The product was isolated by flash
chromatography (1:1 Hex/EtOAc) providing 96 mg of 57 as a clear oil in 86% yield.
1H NMR: § 1.94-2.39 (m, 6H), 3.40-3.81 (m, 5H),3.95-4.32 (m, 4H), 7.22-7.41 (m,
8H), 7.61-7.68 (m, 2H); HRMS (ESI) calcd for [C20H25NO4 + Na]*: 366.1681, found:
366.1685.

(2-((35,5R)-2-benzyl-5-(hydroxymethyl)-3-phenylisoxazolidin-3-yl)ethanol)
(58): To a solution of 57 (10 mg, 25 umol, 1 eq) in ACN/H20 (4 mL, 1:1) was added
NalO4 (16 mg, 75 umol, 3.0 eq). The reaction was stirred at rt for 3h at which point

water (5 mL) was added and the aqueous layer was extracted with Et20 (3 x 10 mL)
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and the combined organic extracts were dried over MgSO4 and the solvent removed
in vacuo. The crude aldehyde was dissolved in MeOH (5 mL) and NaBH4 (1.9 mg, 50
umol, 2.0 eq) was added. The reaction stirred at rt for 1h at which point TLC
analysis indicated the reaction was complete. Water (5 mL) was added to the
reaction and the reaction mixture was extracted with Et20 (3 x 10 mL). The organic
extracts were dried over MgS0O4 and the solvent removed in vacuo. The product was
isolated by flash chromatography (8:2 Hex/EtOAc) providing 6.5 mg of 58 in 83%
yield as a clear oil. 1H NMR: 6 1.70-1.79 (m, 3H), 1.91-2.01 (m, 1H), 2.06 (dd, 1H, ] =
8.1,12.7),2.36 (dd, 1H,/=8.0,12.7), 3.41 (d, 2H,J = 4.7), 3.78-3.93 (m, 3H), 3.99 (d,
1H,J=13.9),4.19-4.28 (m, 1H), 7.22-7.49 (m, 8H) 7.61-7.68 (m, 2H); 13C NMR: 9,
35.6,40.8,43.0,53.7 54.5,69.7,70.4,127.2,128.4, 128.6, 135.4, 135.7, 136.9, 137.6,
139.3; HRMS (ESI) calcd for [C19H23NO3 + Na]+*: 336.1576, found: 336.1588.

HN-O

(((3S,5R)-3-allyl-3-phenylisoxazolidin-5-yl)methanol) (50): To a solution of 53
(200 mg, 0.6 mmol, 1.0 eq) in THF (5 mL) cooled in an ice-water bath was added
TBAF (1.8 mL of a 1.0M soln in THF, 1.8 mmol, 3.0 eq) drop wise over 10 minutes
and the reaction was allowed to warm to rt with stirring for 4h at which time the
reaction appeared complete by TLC. Sat. NH4Cl (2 mL) was added followed y water
(5 mL) and the aqueous layer was extracted with EtOAc (3 x 10 mL) and the
combined organic extracts were dried over MgS04 and the solvent was removed in
vacuo. The product was isolated by flash chromatography (1:1 EtOAc/Hex)
providing 129 mg of 50 in 98% yield as a clear oil. 1H NMR: 6 2.05-2.14 (m, 1H),
2.50-2.68 (m, 3H), 3.54-3.63 (m, 1H), 4.01-4.09 (m, 1H), 4.96-5.05 (m, 2H), 5.48-5.61
(m, 1H), 7.27-7.35 (m, 5H); 13C NMR: 41.9, 44.5, 69.4, 70.8, 86.0, 118.7, 126.1, 126.3,
127.3,128.3,133.5; HRMS (ESI) calcd for [C13H17NO2 + Na]*: 242.1157, found:
242.1161.
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((3S,5R)-3-allyl-5-(azidomethyl)-3-phenylisoxazolidine) (51): To a solution of
50 (129 mg, .588 mmol, 1.0 eq) in CH2Cl2 (6 mL) cooled in an ice/water bath was
added methanesulfonyl chloride (55 uL,.706 mmol, 1.2 eq) and Et3N (98 uL,.706
mmol, 1.2 eq). The reaction mixture was allowed to warm to rt and was stirred for
3.5 h. Saturated NH4Cl (10 mL) was added followed by water (10 mL). The aqueous
layer was extracted with EtOAc (3x15 mL) and the combined organic layers were
washed with brine, dried over MgSO4 and the solvent removed under reduced
pressure. The crude product was carried directly through to the azide. To that end,
the crude product was dissolved in DMSO (5 mL) and NaN3 (191 mg, 2.94 mmo], 5.0
eq) was added. The solution was heated to 100°C for 4 h and allowed to cool to rt.
Water (50 mL) was added and the aqueous layer was extracted with Et20 (3 x 20
mL) and the combined organic extracts were washed with brine, dried over MgS04
and the solvent evaporated in vacuo. The crude product was purified by flash
chromatography (9:1 Hexanes/EtOAc) providing 126 mg of 51 as a clear, light
yellow oil in 88% yield. 1H NMR: 6 1.89-2.01 (m, 1H), 2.46-2.62 (m, 3H), 3.54-3.63
(m, 1H), 4.01-4.09 (m, 1H), 4.96-5.05 (m, 2H), 5.48-5.61 (m, 1H), 7.27-7.35 (m, 5H);
13CNMR: 41.9,44.5, 54.4, 69.4, 86.0, 118.7, 126.1, 126.3, 127.3, 128.3, 133.5; HRMS
(ESI) calcd for [C13H16N4O + Na]*: 267.1222, found: 267.1230.

((3S,5R)-3-allyl-5-(azidomethyl)-2-benzyl-3-phenylisoxazolidine) (52):To a solution
of 51 (100 mg, .41 mmol, 1.0 eq) in DMF (5 mL) was added benzyl bromide (107 uL,

131



0.9 mmol, 2.2 eq), and iProNEt (151 uL, 0.9 mmol, 2.2 eq). The reaction mixture was
heated in a microwave at 20% power for 15 s and allowed to cool to rt. This was
repeated 20 times. Water (15 mL) and ether (15 mL) were added followed by
aqueous workup. The combined organic layers were washed with brine (20 mL) and
purified by flash chromatography (99:1 Hexanes, EtOAc) providing 107 mg of 52 in
78% yield as a clear, light yellow oil. 1H NMR: 6 2.38-2.45 (m, 2H), 2.64-2.73 (m, 1H),
2.77 (dd, 2H,J =8.1,12.7), 3.10-3.20 (m, 1H), 3.40-3.54 (m, 1H), 4.25-4.37 (m, 2H),
5.00-5.11 (m, 2H), 5.61-5.75 (m, 1H), 7.08-7.39 (m, 8H), 7.43-7.55 (m, 2H); 13C NMR:
38.1,41.0,63.4,76.4,80.6,84.1,117.5,126.7, 128.1, 128.8, 129.0, 130.6, 135.4,
135.7,136.9, 139.3; HRMS (ESI) calcd for [C20H22N40+H]+: 335.1872, found:
335.1881.

N3

(3-((3S,5R)-5-(azidomethyl)-2-benzyl-3-phenylisoxazolidin-3-yl)propane-1,2-
diol) (56): To a solution of 52 (670 mg, 2 mmol, 1 eq) and NMO (346 mg, 3 mmol,
1.5 eq) in tBuOH/THF/H20 (22 mL, 4:1:0.5) and cooled in an ice-water bath was
added 0s04 (51 mg as 2.3 mL of a 2.5% solution in 2-propanol, 0.2 mmol, 0.1 eq)
dropwise over 5 minutes and the reaction was allowed to come to rt with stirring
for 12h. To quench the reaction, sat. aqueous Na»S;04 (5 mL) was added and the
mixture stirred at rt for 1h. Sat. NH4Cl (5 mL) was added and the aqueous layer was
extracted with EtOAc (3 x 30 mL) and the combined organic extracts were washed
with brine (50 mL) and dried over MgS04. The product was isolated by flash
chromatography (7:3 Hex/EtOAc) providing 735 mg of 56 as a clear oil in 99%
yield. 1H NMR: § 1.44-1.62 (m, 2H), 1.94-2.39 (m, 2H), 3.40-3.81 (m, 4H), 3.95-4.32
(m, 4H), 7.22-7.41 (m, 8H), 7.61-7.68 (m, 2H); HRMS (ESI) calcd for [C20H24N403 +
Na]*: 391.1746, found: 391.1751.
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(2-((3S,5R)-5-(azidomethyl)-2-benzyl-3-phenylisoxazolidin-3-yl)ethanol)
(59): To a solution of 56 (735 mg, 2 mmol, 1 eq) in ACN/H20 (40 mL, 1:1) was
added NalO4 (1.28g, 6 mmol, 3 eq). The reaction was stirred at rt for 3h at which
point water (20 mL) was added and the aqueous layer was extracted with Et;0 (3 x
20 mL) and the combined organic extracts were dried over MgS0O4 and the solvent
removed in vacuo. The crude aldehyde was dissolved in MeOH (20 mL) and NaBH4
(84 mg, 2.2 mmol, 1.1 eq) was added. The reaction stirred at rt for 1h at which point
water (30 mL) was added to the reaction and the reaction mixture was extracted
with Et20 (3 x 50 mL). The organic extracts were dried over MgSO4 and the solvent
removed in vacuo. The product was isolated by flash chromatography (8:2
Hex/EtOAc) to provide 440 mg of 59 as a clear oil in 65% yield. 1H NMR: § 1.40-1.69
(m, 3H), 1.91-2.01 (m, 1H), 2.06 (dd, 1H,J = 8.1, 12.7), 2.36 (dd, 1H, ] = 8.0, 12.7),
3.41 (d, 2H, ] = 4.7), 3.64-3.83 (m, 3H), 3.99 (d, 1H, / = 13.9), 4.19-4.28 (m, 1H), 7.22-
7.49 (m, 8H) 7.61-7.68 (m, 2H); 13C NMR: 9, 35.6,40.8, 43.0, 53.7 54.5, 56.3, 69.7,
127.2,128.4,128.6,135.4,135.7,136.9, 137.6, 139.3; HRMS (ESI) calcd for
[C19H22N402 + Na]*: 361.1640, found: 361.1648.

((3S,5R)-3-(2-azidoethyl)-2-benzyl-5-(((tert-butyldimethylsilyl)oxy)methyl)-
3-phenylisoxazolidine) (66): 66 was prepared from the corresponding alcohol 17
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as previously described for 51. Purification by flash chromatography (9:1
Hex/EtOAc) provided 55mg of 66 in 98% yield. 1H NMR: 8 0.98 (s, 9H), 0.06 (s, 6H),
1.91-2.01 (m, 1H), 2.06 (dd, 1H,J = 8.1, 12.7), 2.12-2.30 (m, 4H), 2.36 (dd, 1H, J = 8.0,
12.7),3.41 (d, 2H,J=4.7),3.94 (d, 1H,J = 13.9), 4.13-4.20 (m, 1H), 7.22-7.49 (m, 8H)
7.61-7.68 (m, 2H); 13C NMR: § -5.6, -5.5, 25.8, 38.1, 39.4, 40.8, 42.5, 43.0, 54.5, 69.7,
70.4,127.2,128.1,128.2,128.4, 128.6, 135.4, 135.7, 136.9, 137.6, 139.3; HRMS (ESI)
calcd for [C25H36N402Si + Na]*: 475.2505, found: 475.2513.

(2-((3S,5R)-2-benzyl-5-(((tert-butyldimethylsilyl)oxy)methyl)-3-
phenylisoxazolidin-3-yl)ethanamine) (61): Reduction of azide 66 occurred as
previously described for 12. Acid, base, workup provided 24 mg of 61 in 49% yield.
1TH NMR: 6 0.98 (s, 9H), 0.06 (s, 6H), 1.70-1.79 (m, 2H), 1.91-2.01 (m, 1H), 2.06 (dd,
1H,/=8.1,12.7),2.12-2.18 (m, 2H), 2.36 (dd, 1H,/ = 8.0, 12.7), 3.41 (d, 2H, ] = 4.7),
3.94 (d, 1H,/=13.9), 4.13-4.20 (m, 1H), 5.04-5.10 (bs, 2H), 7.22-7.49 (m, 8H) 7.61-
7.68 (m, 2H); 13C NMR: 6 -5.6, -5.5, 25.8, 35.6, 38.1, 39.4, 40.8, 43.0, 54.5, 69.7, 70.4,
127.2,128.1,128.2,128.4,128.6, 135.4, 135.7, 136.9, 137.6, 139.3; HRMS (ESI) calcd
for [C25H38N202Si + Na]*: 449.2600, found: 449.2611.
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(tert-butyl (2-((3S,5R)-2-benzyl-5-(((tert-butyldimethylsilyl)oxy)methyl)-3-
phenylisoxazolidin-3-yl)ethyl)carbamate) (62): To a solution of 61 (24 mg, 0.06
mmol, 1.0 eq) in MeOH (1.2 mL) and Et3N (17 uL, 0.12 mmol, 2.0 eq) was added
Boc20 (26 mg, 0.12 mmol, 2.0 eq). The reaction was stirred for 4 h at rt. Water (3
mL) was added and the aqueous layer was extracted with EtOAc (3 x 10 mL). The
combined organic extracts were dried over MgSO4 and the solvent removed in
vacuo. The residue was dissolved in MeOH and the product was isolated by flash
chromatography (95:5 CH2Cl;/MeOH) to provide 19 mg of 62 in 81% yield. 1H NMR:
0 0.06 (s, 6H), 0.98 (s, 9H), 1.45 (s, 9H), 1.70-1.78 (m, 2H), 1.92-2.01 (m, 1H), 2.06
(dd, 1H,J=8.1,12.7), 2.14-2.20 (m, 2H), 2.36 (dd, 1H,J =8.0, 12.7), 3.41 (d, 2H, ] =
4.7),3.94 (d, 1H,J=13.9), 4.13-4.20 (m, 1H), 7.22-7.49 (m, 8H) 7.61-7.68 (m, 2H);
13C NMR: 8 -5.6, -5.5, 25.8, 30.1, 35.6, 38.1, 39.4, 40.8, 43.0, 54.5, 69.7, 70.4, 79.7,
127.2,128.1,128.2,128.4,128.6, 135.4, 135.7, 136.9, 137.6, 139.3, 155.1; HRMS
(ESI) calcd for [C30H46N204Si + Na]+: 541.3125, found: 541.3146.

(tert-butyl (2-((3S,5R)-2-benzyl-5-(hydroxymethyl)-3-phenylisoxazolidin-3-
yl)ethyl)carbamate) (63): Silyl deprotection occurred as was previously described
for 50. Purification by flash chromatography (9:1 CH2Cl;/MeOH) provided 14 mg of
63 in 99% yield. 1H NMR: 6 1.45 (s, 9H), 1.70-1.78 (m, 2H), 1.92-2.01 (m, 1H), 2.06
(dd, 1H,/=8.1,12.7), 2.14-2.20 (m, 2H), 2.38 (dd, 1H, /= 8.0, 12.7),3.43 (d, 2H, J =
4.7),3.94 (d, 1H,J = 13.9), 4.13-4.20 (m, 1H), 7.22-7.49 (m, 8H) 7.61-7.68 (m, 2H);
13C NMR: $ 30.1, 35.6, 38.1, 39.4, 40.8, 43.0, 54.5, 69.7, 70.4, 79.7,127.2, 128.1,
128.2,128.4,128.6,135.4,135.7,136.9, 137.6, 139.3, 155.1; HRMS (ESI) calcd for
[C24H32N204 + Na]*: 435.2260, found: 435.2282.
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(tert-butyl (2-((3S,5R)-5-(azidomethyl)-2-benzyl-3-phenylisoxazolidin-3-
yl)ethyl)carbamate) (64): Azide 64 was prepared as previously described for 51.
Purification by flash chromatography provided 31 mg of 64 in 84% yield. 1TH NMR: 6
1.45 (s, 9H), 1.58-1.63 (m, 2H), 1.70-1.78 (m, 2H), 1.92-2.01 (m, 1H), 2.06-2.11 (m,
1H), 2.14-2.20 (m, 2H), 2.38-2.44 (m, 2H), 3.24-3.31 (m, 1H), 3.90 (m, 1H), 7.22-7.49
(m, 8H) 7.61-7.68 (m, 2H); 13C NMR: 6 30.1, 35.6, 38.1, 39.4, 40.8, 43.0, 45.7, 54.5,
70.4,79.7,127.2,128.1, 128.2, 128.4, 128.6, 135.4, 135.7, 136.9, 137.6, 139.3, 155.1;
HRMS (ESI) calcd for [C24H31N503 + Na]+: 460.2325, found: 460.2332.

2-((3S,5R)-5-(azidomethyl)-2-benzyl-3-phenylisoxazolidin-3-yl)ethanamine
(65): 64 (30 mg, 0.069 mmol) was dissolved in TFA/CH2Clz/H20 (2 mL, 1:1:0.1) and
stirred at rt for 30 min. Acid, base workup yielded 20 mg of 65 in 86% yield as a
clear oil. 'TH NMR:  1.66-1.73 (m, 3H), 1.91-2.01 (m, 1H), 2.06 (dd, 1H, ] = 8.1, 12.7),
2.12-2.21 (m, 4H), 3.78-3.93 (m, 2H), 5.02-5.09 (bs, 2H), 7.21-7.49 (m, 8H) 7.60-7.69
(m, 2H); 13C NMR: 9§, 35.6, 36.7,40.8, 41.6, 43.0, 69.7, 70.4, 127.2, 128.4, 128.6, 135.4,
135.7,136.9, 137.6, 139.3; HRMS (ESI) calcd for [C19H23Ns0 + Na]+: 360.1800, found:
360.1808.
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(2-((3S,5R)-5-(aminomethyl)-2-benzyl-3-phenylisoxazolidin-3-yl)ethanol)
(66): Azide 59 was reduced as described previously for 12 (PPhsz, THF/H:0, reflux).
Acid, base workup provided 4.5 mg of amine 66 in 87% percent yield as a waxy oil.
1H NMR (CD30D): 6 1.70-1.79 (m, 3H), 1.91-2.01 (m, 1H), 2.06 (dd, 1H, /= 8.1, 12.7),
3.68-3.89 (m, 5H), 3.93-3.98 (m, 2H), 5.00-5.11 (bs, 2H), 7.21-7.49 (m, 8H) 7.60-7.69
(m, 2H); 13C NMR: 6 36.6, 36.9, 40.4, 43.2,55.4,69.7,70.4,127.1,128.2, 128.6, 135.4,
135.7,136.9, 137.6, 139.3; HRMS (ESI) calcd for [C19H24NO2 + Na]*: 335.1735, found:
335.1744.

2-((3S,5R)-5-(aminomethyl)-2-benzyl-3-phenylisoxazolidin-3-yl)ethanamine
(67): To a solution of 65 (10 mg, 0.03 mmol, 1.0 eq) in THF/H20 (2 mL, 1:1) was
added PPhs (23 mg, 0.089 mmol, 3.0 eq). The reaction was heated to 80°C for 4h
then cooled to rt. Acid, base, workup give 5.3 mg of 67 as a waxy oil in 62% yield. 1H
NMR (CD30D): 8 1.70-1.79 (m, 3H), 1.91-2.01 (m, 1H), 2.06 (dd, 1H,J = 8.1, 12.7),
2.20-2.34 (m, 4H), 3.78-3.93 (m, 2H), 5.02-5.13 (bs, 4H), 7.21-7.49 (m, 8H) 7.60-7.69
(m, 2H); 13C NMR: 6, 35.6, 36.7, 36.9, 40.8, 43.0, 69.7, 70.4, 127.2, 128.4, 128.6, 135.4,
135.7,136.9, 137.6, 139.3; HRMS (ESI) calcd for [C19H25N30 + Na]+*: 334.1895, found:
334.1904.
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(5-((((35,5R)-2-benzyl-3-(2-hydroxyethyl)-3-isobutylisoxazolidin-5-
yl)methyl)amino)-5-oxopentanoic acid) (68): To a solution of 18 (20 mg, 49
umol, 1.0 eq) in CH2Cl; (5 mL) was added DMAP (1.2 mg, 10 umol, 0.2 eq) and EtsN
(27 uL, 196 umol, 4.0 eq). The reaction mixture was cooled in an ice-water bath and
glutaric anhydride (12 mg, 99 umol, 2.0 eq) was added. The reaction stirred for 8h
while warming to rt. Aqueous acetic acid (2 mL 1:1) was added and the biphasic
reaction was allowed to stir for 20 minutes at rt. Acid, base, workup yielded crude
product which was purified by flash chromatography (8.5:1:0.5 EtOAc/Hex/AcOH)
providing 17 mg of 68 in 83% yield. 1TH NMR: 8 0.97 (s, 3H), 1.00 (d, 3H, ] = 6.8), 1.39
(dd, 1H,] =6.1,14.4), 1.62 (dd, 1H, ] = 5.4, 14.2), 1.68-1.74 (m, 2H), 1.80-1.90 (m,
2H), 1.95 (dd, 1H,] =6.3,12.6), 2.37-2.42 (m, 1H), 2.44 (dd, 1H, ] = 8.8, 12.7), 2.51-
2.57 (m, 2H), 2.85 (s, 2H), 2.98 (s, 2H), 3.28 (dd, 1H, ] = 6.3, 13.7), 3.33 (dd, 1H, ] =
4.9,13.7), 3.80-3.90 (m, 3H), 4.10-4.15 (m, 1H), 7.18-7.37 (m, 5H); HRMS (ESI) calcd
for [C22H34N205 + Na]+: 429.2365, found: 429.2372.

((35,5R)-3-allyl-2-benzyl-3-isobutylisoxazolidine-5-carboxylic acid) (41): To a
solution of 40 (50 mg, 0.17 mmol, 1.0 eq) in acetone (1.7 mL) cooled in an ice-water
bath was added Jones reagent (105 uL) and the reaction was stirred for 4h while

coming to rt. Isopropanol (2 mL) was added until the color of the solution changed
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from dark orange to light green. The solvent was removed in vacuo and the residue
was suspended in methanol. The product was isolated by flash chromatography
(90:9:1 EtOAc/MeOH/AcOH) providing 32 mg of 41 in 62% yield. IR: 3388, 2956,
2930, 2870, 1699, 1445, 1346 cm'1; 1H NMR: 6 0.89 (d, 3H,] =6.3),0.95 (d, 3H, ] =
6.6),1.70-1.76 (m, 2H), 1.82-1.86 (m, 1H), 2.18-2.32 (dd, 2H, ] = 12.0, 8.8), 2.48-2.53
(m, 1H), 2.60-2.64 (m, 1H), 4.69 (t, 1H,] =7.7), 3.28 (dd, 1H, ] = 6.3, 13.7), 3.33 (dd,
1H,]=4.9, 13.7),4.96-5.05 (m, 2H), 5.48-5.61 (m, 1H), 7.18-7.37 (m, 5H); 13C NMR:
23.9,24.0, 24.6,45.0,46.5,65.1,67.1,74.7,117.8, 126.67 128.0, 128.1, 134.9, 138.6,
155.8; HRMS (ESI) calcd for [C1sH25NO3 + Na]+: 326.1732, found: 326.1740.

((3S,5R)-methyl 3-allyl-2-benzyl-3-isobutylisoxazolidine-5-carboxylate) (42):
To a solution of 41 (20 mg, 66 umol, 1.0 eq) in THF (10 mL) and K,CO3 (45.6 mg,
330 umol, 5.0 eq) was added. The heterogeneous mixture stirred for 30 minutes
then iodomethane (4.1 uL, 66 umol, 1.0 eq) was added. The reaction mixture stirred
at rt for 2h. Water (10 mL) was added and the aqueous layer was extracted with
Et20 (3 x 10 mL) and the combined organic extracts were dried over MgSO4 and the
solvent removed in vacuo. The residue was dissolved in CH2Cl; and the product
isolated by flash chromatography (8:2 Hex/EtOAc) to give 18.6 mg of 42 in 89%
yield. IR: 3388, 2956, 2930, 2870, 1699, 1346 cm1; 1TH NMR: § 0.89 (d, 3H, ] = 6.3),
0.95 (d, 3H,] =6.6),1.70-1.76 (m, 2H), 1.82-1.86 (m, 1H), 2.18-2.32 (dd, 2H, ] = 12.0,
8.8), 2.48-2.53 (m, 1H), 2.60-2.64 (m, 1H), 3.61 (s, 3H), 4.69 (m, 1H), 3.28-3.34 (m,
2H), 4.96-5.05 (m, 2H), 5.48-5.61 (m, 1H), 7.18-7.37 (m, 5H); 13C NMR: § 23.9, 24.0,
24.6,45.0,46.5,51.1,65.1,67.1,74.7,117.8, 126.67 128.0, 128.1, 134.9, 138.6,
155.8; HRMS (ESI) calcd for [C19H27NO3 + Na]+*: 340.1889, found: 340.1894.
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((3S,5R)-methyl 2-benzyl-3-(2-hydroxyethyl)-3-isobutylisoxazolidine-5-
carboxylate) (43): To a solution of 42 (150 mg, .47 mmol, 1.0 eq) and NMO (83 mg,
.071 mmol, 1.5 eq) in tBuOH/THF/H20 (11 mL, 4:1:0.5) cooled in an ice-water bath
was added 0s04 (480 uL of a 2.5% wt solution in 2-propanol, 0.047 mmol, 0.1 eq)
dropwise over 5 minutes and the reaction was allowed to come to rt with stirring
for 12h. To quench the reaction, saturated aqueous NazS;04 (2 mL) was added and
the mixture stirred at rt for 1h. Sat. NH4Cl (2 mL) was added and the aqueous layer
was extracted with EtOAc (3 x 20 mL) and the combined organic extracts were
washed with brine (20 mL) and dried over MgS0O4. The solvent was removed in
vacuo and the crude diol was dissolved in ACN/H20 (20 mL, 1:1) and NalO4 (302 mg,
1.41 mmol, 3.0 eq) was added. The reaction was stirred at rt for 4h at which point
water (20 mL) was added and the aqueous layer was extracted with Et20 (3 x 20
mL) and the combined organic extracts were dried over MgSO4 and the solvent
removed in vacuo. The crude aldehyde was dissolved in MeOH (20 mL) and NaBH4
(21 mg, .564 mmol, 1.2 eq) was added. The reaction stirred at rt for 1h at which
point TLC analysis indicated the reaction was complete. Water (20 mL) was added
to the reaction and the reaction mixture was extracted with Et;0 (3 x 20 mL). The
organic extracts were dried over MgS04 and the solvent removed in vacuo. The
product was isolated by flash chromatography (7:3 Hex/EtOAc) providing 130 mg
of 43 in 86% yield as a clear oil. IR: 3388, 2956, 2930, 2870, 2100, 1699, 1456, 1346
1045 cm1; TH NMR: 8 0.89 (d, 3H, ] = 6.3),0.95 (d, 3H, ] = 6.6), 1.70-1.76 (m, 2H),
1.82-1.86 (m, 1H), 2.18-2.32 (dd, 2H, ] = 12.0, 8.8), 2.48-2.53 (m, 1H), 2.60-2.64 (m,
1H), 2.06 (dd, 1H,/=8.1,12.7), 2.36 (dd, 1H,/ = 8.0, 12.7), 3.41 (d, 2H, ] = 4.7), 3.61
(s, 3H), 4.69 (m, 1H), 7.18-7.37 (m, 5H); 13C NMR: & 23.9, 24.0, 24.6, 40.1, 45.0, 46.5,
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51.1,65.1,67.1,74.7,128.0, 128.1, 134.9, 138.6, 155.8; HRMS (ESI) calcd for
[C18H27NO4 + Na]*: 344.1838, found: 344.1848.

((3S,5R)-2-benzyl-3-(2-hydroxyethyl)-3-isobutylisoxazolidine-5-carboxylic
acid) (44): To a solution of 43 (50 mg, .155 mmol, 1.0 eq) in THF/H20 (5 mL, 1:1)
was added LiOH (37 mg, 1.55 mmol, 10 eq). The reaction was heated to 80°C for 2h
at which point TLC analysis indicated the reaction was complete. Acid, base, workup
yielded crude product that was further purified by flash chromatography (90:9:1
EtOAc/MeOH/AcOH) providing 46 mg of 44 in 96% yield. [R: 3388, 2956, 2930,
2870, 1699, 1448, 1442, 1346 cm'%; 1H NMR: 6 0.89 (d, 3H,] = 6.3),0.95 (d, 3H, ] =
6.6),1.70-1.76 (m, 2H), 1.82-1.86 (m, 1H), 2.18-2.32 (dd, 2H, ] = 12.0, 8.8), 2.45-2.51
(m, 1H), 2.60-2.64 (m, 1H), 2.03 (dd, 1H,/=8.1, 12.7), 2.33 (dd, 1H, ] = 8.0, 12.7),
3.47 (d, 2H,] = 4.7),4.75 (m, 1H), 7.18-7.37 (m, 5H); 13C NMR: & 23.9, 24.0, 24.6,
40.0, 45.0, 46.5, 65.3, 67.0, 74.9, 128.0, 128.1, 134.9, 138.6, 155.8; HRMS (ESI) calcd
for [C17H25NO4 + Na]*: 330.1681, found: 330.1689.

(3S,5R)-methyl 3-(2-azidoethyl)-2-benzyl-3-isobutylisoxazolidine-5-
carboxylate (45): To a solution of 44 (100 mg, .311 mmol, 1.0 eq) in THF (5 mL)
was added dry PPh3 (245 mg, .933 mmol, 3.0 eq) followed by DEAD (408 uL of a
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40% wt solution in THF, .933 mmo], 3.0 eq) dropwise. The reaction was cooled in an
ice-water bath and DPPA (201 uL, .933 mmol, 3.0 eq) was added dropwise over 10
minutes. The reaction was allowed to warm to rt over 2h at which point water (5
mL) was added to the reaction mixture. The aqueous layer was extracted with Et,0
(3x 10 mL) and the combined organic extracts were dried over MgSO4 and the
solvent removed in vacuo. The crude product was dissolved in EtOAc and purified
by flash chromatography (1:1 Hex/EtOAc) providing 99 mg of 45 in 92% yield. 1H
NMR: 6 0.89 (d, 3H,] =6.3),0.95 (d, 3H,] = 6.6), 1.62 (d, 2H, ] =4.7), 1.70-1.76 (m,
2H), 1.82-1.86 (m, 1H), 2.06 (dd, 1H,/=8.1,12.7), 2.18-2.32 (dd, 2H, ] = 12.0, 8.8),
2.36 (dd, 1H,J/=8.0, 12.7), 2.40-2.45 (m, 1H), 2.58-2.63 (m, 1H), 3.61 (s, 3H), 4.69
(m, 1H), 7.18-7.37 (m, 5H); 13C NMR: 6 23.9, 24.0, 24.6, 34.7, 45.0, 46.5, 51.1, 58.2,
67.1,74.7,128.0,128.1, 134.9, 138.6, 155.8; HRMS (ESI) calcd for [C1g8H26N403 +
Na]*: 369.1903, found: 369.1909.

((35,5R)-methyl 3-(2-aminoethyl)-2-benzyl-3-isobutylisoxazolidine-5-
carboxylate) (46): To a solution of 45 (20 mg, .058 mmol, 1.0 eq) in THF/H20 (4
mL, 1:1) was added PPh3 (45 mg,.173 mmol, 3.0 eq). The reaction mixture was
heated to 80°C for 2h and cooled to rt. Acid, base, workup provided 16 mg of 46 in
88% yield. 1H NMR (CD30D): 8 0.89 (d, 3H, ] = 6.3),0.95 (d, 3H, ] = 6.6), 1.70-1.76 (m,
2H), 1.82-1.86 (m, 1H), 2.06 (dd, 1H, /= 8.1, 12.7), 2.18-2.32 (dd, 2H, ] = 12.0, 8.8),
2.36 (dd, 1H,/=8.0,12.7), 2.40-2.45 (m, 1H), 2.58-2.63 (m, 1H), 2.72 (d, 2H, ] = 4.7),
3.61 (s, 3H), 4.69 (m, 1H), 5.14 (bs, 2H), 7.18-7.37 (m, 5H); 13C NMR: 8 23.9, 24.0,
24.6,32.9,45.0,45.5,51.1,58.2,67.1, 74.7,128.1, 128.2, 135.0, 138.7, 154.9; HRMS
(ESI) calcd for [C18H28N203 + Na]*: 343.1998, found: 343.1999.
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((35,5R)-3-(2-aminoethyl)-2-benzyl-3-isobutylisoxazolidine-5-carboxylic
acid) (47): To a solution of 46 (5 mg,.016 mmol, 1.0 eq) in THF/H20 (2 mL, 1:1)
was added LiOH (4 mg, .156 mmol, 10.0 eq). The reaction was heated to 80°C for 2h
then the solvent was removed in vacuo. The residue was suspended in ACN/0.1%
TFA, filtered and purified by reverse phase HPLC to give 2.9 mg of 47 as the TFA salt
in 62% yield. 1H NMR (CD30D): 4 0.89 (m, 3H), 0.95 (m, 3H), 1.70-1.76 (m, 2H), 1.82-
1.86 (m, 1H), 2.06 (dd, 1H, J = 8.1, 12.7), 2.18-2.34 (m, 2H), 2.35 (dd, 1H, = 8.0,
12.7), 2.40-2.45 (m, 1H), 2.58-2.63 (m, 1H), 2.72 (d, 2H, ] = 4.7), 4.64 (m, 1H), 5.15
(bs, 2H), 7.18-7.37 (m, 5H); 13C NMR: & 23.9, 24.0, 24.6, 32.9, 45.0, 45.5, 58.2, 67.1,
74.7,128.1,128.2,135.0, 138.7, 156.9; HRMS (ESI) calcd for [C17H26N203 + Na]*:
329.1841, found: 329.1848.

((35,5R)-3-(2-azidoethyl)-2-benzyl-5-(((tert-butyldimethylsilyl)oxy)methyl)-
3-isobutylisoxazolidine) (69): To a solution of 32 (75 mg, 0.18 mmol, 1.0 eq) and
PPh3 (145 mg, 0.55 mmol, 3.0 eq) in THF (10 mL) cooled in an ice-water bath was
added DEAD (96 mg, 0.55 mmol, 3.0 eq) dropwise followed by dropwise addition of
DPPA (240 uL of a 40% wt solution in THF, 0.55 mmol, 3.0 eq). The reaction was
allowed to warm to rt and was stirred for 4 h. Water (20 mL) and EtOAc (20 mL)

was added and the aqueous layer was extracted with EtOAc (3 x 20 mL). Combined
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organic extracts were washed with brine (20 mL). Purification by flash
chromatography (9:1-8:2 Hex/EtOAc) afforded 47 mg of 69 as a clear yellow oil in
60% yield. IR: 2952, 2855, 1454, 1360, 1253, 1119, 835 cm-1; 1TH NMR: 6 0.09 (s, 6H),
0.90 (s, 9H), 1.00 (s, 3H), 1.02 (s, 3H), 1.50-1.60 (m, 1H), 1.64-1.95 (m, 5H), 2.06 (dd,
1H,/=8.1,12.7),2.36 (dd, 1H, /= 8.0, 12.7), 3.38 (d, 2H, ] = 4.7), 3.65-3.82 (m, 2H),
4.01 (d, 1H,/=13.9), 4.20-4.30 (m, 1H), 7.22-7.37 (m, 5H); 13C NMR: -5.5, -5.4, 18.2,
24.1,24.5, 25.1, 25.8, 38.8, 39.5, 40.2, 43.5, 53.6, 62.4, 76.4, 126.6, 128.1, 128.3,
135.4, 139.3; HRMS (ESI) calcd for [C23H40N402Si + H]*: 433.2999, found 433.3010.

(((3S,5R)-3-(2-azidoethyl)-2-benzyl-3-isobutylisoxazolidin-5-yl)methanol)
(70): To a solution of 69 (20 mg, .046 mmol, 1.0 eq) in THF (10 mL) cooled in an ice-
water bath was added TBAF (185 uL, .185 mmol, 4.0 eq) drop wise and the mixture
was stirred for 2 h. Sat. aq. NH4Cl (3 mL) was added followed by aqueous workup.
Purification by flash chromatography (1:1 EtOAc/Hex) gave 14 mg of 70 in 97%
yield as a clear, light yellow oil. IR: 3352, 2952, 2855, 1454, 1360, 1253, 1119, 835
cm'l; TH NMR: 6 1.01 (s, 3H), 1.04 (s, 3H), 1.50-1.60 (m, 1H), 1.64-1.95 (m, 5H), 2.06
(dd, 1H,J=8.1,12.7), 2.34-2.38 (m, 1H), 3.35 (d, 2H, J = 4.7), 3.79-3.91 (m, 2H), 4.12
(d, 1H,J=13.9), 4.22-4.28 (m, 1H), 7.22-7.37 (m, 5H); 13C NMR; 18.2, 24.1, 24.5,
25.1,39.5,40.2,43.5,53.6,62.4,76.4,126.6, 126.8, 128.3, 128.4, 139.3; HRMS (ESI)
calcd for [C17H26N402 + H]*: 319.2134, found: 319.2122.
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(tert-butyl (2-((3S,5R)-2-benzyl-5-(((tert-butyldimethylsilyl)oxy)methyl)-3-
isobutylisoxazolidin-3-yl)ethyl)carbamate) (71): A solution of 69 (55 mg, 0.12
mmol, 1.0 eq) and PPh3 (97 mg, 0.37 mmo], 3.0 eq) in THF/H20 (5 mL, 1:1) was
heated at 80°C for 4 h. Acid, base workup yielded the crude amine which was
carried on to the next step without further purification. Towards this, the amine was
dissolved in MeOH (1.2 mL) and EtsN (17 uL, 0.12 mmol, 2.0 eq) and Boc20 (26.2
mg, 0.12 mmol, 2.0 eq) were added. The reaction stirred at rt for 6 h. Water (3 mL)
and Et20 (5 mL) were added. The aqueous layer was extracted with Et0 (3 x 10
mL), the combined organic extracts were washed with brine (10 mL). Flash
chromatography (95:5 Hex/EtOAc) afforded 71 in 80% as 19 mg of a clear light
yellow oil. 1H NMR: 6 0.06 (s, 6H), 0.98 (s, 9H), 1.00 (d, 3H, ] = 6.6), 1.02 (d, 3H, ] =
6.3), 1.36-1.60 (m, 10H), 1.65-1.90 (m, 6H), 2.05-2.12 (m, 2H), 2.24-2.32 (m, 2H),
2.68-2.74 (m, 2H), 2.89-2.93 (m, 2H), 7.22-7.42 (m, 5H); 13C NMR: & -5.6, -5.5, 24.3,
24.9,25.2,25.8, 28.3,30.1, 35.4, 38.1, 39.5, 40.8, 43.0, 53.7, 54.5, 65.3, 70.4, 80.1,
127.2,128.4,128.6, 137.6, 159.9; HRMS (ESI) calcd for [C28H50N204Si + Na]*:
529.3438, found: 529.3447.

(tert-butyl (2-((3S,5R)-2-benzyl-5-(hydroxymethyl)-3-isobutylisoxazolidin-3-
yl)ethyl)carbamate) (35): To a solution of 71 (19 mg, .037 mmol, 1.0 eq) in THF (3
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mL) cooled in an ice-water bath was added TBAF (150 uL of a 1.0M solution in THF,
.15 mmol, 4.0 eq) drop wise and the reaction was allowed to warm to rt. After 2 h,
sat. aq. NH4Cl (1 mL) was added, followed by aqueous workup. Flash
chromatography (9:1 Hex/EtOAc) provided 14 mg of 35 in 96% yield. 1H NMR: 6
1.00 (d, 3H,]J =6.3),1.02 (d, 3H, ] = 6.6), 1.39-1.57 (m, 10H), 1.62-1.90 (m, 6H), 2.05-
2.12 (m, 2H), 2.24-2.32 (m, 2H), 2.68-2.74 (m, 2H), 2.89-2.93 (m, 2H), 7.22-7.42 (m,
5H); 13C NMR: 6 24.3, 24.9, 25.2, 28.3, 34.9, 40.8, 43.0, 53.7, 54.5, 65.3, 70.4, 80.1,
127.2,128.4,128.6, 137.6, 159.9; HRMS (ESI) calcd for [C22H36N204 + Na]*:
415.2573, found: 415.2586.

(tert-butyl (2-((3S,5R)-5-(azidomethyl)-2-benzyl-3-isobutylisoxazolidin-3-
yl)ethyl)carbamate) (37): To a solution of 35 (28.8 mg, 73 umol, 1.0 eq) and EtsN
(11 uL, 77 umol, 1.05 eq) in CH2Cl2 (1 mL) cooled in an ice-water bath was added
Methanesulfonyl chloride (6 uL, 77 umol, 1.05 eq) and the reaction was allowed to
warm to rt. An aqueous workup was conducted after 2 h and the crude product was
dissolved in DMSO (3.5 mL). NaN3 (45 mg, 0.68 mmol, 10.0 eq) was added and the
reaction was heated at 100°C for 2 h. Aqueous workup followed by flash
chromatography (95:5 Hex/EtOAc) gave 24 mg of 35 in 86% yield as a clear yellow
oil. tH NMR: 6 1.00 (d, 3H, ] =6.3), 1.02 (d, 3H, ] = 6.6), 1.39-1.57 (m, 12H), 1.62-1.69
(m, 1H), 1.71-1.96 (m, 1H), 2.05-2.16 (m, 1H), 2.22-2.34 (m, 1H), 3.22-2.39 (m, 2H),
3.58-3.72 (m, 2H), 3.80-3.95 (m, 2H), 4.16-4.19 (m, 1H), 7.21-7.42 (m, 5H); 13C NMR:
0 24.3,24.9, 25.2, 28.3, 34.9, 35.6,40.8, 43.0, 53.7, 54.5, 70.4, 80.1, 127.2, 128 .4,
128.6,137.6, 159.9; HRMS (ESI) calcd for [C22H35Ns03 + Na]*: 440.2638, found:
440.2645.
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N-O
HNN_ -/ '\ __oTBs
H

(2-((3S,5R)-2-benzyl-5-(((tert-butyldimethylsilyl)oxy)methyl)-3-
isobutylisoxazolidin-3-yl)ethanamine) (33): To a solution of 71 (20 mg, 0.046
mmol, 1.0 eq) in THF/H20 (4 mL, 1:1) was added PPhs (36 mg, .139 mmo], 3.0 eq).
The reaction was heated to 80°C for 4h then cooled to rt. The solvent was removed
in vacuo and the product was isolated by flash chromatography (9:1:1
EtOAc/MeOH/ET3N) to give 16 mg of 33 in 84% yield. 1H NMR:  0.09 (s, 6H), 0.90
(s,9H), 1.00 (d, 3H,] = 6.3),1.02 (d, 3H, ] = 6.6), 1.50-1.60 (m, 1H), 1.64-1.95 (m,
5H), 2.06 (dd, 1H,J=8.1, 12.7), 2.36 (dd, 1H, J = 8.0, 12.7), 2.49-2.66 (m, 4H), 4.05-
4.15 (m, 3H), 5.08 (bs, 4H), 7.20-7.39 (m, 5H); 13C NMR: -5.5, -5.4, 18.2, 24.1, 24.5,
25.1,25.8, 38.8, 39.5,40.2, 43.5,45.9, 53.6, 76.4, 126.6, 128.1, 128.3, 135.4,
139.3;HRMS (ESI) calcd for [C23H42N202Si + Na]+*: 429.2913, found: 429.2902.

N-O
HaN__ . \ OH
H

((3S,5R)-3-(2-aminoethyl)-2-benzyl-3-isobutylisoxazolidin-5-yl)methanol
(36): 35 (10 mg, .024 mmol, 1.0 eq) was dissolved in THF (1 mL) and cooled in an
ice-water bath. TBAF (98 uL of a 1.0M solution in THF, .098 mmol, 4.0 eq) was
added drop wise and the reaction was allowed to warm to rt. After 4h, acid, base
workup gave 4 mg of 36 in 61% yield. 1H NMR (CD30D): 6 1.00 (s, 3H), 1.02 (s, 3H),
1.50-1.60 (m, 1H), 1.64-1.95 (m, 5H), 2.06 (dd, 1H, /= 8.1, 12.7), 2.36 (dd, 1H, J = 8.0,
12.7), 2.49-2.56 (m, 2H), 3.65-3.82 (m, 2H), 4.05 (d, 1H, /= 13.9), 4.21-4.30 (m, 1H),
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5.10 (bs, 2H), 7.24-7.39 (m, 5H); 13C NMR: 18.2, 24.1, 24.4, 25.7,39.4, 43.4, 46.7,
53.7,68.2,76.4,117.5,126.7,128.1, 128.2, 135.3, 138.9; HRMS (ESI) calcd for
[C17H28N202 + Na]*: 315.2048, found: 315.2040.

N-O
HN o\ __NH,
H

(2-((3S,5R)-5-(aminomethyl)-2-benzyl-3-isobutylisoxazolidin-3-yl)
ethanamine) (39): To a solution of 37 (20 mg, .048 mmol, 1.0 eq) in THF/H20 (5
mlL, 1:1) was added PPh3 (38 mg, .145 mmol, 3.0 eq). The reaction was heated to
80°C for 4h and allowed to cool to rt. Acid, base, workup yielded the crude amine
which was dissolved in TFA:TIPS:H20 (2 mL, 95:2.5:2.5) and stirred at rt for 1h. The
Solvent was blown off with N and the residue was dissolved in ACN/H20 (1 mL,
1:1) and the product isolated by reverse phase HPLC to provide 6 mg of 39 in 41%
yield. 1H NMR (CD30D): 6 0.94 (d, 3H, /= 6.6), 0.94 (d, 3H, /= 6.6), 1.31-1.35 (m, 1H),
1.59 (m, 1H), 1.81-1.94 (m, 2H), 1.90-1.96 (m, 1H), 2.20 (dd, 1H, /= 12.0, 8.8), 2.22-
2.47 (m, 2H), 2.82-2.95 (m, 4H), 3.79-3.85 (m, 2H), 5.12 (bs, 4H), 7.15-7.40 (m, 5H);
13CNMR: 18.2, 24.1, 24.6, 25.8, 34.7, 39.4, 43.4,45.9, 68.2, 76.4, 117.5, 126.7, 128.1,
128.2,135.4, 139.3; HRMS (ESI) calcd for [C17H20N30 + Na]*: 314.2208, found:
314.2212.
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J. Appendix of Selected 'H NMR Spectra and HPLC Traces
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Chapter IV

Conclusions and Future Directions

A. Conclusions

My doctoral work focused on gaining mechanistic insight into the function of
a small molecule transcriptional activation domain, iTAD 1. Specifically, the goal was
to identify key protein targets that are responsible for iTAD 1-mediated activation,
and to determine whether overlapping binding sites between small molecules and
endogenous TADs affect transcriptional output. When my doctoral work began,
iTAD 1 had been shown to activate transcription in HeLa cells, but there was no
mechanistic information about the cellular targets of iTAD 1 responsible for this
activation. Consequently, the work presented here has shown thatiTAD 1 functions
in a manner similar to that of natural transcriptional activators by binding the KIX
domain of CBP. Furthermore, in-cell inhibition experiments and Western blotting
have shown that iTAD 1 and several related molecules, block the binding of the
endogenous TADs MLL and Jun to the KIX domain of CBP, resulting in decreased
transcription of a Jun target gene, cyclin D1.iTAD 1 thus provides a means to block
specific activator-coactivator interactions and decrease transcriptional output.
Furthermore, iTAD 1-DBD functions as a small molecule handle for recruiting CBP
to other transcription factors such as the nuclear receptor family. Bifunctional
constructs that feature a GR-binding terminus at one end and iTAD 1 at the other
may modulate GR function in a way that is unique from existing ligands that bind GR

alone.
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B. Future Directions
1) Identification of Additional iTAD 1 Binding Partners in vitro

CBP was identified as an important target of iTAD 1-driven gene expression
through in vitro crosslinking experiments and in cellulo knockdown and competitive
inhibition experiments. However, the crosslinking data show additional protein
binding partners of iTAD-BpA, and the knockdown and competition studies
decreased iTAD 1 activity, but did not result in complete abrogation of
transcriptional activation. These suggest that there are other binding parters of
iTAD 1 that play a role in the initiation of transcription. Furthermore, these proteins
may play indirect roles in iTAD 1-mediated activation through aiding in cellular

transport or localization.

Exploration of these binding partners could be continued by performing
additional in vitro crosslinking experiments, followed by purification, digestion, and
mass spectral analysis. There has been success in identifying binding regions of the
natural activators Gen4, Gal4, and VP2 with the coactivator Med15 using traditional
LC-MS and MALDI-TOF techniques.! There are also advanced proteomics techniques
available such as MudPIT (Multidimensional Protein Identification Technology).
This technology uses two liquid chromatography systems, strong cation exchange
followed by reverse phase HPLC, to separate peptides from a digested protein
sample. This methodology has also proven successful at identifying proteins from

both in vitro and in cellulo crosslinking experiments.2 3

2) Crosslinking In Cells

To further understand the mechanism of iTAD 1-driven gene expression, it
would advantageous to elucidate the cellular binding partners that are directly
contacted by iTAD 1 during transcriptional activation. Three compounds designed
for in cellulo crosslinking experiments were synthesized and tested for activity, but
unfortunately, none were able to upregulate transcription in a dose-dependent

manner (Figure IV-1a-b). Each molecule contains a GR ligand (for localization to
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DNA) in red, an affinity handle (for purification) in blue, a photocrosslinking group

in yellow, and iTAD 1 in green.
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Figure IV-1. Activity of celluo crosslinking compounds in cell culture. a) Structure of
three compounds tested for activation. b) Activation of reporter gene transcription.
Transfection and activity experiments were performed as previously described.
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This could be due to several factors, including decreased cellular
permeability of the larger construct and decreased proximity of iTAD 1 to DNA with
the longer linker. Further investigation is therefore necessary to generate an iTAD
conjugate with a crosslinking functionality that retains the ability to upregulate gene
expression. One strategy would be to use a fully synthetic transcriptional activator

consisting of iTAD 1 tethered to a polyamide DBD (Figure 1V-2).

Figure IV-2. Small molecule transcriptional activator. BpA would be inserted in the
linker region between iTAD 1 and the polyamide DBD.

Another crosslinking method uses formaldehyde to nonspecifically crosslink
proteins and DNA; these complexes are then purified, the crosslinks are reversed,
and the proteins identified. In the case of formaldehyde crosslinking, antibodies
against a particular protein may be used to pull out proteins and protein complexes.
This would provide a means to examine changes in CBP recruitment during
transcriptional activation with a suite of both active and non-active small molecules
(iTAD 1, Santonin-RO, alkene iTAD 11). This would provide information about
which proteins and protein complexes are present at a particular promoter, but not
about the connectivity of the binding interactions. These crosslinking methods, in

combination, would identify proteins that directly contact iTAD 1, in addition to
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protein complexes recruited during iTAD 1-driven gene expression. Furthermore,
these crosslinking experiments could be performed at different time points during
the activation of transcription providing a valuable timeline for the arrival and
dismissal of different coactivators from the promoter.* > Time-resolved crosslinking
would answer the questions: what proteins are necessary for iTAD 1-driven
transcription? In what order do these proteins and complexes arrive and how long
do they remain at the promoter? These answers would enable more in-depth
understanding of the combinatorial control of gene expression by recruitment of
different coactivators and coactivator complexes at different times during the

initiation of transcription by a small molecule.

3) Identification of Other Small Molecule Transcription Inhibitors

The iTAD compounds tested for inhibition of MLL- and Jun-driven luciferase
expression were successful at obtaining >50% inhibition at 50 uM; however, these
compounds are not particularly potent inhibitors. Additional potency may be
achieved through multimerization of iTAD compounds, for example bis- and tris-
isoxazolidines, though the synthesis and functionalization of such compounds is
quite lengthy. To identify other, perhaps more potent, inhibitors of KIX-binding
TADs, a screen was performed at the Center for Chemical Genomics at the University
of Michigan Life Sciences Center. 67,000 compounds and natural product extracts
were screened for their ability to inhibit the interaction between the KIX domain
and a fluorescein-tagged variant of MLL-19 in a fluorescence polarization assay
(compounds tested at 22 uM). There were no hits from the compound library and
22 hits from the natural products collection (Z score = 0.8).2 Further studies with
these natural product extracts are currently underway in collaboration with Dr.
David Sherman’s laboratory. By purifying these extracts and characterizing the
compounds present, the specific molecule(s) responsible for the inhibition of the
MLL-KIX interaction may be identified. This would provide additional information

for the design and synthesis of small molecule transcriptional inhibitors.
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4) KIX Contacts Necessary for iTAD 1 Function

As we have shown in Chapter II, the KIX domain of CBP is a critical binding
partner for iTAD 1-DBD-mediated transcription, and that iTAD 1 binds to the
MLL/Jun/Tat/Tax site. It remains unclear, however, what specific residues are
necessary for this interaction. By titrating CBP, with specific mutations in the KIX
domain, into cells during iTAD activation experiments, these residues may be
identified. The Chang lab used this strategy to identify the residues that were critical
for SREBP binding of the CREB/Myb site on the KIX domain, and the Wright and
Nyborg labs have identified the residues critical for MLL and Tax (respectively)
binding as well.6-8 These experiments would provide further insight into the
mechanism by which iTAD 1 activates transcription through contacting the KIX

domain of CBP, and may enable the design of more potent KIX-binding ligands.

5) Cooperative Recruitment of CBP

In Chapter II it was shown that iTAD 1 interacts with the KIX domain of CBP
in a remarkably similar fashion to endogenous TADs that bind the
MLL/Jun/Tat/Tax site of this domain. It has also been demonstrated that this
interaction is critical for iTAD 1-driven gene transcription. In vitro evidence
supports the prevailing model that the two sites on the KIX domain are bound
cooperatively; in fact, some promoters may require this synergistic interaction.t 9-11
Thus, a ternary complex of CREB-CBP-small molecule may provide a new strategy
for the recruitment of CBP. Although preliminary binding experiments have shown
that iTAD 1 is unable to potentiate KID (TAD of CREB) binding to the KIX domain,
other iTAD structures such as iTAD dimers or trimers may provide the contacts

necessary for cooperative interactions.

6) Kinetics of iTAD:-KIX Interaction

A multitude of transient, low affinity interactions occur in biological systems.

Traditionally, the affinity of a particular interaction has been correlated to its
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importance. In transcription, however, several studies have shown that TAD binding
affinity is not well correlated with activator potency. Studies currently underway in
our laboratory with natural TADs suggest that the lifetime of a complex (Kon/Koff)
between TADs and coactivators plays a significant role in the level of activation
achieved by a particular activator. Stopped-flow kinetics and fluorescence
polarization was used to dissect the interaction between Gal4, Gecn4 and VP16 with
the coactivator Med15; similar studies could be performed with iTAD 1.12 This
would provide another piece in the mechanistic puzzle of how small molecule

transcriptional activation domains function.

7) Inhibition of CBP/p300 Interactions in Cancer Stem Cells

Recent studies have shown that certain cancer cells, termed cancer initiating
(CI) cells, display self-renewal properties leading to metastasis and
unresponsiveness to chemotherapy.13 The pluripotency of embryonic stem cells
(ESCs) is regulated in large part by three transcriptional activators: Sox2, Oct4, and
Nanog. Nanog has emerged as the key player in regulating critical ESC genes,
possibly through the recruitment of the coactivator p300, a homolog of CBP.13-15 [n
murine ESCs, removal of p300 results in decreased expression of genes required for
maintaining pluripotency, leading to differentiation.16-17 In Chapters II and III, I have
shown that iTAD 1 binds to the KIX domain of CBP, and that this binding inhibits the
interaction of certain natural TADs. Using a similar strategy, inhibitors of p300
binding interactions can be identified, their binding site specificity characterized,
and their ability to decrease transcription of Nanog target genes assessed. Some
preliminary results have been obtained in collaboration with the Pan lab at Ohio
State University: treatment of a mixed cell population (CI and non-CI) from a
tumorsphere with 30 uM iTAD 1 for 24 hours resulted in an 18.2% decrease in the
CI cell population. Cis-platinum, however, reduced the non-CI cell population, and
had no effect on the CI cells.1® These results suggest that targeting p300 will be a

promising approach to eliminating CI cells.
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8) Small Molecule Transcription-Based Therapeutics

The recent advances in small molecule transcriptional modulators bring us
ever closer to the realization of small molecule transcription-targeted therapeutics.
These molecules could be designed to replace a malfunctioning endogenous TAD,
localizing to the nucleus and upregulating expression of a specific gene. Additionally,
as [ have shown in Chapter III, certain small molecules are able to block
activator-coactivator interactions, leading to a decrease in expression of a particular
gene. Both types of molecules are highly sought after commodities due to the
prevalence of misregulated transcription in disease, with the pathology of nearly 40
different cancers linked to malfunctions in transcription.19-31 We now have
additional strategies for the design of potential small molecule transcription-based

therapeutics.

C. Experimental

Cell-based Activity Assay.

HeLa cells were purchased from the American Tissue Culture Center (ATCC)
and plated onto treated polystyrene petri dishes (Corning) with 10 mL of D-MEM ( +
4.5 g/L d-glucose, + l-glutamine, - sodium pyruvate, + 10% FBS, + NEAA)
(invitrogen). The cells were grown at 37°C 5% and 5% CO: to 80-90% confluence.
Upon reaching the desired confluence, the D-MEM was removed and 4 mL 0.25%
trypsin was added. The cells were incubated with the trypsin solution for 5 minutes
at 37°C and 5% COz. Following the inubation, 10 mL of D-MEM were added and the
resultant solution was pipetted up and down several times to ensure removal of all
cells from the dish surface. The solution was centrifuged in a 15-mL Falcon tube at
1000 rpm for 2 minutes in a Fisher Centrific centrifuge. The supernatant was
removed and the cell pellet was resuspended in 10 mL of D-MEM. The concentration
of cells was calculated using a Hausser Scientific improved Neubauer phase
counting chamber hemocytometer. Based on the determined concentration the cells

were diluted to 100,000/mL in D-MEM. 100 uL of the cell solution was then added
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to each well of a Microtest flat-bottom, low-evaporation-lid 96-well plates (Becton-
Dickinson) and the plated cells were incubated overnight at 37°C and 5% CO. The
media was removed from the plated cells and they were washed once with Opti-
MEM ( + HEPES, + 2.4 g/L sodium bicarbonate, + I-glutamine) (Invitrogen) and then

transfected.

The transfection procedure consisted of first mixing appropriate plasmids
and Lipofectamine 2000+ together in Opti-MEM- media for each well being
transfected. After a 20 minute incubation at room temperature 100 uL of the
solution was placed in the appropriate wells and the cells were incubated for 5
hours at 37°C and 5% CO.. At the end of the 5-hour incubation, the transfection
solution was removed and 100 uL fresh D-MEM was added to each well. To the
media was added 1 uL of either DMSO or the appropriate concentration of a
molecule being tested dissolved in DMSO (the final concentration of DMSO in all the
wells was 1%). The cells were then incubated for 24 hours at 37°C and 5% COx.

Following the 24-hour incubation, the media was removed from each well
and the cells were washed once with PBS buffer. 20 uL of passive lysis buffer
(Promega) was added to each well and the cells were incubated for 20 minutes at
room temperature on an orbital shaker. Subsequently, the total volume of each well
was added to a cuvette along with 25 uL of Luciferase Assay Reagent Il (Promega)
and the luminescence was recorded. Then 25 uL Stop & Glo reagent was added and
the Renilla luminescence was recorded again on a Berthold FB12 single cuvette

luminometer.32

General procedure for cellular crosslinker synthesis.

Each compound contains the following elements: 1) OxDex, 2) AEEA linker
units, 3) biotin affinity handle, 4) BpA photocrosslinking group, and 5) iTAD. Fmoc-
BpA-OH was first coupled to Wang resin, as previously described, followed by
addition of Fmoc-AEEA-OH (54, 56) or Fmoc-Lys-MTT (55). Following

deprotection, additional linker units and OxDex were coupled as described

169



previously. Once the core structure was complete, the beads were agitated for 1h at
rt in a solution of 2% TFA in CH:Cl; to affect removal of the MTT protecting group.
Biotin was then coupled to the side chain of lysine, and the product was cleaved
from the beads as previously described. The solvent was removed in vacuo and the

crude acid was immediately coupled to 12A to afford compounds 54-56.

((8R,95,10R,11R,13R,14R,16S5,17S)-N-((4R,16R)-4-(4-benzoylbenzyl)-1-
((35,5R)-2-benzyl-3-(2-hydroxyethyl)-3-isobutylisoxazolidin-5-y1)-3,6,15,18-
tetraoxo-16-(4-(5-((4S)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-
yl)pentanamido)butyl)-8,11,20,23-tetraoxa-2,5,14,17-tetraazapentacosan-25-
yl)-9-fluoro-17-hydroxy-10,11,13,16-tetramethyl-3-oxo-
6,7,8,9,10,11,12,13,14,15,16,17-dodecahydro-3H-cyclopentaja]phenanthrene-
17-carboxamide) (72): HRMS (ESI) calcd for [Cs3H116FN9O16S + Na]*: 1568.8142,
found 1568.8204.
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((8R,95,10R,11R,13R,14R,165,17S)-N-((4R,7R)-4-(4-benzoylbenzyl)-1-
((4R,5R)-2-benzyl-4-(2-hydroxyethyl)-4-isobutylisoxazolidin-5-yl)-3,6,9-
trioxo-7-(4-(5-((4S)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-
yl)pentanamido)butyl)-11,14-dioxa-2,5,8-triazahexadecan-16-yl)-9-fluoro-
17-hydroxy-10,11,13,16-tetramethyl-3-0x0-6,7,8,9,10,11,12,13,14,15,16,17-
dodecahydro-3H-cyclopenta[a]phenanthrene-17-carboxamide) (73): HRMS
(ESI) calcd for [C77H105FNgO13S + Na]+*: 1423.7404, found 1423.7431.
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((8R,95,10R,11R,13R,14R,165,17S5)-N-((13R,16R)-13-(4-benzoylbenzyl)-1-
((4R,5R)-2-benzyl-4-(2-hydroxyethyl)-4-isobutylisoxazolidin-5-y1)-3,12,15,18-
tetraoxo-16-(4-(5-((4S)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-
yl)pentanamido)butyl)-5,8,20,23-tetraoxa-2,11,14,17-tetraazapentacosan-25-
yl)-9-fluoro-17-hydroxy-10,11,13,16-tetramethyl-3-oxo-
6,7,8,9,10,11,12,13,14,15,16,17-dodecahydro-3H-cyclopentaja]phenanthrene-
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17-carboxamide) (74): HRMS (ESI) calcd for [CszsH116FN9O16S + Na]*: 1568.8142,
found 1568.8275.
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Appendix

Investigation and Alteration of Glucocorticoid Receptor Function

A. Abstract

The glucocorticoid receptor (GR) is a transcriptional activator that binds the
endogenous ligand cortisol, as well as several synthetic steroids such as
dexamethasone. These steroids are important anti-inflammatory therapeutics, but
unfortunately possess significant side effects, typically arising from off-target
effects. There has been enormous effort to design GR ligands that dissociate these
two properties. To better understand the mechanism by which GR regulates
transcription, a series of GR ligands with photocrosslinking groups were
synthesized. By identifying the direct coregulator binding partners of GR, we may
gain insight into the design of ligands to selectively induce binding to specific
targets, leading to desired downstream effects. As a first step towards modulating
GR activity, a dexamethasone derivative (OxDex) was tagged with iTAD 1, a small
molecule TAD that interacts with the KIX domain of CBP. These molecules have
shown differing abilities to drive luciferase expression from a number of
endogenous GR-bound promoters, an important first step in developing dissociated
GR ligands and for the application of this chemical technology to the study of other

nuclear receptors.
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B. Introduction

The glucocorticoid receptor (GR) is one of a number of ligand-gated
transcriptional activators in the nuclear hormone receptor family (NR). GR is
involved in lipid and carbohydrate metabolism, bone remodeling,
immunomodulation, and was initially identified as a receptor for the endogenous
steroid cortisol.1> Depending on the promoter context and the coregulators bound,
GR may positively or negatively affect transcription.3 ¢-10 These receptors typically
exist in the cytosol as part of large multiprotein chaperone complexes. Upon ligand
binding, the receptor dissociates from these chaperones and into the nucleus where

it binds to glucocorticoid response elements (GRE) as a dimer (Figure 1).1.3.57.11

‘ ( GR‘/: @ e —
- ~< GRQ

-

GR?
GR?

-

l

Nucleus

Figure 1. Schematic of glucocorticoid receptor function. Upon ligand binding, the
chaperone-GR complex dissociates and GR enters the nucleus and binds
glucocorticoid response elements (GREs) as a dimer.

GR contains an N-terminal TAD (AF-1), a C-terminal TAD (AF-2),a DBD, and a
ligand-binding domain (LBD, contains AF-2), responsible for binding small molecule

ligands (Figure 2).11
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Figure 2. The glucocorticoid receptor. GR contains two activations domains; AF-1 at
the N-terminus, and AF-2, part of the ligand-binding domain (LBD).

Due to the remarkable anti-inflammatory effects of cortisol, this steroidal
template has been the subject of extensive derivatization to deliver compounds with
enhanced potency and receptor selectivity. However, most of these molecules cause
significant side effects such as immunosuppression and weight gain (Figure 3). The
design of dissociated GR ligands is meant to circumvent this problem by producing
molecules that will selectively induce the desired effects. These ligands are not
simply pure agonists or antagonists, but rather compounds that specifically induce

particular therapeutic outcomes.* 5 8 9, 11-14

Dexamethasone OxDex
Agonist Agonist Agonist Antagonist Agonist

Cortisol Mifepristone Prednisone

Figure 3. Glucocorticoid receptor ligands.

Similar to amphipathic TADs, GR exerts its transcriptional effects through
binding coactivator (or corepressor) proteins and recruiting them to the promoter.
Many binding partners of both GR and other NRs (such as the androgen and
estrogen receptors) have been characterized in vitro and in cells; however, much of
this information was gleaned from artificial reporter systems.10.11,15 The Yamamoto
group recently showed the importance of GRE sequence on GR-mediated
transcription; it is thus crucial to determine GR binding partners in different
endogenous promoter contexts and with different ligands bound.1¢ To further
elucidate the mechanism of GR-mediated activation and repression, OxDex was
conjugated to a benzophenone photocrosslinking group and a biotin affinity handle.

Identification of coactivators targeted by GR in different promoter contexts through
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photocrosslinking may provide further insight into how to modulate downstream

effects of GR through recruitment (or blocking) of specific coregulators.

C. Photoactive GR Ligands

The first step in generating a photoactive GR ligand was to create a functional
handle on the ligand itself; in this case, dexamethasone was oxidized to create a
carboxylic acid handle at C20 (OxDex). The compounds generated contain a GR
ligand (OxDex) to facilitate receptor binding, a photoreactive group (benzophenone)
to form covalent adducts with coregulator targets, and a biotin affinity handle to
facilitate purification of crosslinked adducts. The first series of crosslinking
compounds were synthesized with an alkyne handle that was to be used to capture
an azide-functionalized biotin affinity label through copper-catalyzed “click”
chemistry. Towards this end, propargylamine was coupled to Boc-protected BpA
(75) using PyBrOP. After removal of the Boc group with 85% percent aqueous
phosphoric acid, amine 76 was coupled to a linker then OxDex (77), or directly to
OxDex (78), again using PyBrOP. The affinity handle synthesis began with 1-
chloropropylamine hydrochloride, which was converted to 3-azidopropylamine
(79) by treatment with sodium azide.l” Biotin was treated with freshly distilled
thionyl chloride; after removal of unreacted SOCl;, 79 was added to yield biotin

azide 80.
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H : XN - OxDex, PyBroF, X __N_A o OxDe
O NHBoc 1% S N NH,  EtsN, DMF S TIAHJ\/ R g e
I o 68% o 77 [0}
76
75
. o OxDex, PyBrOP,
L Et,N, DMF
OxDex =
38%

©
O cl 1. NaNy, H,0, 80°C

® e N
N, Ny NH,

o 2. KOH, Et,0
79
88%

a8

A

\/N\ﬂ/\u OxDex

(o]
78
(o] fo) (o]
S SOCl,, 20 min s NN S
HOJV\/\Q 2; cl N3 NH, Na/\/\NH
> _— >
HNYNH HN. NH Et3N, DCM, 24h oo TN NH
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Scheme 1. Synthesis of azide/alkyne GR photocrosslinking compounds.

Both OxDex conjugates 77 and 78 bound to GR; however 78, lacking a linker
bound significantly less well based on dose-response data (Figure 4). When these
compounds were used in cells, however, the copper (I) mediated click chemistry
was unsuccessful at capturing protein adducts. Generally the copper concentrations

needed for catalysis were high enough to precipitate protein from solution.
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Figure 4. Dose response curve for glucocorticoid receptor compounds. Measured by
endogenous GR-driven luciferase activity.

This was a disappointing, but not insurmountable, setback; the next series of
compounds incorporated the affinity handle directly onto the molecule. Since each
reaction was an amide bond coupling, this synthesis was performed on solid phase
using Wang resin. Initially, Fmoc-protected BpA was coupled to the beads, followed
by deprotection and subsequent addition of either one or two AEEA linker units.
Once the linker was deprotected, OxDex was coupled to the amine and the molecule
is cleaved from the resin with a solution of 95% TFA, 2.5% TIPS, and 2.5% H;0. The
crude product (85) was purified by reverse phase HPLC and coupled to the biotin-
amine (84) derivative using standard peptide coupling conditions to provide the
complete probe (86). The biotin amine was synthesized from biotin and tert-butyl
(3-aminopropyl) carbamate under standard peptide coupling conditions, followed

by removal of the Boc group.18
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Scheme 2. Synthesis of second generation glucocorticoid photocrosslinking
compounds.

Figure 5 shows these ligands with the crosslinking functionality in yellow,
the GR ligand in blue, and the biotin affinity handle in red. These ligands will be used

to capture GR-coregulator interactions at different GRE-containing promoters.

Figure 5. Glucocorticoid receptor photocrosslinking compounds.
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By painting a detailed picture of these binding interactions we may begin to
parse out specific contacts necessary to achieve a desired therapeutic endpoint, for

example, significant reduction of inflammation without immunosuppression.

D. Modulators of GR Activity

In addition to deepening the understanding of GR-coregulator interactions
with corticosteroid ligands, we are investigating the ability of small molecules
tethered to GR ligands to alter the number or types of coregulators recruited to a
particular promoter. Towards this end, OxDex was attached to iTAD 1 and 22
through two AEEA linker units, and these compounds are being tested for their
ability to modulate GR function at different promoters. These compounds were
synthesized on solid phase as described for photoprobe 86 and shown in the

scheme below.

M;ﬂoﬁlfnﬁ'f:;?“ 0 1. Fmoc-AEEA-OH
OOH imidazole, DCM OJ\/O\/\O/\/NHZ HOBt, HBTU, Et;N, DMF
—_— O/ - »

2. 20% piperidine 2. 20% piperidine
DMF DMF

(o] H 1. OxDex, HOB, (o] H (o]
o N o HBTU, TEA, DMF
0)1\/ N \ﬂﬂo/\/ \/\NHz it ey HOJJ\/O\/\O/\/N\H/\O/\/O\/\NLOXDex
o 2.95:2.5:2.5 o H

] TFAM,0/TIPS 88

86% (©
HBTU, EtN, DMF

0
H H O-N
OxDex N~ ~ O~ 0~ o~ ML e OxDex =
190r 22 il N T

° A

R = CHCH,, 89, 68%
R = CH,0H, 90, 71%

Scheme 3. Synthesis of glucocorticoid receptor modulators.
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Figure 6. Effect of a GR modulator at endogenous GREs. Effect of iTAD 1-DBD on GR
driven-luciferase expression from 20 different endogenous GREs. Values are
normalized to dexamethasone activity. HEK 293-T cells were transfected with
plasmids containing 20 different endogenous GREs upstream of a luciferase
reporter gene (one plasmid per experiment). Compound was added to cells 4 h after
transfection (Dexamethasone 1 uM, iTAD 1-AEEA-OxDex, 20 uM), compounds were
added in DMSO to a final DMSO concentration of 1% (vol/vol). Activity data was
calculated as previously described and normalized to dexamethasone.

The graph above shows the level of luciferase gene expression from several
different endogenous GREs relative to a dexamethasone control. These data clearly
demonstrate the difference in activity between these compounds at different
promoters; for example, iTAD 1-DBD is more active than dexamethasone at 14-15,
but less active at 7-8. These distinct differences are promising initial results for the
ability of small molecule-GR ligand conjugates to alter the transcriptional output of

GR-driven promoters.3-7,9-13,15,19,20

E. Conclusions

Two classes of compounds, GR ligand photocrosslinkers and modulators of

GR activity have provided a chemical platform for the elucidation of GR binding
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partners at different promoters and for investigation of altering the GR binding
profile with bifunctional ligands. In addition, this method is applicable for other GR
ligands (both agonists and antagonists) and other members of the nuclear hormone
receptor family. This information would provide valuable insight into the molecular
recognition events responsible for GR-mediated regulation of transcription and
facilitate the design of better dissociated GR ligands based on specific

GR-coregulator interactions.

F. Experimental
General.

Unless otherwise noted, starting materials were obtained from commercial
suppliers and used without further purification. Toluene, CH2Cl;, THF, and Et,0
were dried by passage through activated alumina columns. All reactions involving
air- or moisture-sensitive compounds were performed under a dry N>
atmosphere.21 Unless otherwise noted, organic extracts were dried over NazS0Oy,
filtered, and concentrated under reduced pressure on a rotary evaporator. BF3-OEt;
and Et3N were distilled from CaH;. DMF was distilled under reduced pressure from
P20s. NBS was recrystallized from EtOH/water. Purification by column
chromatography was carried out with E. Merck Silica Gel 60 (230-400 mesh)
according to the procedure of Still, Kahn and Mitra.22 Reverse-phase HPLC
purification was performed on a Varian ProStar 210 equipped with Rainin Dynamix
UV-D II detector using a C18 (8 x 100 mm) Radial PakTM cartridge using a gradient
mixture of 0-80% 0.1% TFA/water and acetonitrile, unless otherwise specified. UV-
Vis spectra were recorded in ethanol. In order to determine the concentrations of all
OxDex conjugates, the characteristic UV-Vis absorption of dexamethasone at 242 nm
with an extinction coefficient of 12,000 M-1cm-! was used. Once concentration was
determined, the sample was aliquoted, lyophilized, and stored at -80°C. 1H and 13C
NMR spectra were recorded in CDCl3 at 400 MHz and 125 MHz, respectively, unless

otherwise specified. IR spectra were measured as thin films on NaCl plates using a
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Perkin Elmer Spectrum 1000 FT-IR. High-resolution mass spectra were measured
on a VG-250-S Micromass, Inc., mass spectrometer at the University of Michigan

Mass Spectrometry Laboratory.

Small Molecule Synthesis and Characterization.

((S)-tert-butyl (3-(4-benzoylphenyl)-1-0x0-1-(prop-2-yn-1-ylamino)propan-2-
yl)carbamate) (81): To a solution of Boc-benzoyl-L-phenylalanine (300 mg, 0.81
mmol, 1.0 eq) and Et3N (230 uL, 1.62 mmol, 2.0 eq) in CH2Cl2 (20 mL) was added
PyBOP (422 mg, 0.81 mmol, 1.0 eq) and the reaction mixture stirred for 30 min at rt.
Propargylamine (80 uL, 1.22 mmol, 1.5 eq) was added dropwise and the reaction
stirred at rt for 12 h. Water (10 mL) was added and the aqg. layer was extracted with
EtOAc (3 x 20 mL). Purification by flash chromatography (95:5 CH2Cl./MeOH)
yielded 224 mg of 81 in 68% yield as a light yellow solid. 1TH NMR (CD30D): 6 1.30 (s,
9H), 2.83-2.90 (m, 1H), 3.04-3.12 (m, 3H), 4.17-4.22 (m, 1H), 7.31-7.39 (m, 2H),
7.42-7.50 (m, 2H), 7.57-7.60 (m, 2H), 7.61-7.76 (m, 3H); 13C NMR: § 29.5, 30.0, 37.9,
57.6,74.8,80.0,80.2,127.4,128.8, 130.0, 130.3, 130.4, 132.0, 135.9, 138.5, 140.6,
155.6,172.1, 194.4; HRMS (ESI) calcd for : [C24H26N204 + Na]*: 429.1790, found:
429.1807.
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((8R,95,10R,11R,13R,14R,165,175)-N-((S)-10-(4-benzoylbenzyl)-8,11-dioxo-
3,6-dioxa-9,12-diazapentadec-14-yn-1-yl)-9-fluoro-17-hydroxy-10,11,13,16-
tetramethyl-3-0x0-6,7,8,9,10,11,12,13,14,15,16,17-dodecahydro-3H-
cyclopenta[a]phenanthrene-17-carboxamide) (77): 81 (500 mg, 1.23 mmol, 1.0
eq) was dissolved in 85% aq. phosphoric acid (2 mL, 24.6 mmol, 20 eq) and stirred
atrt for 4 h. Acid, base workup afforded crude amine () in 60% yield, which was
directly coupled to AEEA-OxDex. Towards this, OxDex-AEEA (969 mg, 1.85 mmol],
1.5 eq) and PyBrOP (863 mg, 1.85 mmol, 1.5 eq) were dissolved in DMF (10 mL) and
stirred for 1 h. A solution of the crude amine (377 mg, 1.23 mmol, 1.0 eq) and Et3N
(260 uL, 1.85 mmol, 1.5 eq) in DMF (2 mL) was added dropwise and the reaction
stirred for 12 h. The sample was concentrated and the product was purified by
reverse-phase HPLC using a 0.1% TFA in H20/ACN gradient affording 77 in 68%
yield as a white powder. HRMS (ESI) calcd for [C46Hs54FN309 + Na]+: 834.3742, found:
834.3768.

o

((8S5,9R,10S5,115,135,145,16R,17R)-N-((S)-3-(4-benzoylphenyl)-1-o0xo-1-(prop-
2-yn-1-ylamino)propan-2-yl)-9-fluoro-11,17-dihydroxy-10,13,16-trimethyl-3-

186



0x0-6,7,8,9,10,11,12,13,14,15,16,17-dodecahydro-3H-
cyclopenta[a]phenanthrene-17-carboxamide) (78): Synthesis of 78 proceeded
as previously described for 77 by coupling with OxDex in 38% yield as a white
powder. HRMS (ESI) calcd for [C40H43FN20¢ + Na]*: 689.3003, found: 689.3019.

Ny~ > "NH,

(3-azidopropan-1-amine) (79): Was synthesized in 88% yield from 3-
chloropropylamine hydrochloride as previously described. Spectral data matched

published values.1”

o

(N-(3-azidopropyl)-5-((4R)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-
yl)pentanamide) (80): To a solution of biotin (1.0 g, 4.1 mmol, 1.0 eq) in DMF (20
mL) was added HBTU (3.11 g, 8.2 mmol, 2.0 eq) and iPr;NEt (1.5 mL, 8.2 mmol, 2.0
eq), and the reaction stirred at rt for 20 min. 3-azidopropylamine (821 mg, 8.2
mmol, 2.0 eq) in DMF (2 mL) was added dropwise and the reaction was stirred for
12 h. Sat. aq. NH4Cl (10 mL) was added followed by water (30 mL) and the aqueous
layer was extracted with EtOAc (3 x 30 mL). Product was purified by flash
chromatography to provide 80 in 89% yield as a clear yellow waxy oil. 1H NMR
(CD30D) 6 1.66-1.60 (m, 2H), 1.97-1.75 (m, 6H), 2.38 (t, 2H, ] = 7.2 Hz), 3.10 (dd, 1H,
J=5.2,12.8 Hz), 3.38 (dd, 1H, ] = 4.4, 8.4 Hz), 3.42 (t, 2H, ] = 6.8 Hz), 3.52 (t, 2H, ] =
6.8 Hz), 4.51-4.66 (m, 2H); 13C NMR § 26.9, 29.6, 29.9, 29.9, 36.9, 37.9, 41.2, 50.3,
57.1,61.8,63.6, 166.2,176.3; HRMS (ESI) calcd for [C13H2202NeS + Na] *: 349.1423,
found: 349.1437.
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o
H,N~ >""NH )J\OJ<

(tert-butyl (2-aminopropyl)carbamate) (82): Was synthesized in 97% yield from

1,3-diaminopropane as previously described. Spectral data matched published

values.18
lo) (0]
S s
0" N~ ""NH
H
HN. NH
o)

(tert-butyl (3-(5-((4R)-2-oxohexahydro-1H-thieno|3,4-d]imidazol-4-
yl)pentanamido)propyl)carbamate) (83): To a solution of biotin (500mg, 2.05
mmol, 1.0 eq) in CHClz (20 mL) was added DIC (285 mg, 2.26 mmol, 354 uL) and
HOBt (55 mg, 0.41 mmol, 0.2 eq) and stirred for 5 min at rt. tert-butyl (2-
aminopropyl)carbamate (580 mg, 3.08 mmol, 1.5 eq) and EtsN (207 mg, 2.05 mmol,
286 uL) in CH2Cl2 (5 mL) were added drop wise and the reaction stirred for 12 h at
rt. Product was purified by flash chromatography (9:1 to 8:2 CH2Cl;/MeOH) to
afford 83 in 92% yield. 1H NMR (CD30D): & 1.42 (s, 9H), 1.44-1.53 (m, 8H) 2.19 (t,
2H,J=7.3),2.69 (d, 1H,J=12.7),2.90 (dd, 1H, /= 5.0, 12.7), 3.02 (t, 2H, ] = 6.5),
3.12-3.19 (m, 3H), 4.25 (dd, 1H,/=4.5,7.9),4.42 (dd, 1H, ] = 4.2, 7.9); 13C NMR:
26.6, 27.3, 28.8, 29.5, 29.8, 29.9, 30.2, 37.3, 40.5, 41.5, 57.4, 62.1, 63.8, 80.3, 159.0,
166.6, 176.4; HRMS (ESI) calcd for [C18H32N403S + Na]*: 423.2042, found: 423.2035.

0]

S

HN_ NH

o)

(N-(3-aminopropyl)-5-((4R)-2-oxohexahydro-1H-thieno|3,4-d]imidazol-4-
yl)pentanamide) (84): 83 (50 mg, .12 mmol, 1.0eq) was suspended in EtOAc (10
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mL) and a solution of HCl in dioxane (10 mL, 4 M) was added dropwise. The mixture
was stirred at rt for 1 h and the solvent was removed in vacuo. The crude product
was recrystallized from MeOH/Et;0 to provide 37 mg of 84 in 97% yield as an off-
white solid. 1TH NMR (CD30D): § 1.43-1.53 (m, 4H), 1.57-1.85 (m, 6H), 2.28 (t, 2H, ] =
7.4),2.76 (d, 1H, ] =12.9), 2.95-3.05 (m, 1H), 3.23-3.30 (m, 3H), 4.43 (dd, 1H, /= 4.4,
7.9),4.61 (dd, 1H, /= 4.7, 7.9), 4.95 (bs, 2H); 13C NMR: 6 26.3, 27.3, 29.8, 30.2, 37.0,
40.2,40.7,41.2,57.2,63.1, 64.7, 166.2, 174.0; HRMS (ESI) calcd for [C13H24N402S +
H]*: 301.1698, found: 301.1714.

(($)-21-(4-benzoylbenzyl)-1-((8R,9S5,10R,11R,13R,14R,165,17S5)-9-fluoro-17-
hydroxy-10,11,13,16-tetramethyl-3-0x0-6,7,8,9,10,11,12,13,14,15,16,17-
dodecahydro-3H-cyclopenta[a]phenanthren-17-yl)-1,10,19-trioxo-5,8,14,17-
tetraoxa-2,11,20-triazadocosan-22-oic acid) (85): Wang Resin (100 mg, 0.11
mmol, 1.0 eq) was swelled in CHzCl; for 10 min. Fmoc-BpA-OH (270 mg, 0.55 mmol,
5.0 eq) was dissolved in 9:1 CH2Cl;/DMF and 1-methylimidazole (34 mg, 33 uL, .41
mmol, 3.75 eq) was added, followed by MSNT (163 mg, .55 mmol, 5.0 eq). The
mixture agitated at rt for 5 min. The beads were washed once with CH2Cl; and once
with DMF and the reaction mixture was added. The reaction agitated at rt for 24
hours. The beads were washed with DMF (2 x 5 mL), MeOH (2 x 5 mL), and CHClI;
(2 x 5 mL), swelled in CH2Cl; for 5 min at rt and incubated with 20% piperidine in
DMF for 30 min at rt to remove the Fmoc group. The beads were then washed with
20% piperidine in DMF (2 x 5 mL), DMF (2 x 5 mL), and CH2Clz (2 x 5 mL). Fmoc-
AEEA-OH (127 mg, .33 mmol, 3.0 eq), HBTU (125 mg, .33 mmol, 3.0 eq), HOBt (45
mg, .33 mmol, 3.0 eq), and EtsN (46 uL, .33 mmol, 3.0 eq) were dissolved in DMF (6
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mL) and incubated at rt for 10 minutes. The reaction mixture was agitated with the
beads for 24 hours at rt. The washing and deprotection steps were repeated,
followed by appending of another AEEA linker as described in the previous step.
Following washing and deprotection, OxDex (125 mg, .33 mmol, 3.0 eq), HBTU (125
mg, .33 mmol, 3.0 eq), HOBt (45 mg, .33 mmol, 3.0 eq), and EtsN (46 uL, .33 mmo],
3.0 eq) were added in DMF (5 mL) and the coupling and washing steps were
repeated. The product was cleaved from the resin with a solution of 95:2.5:2.5
TFA/TIPS/H20 (2 mL). Solvent was blown off under a stream f Nz and the crude
product was purified by reverse phase HPLC to afford 85 in 48% yield as a white
powder. HRMS (ESI) calcd for [C50He4FN3012 + Na]*: 940.4372, found: 940.4407.

ey,

o) =
N/\/O\/\o H\/\ /VO\)LN : (o)
“OH H Y ° H/Y
(o) NH
) H\j
MN
HN
NH 0
0>//

((8R,95,10R,11R,13R,14R,165,17S)-N-((19S5)-19-(4-benzoylbenzyl)-8,17,20,26-
tetraoxo-30-((4S)-2-oxohexahydro-1H-thieno|[3,4-d]imidazol-4-yl)-3,6,12,15-
tetraoxa-9,18,21,25-tetraazatriacontyl)-9-fluoro-17-hydroxy-10,11,13,16-
tetramethyl-3-0xo0-6,7,8,9,10,11,12,13,14,15,16,17-dodecahydro-3H-

cyclopentaa]phenanthrene-17-carboxamide) (86): Was synthesized in 42%
yield as an off white powder from the coupling of 85 and 84 as described for
compound 80. Product was isolated by reverse phase HPLC. HRMS (ESI) calcd for
[Ce3HssFN7013S + Na]*: 1222.5886, found 1222.5912.
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((8R,95,10R,11R,13R,14R,165,175)-N-((10S5)-10-(4-benzoylbenzyl)-8,11,17-
trioxo-21-((4S)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)-3,6-dioxa-
9,12,16-triazahenicosyl)-9-fluoro-17-hydroxy-10,11,13,16-tetramethyl-3-oxo-
6,7,8,9,10,11,12,13,14,15,16,17-dodecahydro-3H-cyclopentaja]phenanthrene-
17-carboxamide) (87): Was prepared in 56% yield as described previously for 86
by using one fewer AEEA units. HRMS (ESI) calc for [Cs7H75FNsO10S + Na]*:
1077.5147, found 1077.5205.

(1-((8R,95,10R,11R,13R,14R,165,17S)-9-fluoro-17-hydroxy-10,11,13,16-
tetramethyl-3-0xo0-6,7,8,9,10,11,12,13,14,15,16,17-dodecahydro-3H-
cyclopentaJa]phenanthren-17-yl)-1,10-dioxo-5,8,14,17-tetraoxa-2,11-
diazanonadecan-19-oic acid) (88): Was prepared in 86% yield on solid phase as
previously described. HRMS (ESI) calc for [C34H51FN2010 + Na]*: 689.3425, found
689.3445.

((8R,95,10R,11R,13R,14R,16S5,17S)-N-(1-((3S5)-3-allyl-2-benzyl-3-
isobutylisoxazolidin-5-yl)-3,12-dioxo0-5,8,14,17-tetraoxa-2,11-
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diazanonadecan-19-yl)-9-fluoro-17-hydroxy-10,11,13,16-tetramethyl-3-oxo-
6,7,8,9,10,11,12,13,14,15,16,17-dodecahydro-3H-cyclopentaja]phenanthrene-
17-carboxamide) (89): Was prepared in 68% yield from coupling 22 and 88 as
described for compound 85. HRMS (ESI) calc for [Cs2H77FN4O10 + Na]*: 959.5521,

found 959.5550.

Q o}
H H -
,.:* kk N\/\o/\/o\)kN /\/0\/\0% N\/&;/\/OH
H /k
((8R,95,10R,11R,13R,14R,165,17S)-N-(1-((3S5)-2-benzyl-3-(2-hydroxyethyl)-3-
isobutylisoxazolidin-5-yl)-3,12-dioxo0-5,8,14,17-tetraoxa-2,11-

diazanonadecan-19-yl)-9-fluoro-17-hydroxy-10,11,13,16-tetramethyl-3-oxo-
6,7,8,9,10,11,12,13,14,15,16,17-dodecahydro-3H-cyclopentaja]phenanthrene-
17-carboxamide) (90): Was prepared in 71% yield from coupling 19 and 88 as
described for compound 85. HRMS (ESI) calc for [Cs1H77FN40O11 + Na]*: 963.5471,
found 963.5493.
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G. Appendix of Selected tH NMR Spectra and HPLC Traces
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