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SUMMARY

Chapter 1 provides a brief mechanistic overview of ligand activated steroid
receptor coactivator recruitment. FDA approved strategies for treating estrogen receptor
positive breast cancer are described and previous discoveries regarding coactivator
binding inhibitors are referenced with an emphasis on the development of linear and
constrained peptides. The concept of stapled peptides is described. Chapter 2 details the
synthetic preparation, biochemical activity, and structural characterization of gamma-
methylated stapled peptides. The benefits of preparing stapling amino acids that better
mimic functional groups of natural amino acids is established. Chapter 3 details the
molecular dynamics guided design of lactam/olefin bicyclic stapled peptides. A predictive
correlation between the computational method and helical stability is noted. Chapter 4
describes the design and activity of R4K1, a cell permeable stapled that inhibits estrogen
receptor mediated gene transcription and cell proliferation in estrogen receptor positive
breast cancer cell lines. Chapter 5 describes the synthetic preparation of high affinity
stapled peptides for targeting mutant forms of estrogen receptor. Novel gamma-
functionalized stapling amino acids were used to prepare stapled peptides with enhanced
selectivity for estrogen receptor D538G over the wild-type isoform. Chapter 6 presents
the findings of a high-throughput screen of natural products for the discovery of novel

coactivator binding inhibitors.
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1. Introduction

1.1 Estrogen receptor-positive breast cancer and clinical approaches for treatment.

In 2018 an estimated 250,000 women in the United States will be diagnosed with
breast cancer.! Roughly 175,000 of those women will harbor cancers that show an
increased expression of estrogen receptor alpha, from now on referred to as estrogen
receptor or ER.?2 In estrogen receptor-positive (ER+) cancers, the activity of ER is often
associated with uncontrolled tumor formation. Depending on the stage of the cancer at
diagnosis, treatment of estrogen receptor-positive breast cancer may involve a
combination of surgical procedures to remove identifiable tumors, radiation therapy,
and/or adjuvant pharmaceutical therapy consisting of different combinations of 71
approved drugs that fall into the categories of general chemotherapy, targeted therapy,
and/or hormone therapy.* Targeted therapies include monoclonal antibodies, tyrosine
kinase inhibitors, cyclin dependent kinase inhibitors, mammalian target of rapamycin
inhibitors, and Poly adenosine diphosphate-ribose polymerase (PARP) inhibitors.
Hormone therapy is effective in treating estrogen receptor-positive breast cancer and
consists of two fundamental strategies; 1) to block the natural production of estrogen
using aromatase inhibitors and 2) to antagonize estrogen receptor function using small
molecules that inhibit estradiol induced stimulation.® These therapeutic strategies have
proven effective at either preventing or delaying the onset of recurrent breast cancer for
a large percentage of women; however, over half of ER+ cancers may develop tumors
that no longer respond to any of these therapies.® Because resistance to endocrine
therapy can develop, there is a significant need for new therapies, exemplified by the

>200 ongoing clinical trials to examine other targeted therapies.” Because the estrogen



receptor remains highly expressed in recurrent/resistant disease, it may be possible to
develop therapies that inhibit the function of ER in a fundamentally different way that is

complimentary to currently approved hormone therapies.

1.2 The estrogen receptor/coactivator interaction

The estrogen receptor is a hormone-activated nuclear receptor involved in
biological pathways that require significant gene regulation. For instance, a typical
genome profiling experiment will yield hundreds of genes either up- or down-regulated by
estrogen receptor.89 Estrogen receptor plays a critical role in the proliferative and
differential actions of the female reproductive tract and mammary glands.® Importantly,
ER is correlated with disease progression in over 70% of all breast cancers.® The
correlation between estrogen receptor expression and breast cancer situates estrogen
receptor as both a biological marker and therapeutic target. Over the past 50 years,
hormone therapy has been developed and applied to prevent the aberrant activity of

estrogen receptor in breast cancer progression.

The canonical pathway of estrogen receptor-mediated gene transcription (Figure
1.1A) is initiated by binding of an agonist such as estradiol to the ligand binding domain
of ER. Upon ligand binding, the ER dimerizes, enters the nucleus, binds to specific
promoter sequences of DNA known as estrogen response elements (ERES), and recruits
pl60 proteins. These coactivating proteins have enzymatic activity and serve as
scaffolding proteins to recruit p300/CREB, which assist in modifying histone proteins and

DNA to prepare genes downstream of EREs for RNA polymerase-mediated transcription.
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A. Agonist conformation induced by estradiol enhances coactivator recruitment. B.
Antagonist 4-hydroxytamoxifen prevents coactivator recruitment. C. Coactivator binding

inhibitor (CBI) blocks coactivator recruitment through direct binding displacement.



1.3 Hormone therapy and endocrine resistance

Hormone therapy for ER+ breast cancer relies on two strategies to prevent the
activation of ER. The first strategy is to eliminate natural production of estrogen so that
ER can never be activated. This can be accomplished either surgically, by performing
oophorectomy, or pharmacologically, by using gonadotropin-releasing hormone agonists
and/or aromatase inhibitors. A second form of hormone therapy relies on using small
molecules that bind to ER in place of estradiol and induce conformations that are
unfavorable for recruiting p160 proteins (Figure 1.1B) or induce unstable conformations
of ER that lead to protein degradation. Hormone therapy is effective in preventing and
delaying the onset of recurrent cancer when used as a preventive in at-risk patients, as
adjuvant therapy after initial cancer diagnosis, and as a treatment for metastatic breast
cancer. Unfortunately, many women will develop tumors that become unresponsive to

approved hormone therapies even though the tumors still express estrogen receptor.®

A significant effort has been applied to elucidate the biological mechanisms that
lead to endocrine therapy resistance (see reviews).'3* While some mechanisms are
independent from the estrogen receptor pathway, overexpression and mis-regulation of
coactivators, as well as mutations in the estrogen receptor ligand binding domain, are
linked to resistance. For instance, steroid receptor coactivator-3 (SRC-3), also known as
amplified in breast cancer-1 (AIB-1) is overexpressed in breast cancers and SRC-3
overexpression is correlated with resistance to tamoxifen.!>1” In addition to
overexpression of coactivators, underexpression of corepressors is also seen in
endocrine-resistant breast cancer.® Recent genomic studies have identified mutations

within the ligand binding domain of metastatic breast cancer that have been shown to



confer constitutive activity, in that ER mutants do not require estradiol to initiate gene
expression.t®?2 Additionally, common mutations D538G and Y537S appear less
responsive to currently approved agonists in biochemical and cellular assays.?3?* One
mechanistic implication of the presence of D538G and Y537S mutations is that they
stabilize helix 12 in a conformation that recruits p160 coactivator proteins independent of

an agonist ligand.?®

ERa D538G LBD Wild-type ERa LBD ERaY537S LBD

Figure 1.2 Structural location of estrogen receptor ligand-binding domain mutations

Y537S and D538G.

1.4 Estrogen Receptor Coactivator Binding Inhibitors

Fundamentally different from clinically approved hormone therapies, coactivator
binding inhibitors (CBIs) have been proposed as an alternative method to inhibit estrogen
receptor activity (Figure 1.1C).?5 CBls are proposed to inhibit the genomic activity of
estrogen receptor by blocking coactivator recruitment to activated, potentially DNA-bound

receptor. This can be accomplished using small molecules 27-2° or peptides 3°-3? that have



high binding affinity for the surface groove on the estrogen receptor that is normally used
for coactivator binding. The biological significance of the ER/SRC3 interaction is well
established,®® and the protein-protein interaction surface has been structurally
characterized using x-ray crystallography and cryo-electron microscopy.®* 1 Importantly,
steroid receptor coactivators bind to the agonist conformation of estrogen receptor
through a conserved helical “LxxLL” motif.3>36 On this basis, several research groups
have developed small molecules, peptidomimetics and stabilized alpha helical peptides
(Figure 1.3, compounds 1.1-1.5) to bind on this surface groove of ER to inhibit ER/SRC3
interactions. While biochemical inhibition of ER/SRC interactions has been shown, an
extremely limited number of biological experiments have linked phenotypic responses of
CBIs in more advanced cell culture or animal models to the mechanism of inhibiting the

ER/SRCS3 interaction.3’

High-throughput screens have been used to generate hits for structural classes
that are capable of inhibiting ER/SRC3 interactions. One example series is the discovery
and optimization of guanylhydrazones and quinizolinones (Figure 1.3, compounds 1.6
and 1.9).2" 3 More effective strategies have relied on better mimicking the “LxxLL”
structure motif and include biphenyl?® and oligobenzamide3” proteomimetics. The
oligobenzamide ERX-11 (Figure 1.3, compound 1.8) is perhaps the best characterized
CBI. Based on mechanistic studies, ERX-11 was described as a coregulator inhibitor as
the molecule appeared to block both coactivator and corepressor binding to the AF-2
domain of estrogen receptor. ERX-11 was shown to block ER-regulated gene
transcription, induce apoptosis in ER+ cell lines, and inhibit growth of estrogen receptor-

positive cancer in mouse xenograft models.



The development of peptide-based CBIs has steadily progressed since the helical
“LxxLL” coactivator binding motif (Figure 1.3, compound 1.1) was first characterized.3° 16
Initial attempts to enhance binding affinity and promote cellular activity of CBI peptides
incorporated macrocyclic constraints to the primary sequence of LxxLL-containing
nuclear receptor interacting segments of steroid receptor coactivator sequences in the
form of disulfides*, thio-ether*!, and lactam bonds*2. Spatola and coworkers3? developed
high-affinity CBI peptides by substituting leucine residues of the “LxxLL” motif with bulky
hydrophobic amino acids such as neopentyl glycine and tert-butyl glycine. From this
series, a crystal structure was also reported for a disulfide helix- stabilized CBI.
Geistlinger, et al. prepared a library of an i, i+4 lactam-cyclized SRC3 peptide with 21
natural and non-natural amino acids replacing each leucine of the LxxLL motif.*?> Peptides
in the library showed varying levels of selectivity between ER alpha, ER beta, and human
thyroid receptor; however, no cellular experiments were carried out. To generate a
bioactive SRC3 peptide, Brunsveld prepared Arge-conjugated SRC sequences. 3 An
SRC3 sequence with nine arginine residues conjugated to the C-terminus was found to
penetrate cells and recruit estrogen receptor to the nucleoli. More recently, Phillips et al.
reported crystal structures of “hydrocarbon-stapled” peptides (see below) with high affinity
for estrogen receptor alpha and beta. * Although the highest affinity peptide, SP2, had a

Kb of 75 nM, no biological evaluation was reported.
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Figure 1.3 Small molecule and peptide-based coactivator binding inhibitors

1.5 Hydrocarbon stapled peptides

A powerful method for blocking a-helical protein-protein interactions—Iike the
ER/coactivator interaction—employs “stapled” peptides, which are peptides that are
constrained by linking sidechains through olefin metathesis.** Optimized by Verdine and
coworkers,*? stapled peptides have been used to inhibit many different a-helical protein-
protein interactions.3% 4452 Stapled peptides confer several benefits, including
conformational stability, proteolytic stability,>® and, in some cases, cell permeability,>+-55
and they are being tested in the clinic for acute myeloid leukemia, peripheral T-cell
lymphoma, and myelodysplastic syndrome (ClinicalTrials.gov ID: NCT02909972 and

NCT02264613).

The recommended strategy for preparing stapled peptides is to conduct a “stapling

scan.”®%8 Similar to an alanine scan, the purpose of this strategy is to substitute the



stapling amino acids at sequential positions along the entire sequence to determine
optimum stapling positions. Aside from enhancing proteolytic stability and/or cell
permeability, the unnatural stapling amino acids may have negative or positive
contributions to binding affinity. Increases in affinity may result from additional buried
hydrophobic surface area, whereas decreases in affinity are likely a result of unfavorable
steric clashes. If a crystal structure of the target interaction has been solved, structure-
based design can be used to speculate potentially favorable stapling sites. The commonly
used, commercially available stapling amino acids are a,a-disubstituted, containing an a-
methyl group and an alkene terminated sidechain of 3, 5, or 8 carbons.5® Helical
enhancement has been used as a readout on model peptides to determine desirable
stereochemical combinations of linkers for i to i+3, i+4, or i+7 sites (Figure 1.4). The alpha
methyl group has been shown to help facilitate the ring closing metathesis reaction;
however, stapled peptides can be prepared lacking the methyl group.®° In addition, the

amino acid Bs has been used to create double stapled peptides.®*

Fmoc Fmoc Fmoc
HN HN HN
%& OM OQf)(S,L/\/\&
OH OH OH Fmoc
Ss3 Ss Sg HN
Fmoc Fmoc Fmoc o SN

OHN.’ OHN_' OHN” oH g
R R X 0 S S
OH
3

(m) /o) (n) (n)

Figure 1.4 Commercially available stapling amino acids and model stapled peptide
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As new potential targets are identified, and the number of stapled peptides grow,
the benefits and drawbacks are becoming apparent. Perhaps the most contested®? and
important factor moving forward is cell penetration, as the mechanisms of uptake are still
not fully understood and there are controversial guidelines for defining the primary and
secondary sequence requirements. Recently, there have been two critical studies
regarding cell penetration of stapled peptides. Chu and Moellering et al. compared ~200
different stapled peptides ranging in formal charge and single vs stitched staple design.®3
Stapled peptides showed increased penetration relative to linear peptides, with stitched
peptides (double-stapled peptides incorporating residue B5, Figure 1.4) showing greater
penetration than singly stapled peptides. Peptides with a positive formal charge at pH 7.5
had increased cellular uptake with results showing a Gaussian distribution centered at
+4. Mechanistically, they found stapled peptide uptake was dependent on ATP and
enhanced by the presence of negatively charged proteoglycans on the cell surface. Using
a library of BIM BH3 stapled peptides, Bird et al. performed an in-depth analysis to
optimize properties such as isoelectric point, helicity, and hydrophobicity for cell
permeability.>> The study found uptake was correlated to hydrophobicity (as measured
by HPLC retention time) and helicity. Further conclusions showed that peptides with

extremely high helicity and positive charge could result in non-specific membrane lysis.

The potential for stapled peptides to disrupt protein-protein interactions is enticing;
however, the barriers to overcome for developing stapled peptides are indeed great.
Fortunately, two decades of research into outlining strategies for producing effective
stapled peptide have opened the door to targeting helix-promoted protein-protein

interactions throughout many disciplines. Recently, stapled peptides have been reported
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to inhibit respiratory syncytial virus and middle east respiratory syndrome coronavirus by
disrupting the fusion mechanism of class | viral fusion proteins,54% stabilize the
antimicrobial peptide polybia-MP1,% inhibit allergic airway inflammation as an
intervention for asthmatic patients,®” enhance the drug like properties of glucagon-like
peptide 2,8 selectively target Mcl-1 over related Bcl-2 family paralogs for selective
cytotoxicity to Mcl-1-dependent cancer cells,®® and exploit synthetic lethality by targeting
the chromosome transmission fidelity 4 protein hub.’® Regarding breast cancer research,
stapled peptides have been designed to disrupt ER/SRC interactions, 3% 7172 inhibit the
WASF3-CYFIP1 complex for suppressing breast cancer metastasis,”® and potentiate
anti-tumor activity by disrupting the brefeldin A-inhibited guanine nucleotide-exchange
protein 3-prohibitin 2 complex.” Future challenges associated with targeting ER/SRC
interactions include achieving sufficient binding affinity to compete with overexpressed

levels of coactivator protein and optimization of cell permeability.
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2. y-Methylated Hydrocarbon Stapled Peptides for the Estrogen

Receptor/Coactivator Interactiont

2.1 Introduction

To synthesize hydrocarbon stapled peptides, two or more strategically chosen
residues of a native peptide sequence are replaced with non-natural a-methyl-a-alkenyl
amino acids. Ring-closing metathesis forms a macrocycle between the i and i+3, i+4, or
i+7 positions.”® Because the constraint may interfere with the ability of the peptide to bind
to its receptor, stapled peptides are typically designed so the constraint is placed on a
non-interacting face of an a-helix.>® Recently, others have reported successfully replacing
interacting helical residues with a staple.3® 7680 Although it lacks the branching
functionality of valine, leucine, and isoleucine, the staple has the ability to bind to protein
surfaces. As we show in this work, incorporating hydrophobic functionality at the
constraint may more accurately mimic native sequences to increase affinity, and it may

also further stabilize bioactive conformations.

Phillips et al. reported an early example of replacing interacting residues with a
hydrocarbon staple.®® The crystal structure of stapled peptide PFE-SP2 bound to
estrogen receptor a (ERa) showed that an i, i+4 hydrocarbon staple can replace

isoleucine and leucine residues on the binding face of a steroid receptor coactivator 2

TPortions of this chapter are reproduced with permission from Speltz, T. E.; Fanning, S. W.;
Mayne, C. G.; Fowler, C.; Tajkhorshid, E.; Greene, G. L.; Moore, T. W. Stapled Peptides with
y-Methylated Hydrocarbon Chains for the Estrogen Receptor/Coactivator Interaction. Angew.
Chem. Int. Ed. 2016, 55, 4252. License number 4284860114129.
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(SRC2) peptide. This replacement yields an increase in a-helicity and affinity. SRC2
interacts with the surface of ERa over two turns of an a-helix using an ILXXLL motif (X is
any amino acid).3® This protein-protein interaction has been well-investigated, if
recalcitrant,?s 35 8182 to treat endocrine therapy-resistant breast cancers. Recently
identified ERa mutants that are constitutively active and implicated in metastases have

brought renewed focus to this therapeutically important interaction. 19-22

*H3N. Me Me *H3N. Me Me *H3N. Me
0 ‘ 0 ‘ ' 0 ‘
S>> SR (S) X
o} o} o}
As AR S5

Figure 2.1. Chemical structure of branched stapling amino acids

2.2 Design and synthesis of gamma-methylated stapled peptides

We designed stapled peptides that incorporate branched stapling residues as
functionalized constraints. Specifically, we designed amino acids based on stapling amino
acid S5 that incorporate a methyl group in the y-position to mimic branched hydrophobic
amino acids 11e689 and Leu693 of the lessLXXLLso4 motif of SRC2. Because S5 contains
an a-methyl group for helical stability, incorporation of a y-methyl group establishes 1,5-
interactions, which, when appropriately positioned, could bolster helical conformations
imposed by the constraint. We synthesized requisite amino acids Ar and As by joining one
of Schollkopf's bis-lactim ethers with enantio-enriched branched alkenyl sidechains,
which were synthesized using Evans’ N-acyloxazolidinone chemistry (Figures 2.1-2.3).8%

8 These amino acids, in combination with S5 (Figure 2.1), were incorporated into
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residues 687—697 of SRC2. Solid phase peptide synthesis and ring closing metathesis
were carried out as previously reported, and four stapled peptides containing Ar/s and/or
S5 were successfully synthesized (Figure 2.7A). The Z-alkene configuration was
consistent with *H NMR H-C=C-H coupling constants of 10-11 Hz (Figures 2.11-2.14).
SRC2-P6 failed to undergo ring-closing metathesis, even under forcing conditions,
suggesting that substituting the i+4 stapling residue with R-y-substitutions results in syn-

pentane interactions that are non-productive for ring-closing.
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Figure 2.3. Synthesis of gamma-methylated stapling amino acids
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Figure 2.5. Synthetic approach for gamma-dimethyl stapling amino acids

To prepare isoleucine-mimicking stapling amino acids, we applied a synthetic
scheme which required a sodium-mercury amalgam reduction of phenylsulfone 11la
(Figure 2.4). The alkylation of bislactim ether 3 with phenylsulfone 10 afforded 11a in 5:2
mixture of diastereomers (R and S substituted phenylsulfone). The diastereomers were
easily separated by flash chromatography and the identity of the minor product was
resolved using X-ray crystallography (Figure 2.6, Tables 2.3-2.10). The stereoselectivity
of similar reactions was reported to be >90% which suggests possible room for
improvement.® The sodium-mercury amalgam reduction of 11a gave poor yields of a 2:1
mixture of product 12 and an inseparable side-product which showed loss of alkene. A
different synthetic scheme may be necessary to prepare beta-functionalized stapling

amino acids, as many metal-based sulfone eliminations show large percentages of
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undesirable reduction or rearrangements when substrates contain alkenes.®-87 A test
reaction (not reported) of the acid-catalyzed cleavage of product 12 showed incomplete
hydrolysis to individual amino methylesters. A steric effect that inhibits hydrolysis of the
Schollkopf intermediate was also observed in the attempted cleavage of the germinal
dimethyl gamma-substituted compound 14 (Figure 2.5). Compound 15 was never isolated
as a pure compound, and the impurity was the dipeptide 16. Attempted cleavage
conditions included 0.25-1.0 M HCI, TsOH, or TFA. These results suggest that even if the

synthesis of 12 was optimized, the next step may then prove unsuccessful.

"’ :
N2 «\‘4 Ig \,f
\

Figure 2.6. Crystal structure of bislactim ether 11b
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2.3 Biochemical analysis of gamma-methylated stapled peptides

A time-resolved fluorescence resonance energy transfer (TR-FRET) assay (Figure
2.7B) was used to measure interaction of a steroid receptor coactivator 3 (SRC3)
fragment with ERa ligand-binding domain.®® In this assay, the wild-type peptide has an
ICs0 of 1100 nM. The unfunctionalized stapled peptide SRC2-SP4 has an ICso of 390 nM.
This peptide is analogous to PFE-SP2, described by Phillips et al., but has a wild-type
Q—R substitution, which increases the affinity two-fold. Epimers SRC2-SP2 and -SP3
were the most active, showing a 12-fold increase in potency compared to wild-type.
SRC2-SP1, designed to incorporate a branched stapling residue to replace conserved
Leu693, displayed minimal activity. In addition to the TR-FRET assay, surface plasmon
resonance (see Figure 2.15) was used to obtain dissociation constants for SRC2-SP1

(530 nM), SRC2-SP2 (42 nM), and SRC2-SP3 (39 nM).

Circular dichroism (CD) analysis of the peptides (Figure 2.7C) indicates the wild-
type sequence is disordered and that the stapled peptide SRC2-SP4 adopts an alpha
helical conformation in solution. The CD spectrum for SRC2-SP1 shows that a Ar
substitution at Leu693 negatively impacts a-helicity; however, a As substitution at 11e689
(SRC2-SP3) maintains helicity as does a Ar substitution at 11e689 (SRC2-SP2), albeit to
a lesser extent. The observation that addition of methyl groups may positively impact
affinity while having a slightly negative effect on helicity may imply that constructive
interactions with the surface of the receptor are more important for affinity than locking in

a helical conformation.
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Figure 2.7. Structure and biophysical characterization of gamma-methylated stapled
peptides. (A) Peptides (B) Time-resolved fluorescence resonance energy transfer dose-
response curves for inhibition of ERa/SRC3. (C) Circular dichroism measurements were
taken in 45 mM phosphate buffer pH 7.4 with 10% MeOH. SRC2-WT (yellow), SRC2-SP1
(red), SRC2-SP2 (green), SRC2-SP3 (blue), SRC2-SP4 (magenta), PFE-SP2 (orange),

SRC2-P5 (gray), SRC2-P6 (brown).
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2.4 Crystal structure analysis of gamma-methylated stapled peptides

We obtained co-crystal structures of SRC2-SP1, -SP2, -SP3, -SP4, and -P5 bound
to the ligand binding domain of constitutively active Y537S ERa mutant. In all cases, the
peptides bind in a similar a-helical conformation,® occupy the hydrophobic groove, and
make contacts with the so-called “charge clamp:” flanking Lys and Glu residues that align
complimentarily with the inherent dipole of the coactivator helix. The most notable
difference is that the stapled peptides display a 1.2 A shift towards the Glu end of the
charge clamp, as compared to wild-type (Figure 2.8A-C). The y-CHs of SRC2-SP1
occupies the same region as Leu693 (Figure 2.8A), and it occupies a pseudo-equatorial
conformation to alleviate unfavorable syn-pentane strain between the a- and y-methyl
groups (Figure 2.8D). The resulting orientation of the y-methyl increases contact with
l1e358 of ERa, which may disrupt its interaction with the Lys end of the charge clamp.
Minimizing syn-pentane interactions at this position also substantially alters the x1 torsion
angle (—44°), at Leu693 relative to the more helical stapled peptides (i.e., x1 = +61° for
SRC2-SP3; see Figure 2.8A). Analogous to SRC2-SP1, minimization of syn-pentane
interactions is seen with the y-methyl group of SRC2-SP3, but, instead of opposing the
predominant conformation, the S-y-methyl reinforces a high-affinity conformation (Figure
2.8D). Additionally, the y-methyl occupies the same region as 11e689 in the wild-type
sequence (Figure 2.8C). The y-methyl of SRC2-SP2 also occupies this same space
(Figure 2.8D), even though the methyl groups are opposite in configuration. The change
in the x2 torsions between these two peptides is ~120°, which can explain how this is

possible (Figure 2.8D).
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Figure 2.8. X-ray co-crystal structures of peptides bound to ERa (surface: red = acidic,
blue = basic, white = nonpolar, green = polar). (A) SRC2-SP1 (red, PDB 5DXB), (B)
SRC2-SP2 (green, PDB 5HYR), and (C) SRC2-SP3 (blue, PDB 5DX3) superimposed
onto SRC2-WT (yellow, PDB 3ERD). Torsion angles (wag) about the Ca-CB bond at
position Leu693 are shown. (D) Hydrocarbon staples of SRC2-SP1 (red), SRC2-SP3
(blue), and SRC2-SP4 (magenta, PDB 5DXE) superimposed onto the backbone of SRC2-
WT (shown as a yellow tube). SRC2-SP1, SRC2-SP2, and SRC2-SP3 adopt
conformations to alleviate syn-pentane interactions between the a- and y-methyls. The
sidechains of non-cyclic SRC2-P5 also bind along the hydrophobic shelf (see supporting

information).
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2.5 Molecular dynamics studies of gamma-methylated stapled peptides.

We carried out molecular dynamics (MD) studies on SRC2-SP1, -SP2, -SP3, and
-SP4 bound to ERa using the NAMD2% simulation package with trajectory analysis
performed in VMD.®! The structural ensembles confirmed the strong influence of syn-
pentane interactions to the conformations adopted by the staple. In particular, the dihedral
angles between position 693 in SRC2-SP1 and SRC2-SP2, -SP3, and -SP4 are opposite
in sign, with substantially more fluctuation at this position in SRC2-SP1 (see Figure 2.9A).
In agreement with the x-ray structure, the simulations suggest that SRC2-SP2 adopts a
pseudo-eclipsed conformation of —90° at position 689. ERa accommodates the branching
methyl of the As residue at position 689, but the Ar residue at position 693 introduces a
steric clash with 1le358 of the protein and induces a substantial shift in peptide positioning
(Figure 2.9C). We also carried out MD studies on SRC2-SP1—4 in solution in the absence
of ERa. These data confirm that the observed x1 torsion angles in solution correlate well
with the observed angles in the crystal structure, with the caveat that SRC2-SP4 shows

stable conformations at both —60° and —90° in solution (see supporting information).
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Figure 2.9. MD simulations of peptides bound to ERa. (A) The dihedral angle about the
x1 bond reveals different conformations of staple residues 689 and 693 for peptides
SRC2-SP1, SRC2-SP2 and SRC2-SP3. (B) The structural conformations of the y-methyl
substituted residue are shown for the last frame of the simulation. (C) The position of the
staple shifts substantially during the course of the simulation for SRC2-SP1 and is

relatively stable for SRC2-SP3.
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2.6 Conclusion

In conclusion, we have created a stapling amino acid, As, that both mimics native
branched side chains and stabilizes a helical conformation. In this study, we have used
this amino acid and its epimer, Ar, to prepare highly potent inhibitors of the ERa/SRC
interaction. We have shown that incorporation of a y-methyl in the R- or S-configuration
at the i position of an i, i+4 stapled peptide is a tolerated modification that allows the
hydrocarbon staple to effectively mimic branched hydrophobic residues, although the S-
methyl results in a conformation with higher helical content than the R does. The S-methyl
reinforces an a-helical conformation through minimization of syn-pentane interactions.
Incorporation of a y-methyl group at the i+4 position in either configuration appears to
have a destabilizing effect on a-helicity. Although the design here is for interacting
residues, incorporation of y-methyl groups may be applicable to non-interacting stapled
residues, as well. In this regard, the simulated and observed staple geometry of methyl
substitutions has provided a blueprint for installing y-methyls and other substituents in

stapling amino acids for related protein-protein interactions.

2.7 Peptide synthesis, characterization, and biochemical testing

2.7.1. General information

Fmoc-S5-OH and Grubbs’ 15t generation catalyst were purchased from Sigma-
Aldrich. Commercially available Fmoc amino acids were purchased from Novabiochem,
Oakwood, or Sigma-Aldrich. HBTU, HCTU, dimethylformamide (DMF), trifluoroacetic
acid (TFA), triisopropylsilane, piperidine, 1,2-dichloroethane, Rink Amide MBHA resin,

acetic anhydride, N-methylpyrrolidinone (NMP) and N,N-diisopropylethylamine were
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purchased from Fisher and subsidiaries and were used as supplied. The peptide PFE-

SP2 was purchased from Anaspec, Inc.

2.7.2 Peptide synthesis

Solid phase peptide synthesis was carried out as described by Kim, Grossman and
Verdine.%? Standard Fmoc solid phase peptide synthesis was carried out on a 30 ymol
scale using HBTU as the activating reagent. The peptide couplings of Ar and As were
carried out over a single two hour coupling cycle using 3 eq. of the Fmoc protected amino
acids. When incorporating Ar or As, the ring closing metathesis failed to progress to
completion after two 2-hour room temperature cycles of 20% Grubbs’ 15t generation
catalyst loading. Up to two additional cycles of ring closing metathesis at 65 °C were

performed to effect completion of the ring-closing metathesis reaction.

2.7.3 Peptide purification

The crude peptides were purified by semi-preparative HPLC (Solvent System
MeCN:H20 with 0.1% formic acid; 0-4 min, 10% MeCN; 4-22 min 10-45% MeCN; 22-24
min, 45-80% MeCN; 24-30 min, 80% MeCN; 30-31 min 80-10% MeCN. Column:
Phenomenex Luna 5 um C18(2), 100 A, 250 x 10 mm). Fractions containing pure peptide
were lyophilized and weighed to 0.01 mg on an analytical balance before being dissolved
in DMSO. The purity of the peptides was established using HPLC on a Shimadzu LC-
20AB (Solvent system MeCN:H20 with 0.1% formic acid; 0-4 min, 10% MeCN; 4-14 min,
10-70% MeCN; 14-17 min, 70% MeCN. Column: Phenomenex Luna C8, 5 u, 100 A, 50
x 4.6 mm). A Shimadzu LCMS-2020 mass spectrometer with electrospray ionization was

used to verify the molecular weight of purified peptides.
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2.7.4 H NMR of Peptides

Lyophilized peptides were dissolved in CD3OD at a concentration of ~2 mg/mL. *H
NMR spectra were obtained on a Bruker 600 MHz.DRX NMR spectrometer using
XWINNMR version 3.5 at the University of Illinois Center for Structural Biology. Chemical

shifts () are given in ppm and coupling constants (J) are reported in Hz.

2.7.5 Circular Dichroism

Circular dichroism (CD) data were collected using a Jasco J-815 CD Spectrometer.
Peptides were diluted to 50 uM in 45 mM phosphate buffer pH 7.4 with 10% methanol.
Spectra were acquired at 20 °C, over the range of 260-190 nm using the following
instrument settings: 0.5 nm pitch, 1 nm band width, 1 second response, 20 nm/min scan
speed, 0.2 cm cell length, and 3 accumulations. The baseline from a blank sample of 45
mM phosphate buffer pH 7.4 with 10% methanol was subtracted from each data set, and

the data were minimally smoothed using the same level of adaptive smoothing.

2.7.6 Time-resolved fluorescence resonance energy transfer (TR-FRET) assay

The assay protocol was adopted from an established procedure.® Briefly, the
peptides were incubated with 4 nM ERa-417 (amino acids 304-554; C381,530S; site-
specifically labeled at C417 with biotin-maleimide), 1 nM streptavidin-terbium chelate
(LanthaScreen® Thb-Streptavidin; ThermoFisher Scientific catalog number: PV3965), 50
nM steroid receptor coactivator 3 (residues 627-829; labeled nonspecifically with 5-
iodoacetamidofluorescein), and 4 uM estradiol in 80 pL of TR-FRET buffer (20 mM Tris-
HCI, 10% glycerol, 50 mM NaCl, 0.01% Nonidet® P 40 substitute at pH 7.5) with a DMSO

concentration of 3%. After incubating for 45 minutes at room temperature, TR-FRET
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readings were taken on a Biotek Synergy H4 hybrid reader using the software Gen5 v.
1.11.5. The excitation band used was 360/40 nm with a 100 ps delay and a 500 us
collection time with emission readings at 495/5 nm and 520/25 nm. The experiment was
performed in triplicate using Corning black, polystyrene, flat bottom, non-binding surface
area, 96-well half area assay plates. Graphpad Prism v. 6.01 was used to generate best-
fit curves of the data (ratio of emission at 520 nm / emission at 495 nm; background
emission of control with no estradiol and DMSO blank was subtracted) to sigmoidal, 4PL,

where X is log (concentration of inhibitor).

2.7.7 Surface plasmon resonance

Purified ERa-417 (amino acids 304-554; C381,530S; site-specifically labeled at
C417 with biotin-maleimide) was diluted to 0.5 mg/mL with HBS-EP buffer (10 mM
HEPES, pH 7.4, 150 mM NaCl, 3 mM EDTA, and 0.05% surfactant P20) and injected for
5 min at a 7 uL/min flow rate on a Series S sensor chip SA for immobilization at 25 °C
with running buffer HBS-EP using a Biacore T200 instrument. Blank surfaces were used
as controls on flow channels 1 and 3. ERa was immobilized to flow channels 2 and 4, and
immobilization levels were ~3100 RU and 2700 RU, respectively. Stapled peptide
solutions at a series of increasing concentrations were applied to all four channels at a
30 pL/min flow rate with assay buffer (10 mM HEPES, pH 7.5, 0.15 M NacCl, 0.1% Chaps,
and 2% DMSO, supplemented with 50 nM estradiol), and real-time response units (RU)
were monitored. Sensorgrams were analyzed using the Biacore T200 evaluation software
3.0. All data were referenced by blank channel responses at each concentration, and the

Ko values were determined by fitting the reference subtracted data to a steady-state
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affinity equation. Kinetic fittings were done by 1 to 1 binding equation embedded in the

Biacore T200 evaluation software 3.0.

2.7.8 X-ray crystallography

X-ray crystallography for estrogen receptor complexes was carried out by Sean

Fanning. The exact protocol is published and freely available.

2.7.9 Molecular dynamic simulations

Chris Mayne performed molecular dynamic simulations. The exact protocol is

published and freely available. (DOI: 10.1002/anie.201510557)

2.8 Synthesis of amino acids Fmoc-Ar and Fmoc-As

2.8.1 General information

'H and 13C NMR spectra were recorded on a Bruker 400 MHz spectrometer. Peak
positions are given in parts per million (8). Molecular weight was determined using a
Shimadzu LCMS-2020 mass spectrometer with electrospray ionization. High-resolution
mass spectrometry (HRMS) spectra were recorded on a Shimadzu LCMS-IT-TOF, and
the mass-to-charge ratio of the compounds was within 0.05% of calculated values. Flash

chromatography was performed using silica gel (230-400 mesh).

2.8.2 Synthetic procedures

Boc-d-valine-l-alanine methylester (1) — Triethylamine (6.86 g, 68 mmol, 1.0 eq) was
added to a solution of Boc-D-valine (14.8 g, 68 mmol, 1.0 eq) in dichloromethane (200
mL) cooled below 4 °C. Isobutyl chloroformate (9.30 g, 68 mmol, 1.0 eq) was added to

the solution of triethylamine and Boc-D-valine over 30 minutes, and the resulting mixture
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was stirred for an additional 30 minutes. A solution of L-alanine methyl ester (9.50 g, 68
mmol, 1.0 eq) and triethylamine (6.86 g, 68 mmol, 1.0 eq) in dichloromethane (200 mL)
was stirred for 30 minutes and then added to the mixture of triethylamine, Boc-D-valine,
and isobutyl chloroformate over 2 hours while maintaining the temperature below 4 °C.
The resulting mixture was stirred at room temperature for 16 hours. The reaction mixture
was washed with water (3 x 300 mL) and brine (200 mL). The organic layer was dried
with MgSO4 and concentrated under vacuum to give 19.6 g of crude product, which was

recrystallized from 1:1 water:ethanol to give 16.9 g of a white solid (82%).

1H-NMR (400 MHz, CDCla): & = 6.65 (d, J = 7.1 Hz, 1 H), 5.10 (d, J = 8.6 Hz, 1 H), 4.58
(quin, J = 7.2 Hz, 1 H), 3.98 (br. s., 1 H), 3.73 (s, 3 H), 2.16 (dg, J = 13.1, 6.7 Hz, 1 H),

1.43 (s, 9 H), 1.40 (d, J = 7.1 Hz, 3 H), 0.95 (d, J = 6.8 Hz, 3 H), 0.90 (d, J = 6.8 Hz, 3 H)

13C-NMR (101 MHz, CDCls): = 173.0, 171.3, 155.7, 79.3, 59.4, 52.1, 47.7, 30.8, 28.0,

18.9,17.8,17.5

LCMS-ESI [M+H]* 303.25

(3R,6S)-3-isopropyl-6-methylpiperazine-2,5-dione (2) - Boc-D-Val-L-Ala-methyl ester
(13.8 g, 45 mmol) was dissolved in 1,2-dichlorobenzene (140 mL) and heated to 175—
180 °C for 24 hrs. Methanol that formed was removed by distillation. The reaction mixture
was placed in a 0 °C freezer overnight, and a crystalline solid was collected by filtration
and washed with methyl tert-butyl ether to yield 5.00 g of a white solid (64.5%). If needed,

the product can be recrystallized from ethanol:water to remove impurities.
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IH-NMR (400 MHz, DMSO-de): & = 8.09 (s, 1 H), 8.12 (s, 1 H), 3.92 (g, J = 6.5 Hz, 1 H),
3.54 (br. s., 1 H), 2.21-2.04 (m, 1 H), 1.25 (d, J = 6.8 Hz, 3 H), 0.93 (d, J = 6.8 Hz, 3 H),

0.86 (d, J = 6.6 Hz, 3 H)
13C-NMR (101 MHz, DMSO-ds): & = 168.9, 167.4, 60.2, 49.0, 32.2, 18.6, 18.5, 17.2

LCMS-ESI [M+H]* 171.05

(2R,5S)-2-isopropyl-3,6-dimethoxy-5-methyl-2,5-dihydropyrazine (3) -
Trimethyloxonium tetrafluoroborate (10.0 g, 67.6 mmol, 2.3 eq) and (3R,6S)-3-isopropyl-
6-methylpiperazine-2,5-dione (5.00 g, 29.4 mmol, 1.0 eq) were well mixed in a round
bottom flask. Dry dichloromethane (75 mL) was added, and the solution was vigorously
stirred for two days. Additional trimethyloxonium tetrafluoroborate (1.5 g, 10.1 mmol, 0.34
eq) was added, and the mixture was stirred for one more day. The acidic reaction mixture
was guenched by pipetting it into a solution of ice cold sodium bicarbonate (75 mL
saturated). During the quenching process ag. 1 M NaOH was added as needed to the
sodium bicarbonate solution to maintain a pH > 7. After quenching, dichloromethane (3 x
50 mL) was used to extract organic material from the ag. solution. The organic layer was
washed with water (2 x 50 mL) and brine (1 x 50 mL), dried over MgSO4and concentrated
to an oil under vacuum. The impure product was purified by flash column chromatography

(4:1 hexane:ether) to give 4.35 g of a clear oil (75%).

IH-NMR (400 MHz, CDCls): & = 4.00 (dq, J = 7.1, 3.5 Hz, 1 H), 3.95 (g, J = 3.5 Hz, 1 H),
3.69 (s, 3 H), 3.67 (s, 3 H), 2.25 (sptof d, J = 6.8, 3.3 Hz 1 H), 1.35 (d, J = 7.1 Hz, 3 H),

1.04 (d, J = 7.1 Hz, 3 H), 0.70 (d, J = 6.8 Hz, 3 H)
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13C-NMR (101 MHz, CDClz): 6 = 164.9, 163.4, 60.9, 52.4, 52.3, 51.4, 31.8, 21.3, 19.0,

16.6
LCMS-ESI [M+H]* 199.13

Specific Rotation [a]oRT -43.9 (c, 1.95 CHCIs)

(S)-4-benzyl-3-propionyloxazolidin-2-one (4a) - To a solution of (S)-4-
benzyloxazolidin-2-one (3.20 g, 18.1 mmol, 1.00 eq) in THF (65 mL) at -78 °C was added
1.6 M n-butyllithium in hexane (12.4 mL, 19.9 mmol, 1.10 eq) dropwise over 20 minutes.
The temperature of the solution was maintained at =78 °C prior to and during the addition
of base. Propionyl chloride (1.84 g, 19.9 mmol, 1.10 eq) was added over 10 minutes and
the solution was stirred at -78 °C for 2.5 hrs. The reaction was warmed to room
temperature and quenched with saturated ammonium chloride (10 mL). The THF was
removed under vacuum and the residual oil was taken up into dichloromethane (100 mL),
washed with water (1 x 50 mL), washed with 10% sodium hydroxide (1 x 50 mL), washed
with water (2 x 50 mL), washed with brine (1 x 50 mL), dried over MgSO4, and

concentrated to a white powder (4.20 g, 99.8%).

IH-NMR (400 MHz, CDCl3): & = 7.38-7.31 (m, 2 H), 7.30-7.26 (m, 1 H), 7.21 (d, J = 6.8
Hz, 2 H), 4.68 (dddd, J = 9.9, 6.9, 3.4, 3.2 Hz, 1 H), 4.21 (dd, J = 9.0, 7.8 Hz, 1 H), 4.17
(dd, J = 9.1, 3.3 Hz, 1 H), 3.31 (dd, J = 13.3, 3.2 Hz, 1 H), 3.00 (dq, J = 17.9, 7.6 Hz, 1
H), 2.93 (dg, J = 17.9, 7.3 Hz, 1 H), 2.77 (dd, J = 13.4, 9.6 Hz, 1 H), 1.21 (t, J = 7.3 Hz, 3

H)
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13C-NMR (101 MHz, CDCls): 5 = 174.0, 153.4, 135.3, 129.3, 128.8, 127.2, 66.1, 55.1,

37.8,29.1, 8.2
LCMS-ESI [M+H]* 234.15

Specific Rotation [a]oRT +59 (c, 7.6 CHCI3)

(R)-4-benzyl-3-propionyloxazolidin-2-one (4b) — This compound was prepared
similarly to the procedure described for 4a, but with (R)-4-benzyloxazolidin-2-one as

starting material.

IH-NMR (400 MHz, CDCl3) & = 7.37-7.31 (m, 2 H), 7.31-7.25 (m, 1 H), 7.24-7.19 (m, 2
H), 4.68 (dddd, J = 10.6, 7.1, 3.2, 3.0 Hz, 1 H), 4.22 (dd, J = 9.0, 6.8 Hz, 3 H), 4.17 (dd,
J=9.1,3.3Hz, 1 H), 3.31 (dd, J = 13.4, 3.0 Hz, 1 H), 2.99 (dg, J = 17.9, 7.3 Hz, 1 H),

2.93 (dg, J = 17.9, 7.3 Hz, 1 H), 2.78 (dd, J = 13.3, 9.7 Hz, 1 H), 1.21 (t, J = 7.3 Hz, 3 H)

13C-NMR (101 MHz, CDCls) & 174.0, 153.4, 135.3, 129.3, 128.9, 127.2, 66.1, 55.1, 37.8,

29.1, 8.2
LCMS-ESI [M+H]* 234.15
Specific Rotation [a]oRT -49 (c, 4.9 CHCls)

Reference Procedure: Evans and DiMare.93

(S)-4-benzyl-3-((R)-2-methylpent-4-enoyl)oxazolidin-2-one (5a) — To a solution of 0.94

M lithium diisopropyl amide (20 mL, 18.9 mmol, 1.10 eq) in THF/hexanes at -78 °C was
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added a solution of 4a (4.00 g, 17.1 mmol, 1.00 eq) in THF (25 mL) over 30 minutes. After
allowing the solution to stir for 15 minutes at -78 °C, allyl bromide (3.64 g, 51.4 mmol,
3.00 eq) was added dropwise over 30 minutes. Stirring was continued for 30 minutes at
—-78 °C followed by an additional stirring for 2.5 hrs at 0 °C in an ice bath. Upon the
disappearance of starting material, the reaction mixture was warmed to room temperature
and quenched with saturated ammonium chloride (20 mL). Volatile reaction components
were removed under vacuum. The residue was dissolved in DCM (100 mL), washed with
water (2 x 75 mL), washed with brine (75 mL), dried with magnesium sulfate and
concentrated to a golden oil (4.93 g). The product was purified by flash column
chromatography (elution at 1:4 hexane:ethyl acetate) resulting in 2.30 g of a white solid

(49%) after removal of solvent.

1H-NMR (400 MHz, CDCls): & = 7.37-7.31 (m, 2 H), 7.31-7.27 (m, 1 H), 7.25-7.21 (m, 2
H), 5.84 (ddt, J = 17.0, 10.0, 7.1 Hz, 1 H), 5.16-5.04 (m, 2 H), 4.69 (dddd, J = 10.6, 6.8,
3.3, 3.1 Hz, 1 H), 4.23-4.13 (m, 2 H), 3.88 (sxt, J = 6.8 Hz, 1 H), 3.30 (dd, J = 13.4, 3.3
Hz, 1 H), 2.71 (dd, J = 13.4, 9.9 Hz, 1 H), 2.54 (dtt, J = 14.1, 6.8, 1.3 Hz, 1 H), 2.26 (dltt,

J=14.1,7.1,1.0 Hz, 1 H), 1.20 (d, J = 6.8 Hz, 3 H)

13C-NMR (101MHz, CDCls): d = 176.4, 153.1, 135.3, 135.2, 129.4, 128.9, 127.3, 117.2,

66.0, 55.3, 38.0, 37.9, 37.1, 16.4
LCMS-ESI [M+H]* 274.20

Specific Rotation [a]oRT +33.6 (c, 5.9 CHCIs)
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(R)-4-benzyl-3-((S)-2-methylpent-4-enoyl)oxazolidin-2-one (5b) — This compound was
prepared similarly to the procedure described for 5a by using the oppositely configured

starting material.

IH-NMR (400 MHz, CDCls): & = 7.37-7.31 (m, 2 H), 7.31-7.27 (m, 1 H), 7.26-7.19 (m, 2
H), 5.84 (ddt, J = 17.0, 10.1, 7.0 Hz, 1 H), 5.15-5.04 (m, 2 H), 4.69 (dddd, J = 10.0, 6.9,
3.4,3.2 Hz, 1 H), 4.24-4.13 (m, 2 H), 3.88 (sxt, J = 6.8 Hz, 1 H), 3.30 (dd, J = 13.1, 3.3
Hz, 1 H), 2.71 (dd, J = 13.1, 9.9 Hz, 1 H), 2.53 (dit, J = 14.0, 6.8, 1.3 Hz, 1 H), 2.25 (dtt,

J=14.0,7.3,1.3Hz,1H),1.20 (d, J=6.8 Hz, 3 H)

13C-NMR (101 MHz, CDCl3): 8 = 176.5, 153.1, 135.4, 135.2, 129.4, 128.9, 127.3, 1171,

66.0, 55.3, 38.1, 37.9,37.1,16.4
LCMS-ESI [M+H]* 274.20
Specific Rotation [a]oRT -36.1 (¢, 5.1 CHCI3)

Reference Procedure: Evans, Ennis, and Mathre. 84

(R)-2-methylpent-4-en-1-ol (6a) — Compound 5a (0.820 g, 3.0 mmol, 1.0 eq) was
dissolved in diethylether (25 mL) and cooled to 0 °C in an ice/salt bath. To this solution
was added ethanol (0.207 g, 4.5 mmol, 1.5 eq) followed by LiBH4 (4 x 25 mg portions,
4.6 mmol, 1.5 eq). The solution was stirred for 1 hr at 0 °C and then stirred for an additional
3 hrs at room temperature. The reaction was quenched with 1 M NaOH (25 mL). The
organic layer was separated, and the aqueous layer was extracted with diethyl ether (2 x

25 mL). The combined organic layers were washed with ammonium chloride (1 x 50 mL),
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water (2 x 50 mL), brine (1 x 50 mL), dried over MgSOa4 and concentrated to an oily-solid.
The residue was subjected to flash column chromatography (1:1 hexane: ethyl acetate)

to afford 6a (0.240 g, 80%)).

IH-NMR (400 MHz, CDCl3): & = 5.78 (ddt, J = 17.2, 10.1, 7.1 Hz, 1 H), 5.06-4.96 (m, 2
H), 3.47 (ddd, J = 10.6, 6.6, 5.8 Hz, 1 H), 3.41 (ddd, J = 10.6, 6.6, 5.6 Hz, 1 H), 2.22 (br.
t, J =5.8 Hz, 1 H), 2.16 (dtt, J = 14.0, 6.6, 1.3 Hz, 1 H), 1.90 (dit, J = 14.0, 6.6, 1.3 Hz, 1

H), 1.77-1.64 (octet, J = 6.6 Hz, 1 H), 0.90 (d, J = 6.8 Hz, 3 H)
13C-NMR (101 MHz, CDCl3): & = 136.9, 115.9, 67.6, 37.7, 35.5, 16.3

Specific Rotation [a]oRT +1.5 (¢, 19.9 CHCla)

(S)-2-methylpent-4-en-1-0l (6b) — This compound was prepared similarly to the

procedure described for 6a by using the oppositely configured starting material.

1H-NMR (400 MHz, CDCls): & = 5.83 (ddt, J = 17.1, 10.0, 7.1 Hz, 1 H), 5.10-4.98 (m, 2
H), 3.53 (dd, J = 10.4, 6.3 Hz, 1 H), 3.47 (dd, J = 10.6, 6.3 Hz, 1 H), 2.18 (dtt, J = 14.0,
6.6, 1.3 Hz, 1 H), 1.96 (dtt, J = 14.0, 6.8, 1.3 Hz, 1 H), 1.75 (octet, J = 6.6 Hz, 1 H), 1.43

(br. s, 1H), 0.94 (d, J = 6.8 Hz, 3 H)
13C-NMR (101 MHz, CDCls): & = 136.9, 115.8, 67.5, 37.7, 35.5, 16.2
Specific Rotation [a]oRT -1.9 (c, 16.5 CHCI3)

Reference Procedure: Meiries, Bartoli, Decostanzi, Parrain, and Commeiras. 21
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(2S,5R)-5-isopropyl-3,6-dimethoxy-2-methyl-2-((R)-2-methylpent-4-en-1-yl)-2,5-
dihydropyrazine (8a) — This compound was prepared similarly to the procedure

described for 8b by using the oppositely configured starting material.

IH-NMR (400 MHz, CDCla): & = 5.77-5.63 (m, 1 H), 4.97 (t, J = 1.3 Hz, 1 H), 4.95-4.92
(m, 1 H), 3.97 (d, J = 3.3 Hz, 1 H), 3.67 (s, 3 H), 3.66 (s, 3 H), 2.28 (dtt, J = 10.4, 6.9, 3.3
Hz, 1 H), 2.01-1.89 (m, 2 H), 1.85-1.76 (m, 1 H), 1.44-1.32 (m, 2 H), 1.31 (s, 3 H), 1.09

(d, J = 6.8 Hz, 3 H), 0.83 (d, J = 6.6 Hz, 3 H), 0.69 (d, J = 6.8 Hz, 3 H)

13C-NMR (101 MHz, CDCls): 5 = 165.7, 161.3, 137.5, 115.6, 61.1, 58.6, 52.1, 52.0, 47.2,

41.9, 31.0, 29.8, 29.7, 21.2, 19.4, 16.9
HRMS [M+H]* calcd for C16H20N202, 281.2224; found, 281.2223

Specific Rotation [a]oRT + 49.1 (c, 1.03 CHCIs)

(2S,5R)-5-isopropyl-3,6-dimethoxy-2-methyl-2-((S)-2-methylpent-4-en-1-yl)-2,5-

dihydropyrazine (8b) — Step 1:The alcohol 6b (0.764 g, 7.63 mmol) was dissolved in
dichloromethane (16 mL) and cooled to =78 °C. Pyridine (0.665 g, 8.40 mmol) was added
in one portion followed by the dropwise addition of trifluoromethanesulfonic anhydride
(2.26 g, 8.022 mmol). After addition, the solution was stirred for 10 minutes at —=78 °C and
transferred to an ice bath, where stirring was continued for an additional 30 minutes. At
this point hexane (32 mL) was added followed by 1 M sulfuric acid (32 mL). The organic
layer was set aside, and the aqueous layer was extracted with dichloromethane (50 mL).
The combined organic layers were filtered through a plug of silica, and additional

dichloromethane (75 mL) was used to flush residual triflate through the silica, leaving
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behind an orange residue. The organic layer was dried over MgSO4 and concentrated
under vacuum to yield 0.950 g (4.0 mmol), which was used directly in step 2. Step 2:
The bislactim ether 3 (0.792 g, 4.0 mmol) was dissolved in THF (16 mL) and cooled to
—-78 °C. tert-BuLi in hexane (3.69 mL, 4.8 mmol) was added dropwise over 45 minutes,
and stirring was continued for an additional hour at -78 °C. While maintaining the
temperature at =78 °C, the ftriflate of 6b formed in Step 1 (0.950 g, 4.0 mmol) dissolved
in THF (2 mL) was added dropwise over 30 minutes. Stirring was continued overnight as
the solution was allowed to warm to room temperature slowly. The reaction was quenched
with conc. ammonium chloride (5 mL), and volatile organics were removed under vacuum.
The mixture was diluted with water (25 mL) and extracted with diethyl ether (3 x 30 mL).
The organic layer was washed with water (1 x 50 mL) and brine (1 x 50 mL), dried over
MgSOa4 and concentrated under vacuum to give an oil. The oil was purified by flash
column chromatography (9:1 hexane: ethyl acetate) to afford 1.12 g of 8b (99.9% based

on 3).

IH-NMR (400 MHz, CDCls): & = 5.81-5.67 (m, 1 H), 5.02-4.91 (m, 2 H), 3.98 (d, J = 3.3
Hz, 1 H), 3.67 (s, 3 H), 3.66 (s, 3 H), 2.28 (dtt, J = 10.3, 6.9, 3.4 Hz, 1 H), 2.03 (qd, J =
6.9, 5.8 Hz, 1 H), 1.85 (dt, J = 14.1, 7.2 Hz, 1 H), 1.76-1.69 (m, 1 H), 1.62 (dd, J = 13.6,
4.0 Hz, 1 H), 1.44-1.34 (m, 1 H), 1.31 (s, 3 H), 1.09 (d, J = 6.8 Hz, 3 H), 0.75 (d, J = 6.8

Hz, 3 H), 0.69 (d, J = 6.8 Hz, 3 H)

13C-NMR (101 MHz, CDCls): 5 = 166.0, 161.5, 137.5, 115.6, 61.1, 57.9, 52.1, 52.0, 47.3,

42.8, 31.0, 29.9, 29.3, 19.5, 19.4, 16.9

HRMS [M+H]* calcd for C16H20N202, 281.2224; found, 281.2229
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Specific Rotation [a]oRT +28.1 (c, 1.45 CHCIs)

Reference Procedure: Schollkopf, Groth, and Deng. %*

(2S,4R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2,4-dimethylhept-6-enoic

acid (9a; Fmoc-Ar) — Compound 8a (0.280 g, 1.0 mmol, 1.0 eq) was added to a solution
of 0.3 M HCI (8.3 mL, 2.5 eq) and stirred overnight at room temperature. The solution was
stirred for 4 additional days, and additional THF (1 mL) was added on the morning of each
day. Upon disappearance of starting material, the reaction was basified to pH 8 by the
dropwise addition of 1 M ammonium hydroxide, extracted with ethyl acetate (3 x 20 mL),
and concentrated under vacuum. Undesired valine methyl ester was removed by vacuum.
The residual oil was taken up in dioxane (3.25 mL) and ag. 10% sodium carbonate (3.25
mL, 3 eq) at 0 °C. Fmoc-ClI (0.258 g, 1.0 eq) was added slowly, and the reaction mixture
was allowed to warm to room temperature and stir overnight. The next day the reaction
mixture was diluted with water (10 mL), extracted with dichloromethane (3 x 20 mL),
washed with water (30 mL), washed with brine (30 mL), dried with MgSO4 and
concentrated. The residue was taken up in 1:1 dioxane : 2.5 M HCI (6 eq. HCI), and the
solution was heated at reflux for 3 days. Upon disappearance of the methyl ester (as
observed by LC-MS) the reaction solvent was removed under vacuum, and the crude
product was purified by flash column chromatography (0-2.5% CHsOH in CH2Cl),

resulting in 0.169 g of a crystalline solid 9a (43%).

IH-NMR (400 MHz, CD3OD): & = 7.81-7.75 (m, 1 H), 7.66-7.62 (m, 1 H), 7.40-7.35 (m,

2 H), 7.31-7.26 (m, 2 H), 5.80-5.63 (m, 1 H), 5.01-4.92 (m, 1 H), 4.31 (br. s, 2 H), 4.22—



38

4.16 (M, 1 H), 2.10-2.01 (m, 1 H), 1.96-1.70 (m, 3 H), 1.63-1.54 (m, 1 H), 1.50 (br. s, 3

H), 0.90 (d, J = 6.3 Hz, 3 H)

13C-NMR (101 MHz, CD30OD): 8 = 177.9, 156.9, 145.4, 142.7, 138.3, 128.9, 128.3, 126.3,

121.0, 116.8, 67.6, 60.4, 48.5, 43.8, 43.5, 30.4, 24.4, 21.5
HRMS [M+H]* calcd for C24H2sNO4, 394.2013; found, 394.2000

Specific Rotation [a]oRT +5.8 (c, 8.5 CHCIs)

(2S,49)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2,4-dimethylhept-6-enoic
acid (9b; Fmoc-As) — This compound was prepared similarly to the procedure described

for 8a, but used the oppositely configured starting material.

1H-NMR (400 MHz, CDCls): & = 7.82—7.71 (m, 2 H), 7.68-7.58 (m, 2 H), 7.42-7.32 (m, 2
H), 7.31-7.22 (m, 2 H), 5.83-5.62 (M, 1 H), 5.03—4.93 (m, 2 H), 4.92 (br. s, 2 H), 4.38—
4.24 (m, 2 H), 4.23-4.11 (m, 1 H), 2.15-2.00 (m, 2 H), 1.95-1.83 (m, 1 H), 1.74 (dd, J =

14.0, 7.7 Hz, 1 H), 1.66—1.56 (m, 1 H), 1.49 (br. s, 3 H), 0.86 (d, J = 6.3 Hz, 3 H)

13C-NMR (101 MHz, CDCl3): & = 178.2, 156.8, 145.4, 142.7, 138.3, 128.9, 128.3, 126.3,

121.1, 116.7, 67.6, 60.2, 48.6, 43.9, 43.6, 30.2, 24.6, 20.9
HRMS [M+H]* calcd for C24H2sNO4, 394.2013; found, 394.2002

Specific Rotation [a]oRT +6.03 (c, 23.0 CHCl3)
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(2S,5R)-5-isopropyl-3,6-dimethoxy-2-methyl-2-((R)-1-(phenylsulfonyl)hex-5-en-2-

yl)-2,5-dihydropyrazine (11a) - The bislactim ether 3 (0.476 g, 2.4 mmol) was dissolved
in THF (10 mL) and cooled to =78 °C. tert-BuLi in hexane (2.03 mL, 2.64 mmol) was
added dropwise over 45 minutes, and stirring was continued for an additional hour at =78
°C. While maintaining the temperature at -78 °C, the phenylsulfone 10 (0.533 g, 2.4
mmol) dissolved in THF (2 mL) was added dropwise over 30 minutes. Stirring was
continued for 35 min. The reaction was quenched with conc. ammonium chloride (2 mL)
at -78 °C, and allowed to warm to room temperature. The mixture was diluted with water
(25 mL) and extracted with diethyl ether (3 x 30 mL). The organic layer was washed with
water (1 x 50 mL) and brine (1 x 50 mL), dried over MgSOa4 and concentrated under
vacuum to give an oil. The oil was purified by flash column chromatography (0-20%
hexane: ethyl acetate) to afford 0.46 g of 11a (43%). A compound confirmed to be the
diastereoisomer 11b (2S,5R)-5-isopropyl-3,6-dimethoxy-2-methyl-2-((S)-1-

(phenylsulfonyl)hex-5-en-2-yl)-2,5 eluted first and was also recovered 0.18 g (17%).

11a *H-NMR (400 MHz, CDCls): & = 7.87 - 7.92 (m, 2 H), 7.63 - 7.68 (m, 1 H), 7.54 - 7.59
(m, 2 H), 5.79 (ddt, J=17.0, 10.3, 6.6, 6.6 Hz, 1 H), 4.92 - 5.04 (m, 2 H), 3.87 (d, J=3.5
Hz, 1 H), 3.61 (s, 3 H), 3.42 (s, 3 H), 2.91 - 2.96 (m, 2 H), 2.17 - 2.35 (m, 3 H), 2.06 - 2.16
(m, 1 H), 1.85 - 1.95 (m, 1 H), 1.56 (dd, J=9.6, 4.8 Hz, 1 H), 1.27 (s, 3 H), 1.03 (d, J=6.8

Hz, 3 H), 0.64 (d, J=6.8 Hz, 3 H)
LCMS-ESI [M+H]* 421.25

11b 'H-NMR (400 MHz, CDCl3): & = 7.94 - 7.99 (m, 2 H), 7.62 - 7.68 (m, 1 H), 7.55 - 7.61
(m, 2 H), 5.66 (ddt, J=17.0, 10.3, 6.6, 6.6 Hz, 1 H), 4.86 - 4.96 (m, 2 H), 3.91 (d, J=3.3

Hz, 1 H), 3.74 (dd, J=15.5, 3.2 Hz, 1 H), 3.65 (s, 3 H), 3.55 (s, 3 H), 2.90 (dd, J=15.4, 5.8
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Hz, 1 H), 2.51 - 2.58 (m, 1 H), 2.23 (td, J=6.8, 3.5 Hz, 1 H), 1.89 - 2.01 (m, 2 H), 1.18 -

1.25 (m, 4 H), 1.04 - 1.13 (m, 4 H), 0.64 (d, J=6.8 Hz, 3 H)

11b 33C-NMR (101 MHz, CDCls): d = 164.4, 162.4, 140.3, 138.2, 133.5, 129.2, 128.1,

114.6, 60.9, 60.5, 57.2, 52.2, 52.1, 40.1, 31.9, 31.0, 30.8, 26.9, 19.3, 16.9
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Figure 2.10. Representative purification and analysis of peptides. (A) Crude SRC2-SP2
before semi-preparative HPLC purification. (B) Analytical HPLC chromatogram of purified

SRC2-SP2. (C) LC-ESI-MS analysis of purified SRC2-SP2.
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TABLE I. ELECTROSPRAY MS DATA FOR PEPTIDES (POSITIVE MODE)

Peptide Molecular Weight Found Mass
SRC2-SP1 1438.70 [M+2H]?* =720.25
SRC2-SP2 1438.70 [M+2H]?* = 720.25
SRC2-SP3 1438.70 [M+2H]?* = 720.25
SRC2-SP4 1424.68 [M+2H]?* =712.95
SRC2-WT 1400.65 [M+2H]?* =701.35
SRC2-P5 1452.73 [M+2H]?* = 727.25
PFE-SP2 1396.62 [M+2H]?* = 699.10
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Figure 2.11. 'H NMR spectra for SRC2-SP1 in CD30D. The apparent coupling constants

for the alkene protons are & = 5.24 (ddd, J = 10.2, 10.2, 3.0 Hz, 1 H), 5.17 (ddd, J = 10.2,

10.2, 5.3 Hz, 1 H)
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Figure 2.12. 'H NMR spectra for SRC2-SP2 in CD30D. The apparent coupling constants

for the alkene protons are & = 5.58 (ddd, J =9.8, 9.8, 5.7 Hz, 1 H), 5.48 (ddd, J = 9.8, 9.8,

4.5 Hz, 1 H).
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Figure 2.13. 'H NMR spectra for SRC2-SP3 in CD30D. The apparent coupling constants

for the alkene protons are 6 = 5.42 (ddd, J = 10.9, 10.9, 3.5 Hz, 1 H), 5.37 (ddd, J = 10.6,

10.6, 5.6 Hz, 1 H).
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Figure 2.14 *H NMR spectra for SRC2-SP4 in CD30D. The apparent coupling constants
for the alkene protons are 6 = 5.36 (ddd, J = 10.6, 10.6, 6.0 Hz, 1 H), 5.21 (ddd, J = 10.6,
10.6, 3.0 Hz, 1 H).
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TABLE II. TR-FRET STATISTICAL INFORMATION FOR BEST-FIT VALUES

SRC2-SP1 SRC2-SP2 SRC2-SP3 SRC2-WT SRC2-SP4 SRC2-P5 PFizer SP2
Sigm oidal, 4PL,
X is log(concentration)
Best-fit values
Top 0.5248 0.4827 0.4965 0.5044 0.4956 0.4878 0.5114
Bottom 0.002988 0.02142 0.0365 0.02447 0.01778 0.02561 0.05688
LogIC50 -5.744 -7.018 -7.04 -5.965 -6.411 -5.912 -6.121
HillSlope -0.7228 -1.043 -1.044 -1.032 -0.8722 -1.073 -1.022
IC50 0.000001802 9.587E-08 9.117E-08 0.000001085 3.882E-07 0.000001224 7.575E-07
Span 0.5218 0.4613 0.46 0.4799 0.4779 0.4622 0.4545
Std. Error
Top 0.01026 0.008562 0.009011 0.007535 0.007867 0.008219 0.008392
Bottom 0.05015 0.01 0.0104 0.021 0.01569 0.02335 0.01989
LogIC50 0.1542 0.04971 0.05205 0.06601 0.06509 0.07427 0.07171
HillSlope 0.1282 0.1116 0.1198 0.1395 0.09551 0.1653 0.1462
95% Confidence Intervals
Top 0.5039 to 0.5457 |0.4652 to 0.5001 0.4781 to 0.5149 0.4890 to 0.5198 0.4796 to 0.5117 0.4710 to 0.5045 0.4943 to 0.5285
Bottom -0.09921 to 0.1052 |0.001039 to 0.04180 |0.01528 to 0.05772 |-0.01837 to 0.06731 |-0.01422 to 0.04979 |-0.02197 to 0.07319 |0.01635 to 0.09741
LogIC50 -6.059 to -5.430 -7.120 to -6.917 -7.146 to -6.934 -6.099 to -5.830 -6.544 to -6.278 -6.064 to -5.761 -6.267 to -5.974
HillSlope -0.9841to -0.4614 |-1.271 to -0.8157 -1.289 to -0.8000 -1.316 to -0.7471 -1.067 to -0.6773 -1.410 to -0.7361 -1.320 to -0.7239
IC50 8.73e-7to 3.71e-6 |7.59e-8 to 1.21e-7 7.13e-8to 1.16e-7 |7.95e-7 to 1.47e-6 |2.86e-7to0 5.27e-7 |B.63e-7to 1.73e-6 |5.41e-7 to 1.06e-6
Span 0.4101 to 0.6335 |0.4322 to 0.4904 0.4296 to 0.4904 0.4315 t0 0.5284 0.4386 to 0.5171 0.4085 to 0.5158 0.4073 to 0.5016
Goodness of Fit
Degrees of Freedom 32 32 3 31 3 32 32
R square 0.9601 0.9832 0.9818 0.9757 0.9824 0.9667 0.9698
Absolute Sum of Squares 0.03969 0.02342 0.02478 0.02756 0.02177 0.03539 0.03334
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Figure 2.16. Ca-Cp torsional profile of the staple residues in solution. The aMe-Ca-C[3-
Cy dihedral angle for residues 689 and 693 is dependent on the position (689 vs. 693)
and the stereochemical configuration (R vs. S) of the y-Me branch (A). The torsional
profile for SRC2-SP1 (A, left) and SRC2-SP3 (A, third panel) match those measured for
the receptor-bound peptides (Figure 2.9A), indicating that receptor binding of the peptide
does not significantly perturb the internal staple structure. SRC2-SP2 (second panel) and
SRC2-SP4 (right) exhibit a unique conformation at residue 689 (B), in which unfavorable
1,5-interactions for both the y-Me and the staple result in a shift of the dihedral (A, second

panel) towards an eclipsed conformation.
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Figure 2.17. H and *C NMR spectra for compound 1
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Figure 2.18 'H and *3C NMR spectra for compound 2
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Figure 2.19 'H and *3C NMR spectra for compound 3
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Figure 2.20 'H and *3C NMR spectra for compound 4a
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Figure 2.21 'H and *3C NMR spectra for compound 4b
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Figure 2.22 'H and *3C NMR spectra for compound 5a
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Figure 2.23 'H and *3C NMR spectra for compound 6a
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Figure 2.24 'H and *3C NMR spectra for compound 6b
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Figure 2.25 'H and *3C NMR spectra for compound 8a

57

(2S,5R)-5-isopropyl-3,6-dimethoxy-2-methyl-2-((R)-2-methylpent-4-en-1-yl)-2,5-dihydropyrazine (8a).esp Mn12 Mn10 w7 I\QS Mgl
M14 M13 M11 MO9 M08 MO06 MO04MO03 M02
WYL AAODN NN T WON ~ o~ o DDOOWTAONAND AN ONNO ®
R R R e R R R ] NNNROARNAARNOTMMOOQQMNQ
LOLWLWLWLWLLWY << ST mmmom NANNAAAAAAAAAAAA A O O OO
e g B e e
Il 1
i
400 MHz, CDCl;
1
by
| ‘ ‘
i | T
[
UJJMUU
T T T T T T T T T T
10.0 X
Chemical Shift (ppm)
(ppm) Value (ppm) Value (ppm) Value (ppm) Value (ppm) Value
[0.6661 .. 0.7139] 3.13 [1.2907 .. 1.3196] 3.05 [1.8883 .. 2.0124] 211 [3.6665 .. 3.6918] 2.90 [4.9620 .. 4.9781] 1.00
[0.8022 .. 0.8475] 3.02 [1.3196 .. 1.4447] 2.07 [2.2344 .. 2.3251] 1.00 [3.9488 .. 3.9867] 0.98 [5.6331 .. 5.7658] 1.05
[1.0647 .. 1.1101] 3.11 [1.7594 .. 1.8525] 111 [3.6463 .. 3.6665] 3.26 [4.9172 .. 4.9544] 0.98

0.40 (28,5R)—5—isopropyl—3,6—dimethoxy—2—methy|—2—((R)—2—methyIpent—4—en—l—yl)—2,5—d|1ydr0pyrazine (8a) Carbon.esp

Me OMe

035 ):,,'

Me (R)\ N\Mel\_lle

N A
0.30 )
OMe
8a
0.25

Normalized Intensity
o
N
o

o
i
o

0.05

ol bk ol bl u..Amm..um....lnmu.lmu.n.mmumumuunlwm|.

220 200 180

(R)

—165.67
—161.26

101 MHz, CDCl,

160

X

137.47

115.57

140 120
Chemical Shift (ppm)

100

80

61.12

—58.56

60

—29.79

—41.90

\-29.67

40

_/-21.18
—16.89 —19.37

20




58

Figure 2.26 'H and *3C NMR spectra for compound 8b
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Figure 2.27 'H and *3C NMR spectra for compound 9a
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Figure 2.28 'H and *3C NMR spectra for compound 9b
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Figure 2.29 H spectra for compound 11a
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Figure 2.30 'H NMR spectra for compound 11b
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Figure 2.31 3C NMR spectra for compound 11b
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TABLE Ill. CRYSTALLOGRAPHIC PARAMETERS AND REFINEMENT SUMMARY

FOR 11B

Crystal Data
Formula
Formula Weight
Crystal System
Space group

a, b, c[A]

L]

V [A3

z

D(calc) [g cm¥]
LW(SYNC) [mm?]
F(000)

Crystal Size [um]

Data Collection
Temperature (K)
Radiation [A]

Theta Min, Max []
Dataset

Total, Unique Data, R(int)
Observed Data [I>20]]

Refinement

Nref, Npar

R, wR2, S

w = [(Fo?)+(0.0725P)%+7.6837P]*2
Max. and Av. Shift/Error

Flack x

Min and Max Residual Density Ap [e A

C22H32N204 S
420.56
monoclinic

P2: (No. 4)
7.820(1), 32.693(1), 8.890(1)
90.032(2)
2272.8(4)

4

1.229

0.168

904

5x20x 20

100

0.70846

2.3,28.9

-10<h<10; -44<k<44; -12<I<12
41958, 11835, 0.052

11427

11835, 534

0.0814, 0.2117, 1.13
where P=(Fo?+2Fc?)/3
0.00, 0.00

0.13(2)

-.75,2.01
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TABLE IV. FINAL COORDINATES OF THE NON-HYDROGEN ATOMS 11B

Atom X y z U(eq)

S1 0.19086(16) 0.93685(4) 0.33056(16) 0.0151(3)
o1 0.0754(5) 0.91148(14) 0.2430(5) 0.0212(11)
02 0.2039(6) 0.97954(14) 0.2910(6) 0.0233(12)
Ci 0.1379(7) 0.93251(17) 0.5229(6) 0.0143(12)
c2 0.0517(8) 0.8971(2) 0.5704(8) 0.0240(17)
C3 0.0161(9) 0.8924(2) 0.7215(9) 0.0297(19)
c4 0.0664(9) 0.9218(2) 0.8241(8) 0.0277(17)
C5 0.1517(8) 0.9568(2) 0.7755(8) 0.0257(17)
C6 0.1881(8) 0.96226(18) 0.6239(7) 0.0190(16)
Cc7 0.3977(7) 0.91410(18) 0.3252(7) 0.0167(16)
C8 0.4689(7) 0.90936(16) 0.1637(6) 0.0137(12)
C9 0.6356(7) 0.93385(18) 0.1439(8) 0.0213(16)
C10 0.6071(8) 0.9805(2) 0.1503(9) 0.0273(19)
Cl1 0.7734(9) 1.0037(2) 0.1465(11) 0.037(2)
C12 0.8056(12) 1.0347(3) 0.0644(18) 0.069(5)
C13 0.4971(6) 0.86289(17) 0.1294(6) 0.0147(14)
C14 0.3269(7) 0.83885(18) 0.1302(7) 0.0183(16)
C15 0.5733(7) 0.85915(17) -.0264(6) 0.0153(12)
015 0.4653(6) 0.87525(15) -.1297(5) 0.0223(12)
Cl16 0.5221(9) 0.8762(2) -.2806(7) 0.0270(17)
N15 0.7152(6) 0.84371(15) -.0645(6) 0.0167(12)
C17 0.8276(7) 0.82825(17) 0.0534(6) 0.0147(14)
C18 0.8816(8) 0.78367(18) 0.0196(6) 0.0183(16)
C19 0.7303(10) 0.75474(19) 0.0251(8) 0.0273(19)
C20 0.9707(9) 0.7815(2) -.1342(6) 0.0243(16)
C21 0.7510(7) 0.83111(16) 0.2096(7) 0.0143(14)
021 0.8577(5) 0.81496(13) 0.3124(5) 0.0186(11)
C22 0.7919(8) 0.8139(2) 0.4652(6) 0.0193(16)
N21  0.6064(6) 0.84579(14) 0.2468(5) 0.0153(12)
S2 0.69061(16) 0.58949(4) 0.19643(16) 0.0163(3)
03 0.5732(6) 0.61422(15) 0.2822(6) 0.0260(14)
04 0.7061(6) 0.54641(14) 0.2325(6) 0.0257(14)
C31 0.6390(7) 0.59419(17) 0.0035(6) 0.0147(12)
C32 0.5506(8) 0.6291(2) -.0431(8) 0.0240(17)
C33 0.5129(9) 0.6339(2) -.1947(9) 0.0277(19)
C34 0.5641(9) 0.6045(2) -.2980(8) 0.0247(17)
C35 0.6526(9) 0.5698(2) -.2516(8) 0.0243(17)
C36 0.6890(7) 0.56436(18) -.0988(7) 0.0183(14)
C37 0.8982(7) 0.61230(17) 0.2018(7) 0.0177(16)
C38 0.9655(7) 0.61780(17) 0.3657(7) 0.0163(14)
C39 1.1308(7) 0.59312(19) 0.3871(8) 0.0243(18)
C40  1.0998(9) 0.5466(2) 0.3936(10) 0.033(2)
C41  1.2657(10) 0.5232(2) 0.4087(16) 0.061(4)
C42  1.3114(12) 0.4921(3) 0.351(2) 0.079(6)
C43  0.9945(7) 0.66439(17) 0.3972(6) 0.0140(12)
C44  0.8246(7) 0.68828(19) 0.3923(7) 0.0190(16)
C45 1.0706(8) 0.66858(18) 0.5536(7) 0.0190(16)
045 0.9604(6) 0.65260(15) 0.6566(5) 0.0230(12)
C46  1.0170(9) 0.6511(2) 0.8081(7) 0.0260(17)
N45  1.2120(6) 0.68353(15) 0.5909(5) 0.0163(12)
C47 1.3251(6) 0.69868(17) 0.4730(6) 0.0137(12)
C48  1.3827(7) 0.74316(18) 0.5077(6) 0.0177(16)
C49  1.2294(10) 0.7727(2) 0.4992(8) 0.0280(19)
C50 1.4722(9) 0.7453(2) 0.6609(7) 0.0253(17)
C51 1.2500(7) 0.69542(18) 0.3175(6) 0.0137(14)
051 1.3574(5) 0.71135(13) 0.2123(5) 0.0174(11)
C52 1.2920(8) 0.7125(2) 0.0650(6) 0.0197(17)
N51  1.1065(6) 0.68113(14) 0.2815(5) 0.0150(12)



TABLE V. HYDROGEN ATOM POSITIONS 11B

Atom X y z U(iso)

H2 0.01840 0.87680  0.49990 0.0290
H3 -.04340 0.86880 0.75520 0.0350
H4 0.04280 0.91810  0.92800 0.0330
H5 0.18500 0.97710 0.84640 0.0310
H6 0.24650 0.98600  0.59020 0.0230
H7A 0.47770 0.93110 0.38470 0.0200
H7B 0.39210 0.88680  0.37310 0.0200
H8 0.38200 0.92030  0.09150 0.0160
HO9A 0.68770 0.92670  0.04590 0.0250
H9B 0.71710  0.92590  0.22400 0.0250

H10A 0.53540 0.98890  0.06390 0.0330
H10B 0.54460 0.98740  0.24370 0.0330
H11 0.86220  0.99450  0.21100 0.0450

H12A 0.72060  1.04500 -.00190 0.0830
H12B 0.91450 1.04750  0.06940 0.0830
H14A 0.34960 0.81000 0.10800 0.0280
H14B 0.25010 0.85010 0.05360 0.0280
H14C 0.27330 0.84120 0.22940 0.0280
H16A 0.62910 0.89170 -.28680 0.0410
H16B 0.43510 0.88940  -.34350 0.0410
H16C 0.54140 0.84820 -.31620 0.0410
H17 0.93360 0.84540  0.05260 0.0180

H18 0.96550 0.77500  0.09820 0.0220

H19A 0.64770 0.76240  -.05300 0.0410
H19B 0.67570  0.75650  0.12400 0.0410
H19C 0.76970 0.72670  0.00770 0.0410
H20A 0.98950 0.75280  -.16150 0.0370
H20B 1.08090 0.79570  -.12880 0.0370

H20C 0.89850 0.79460  -.21040 0.0370
H22A 0.77400 0.84190 0.50130 0.0290
H22B 0.87430 0.79990  0.53070 0.0290
H22C 0.68300 0.79900 0.46680 0.0290

H32 0.51680 0.64930 0.02780 0.0290
H33 0.45180 0.65730  -.22790 0.0330

H34 0.53850 0.60820  -.40160 0.0300
H35 0.68800 0.55000 -.32320 0.0300
H36 0.74720 0.54050 -.06540 0.0220

H37A 0.97920 0.59490  0.14490 0.0210
H37B 0.89360 0.63940 0.15190 0.0210
H38 0.87720 0.60730  0.43730 0.0200

H39A 1.18710 0.60190 0.48150 0.0290
H39B 1.20960 0.59920  0.30290 0.0290
H40A 1.02510 0.54020  0.48040 0.0400
H40B 1.04000 0.53770 0.30100 0.0400
H41 1.34690 0.53530 0.47470 0.0720

H42A 1.23750 0.47810 0.28330 0.0940
H42B 1.42140 0.48130 0.37260 0.0940
H44A 0.84470 0.71670  0.42310 0.0290
H44B 0.74230 0.67560 0.46110 0.0290
H44C 0.77860 0.68780  0.28980 0.0290
H46A 1.11570 0.63280 0.81590 0.0390
H46B 0.92440 0.64100 0.87230 0.0390
H46C 1.05020 0.67860  0.84080 0.0390
H47 1.43010 0.68120 0.47470 0.0160

H48 1.46700 0.75150  0.42900 0.0210

H49A 1.14230 0.76430 0.57220 0.0420
H49B 1.18060 0.77200 0.39770 0.0420



H49C 1.26780 0.80050 0.52240 0.0420
H50A 1.52500 0.77230 0.67330 0.0380
H50B 1.56060 0.72410 0.66620 0.0380
H50C 1.38820 0.74090 0.74100 0.0380
H52A 1.25920 0.68490 0.03380 0.0300
H52B 1.37970 0.72310 -.00340 0.0300
H52C 1.19150 0.73040 0.06200 0.0300

TABLE VI. ANISOTROPIC DISPLACEMENT PARAMETERS 11B

Atom U(11) U@22) U(@33) U(@23) U(3) U(12)
S1  0.0086(5) 0.0165(6) 0.0201(6) 0.0017(5) 0.0018(4) 0.0029(5)
O1  0.0105(18) 0.027(2) 0.026(2) -.0041(17) -.0033(16) 0.0003(16)
02 0.017(2) 0.020(2) 0.033(2) 0.0061(18)0.0021(17) 0.0038(16)
Cl 0.011(2) 0.015(2) 0.017(2) -.001(2) 0.0040(18)0.0032(19)
C2  0.019(3) 0.020(3) 0.033(3) 0.000(2) 0.006(2) -.004(2)

C3  0.024(3) 0.021(3) 0.044(4) 0.007(3) 0.014(3) -.003(2)

C4  0.022(3) 0.033(3) 0.028(3) 0.009(3) 0.004(2) 0.006(3)

C5 0.023(3) 0.024(3) 0.030(3) -.009(3) -.003(2) 0.004(2)

C6 0.017(3) 0.013(2) 0.027(3) 0.000(2) -.002(2) 0.002(2)

C7 0.007(2) 0.021(3) 0.022(3) 0.003(2) -.0002(19) 0.0043(19)
C8 0.010(2) 0.015(2) 0.016(2) -.0002(19) 0.0036(18) 0.0040(18)
C9 0.013(2) 0.016(3) 0.035(3) 0.002(2) 0.005(2) -.001(2)

C10 0.014(3) 0.018(3) 0.050(4) 0.001(3) 0.006(3) 0.000(2)
C11 0.017(3) 0.026(3) 0.068(6) 0.002(3) 0.005(3) 0.001(3)
C12 0.024(4) 0.035(5) 0.149(13) 0.023(6) 0.006(5) -.005(3)
C13 0.008(2) 0.015(2) 0.021(3) 0.001(2) 0.0049(19) 0.0010(18)
C14 0.011(2) 0.017(3) 0.027(3) 0.003(2) -.001(2) -.0008(19)
C15 0.015(2) 0.016(2) 0.015(2) 0.003(2) 0.0026(19) -.0008(19)
015 0.018(2) 0.029(2) 0.020(2) 0.0066(18) 0.0015(16) 0.0121(17)
N15 0.013(2) 0.018(2) 0.019(2) 0.0044(18) -.0003(17) 0.0030(17)
C16 0.030(3) 0.031(3) 0.020(3) 0.006(3) -.003(2) 0.013(3)
C17 0.011(2) 0.014(2) 0.019(3) 0.004(2) 0.0011(19) 0.0017(18)
C18 0.021(3) 0.021(3) 0.013(2) 0.001(2) 0.002(2) 0.010(2)
C19 0.039(4) 0.015(3) 0.028(3) 0.003(2) 0.000(3) 0.001(2)
C20 0.032(3) 0.032(3) 0.009(2) 0.005(2) 0.009(2) 0.017(3)
C21 0.014(2) 0.010(2) 0.019(3) 0.0010(19) 0.0004(19) 0.0013(19)
021  0.0139(18) 0.0190(19) 0.023(2) 0.0030(16) -.0008(15) 0.0070(15)
N21 0.012(2) 0.015(2) 0.019(2) 0.0009(17) 0.0008(17) 0.0001(17)
C22 0.021(3) 0.026(3) 0.011(2) 0.006(2) 0.0003(19) -.002(2)

S2  0.0093(5) 0.0178(6) 0.0218(6) 0.0027(5) -.0032(4) -.0028(5)
03  0.0119(19) 0.030(2) 0.036(3) -.003(2) -.0019(17) -.0019(17)
04 0.020(2) 0.021(2) 0.036(3) 0.0080(19) -.0068(18) -.0059(17)
C31 0.012(2) 0.015(2) 0.017(2) 0.000(2) -.0058(18)-.0022(19)
C32 0.014(3) 0.023(3) 0.035(3) 0.000(2) -.005(2) 0.002(2)
C33 0.021(3) 0.024(3) 0.038(4) 0.005(3) -.007(3) 0.005(2)
C34 0.025(3) 0.026(3) 0.023(3) 0.005(2) -.007(2) -.006(3)
C35 0.026(3) 0.018(3) 0.029(3) -.001(2) 0.001(2) -.004(2)
C36 0.014(2) 0.012(2) 0.029(3) 0.003(2) -.004(2) -.0013(19)
C37 0.008(2) 0.015(3) 0.030(3) -.001(2) -.002(2) -.0039(19)
C38 0.007(2) 0.014(2) 0.028(3) 0.002(2) -.007(2) -.0006(18)
C39 0.010(2) 0.016(3) 0.047(4) 0.005(3) -.010(2) -.001(2)
C40 0.023(3) 0.015(3) 0.061(5) 0.007(3) -.011(3) -.001(2)
C41 0.022(4) 0.024(4) 0.136(11) 0.018(5) -.028(5) 0.000(3)
C42 0.023(4) 0.027(4) 0.186(16) -.011(6) -.023(6) 0.005(3)
C43 0.010(2) 0.016(2) 0.016(2) 0.0019(19) -.0027(18) -.0037(18)
C44 0.011(2) 0.026(3) 0.020(3) 0.003(2) -.004(2) 0.002(2)
C45 0.016(2) 0.016(3) 0.025(3) 0.004(2) 0.003(2) -.002(2)
045 0.019(2) 0.033(2) 0.017(2) 0.0045(18) 0.0002(16) -.0115(18)
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N45 0.015(2) 0.018(2) 0.016(2) 0.0067(18) -.0031(17) -.0005(17)
C46 0.030(3) 0.035(3) 0.013(3) 0.005(2) 0.002(2) -.015(3)

C47 0.007(2) 0.020(2) 0.014(2) 0.0003(19) -.0043(17) -.0029(18)
C48 0.014(2) 0.022(3) 0.017(3) 0.000(2) -.0027(19)-.008(2)

C49 0.038(4) 0.018(3) 0.028(3) 0.003(2) 0.000(3) 0.002(3)

C50 0.028(3) 0.029(3) 0.019(3) 0.000(2) 0.000(2) -.013(3)

C51 0.011(2) 0.020(3) 0.010(2) 0.0014(19) 0.0015(17) 0.0022(19)
051 0.0145(18) 0.021(2) 0.0168(19) 0.0039(16) 0.0018(15) 0.0002(16)
N51 0.015(2) 0.014(2) 0.016(2) 0.0028(17) 0.0009(17) -.0001(17)
C52 0.020(3) 0.025(3) 0.014(3) 0.005(2) 0.005(2) -.001(2)

TABLE VII. BOND DISTANCES (A) 11B

S1 -O1 1.452(4)  S2 -03 1.442(5)
S1 -02 1.443(5) S2 -04 1.450(5)
S1 -C1 1.765(6)  S2 -C31 1.769(6)
Cl -C2 140509  C31 -C32 1.397(9)
C2 -C3 1381(11) C32 -C33 1.388(11)
C3 -C4 1382(10) C33 -C34 1.389(10)
C4 -C5 1.393(9) C34 -C35 1.391(10)
C5 -C6 1.389(9) C35 -C36 1.399(9)
Cl -C6 1.381(8) C31 -C36 1.390(8)
S1 -C7 1.781(6)  S2 -C37 1.787(6)
C7 -C8 1548(8)  C37 -C38 1.559(9)
C8 -C9 1540(8)  C38 -C39 1.536(8)
C9 -C10 1.542(9) C39 -C40 1.541(9)
C10 -C11 1.506(9)  C40 -C41 1.512(10)
Cll -C12 1.274(14)  C41 -C42 1.194(14)
C8 -C13 1.565(8) C38 -C43 1.565(8)
C13 -C14 1.546(7)  C43 -C44 1.542(8)
C13 -C15 1.513(7)  C43 -C45 1.518(8)
015 -C15 1.354(7) 045 -C45 1.362(8)
015 -C16 1.414(8) 045 -C46 1.418(8)
N15 -C15 1.265(7) N45 -C45 1.253(8)
N15 -C17 1.458(7) N45 -C47 1.459(7)
C17 -C18 1.547(8)  CA7 -C48 1.553(8)
C17 -C21 1516(8)  CA7 -C51 1.505(7)
C18 -C19 1.516(9)  C48 -C49 1.541(9)
C18 -C20 1.537(8) C48 -C50 1.533(8)
021 -C21 1.345(7)  O51 -C51 1.361(7)
021 -C22 1.453(7)  O51 -C52 1.406(7)
N21 -C13 1.460(7) N51 -C43 1.458(7)
N21 -C21 1.272(7) N51 -C51 1.257(7)

C2 -H2 0.9500 C32 -H32 0.9500
C3 -H3  0.9500 C33 -H33 0.9500
C4 -H4  0.9500 C34 -H34 0.9500
C5 -H5 0.9500 C35 -H35 0.9500
C6 -H6  0.9500 C36 -H36 0.9500

C7 -H7A 0.9900 C37 -H37A 0.9900
C7 -H7B  0.9900 C37 -H37B 0.9900
C8 -H8 1.0000 C38 -H38 1.0000

C9 -H9A 0.9900 C39 -H39A 0.9900

C9 -H9B 0.9900 C39 -H39B 0.9900
C10 -H10A 0.9900 C40 -H40A 0.9900
C10 -H10B 0.9900 C40 -H40B 0.9900
C11 -H11 0.9500 C41 -H41 0.9500

C12 -H12A 0.9500 C42 -H42A 0.9500
Cl12 -H12B 0.9500 C42 -H42B 0.9500
Cl1l4 -H14A 0.9800 C44 -H44A 0.9800
Cl4 -H14B 0.9800 C44 -H44B 0.9800

C14 -H14C 0.9800 C44 -H44C 0.9800



Cl16 -H16A 0.9800 C46 -H46A 0.9800
Cl16 -H16B 0.9800 C46 -H46B 0.9800
Cl16 -H16C 0.9800 C46 -H46C 0.9800
C17 -H17 1.0000 C47 -H47 1.0000

C18 -H18 1.0000 C48 -H48 1.0000

C19 -H19A 0.9800 C49 -H49A 0.9800
C19 -H19B 0.9800 C49 -H49B 0.9800
C19 -H19C 0.9800 C49 -H49C 0.9800
C20 -H20A 0.9800 C50 -H50A 0.9800
C20 -H20B 0.9800 C50 -H50B 0.9800
C20 -H20C 0.9800 C50 -H50C 0.9800
C22 -H22A 0.9800 C52 -H52A 0.9800
C22 -H22B 0.9800 C52 -H52B 0.9800
C22 -H22C 0.9800 C52 -H52C 0.9800

TABLE VIII. BOND ANGLES (°) 11B

01 -S1 -02 117.8(3) 03 -S2 -04 118.8(3)
01 -S1 -C1 109.1(3) O3 -S2 -C31 108.6(3)
01 -S1 -C7 108.2(3) 03 -S2 -C37 109.3(3)
02 -S1 -Cl1 109.3(3) 04 -S2 -C31 108.5(3)
02 -S1 -C7 109.5(3) 04 -S2 -C37 108.9(3)
Cl -S1 -C7 101.9(3) C31 -S2 -C37 101.3(3)
S1 -C1 -C2 118.1(4) S2 -C31 -C32 118.1(5)
S1 -Cl1 -C6 120.4(4) S2 -C31 -C36 120.6(4)
C2 -C1 -C6 121.4(5) C32 -C31 -C36 121.2(5)
Cl -C2 -C3 118.8(6) C31 -C32 -C33 119.0(6)
C2 -C3 -C4 1205(6) C32 -C33 -C34 120.2(6)
C3 -C4 -C5 120.2(7) C33 -C34 -C35 120.8(7)
C4 -C5 -C6 120.3(6) C34 -C35 -C36 119.5(6)
Cl -C6 -C5 118.8(66) C31 -C36 -C35 119.3(5)
S1 -C7 -C8 113.2(4) S2 -C37 -C38 112.3(4)
C7 -C8 -C9 111.0(5) C37 -C38 -C39 109.8(5)
C7 -C8 -C13 109.2(4) C37 -C38 -C43 109.2(5)
C9 -C8 -C13 111.3(4) C39 -C38 -C43 111.6(5)
C8 -C9 -C10 112.8(5) (€38 -C39 -C40 113.0(5)
C9 -C10 -C11 111.9(5) C39 -C40 -C41 111.6(5)
C10 -C11 -C12 125.8(8) C40 -C4l -C42 130.5(10)
N21 -C13 -C14 107.8(4) N51 -C43 -C44 107.9(4)
N21 -C13 -C8 108.4(4) N51 -C43 -C38 109.0(4)
C8 -C13 -C15 108.2(4) C38 -C43 -C45 108.0(5)
N21 -C13 -C15 113.1(4) N51 -C43 -C45 112.1(5)
C8 -C13 -Cl4 111.8(4) C38 -C43 -C44 111.3(4)
Cl4 -C13 -C15 107.6(4) Cd44 -C43 -C45 108.5(5)
N15 -C15 -C13 128.5(5) N45 -C45 -C43 128.5(5)
015 -C15 -N15 121.4(5) 045 -C45 -N45 122.0(6)
015 -C15 -C13 110.1(4) 045 -C45 -C43 109.5(5)
C15 -015 -C16 117.1(5) C45 -045 -C46 117.0(5)
N15 -C17 -C21 113.5(5) N45 -C47 -C51 113.5(4)
C21 -021 -C22 115.1(4) C51 -O51 -C52 115.2(4)
C18 -C17 -C21 110.1(4) C48 -C47 -C51 111.2(5)
C15 -N15 -C17 118.3(5) C45 -N45 -C47 118.5(5)
N15 -C17 -C18 110.6(4) N45 -C47 -C48 110.6(4)
C13 -N21 -C21 118.6(5) C43 -N51 -C51 119.8(5)
C19 -C18 -C20 110.8(5) C49 -C48 -C50 111.7(5)
C17 -C18 -C19 111.6(5) C47 -C48 -C49 110.6(5)
C17 -C18 -C20 109.9(5) C47 -C48 -C50 110.6(5)
021 -C21 -C17 110.7(5) 051 -C51 -C47 111.3(4)
021 -C21 -N21 121.5(5) 051 -C51 -N51 121.2(5)



N21 -C21 -C17 127.8(5)

N51 -C51 -C47 127.4(5)

C1
C3
Cc2
C4
C3
C5
C4
C6
C1
C5

-C2 -H2
-C2 -H2
-C3 -H3
-C3 -H3
-C4 -H4
-C4 -H4
-C5 -H5
-C5 -H5
-C6 -H6
-C6 -H6

121.00
121.00
120.00
120.00
120.00
120.00
120.00
120.00
120.00
121.00

H7A -C7 -H7B 108.00

S1
S1
Cc8
C8
C9
c7

-C7 -H7A
-C7 -H7B
-C7 -H7A
-C7 -H7B
-C8 -H8
-C8 -H8

109.00
109.00
109.00
109.00
108.00
108.00

C13 -C8 -H8 109.00

C31
C33
C32
C34
C33
C35
C34
C36
C31
C35

H37A -C37 -H37B 108.00

-C32 -H32
-C32 -H32
-C33 -H33
-C33 -H33
-C34 -H34
-C34 -H34
-C35 -H35
-C35 -H35
-C36 -H36
-C36 -H36

121.00
120.00
120.00
120.00
119.00
120.00
120.00
120.00
120.00
120.00

S2 -C37 -H37A 109.00
S2 -C37 -H37B 109.00
C38 -C37 -H37A 109.00
C38 -C37 -H37B 109.00
C39 -C38 -H38 109.00

C37 -C38 -H38 109.00

C43 -C38 -H38 109.00

C8 -C9 -H9A 109.00
C8 -C9 -H9B 109.00
C10 -C9 -H9A 109.00
C10 -C9 -H9B 109.00
H9A -C9 -H9B 108.00
C9 -C10 -H10A 109.00
C9 -C10 -H10B 109.00
C11 -C10 -H10A 109.00
C11 -C10 -H10B 109.00
H10A -C10 -H10B 108.00
C10 -C11 -H11 117.00
Ci12 -C11 -H11 117.00
C11 -C12 -H12A 120.00
C11 -C12 -H12B 120.00
H12A -C12 -H12B 120.00
C13 -C14 -H14A 109.00
C13 -C14 -H14B 109.00
C13 -C14 -H14C 109.00
H14A -C14 -H14B 109.00
H14A -C14 -H14C 110.00
H14B -C14 -H14C 110.00
015 -C16 -H16A 109.00
015 -C16 -H16B 109.00
015 -C16 -H16C 110.00
H16A -C16 -H16B 109.00
H16A -C16 -H16C 109.00
H16B -C16 -H16C 109.00
C18 -C17 -H17 107.00
C21 -C17 -H17 107.00
N15 -C17 -H17 107.00
C19 -C18 -H18 108.00
C20 -C18 -H18 108.00
Cl1l7 -C18 -H18 108.00
C18 -C19 -H19A 109.00
C18 -C19 -H19B 109.00
C18 -C19 -H19C 109.00
H19A -C19 -H19B 109.00
H19A -C19 -H19C 110.00
H19B -C19 -H19C 110.00
C18 -C20 -H20A 109.00
C18 -C20 -H20B 109.00
C18 -C20 -H20C 109.00

C38 -C39 -H39A 109.00
C38 -C39 -H39B 109.00
C40 -C39 -H39A 109.00
C40 -C39 -H39B 109.00
H39A -C39 -H39B 108.00
C39 -C40 -H40A 109.00
C39 -C40 -H40B 109.00
C41 -C40 -H40A 109.00
C41 -C40 -H40B 109.00
H40A -C40 -H40B 108.00
C40 -C41 -H41 115.00
C42 -C41 -H41 115.00
C41 -C42 -H42A 120.00
C41 -C42 -H42B 120.00
H42A -C42 -H42B 120.00
C43 -C44 -H44A 110.00
C43 -C44 -H44B 110.00
C43 -C44 -H44C 110.00
H44A -C44 -H44B 109.00
H44A -C44 -H44C 109.00
H44B -C44 -H44C 109.00
045 -C46 -H46A 110.00
045 -C46 -H46B 110.00
045 -C46 -H46C 109.00
H46A -C46 -H46B 110.00
H46A -C46 -H46C 109.00
H46B -C46 -H46C 109.00
C48 -C47 -H47 107.00
C51 -C47 -H47 107.00
N45 -C47 -H47 107.00
C49 -C48 -H48 108.00
C50 -C48 -H48 108.00
C47 -C48 -H48 108.00
C48 -C49 -H49A 109.00
C48 -C49 -H49B 109.00
C48 -C49 -H49C 109.00
H49A -C49 -H49B 109.00
H49A -C49 -H49C 109.00
H49B -C49 -H49C 110.00
C48 -C50 -H50A 109.00
C48 -C50 -H50B 109.00
C48 -C50 -H50C 109.00
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H20A -C20 -H20B 109.00
H20A -C20 -H20C 109.00
H20B -C20 -H20C 109.00
021 -C22 -H22A 110.00
021 -C22 -H22B 109.00
021 -C22 -H22C 109.00
H22A -C22 -H22B 110.00
H22A -C22 -H22C 110.00
H22B -C22 -H22C 109.00

H50A -C50 -H50B 110.00
H50A -C50 -H50C 109.00
H50B -C50 -H50C 110.00
051 -C52 -H52A 110.00
051 -C52 -H52B 109.00
051 -C52 -H52C 109.00
H52A -C52 -H52B 109.00
H52A -C52 -H52C 109.00
H52B -C52 -H52C 109.00

TABLE IX. TORSION ANGLES (°) 11B

Ol -S1 -C1 -C2 24.0(5) O3 -S2 -C31-C32 23.5(5)
01 -S1 -C1 -C6 -159.3(5) O3 -S2 -C31-C36 -158.1(5)
02 -S1 -C1 -C2 154.1(5) 04 -S2 -C31-C32 153.9(5)
02 -S1 -C1 -C6 -29.2(6) 04 -S2 -C31-C36 -27.7(5)

C7 -S1 -C1 -C2 -90.2(5) (C37-S2 -C31-C32 -91.6(5)

C7 -S1 -C1 -C6 86.6(5) C37-S2 -C31-C36 86.9(5)

01 -S1 -C7 -C8 58.7(5) O3 -S2 -C37-C38 57.5(5)

02 -S1 -C7 -C8 -70.7(5) 04 -S2 -C37-C38 -73.7(5)

Cl -S1 -C7 -C8 173.6(4) C31-S2 -C37-C38 172.0(4)
Cc2 -C1 -C6 -C5 -.1(9) C32-C31-C36-C35 1.1(9)

S1 -C1 -C2 -C3 177.2(5) S2 -C31-C32-C33 178.3(5)
C6 -C1 -C2 -C3 0.4(9) C36-C31-C32-C33 -.2(9)

S1 -C1 -C6 -C5 -176.8(5) S2 -C31-C36-C35-177.3(5)
Cl -C2 -C3 -C4 -.8(10) C31-C32-C33-C34 -.6(10)

C2 -C3 -C4 -C5 0.9(10) C32-C33-C34-C35 0.4(10)
C3 -C4 -C5 -C6 -.5(10) C33-C34-C35-C36 0.6(10)
C4 -C5 -C6 -C1 0.2(9) C34-C35-C36-C31 -1.3(9)

S1 -C7 -C8 -C9 118.8(4) S2 -C37-C38-C39 118.9(4)
S1 -C7 -C8 -C13-118.1(4) S2 -C37 -C38 -C43 -118.6(4)
C7 -C8 -C9 -C10 -67.9(7) (C37-C38-C39-C40 -72.2(7)
C13-C8 -C9 -C10 170.3(5) C43-C38-C39-C40 166.6(6)
C9 -C8 -C13-N21 68.2(6) C39-C38-C43-N51 67.2(6)
C7 -C8 -C13-N21 -54.7(5) C37 -C38 -C43 -N51 -54.4(6)
C9 -C8 -C13-C14-173.2(5) C39 -C38 -C43 -C44 -173.9(5)
C9 -C8 -C13-C15 -54.8(6) C39 -C38-C43-C45 -54.9(6)
C7 -C8 -C13-C14 63.9(6) C37-C38-C43-C44 64.6(6)
C7 -C8 -C13-C15-177.8(4) C37 -C38 -C43 -C45 -176.4(4)
C8 -C9 -C10-C11 174.2(6) C38-C39-C40-C41 177.8(8)
C9 -C10-C11-C12 133.6(10) C39 -C40 -C41 -C42 -139.6(14)
C8 -C13-C15-N15 119.7(6) C38 -C43-C45 -N45 119.2(7)
C14 -C13 -C15 -N15-119.3(6) C44 -C43 -C45 -N45 -120.1(7)
C14-C13-C15-015 60.6(6) C44-C43-C45-045 60.7(6)
C8 -C13-C15-015 -60.4(6) C38 -C43 -C45 -045 -60.1(6)
N21-C13 -C15-015 179.5(4) N51 -C43 -C45 -045 179.8(5)
N21-C13-C15-N15 -.3(8) N51-C43-C45-N45 -1.0(9)
C16 -015 -C15 -C13 176.6(5) C46 -O45 -C45 -C43 175.3(5)
C16 -015 -C15 -N15 -3.6(8) C46 -O45 -C45 -N45  -4.0(9)
C15-N15-C17 -C18 127.4(5) C45 -N45 -C47 -C48 127.9(5)
C15-N15-C17-C21 3.1(7) C45-N45-C47 -C51 2.2(7)
C17 -N15-C15 -015 177.9(5) C47 -N45 -C45 -045 177.8(5)
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C17 -N15 -C15 -C13 -2.3(9)
C18-C17 -C21-021 53.0(6)
C18 -C17 -C21 -N21 -126.2(6)
N15 -C17 -C18 -C19 -65.5(6)
N15 -C17 -C18 -C20 57.7(6)
C21-C17 -C18 -C19 60.7(6)
C21-C17 -C18 -C20 -176.0(5)
N15 -C17 -C21 -021 177.6(4)
N15-C17 -C21 -N21 -1.6(8)
C22 -021 -C21 -C17 -176.4(5)
C22-021-C21-N21 2.8(7)
C21-N21-C13-C15 2.0(7)
C21-N21-C13 -C8 -118.0(5)
C21-N21-C13 -C14 120.8(5)
C13-N21-C21-021 179.9(5)
C13-N21-C21-C17 -1.0(8)

CA47 -N45 -C45 -C43  -1.3(9)
C48 -C47 -C51 -051 52.2(6)
C48 -C47 -C51 -N51 -126.2(6)
N45 -C47 -C48 -C49 -66.7(6)
N45 -C47 -C48 -C50 57.6(6)
C51 -C47 -C48 -C49  60.4(6)
C51 -C47 -C48 -C50 -175.3(5)
N45 -C47 -C51 -O51 177.7(4)

N45 -C47 -C51 -N51  -.8(8)
C52 -051 -C51 -C47 -175.3(5)

C52-051-C51-N51  3.3(8)

C51 -N51 -C43 -C45  2.3(7)
C51 -N51 -C43 -C38 -117.2(6)
C51 -N51 -C43 -C44 121.8(6)
C43 -N51 -C51 -O51 -179.9(5)

C43 -N51 -C51 -C47 -1.5(9)

TABLE X. HYDROGEN BONS (A, ©) 11B

D -H ..A D-H H..A D..A DHA

C2 -H2 ..Ol 0.9500 2.5900 2.954(8) 103.00
C32 -H32 .03 0.9500 2.5700 2.938(9) 103.00
C3 -H3 ...N15 0.9500 2.6100 3.420(9) 144.00
C33 -H33 ...N45 0.9500 2.6200 3.435(9) 145.00
C5 -H5 .04 0.9500 2.5200 3.134(8) 122.00*
C35 -H35 ...02 0.9500 2.4700 3.177(8) 131.00
C6 -H6 ..04 0.9500 2.5500 3.144(8) 120.00*
C7 -H7B ...N21 0.9900 2.4200 2.853(7) 106.00

C37 -H37B ... N51 0.9900 2.4400 2.867(7) 105.00
C14 -H14B ... 015 0.9800 2.4800 2.816(8) 100.00
C18 -H18 ...021 1.0000 2.4600 2.803(7) 100.00
C48 -H48 ...051 1.0000 2.4800 2.831(7) 100.00
C20 -H20C...N15 0.9800 2.5100 2.918(8) 105.00
*Symmetry operation for atom A: 1+x, y, 1+z

No “classical” hydrogen bonds.
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3. AN ORTHOGONALLY DOUBLE-STAPLED PEPTIDE WITH IMPROVED HELICITY

AND PROTEOLYTIC STABILITY

3.1. Introduction

Many protein-protein interactions occur when a helix binds to a groove, and these helix-
groove interactions may be inhibited using constrained peptides that adopt a helical
conformation. An example of these are “stapled” peptides, which are constrained by virtue
of two appropriately placed side chains joined together by an olefin or other linkages.
Extending this approach to bicyclic peptides has emerged as a strategy to further
enhance helicity and proteolytic stability of constrained a-helical peptides. Verdine and
coworkers®! have described “stitched” peptides that contain two tandem hydrocarbon
staples to enhance helicity, and multiple groups have reported peptides with enhanced
proteolytic stability by spacing two hydrocarbon staples near each end of the peptide
backbone.®>-%7 While it is has been shown that different cyclizing constraints can imbue
distinct properties,®® combining orthogonal stapling strategies remains relatively
unexplored, and we are not aware of any bicyclic alpha helical peptides that are stabilized

by two orthogonal constraints.

In our work to inhibit estrogen receptor/coactivator interactions, we saw an opportunity to
prepare orthogonally stapled peptides and to study their potential benefits on helicity,
stability, and affinity. The estrogen receptor is a clinically validated target in estrogen
receptor-positive breast cancer, but, because of issues of resistance to current endocrine
therapies, new mechanisms of antagonizing the estrogen receptor are needed. A

proposed alternative mechanism for blocking the action of estrogen receptor involves

Reproduced from T.E. Speltz, C. G. Mayne, S. W. Fanning, Z. Siddiqui, E. Tajkorshid, G. L. Greene
and T. W. Moore, Org. Biomol. Chem., 2018, 16, 3702 with permission from the Royal Society of
Chemistry.
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using small molecules and constrained helical peptides to directly inhibit binding of the

coactivator LXXLL motif to estrogen receptor.30: 32 35, 37, 42,81, 99, 100

In Chapter 2,’* a stapled peptide, SRC2-SP4, was shown to inhibit the estrogen
receptor/coactivator interaction. In addition to the olefin staple, SRC2-SP4 contains an i -
i+4 salt bridge (Arg692-Asp696). We noticed an increase in helicity, binding affinity, and
proteolytic stability for SRC2-SP4 vs. a homologous stapled peptide, PFE-SP2,%0 that

lacked a salt bridge because of a single amino acid change (Arg692—Asn). MD

simulations of these peptides in solution suggested that the formation of a salt bridge
enhanced helical stability. To verify this observation, we ran prolonged simulations of
SRC2-SP4 in solution and observed that breakage and formation of hydrogen bonds
between the arginine and aspartate side chains were closely associated with changes in
peptide helicity (Figure 3.1A). PFE-SP2, which was unable to form this stabilizing salt
bridge, unfolded during the course of the simulation (Figure 3.5), in agreement with our
experimental observations. There is a rich literature on helical stabilization mediated by
salt bridges,°1192 which well supports our observations. In this work, we describe a
strategy to introduce two orthogonal staples (lactam and olefin) with differing electrostatic
properties. Our design principles were guided by molecular dynamics (MD) simulations
and x-ray crystallography, and, gratifyingly, they have vyielded novel peptides

demonstrating high helicity and stability.

3.2 Molecular dynamics-quided design of bicyclic stapled peptide

To obtain a quantitative analysis of helical stability, we applied a new computational

approach that profiles the potential of mean force for peptide unfolding by describing a-
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helicity as a summation of distance and dihedral measurements applied to Bias Exchange
Umbrella Sampling (BEUS).1%2 This method yielded free energy profiles to quantitatively
describe helical folding states for wild-type or macrocyclic peptides (Figure 3.1C-D). The
relative free energy profile for SRC2-WT (yellow) showed a distinct minimum at <0.30
helicity, whereas incorporating an olefin-based staple, SRC2-SP4 (red), introduced a
more helical character with an additional minimum at ~0.75 helicity. The increase in
helicity of SRC2-SP4 relative to PFE-SP2 was associated with a ca. 2 kcal/mol reduction
in free energy at high helicity (Figure 3.1C, red vs. orange), a finding which can be
attributed to the “pseudo-stapled” nature of the Arg692-Asp696 salt bridge. This was
further supported by the ca. 2 kcal/mol reduction in free energy at high helicity seen
between the comparable unstapled peptides SRC2-WT (yellow) and SRC2-R692Q
(brown). Based on these data, we envisioned preparing a bicyclic peptide which would
maintain the hydrocarbon staple and covalently replicate the Arg692-Asp696 salt-bridge.
Computational analysis of such peptides predicted that converting the salt bridge to a
covalent lactam linkage alone would not produce significant stabilization (Figure 3.1D,
yellow vs. green); however, coupling the previously described SRC-SP4 olefin staple with
an additional lactam staple to enforce the 692-696 interaction in a covalent manner should

substantially increase the a-helical content of the peptide (Figure 3.1D, red vs. blue).
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Figure 3.1. Computationally derived free energy profiles for peptide folding. A) Long-
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o Helicity
timescale simulations of a hydrocarbon-stapled peptide representing coactivator protein
demonstrated that a-helicity correlated with presence or absence of a salt bridge between
Arg692 and Asp696. B) Several additional peptides were designed to reinforce the salt
bridge interaction with a covalent linkage, both in the presence and absence of the
hydrocarbon staple. C) Computationally derived potential of mean force describing the
relative free energy across a range of helical states indicated that the Arg692-Asp696 salt
bridge provided ~2 kcal/mol of stabilizing energy. D) In silico models that install a covalent
replacement for the salt bridge via an amide linkage alone were not predicted to increase
helicity; however, combining the hydrocarbon and amide linkages yielded a "stitched"

peptide with predicted highly stable, highly helical conformations.
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3.3 Synthetic strateqgy for bicyclic peptides

Guided by the computational results, we synthetically replaced the salt bridge with
an amide-based covalent linkage. Critically, the conditions of lactam formation were
orthogonal to olefin staple formation, which allowed us to avoid issues of selectivity. This
approach also allowed us to replace the hydrophobic residues 11e689 and Leu693 with a
hydrocarbon staple while replacing the solvent-exposed salt bridge with a relatively polar
amide linkage. Moreover, Fairlie and coworkers recently showed that lactams are
uniquely suited to ensuring high levels of helicity in short peptide sequences.%* Using this
orthogonal stapling approach, bicycle SRC2-BCP1 was prepared using solid phase
peptide synthesis (Figure 3.2). The orthogonal installation of the constraints proceeded

sequentially, to near completion, and with no observed cross-reactivity.

3.4 Biophysical characterization of bicyclic peptides

To experimentally determine the secondary structure of the bicyclic peptides, we
measured molar ellipticity by circular dichroism at several temperatures and converted
[6]222 readings to percent helicity (Figures 3.3 and 3.7-3.12) using an equation
previously described by Luo and Baldwin.1%® Gratifyingly, experimental measurements
closely matched our computational analysis, with bicyclic peptide SRC2-BCP1 showing
the highest helicity (53%), followed by hydrocarbon-stapled peptides PFE-SP2 and
SRC2-SP4 (29% and 33%) and lactam-cyclized peptide SRC2-LP1 (23%). The
unconstrained SRC2-WT peptide displayed an ellipticity curve indicative of a disordered
structure, and this was the only point of departure from the BEUS calculations, which
predicted that the helicity of the wild-type peptide should be similar to lactam SRC2-LP1.

One possible explanation for this could be that the relative contributions in the a-helicity
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reaction coordinate, a collective variable comprising hydrogen bonding and dihedral angle
terms, may be suboptimal for reproducing the spectroscopically measured helicity values
at the low end of the range. Given that this discrepancy occurred in the low-helicity case,
rather than in the desired high helicity cases, the MD simulations successfully informed

our staple design to prospectively yield highly stable constrained peptides.

3.5 Proteolytic stability of bicyclic peptides

To measure the stability of this peptide series, we used proteinase K, a serine
protease with a broad spectrum of endopeptidase activity.1%6 Mass spectrometric analysis
of SRC-WT subjected to proteinase K showed cleavage sites at the C-terminal amide
bonds of leucine, arginine, and glutamine (Figure 3.6 and Table Xl). The unconstrained
peptide was rapidly degraded under experimental conditions (ti2 = 0.27 min), whereas
SRC2-BCP1 displayed a half-life of ~2,000 minutes, improved by nearly four orders of
magnitude. For singly constrained peptides, the hydrocarbon staple provided a higher
level of proteolytic stability relative to the lactam bridge. The proteolytic stability of this
peptide series was correlated with both %-helicity and the computational energy barrier
for peptide unfolding at low helicity scores, suggesting that reinforcing a helical
conformation precluded access to peptide bonds from the active site of proteinase K.
Because %-helicity tracked with proteolytic stability, our above-mentioned BEUS method

may be able to predict both helicity and relative proteolytic stability within a series.

3.6 Peptides inhibit ER/Coactivator binding interaction

We used a TR-FRET assay to measure the peptides’ ability to inhibit coactivator

recruitment to estrogen receptor (Figure 3.3C-D and Table XII).88 All constrained
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peptides had higher affinity than SRC2-WT (1.1 yM) with the most active peptide being
lactam SRC2-LP1 (78 nM, 14-fold vs. WT). Combining the hydrocarbon staple with the
lactam to create bicycle SRC2-BCP1 gave a peptide that was intermediate in affinity
between lactam SRC2-LP1 and hydrocarbon stapled peptide SRC2-SP4, even though
SRC2-BCP1 showed higher helicity. The ordering of affinities (SRC2-LP1 < SRC2-BCP1
< SRC2-SP4 < SRC2-WT) suggested that stabilizing the helical peptide with a constraint
had a positive impact on binding affinity, but that replacing 11e689 and Leu693 with a
hydrocarbon staple was slightly deleterious for binding affinity. Phillips et al.*° previously
reported a stapled peptide that had a hydrocarbon staple in place of the lactam of SRC2-
LP1. Its binding affinity was poor (>15 uM), suggesting that our approach of installing a

more polar staple may be advantageous at this solvent-exposed site.

3.7 Crystal structure analysis of ER/peptide interaction

To further elucidate the molecular factors at play upon binding, we solved crystal
structures of bicycle SRC2-BCP1 and lactam SRC2-LP1 bound to the ligand-binding
domain of estrogen receptor a (Figures 3.4 and 3.13 and Table XIllII). In good agreement
with our computational predictions, each peptide bound in a helical conformation between
charge clamp residues Lys362 and Glu542, similar to our previously reported structure of
SRC2-SP4. The hydrocarbon staple of SRC2-BCP1 supplanted 1le689 and Leu693 of the
ILXXLL motif, whereas the lactam staple supplanted non-interacting solvent-exposed
residues Arg692 and Asp696. The differences in ICso were only 4-fold, so it might be
difficult to ascertain from the structure why SRC2-LP1 was more potent than SRC2-
BCP1. Indeed, it was not obvious why replacement of 1689 and Leu693 with a

hydrocarbon staple showed slightly lower affinity, but it may have been due to sub-optimal
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hydrophobic interactions formed between the staple and the surface of the estrogen

receptor (Figure 3.4).
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Figure 3.3. Biophysical characterization of bicyclic peptides. A) Circular diochroism

analysis of 50 uM peptide at 37 °C. B) Proteolytic stability of peptides treated with

proteinase K. C) Inhibition of estrogen receptor/steroid receptor coactivator interaction

measured by TR-FRET. D) The % a-helicity was calculated using [0]222 values, the

proteolytic ti» for peptides were found using a non-linear one phase decay fit, and the

ICs0 values were found using a TR-FRET assay
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SRC2-BCP1

Lys362

Figure 3.4. X-ray co-crystal structures of bicyclic peptide SRC-BCP1 (top, PDB 5WGQ)
and stapled cyclic peptide SRC2-LP1 (middle, PDB 5GWD) bound to the coactivator
binding cleft of estrogen receptor a (surface: red = acidic, blue = basic, white = nonpolar,
green = polar). The peptide backbone forms a helical conformation oriented between Lys
362 and Glu542. Overlaying the two structures (bottom) highlights the expanded
hydrophobic contacts between 11e689 and Leu693 with the hydrophobic shelf, relative to
the unbranched hydrocarbon staple, and a different conformation of the lactam linking

Arg692 and Asp696.

3.8 Conclusion

In conclusion, we have developed a novel orthogonal stapling strategy to create
estrogen receptor-binding bicyclic peptides that showed high helicity and proteolytic
stability while retaining nanomolar binding affinities. Our work was informed by both

computation and structural biology: a powerful biased exchange umbrella sampling
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approach can be used in a prospective manner to predict helicity of short peptide
sequences, and x-ray crystal structures of peptides bound to estrogen receptor confirmed
our predictions of binding poses. Given the straightforward methods using commercially
available amino acids to prepare these peptides, this methodology could be readily

applied to other protein-protein interactions.

3.9 Experimental

3.9.1 Computational studies

System Preparation. Molecular systems for PFE-SP2, SRC2-WT, and SRC2-SP4, were
constructed as previously described.”* The WT-R692Q peptide variant was constructed
following the same protocol as described for SRC2-WT; however, a PSFGen “mutate”

statement was added to the segment-creating part to perform the point mutation in silico.

Equilibrium Simulations. All simulations were performed using the NAMD 2.11 & 2.12
software packages.®® The peptides were described using the CHARMM36 force field, %7
including CMAP terms and updated NBFIX potentials,'% and TIP3P was used for explicit
solvent.'% Periodic boundary conditions were configured with full electrostatics calculated
out to 10 A and a switching function to taper contributions to a full cutoff at 12 A; the
Particle Mesh Ewald (PME) method!1° with a grid density >1/A3 was used to approximate
long-range electrostatics. All simulations were performed under an NPT ensemble
maintained by a Nosé-Hoover thermostat (1 atm, 310 K) and Langevin piston (period:
100 fs, decay: 50 fs, damping coefficient 0.5 ps-1).11! The simulation timestep was set to

2 fs with atomic coordinates recorded every 500 steps (1 ps/frame). Non-bonded forces
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were updated at every timestep, while PME calculations were performed at every other

step.

Simulations of PFE-SP2 and SRC2-SP4 were each performed under equilibrium
conditions in free solution for 0.5 ps. Simulation trajectories were analyzed by computing
the a-helicity for the full peptide using the COLVARs module'? in VMD.®! Additionally,
explicit interactions between residues Arg/GIn692 and Asp696 were quantified by
measuring the number of hydrogen bonds observed between the side chains using the

HBonds plugin of VMD.

Bias Exchange Umbrella Sampling (BEUS).1% An initial simulation was performed for
each peptide whereby a COLVAR (collective variable) representing the a-helicity was
driven by a harmonic potential (k = 1000) from 1.0 to 0.0 over 8 ns. Plots of the measured
a-helicity and the force applied throughout the simulation were inspected to assess
appropriate bounds on a-helicity as a reaction coordinate. From these data, windows
were designed with a width of 0.04 ranging from 0.9 to 0.1 (21 windows) for WT and WT-
R692Q, 0.9 to 0.22 (18 windows) for SRC2-SP4 and PFE-SP2, and 0.9 to 0.14 (20
windows) for SRC2-LP1 and SRC2-BCP1. Frames from the driven simulation trajectories
were binned according to a-helicity. A random coordinate set was selected from each bin
to seed the window, minimized for 500 steps, and simulated for 1 ns while applying a
harmonic biasing potential defined by the window center (k = 660). BEUS simulations
were then performed using the replica-exchange module of NAMD with exchanges
allowed between adjacent windows every 500 steps. To ensure efficient exchange
between windows, the force constant for each harmonic restraining potential was tuned

using short simulations until achieving an exchange rate of approximately 20-40% over
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500 exchange attempts (500 ps). After completing the tuning process, production BEUS
simulations were run for 100 ns. The entire BEUS method required over 11.8 ps of

aggregate simulation time.

The resulting BEUS simulation data were preprocessed by sorting the replicas using the
”sortreplicas” binary provided with NAMD and dividing the trajectory data into 10-ns
blocks; the initial 20 ns of production simulation data were discarded. The potential of
mean force (PMF) profile for unfolding was then computed using the generalized

weighted histogram analysis method (WHAM) with bootstrapping error analysis.03 113
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Figure 3.5. Long time-scale simulation of hydrocarbon stapled peptide PFE-SP2 in
solution. The frequency of hydrogen bond formation between GIn692 and Asp696 side-

chains is depicted.
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3.9.2 Peptide synthesis

Peptide synthesis was accomplished by adapting previously described procedures.>’: 9%

104 All peptides were manually synthesized on 30 umol scale using standard Fmoc solid
phase peptide synthesis. Fmoc deprotection was carried out for 2 X 10 minutes using
25% piperidine in DMF with 0.1 M HOBt. Amino acids were coupled using 5 eq of amino
acid, 5 eq of PyClock, and 10 eq of DIPEA in 0.75 mL of DMF. Stapling amino acid S5

was coupled for 2 hrs, amino acids following S5 were coupled for 2 X 90 min, and all
other amino acids were coupled for 2 X 20 min. Ring closing metathesis was performed

2 X 120 min at 55 °C using 1 mL of 20% mol Grubb’s 15t generation catalyst in DCE.
Lactam cyclization was performed on resin by selectively deprotecting Lysine (Mtt) and
aspartate (Opip) with 10 X 2 min treatments of 2% TFA in DCM followed by extensive

washing (DCM) and a 12 hr coupling reaction using 5 eq of PyClock and 10 eq of DIPEA
in DMF. Acetylation and cleavage were carried out as previously described.%? The crude
peptides were purified by semi-preparative HPLC (Solvent System MeCN:H20 with 0.1%
formic acid; 0-4 min, 10% MeCN; 4-24 min 10-50% MeCN; 24-25 min, 50-80% MeCN;
25-30 min, 80% MeCN; 30-31 min 80-10% MeCN. Column: Phenomenex Luna 5 pym
C18(2), 100 A, 250 x 10 mm). Peptide mass was measured using a Bruker Autoflex
MALDI-TOF mass spectrometer. Peptide purity was determined using analytical HPLC
(Solvent System MeCN:H20 with 0.1% trifluoroacetic acid; 0-2 min, 4% MeCN; 2-12 min
4-70% MeCN; 12-13 min, 70% MeCN; 13-14 min, 70-4% MeCN; 14-17 min 4% MeCN.

Column: Phenomenex Kinetex 5 um C18, 100 A, 50 x 4.6 mm). See Table XIV.
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3.9.3 Proteolytic assay

Peptide (1 uL of 50 mM DMSO stock) was added to 999 L of phosphate buffer (20 mM,
pH 7.4) in a 1.5 mL centrifuge tube and incubated at 37 °C for the reaction. A 50 pL aliquot
of the solution was removed from the reaction tube and added to the quenching liquid
(100 pL of 1:1 water/acetonitrile with 1% TFA) to record the initial peptide concentration.
The reaction was then started by adding proteinase K (5 puL of 2 mg/mL stock) to the
peptide solution. A 50 uL aliquot of the solution was removed from the reaction tube at
each time point and transferred to another tube containing the quenching liquid. The
guenched samples were centrifuged at 10,000 RCF for 5 min and subjected to HPLC
analysis. The amount of peptide remaining in each sample relative to the initial peptide in
the reaction was found by taking the ratio of the peak integration (220 nm) at each
timepoint over the peak area of the initial sample. The percent of peptide remaining as a
function of time was analyzed using a non-linear one phase decay fit embedded within

GraphPad Prism.
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Figure 3.6. MALDI-MS analysis of SRC2-WT after treatment with Proteinase K for 10

seconds.

TABLE XI. SUMMARY OF OBSERVED CLEAVAGE PRODUCTS AND INDICATED

CLEAVAGE SITES

Sequence Exact Mass [M+H"] Observed Mass [M+H*]
Ac-HKILHRLLQDS-NH2 1400.812 1400.831
Ac-HKILHRLLQ-OH 1199.737 1199.712
Ac-HKILHRLL-OH 1071.679 1071.655
Ac-HKILHRL-OH 958.594 958.569
Ac-HKILHR-OH* 845.51 845.644

Ac-HKIL-OH** 552.35 552.199

*This fragment mass was observed at 3 hr timepoint

**This fragment mass was observed at 24 hr timepoint

3.9.4 Circular dichroism

Circular dichroism (CD) data were collected using a Jasco J810 CD spectrometer with a

PTC 4235 temp control. Peptides were diluted to 50 yuM in 50 mM phosphate buffer pH

7.4. Spectra were acquired at 5, 15, 25, 37, 45, 55, 65, 75, 85 and 95°C, over the range
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of 260—190 nm using the following instrument settings: 0.5 nm pitch, 1 nm band width, 1
second response, 20 nm/min scan speed, 0.1 cm cell length, and 3 accumulations. The
baseline from a blank sample of 50 mM phosphate buffer pH 7.4 was subtracted from
each data set, and the data were minimally smoothed using the same level of adaptive
smoothing. mdeg values recorded on the spectrometer were converted to mean residue

ellipticity [0] (deg cm? dmol? residue™ using equation 1:

[6] = mdeg/ (10* C *[*r) Q)
where C is the peptide concentration (M), | is the pathlength of the sample cuvette (cm)
and r is the number of residues in the peptide.
Percent helicity was calculated using the methods previously described by Sholtz!'4 and
Luo'® and applied by Fairlie'%* (equation 2):

% a-helicity = (Bobs - 6¢) / (BH - 6¢) 2
Bobs is the molar ellipticity measured at 222 nm, B¢ is the molar ellipticity of a complete
coil at 222 nm (equation 3), and Ou is the calculated molar ellipticity of the complete
helix (equation 4):

6c = 2200 -53T (3)

BH = (-44,000 + 250T) * (1- k/n) 4)
where Kk is the peptide length correction factor, n is the total number of residues, and T is

temperature in Celsius. We set k equal to 4 and n to 11.
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3.9.5 TR-FRET assay

The TR-FRET assay was carried out as previously described. %

96
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TABLE Xll. TR-FRET STATISTICAL INFORMATION FOR BEST-FIT VALUES

SRC2-LP1 SRC2-BCP1 SRC2-SP4 SRC2-WT PFE-SP2
Top 0.4134 0.4216 0.4956 0.5044 0.5114
Bottom 0.007734 0.03678 0.01778 0.02447 0.05688
LogIC50 -7.111 -6.481 -6.411 -5.965 -6.121
HillSlope -1.001 -0.8856 -0.8722 -1.032 -1.022
IC50 7.752E-08 3.304E-07 3.882E-07 0.000001085 7.575E-07
Span 0.4057 0.3848 0.4779 0.4799 0.4545
Std. Error
Top 0.01024 0.01325 0.007867 0.007535 0.008392
Bottom 0.0113 0.0246 0.01569 0.021 0.01989
LogIC50 0.06676 0.1236 0.06509 0.06601 0.07171
HillSlope 0.1378 0.199 0.09551 0.1395 0.1462
Span 0.01663 0.03073 0.01923 0.02376 0.02315

95% CI (asymptotic)

Top 0.3925 to 0.4343 0.3946 to 0.4486 0.4796 to 0.5117 0.489 to 0.5198 0.4943 to 0.5284
Bottom -0.01528 to 0.03075 -0.01333 to 0.0869 -0.01421 to 0.04978 -0.01836 to 0.0673 0.01637 to 0.09739
LogIC50 -7.247 to -6.975 -6.733 to0 -6.229 -6.544 to -6.278 -6.099 to -5.83 -6.267 to -5.975
HillSlope -1.281t0 -0.7199 -1.291 to -0.4803 -1.067 to -0.6774 -1.316 to -0.7472 -1.32to0 -0.724

IC50 5.668e-008 to 1.06e-007 1.85e-007 to 5.9e-007 | 2.86e-007 to 5.27e-007 7.955e-007 to 1.479e-006 5.411e-007 to 1.06e-006
Span 0.3718 to 0.4395 0.3222 to 0.4474 0.4386 to 0.5171 0.4315to 0.5284 0.4073 to 0.5016

Goodness of Fit

Degrees of Freedom 32 32 31 31 32

R square 0.9718 0.928 0.9824 0.9757 0.9698
Absolute Sum of Squares 0.03046 0.063 0.02177 0.02756 0.03334
Sy.x 0.03085 0.04437 0.0265 0.02982 0.03228
Number of points

# of X values 36 36 36 36 36

#Y values analyzed 36 36 35 36 36
Outliers (excluded, Q=1%) 0 0 0 1 0
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3.9.6 X-Ray structure solution

ERa ligand binding domain Y537S mutant was expressed and purified as previously
described.”* For each stapled peptide complex, 5 mg/mL protein was incubated with 1
mM estradiol (E2) and 1.5 mM peptide overnight at 4 °C. The next morning, the protein
complexes were centrifuged at 16.1 x g for 15 minutes at 4 °C to remove any precipitate.
The complexes were crystallized using hanging drop vapor diffusion using pre-greased
Hampton VDX plates (Hampton Research) at room temperature with a 1:1 pL
protein:precipitant ratio. For the SRC2-LP1 complex, clear rectangular crystals were
observed after 48 hours in 15% PEG 3,350, 200 mM MgCl2, Tris pH 8.5. For the SRC2-
BCP1 complex, clear rectangular crystals were observed after 48 hours in 15% PEG
3,350, 200 mM MgCl2, Tris pH 8.5. All x-ray data sets were collected at the Structural
Biology Consortium 19-BM beamline at the Advanced Photon Source, Argonne National

Laboratories, Argonne, lllinois.

Data were indexed, scaled, and merged using HKL-3000.11¢ Phenix was used for all
molecular replacement and refinements!!’ with PDB: 5DXE was used as the starting
model for each of the data sets after removing ligands, peptides, and waters.”* All
structures show one dimer in the asymmetric unit. Phenix was used for all refinements
using iterative rounds of Phenix Refine and manual inspection with Coot.'17-118 EL. BOW
was used to generate the atomic constraints of stapled peptides.'l’ Clear electron
densities were observed for the E2 and stapled peptides after one round of refinement
(Figure 3.13). Unresolved atoms were not included in the final model. All structures were
deposited in the Protein Data Bank with accession codes 5SWGD (SRC2-LP1) and 5WGQ

(SRC2-BCP1).
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Figure 3.13. Simulated annealing composite omit map for (A) SRC2-LP1 and (B) SRC2-
BCP1 contoured to 1.50.



TABLE Xlll. DATA COLLECTION AND REFINEMENT STATISTICS FOR X-RAY
CRYSTAL STRUCTURES

100

Y537S-E2-SRC2-LP1

Y537S-E2-SRC2-BCP1

PDB 5GWD 5WGQ
Data collection
Space group P1211 P1211

Cell dimensions

a, b, c (A)

56.03, 83.83, 58.38

54.04, 84.04, 58.21

a By

90.00, 108.32, 90.00

90.00, 111.25, 90.00

Resolution (A)

50.00 - 1.80

50 -2.29

ccl? 0.076 (0.633) 0.264 (0.534)
Completeness (%) 96.4 (94.2) 98.3 (97.6)
Redundancy 3.5(3.3) 3.7 (3.5)
Refinement
Resolution (A) 26.60 — 1.80 31.08 - 2.29
No. Reflections 42687 23707
Ruwork/Riree 17.7/20.84 20.56/24.0
No. Atoms

Protein 4184 3763

Ligand/ion 40 40

Water 450 106
B-factors

Protein 251 37.9

Ligand/ion 19 30.9

Water 36 49.7
R.m.s. deviations

Bond lengths (A) 0.009 0.009

Bond angles (°) 1.16 1.17

*Highest-resolution shells are shown in parentheses. computing Center.



TABLE XIV. PEPTIDE CHARACTERIZATION
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Peptide Sequence Exact Mass (M+H*) [ Observed Mass (M+H*) | RT (min)
SRC2-LP1 Ac-HKILHKLLQDS-NH2 1354.795 1354.927 7.9
SRC2-BCP1 | Ac-HKIXHKXLQDS-NH:2 1378.795 1378.903 7.9
SRC2-SP4 Ac-HKIXHRXLQDS-NH2 | 1425.819 1424.85 7.62
PFE-SP2 Ac-HKIXHOXLQDS-NH2 | 1396.77 1396.883 7.77
SRC2-wt Ac-HKILHRLLQDS-NH:2 1400.812 1400.87 6.87
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4. A CELL-PERMEABLE STAPLED PEPTIDE INHIBITOR OF THE ESTROGEN
RECEPTOR/COACTIVATOR INTERACTION.T

4.1 Introduction

The most well-characterized coactivators are the steroid receptor coactivators
(SRCs). These coactivators bind to ERa over two turns of an a-helix though an LXXLL
motif, also known as a nuclear receptor box (NR-box).3% 11° In addition to their effects at
ERa, coactivators also regulate the activity of other transcription factors, including other
members of the nuclear receptor superfamily. In particular, SRC3, also known as AIB1
(amplified in breast cancer 1), is upregulated in up to 60% of breast cancer cases® and
is correlated with poor survival rates.

A mechanistic hypothesis in the breast cancer literature has been that directly
blocking the ER/coactivator interaction may provide an alternative to antagonizing ER,
and that this approach may be useful in treating ER+ breast cancers that have become
refractory to current endocrine therapy.®® A major limitation to testing this hypothesis has
been in developing peptides and small molecules that are active in cellular models of ER+
breast cancer.?5: 31-32, 120-121 wijth a notable exception,®” many of the reported small
molecule and peptide coactivator binding inhibitors show activity in in vitro assays of ER
binding and activity but not in more advanced assays of native gene regulation or of ER+

breast cancer phenotypes.

TReprinted (adapted) with permission from Speltz, T. E.; Danes, J. M.; Stender, J. D.; Frasor,
J.; and Moore, T. W. A Cell-Permeable Stapled Peptide Inhibitor of the Estrogen
Receptor/Coactivator Interaction. ACS Chemical Biology. 2018, 13 (3), 676-684. Copyright
2018 American Chemical Society.
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In this work, we used molecular dynamics simulations to design a cell-permeable
stapled peptide, R4K1, that inhibits the ER/coactivator interaction in vitro with low
nanomolar potency. R4K1 is taken up by breast cancer cells, blocks ERa-mediated gene
transcription, and inhibits the proliferation of breast cancer cells. We also examine the
effects of R4K1 on global gene transcription using RNA-Seq. R4K1 provides a significant
proof-of-concept for preparing cell-permeable stapled peptide inhibitors of the
ER/coactivator interaction.

4.2 Molecular dynamics-guided design

Because the LXXLL motif of coactivators occurs over two turns of an a-helix,
stapled peptides provide a good starting point for developing ERa/coactivator binding
inhibitors. Indeed, a group at Pfizer used the LXXLL motif to design stapled peptides with
nanomolar affinity for ERa.%° Unfortunately, there are no reports of cellular activity
associated with the Pfizer peptides, and we found that several stapled peptides reported
by us "t and Phillips, et al.2° were unable to decrease expression of native genes that are
under the control of ERa (Figures 4.17 and 4.18). This finding may be explained by poor
cell penetration (see microscopy studies below). Guided by this hypothesis, we set out to
design a high-affinity stapled peptide that would also show cell-permeability.

Chu et al. recently published a comprehensive study aimed at understanding cell
penetration by stapled peptides. They found that stapled peptides with a formal charge of
+5 at pH 7.5 can display high levels of cellular uptake.®® To replicate this approach, we
examined our previously reported crystal structure of ERa bound to stapled peptide
SRC2-SP4 (PDB: 5DXE) to decide where to place additional charged residues. ERa

contains four surface-exposed aspartate/glutamate residues near the N-terminal region
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of the SRC2-SP4 binding site (Figure 4.1A). We reasoned that this region of ERa may
provide electrostatic complementarity for positively charged residues of SRC2 because
three of six residues preceding the SRC2-Box2 LXXLL motif are lysine (-KEKHKILHRLL-
). Replacement of -KEKHK- with -RRRRK- would generate an SRC stapled peptide with
a +5 formal charge that mimics the structural motif of primary amphipathic cell penetrating
peptides'?? and contains a variation of the putative nuclear localization signal
sequence.??

To provide evidence of electrostatic complementarity, we carried out a total of 1.5
ps of molecular dynamics simulations of ERa bound to either SRC2-SP4 (magenta in
Figure 4.1A-1B) or a version of SRC2-SP4 that contains four Arg residues (R4K1, beige
in Figure 4.1A-1B). The percentage of time in each simulation that SRC2-SP4 (magenta)
or R4K1 (beige) formed at least one H-bond with negatively charged residues Glu380,
Asp538, Glu542, or Asp545 is shown (Figure 4.1D). In the simulations, R4K1 showed a
statistically significant increase in the number of H-bonds formed at three of four residues,
although the effect seemed to be most pronounced at residue Glu542, part of the so-
called “charge clamp.”'* While arginine residues were incorporated to increase cell

permeability, these data suggested that they may also contribute to higher binding affinity.
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SRC2-wt AC-HKILHRLLQDS-NH, ERa Residue

Figure 4.1. Molecular dynamics-guided design of R4K1 A) The ligand-binding domain
of estrogen receptor a (gray) contains four negatively charged residues (red) at the N-
terminal region of our previously reported stapled peptide SRC2-SP4 (magenta, PDB:
5DXE). B) Snapshot of an MD simulation showing hydrogen bond interactions between
arginine residues of R4K1 (beige/magenta) and nearby acidic residues E380, D538,
E542, and D545 (cyan) of estrogen receptor. C) Sequences of the nuclear receptor
interacting box 2 of steroid receptor coactivator 2 (SRC2-box2) and peptides R4K1,
SRC2-SP4, SRC2-wt used in this study. X indicates the position of stapling amino acid
S°. D) MD simulations were carried out for 3 X 250 ns using estrogen receptor ligand-
binding domain and either R4K1 (beige) or SRC2-SP4 (magenta). The mean percentage
of simulations in which GIlu380, Asp538, Glu542, or Asp545 formed a hydrogen bond with
a residue from R4K1 or SRC2-SP4 is shown. Each simulation was carried out starting
from distinct peptide conformations. Error bars represent the standard deviation; *, p <

0.05.
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4.3 Cell permeability of R4K1

We hypothesized that inclusion of the Args sequence should increase cell
permeability. To examine this, we carried out confocal microscopy studies of fluorescein
isothiocyanate (FITC)-labeled peptides. MCF-7 cells were treated with 10 nM estradiol
and 15 pyM FITC-SRC-WT, FITC-SRC-SP, or FITC-R4K1 for 4, 8, and 24 hours, and
confocal images were obtained. FITC-R4K1 was taken up more substantially by MCF-7
cells than either FITC-SRC-WT or FITC-SRC-SP (Figure 4.2, 4.13 and 4.14).

At 24 hours FITC-R4K1 was fully distributed throughout the cell, with enhanced
accumulation in nucleoli, similar to previously reported results (Figure 4.15).3! By
comparing overlap of Hoechst stain and FITC-R4K1, we quantitated the percentage of
nuclear volume containing FITC-R4K1 as 78 + 2%. We also quantitated the cytoplasmic
volume that contained FITC-R4K1 by comparing brightfield images to FITC images.
According to this analysis, 89 + 5.6% of the cytoplasmic area also contained R4K1. These
data indicated that R4K1 was present in both nucleus and cytoplasm, so that it was

available to bind either cytosolic- or nuclear-localized ER.
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SRC2-WT

SRC2-SP

R4K1

Figure 4.2. MCF-7 cells show enhanced uptake of R4K1. MCF-7 cells were treated for
24 hours with 15 uM fluorescein isothiocyanate (FITC)-labeled SRC2-WT (top), SRC2-

SP (center), or R4K1 (bottom). Images from left to right include FITC channel, Hoechst
stained nucleus and FITC/Hoechst overlay at 63X magnification.

4.4 Inhibition of ER/SRC interaction

In order to measure dissociation constants of SRC2-WT, SRC2-SP4 or R4K1 for
ERa, we used a surface plasmon resonance (SPR) assay in which the ligand-binding

domain of ERa was immobilized onto a CM5 chip. The Kq of R4K1 (19 nM) for ERa was
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22-fold higher than that of SRC2-SP4 (420 nM) and 137-fold higher than the Kq of SRC2-
WT (2600 nM) (Figure 4.3). The only difference between the sequences of SRC2-SP4
and R4K1 were four additional arginines, implying that the enhanced binding affinity of
R4K1 was mediated through the appended arginines, in agreement with the molecular
dynamics simulations. To provide evidence that the peptides would block the
ER/coactivator interaction, we measured the ability of the peptides to block recruitment
of a fluorescein-labeled SRC fragment to a terbium-labeled ERa ligand binding domain
using time-resolved Forster resonance energy transfer (TR-FRET).88 The ICso value
decreased from 1100 nM to 380 nM as the ILXXLL motif of SRC2-WT (blue) was replaced
by the SSLXXSSL motif of SRC2-SP4 (magenta, Figure 4.3D). The ICso further decreased
to 5.1 nM as the Arg sequence of R4K1 (beige) was appended. These data were in good
agreement with the SPR assay and implied that the stapled peptides bind at the

coactivator binding region and inhibit interaction of ER with coactivator.
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Figure 4.3. Stapled peptides bind to estrogen receptor and R4K1 inhibits the
ER/coactivator interaction with high potency. A surface plasmon resonance (SPR)
assay using immobilized estrogen receptor a ligand binding domain was used to
determine Kq for R4K1 (beige, A), SRC2-SP2 (magenta, B), and SRC2-WT (blue, C).
Data were analyzed using a steady-state fit. D) Interaction of estrogen receptor a ligand-
binding domain, labeled with a long lifetime time-resolved fluorescence resonance energy
transfer (TR-FRET) donor (terbium), and a steroid receptor coactivator fragment, labeled
with TR-FRET acceptor fluorescein, was inhibited with increasing concentrations of
R4K1, SRC2-SP4, or SCR2-WT. The ratio of fluorescent emissions of fluorescein
acceptor and terbium donor is plotted along the y-axis (Fs20/Fags), and the log of molar
concentration of inhibitor is plotted along the x-axis. Error bars represent the standard

deviation.
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4.5 Quantitation of membrane integrity

Appending positively charged residues onto a peptide is a commonly used
procedure for enhancing uptake of peptides by cells;8% 24 however, some groups have
shown that incorporating many positively charged residues may lead to loss of membrane
integrity.12>127 To guard against this possibility, we carried out lactate dehydrogenase
release assays to determine safe concentrations to use in our cell-based experiments. In
this assay, increased release of the cytoplasmic protein lactate dehydrogenase is
indicative of membrane disruption and can be quantified relative to maximum lysis with
detergent.

We carried out LDH release assays at one concentration (30 uM) after one-hour
treatment of two ER+ breast cancer cell lines, MCF-7 and T47D, with peptides. None of
the peptides showed release of LDH that was significantly different from vehicle (Figure
4.16).

To guard against the potential for bias introduced by examining the conditions
above, we measured lactate dehydrogenase release in a time vs. concentration vs.
response mode. Specifically, we measured release of lactate dehydrogenase at four
timepoints and at five concentrations (Figure 4.4). There was no significant lactate
dehydrogenase release at 5, 10, and 15 pM, even at 24 hours. These data suggested
that 15 yM R4K1, even at long time points, would not damage the membrane and would

be a safe concentration to use to examine cellular effects of R4K1.
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Figure 4.4. R4K1 does not cause loss of membrane integrity at efficacious
concentrations. MCF-7 cells were treated with 5, 10, 15, 30 or 50 yM stapled peptide
R4K1. Release of lactate dehydrogenase (LDH) was measured at 1, 2, 4, or 24 hours

after treatment. %LDH release is plotted vs. time and concentration, relative to maximum

lysis.
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4.6 Transcriptional requlation of native genes

Our central hypothesis was that blockade of coactivator recruitment with R4K1
should show repression of estradiol-mediated gene expression, similar to that of selective
estrogen receptor modulators, like 4-hydroxytamoxifen. We further hypothesized that
R4K1 would not show estrogenic activity.

We first carried out a screening assay to determine what anti-estrogenic benefit
R4K1 might have over SRC2-WT or SRC2-SP4. We treated MCF-7 cells with 10 nM
estradiol and 15 pM SRC2-WT, SRC2-SP4, or R4K1 (Figure 4.19). For each of these
treatment conditions, we measured transcript levels of five genes known to be stimulated
by estradiol: PTGES, PR, PS2, EGR3, and IGFBP4. Treatment with estradiol showed
upregulation of all genes. When cells were also treated with R4K1, all five genes showed
a decrease in gene expression that was not seen with SRC2-SP4 or SRC2-WT, although
only four reached statistical significance.

Based on the results of the screening assay, we compared estrogenic and anti-
estrogenic activities of R4K1 to 4-hydroxytamoxifen in two different breast cancer cell
lines. MCF-7 and T47D cells were treated with vehicle, 4-hydroxytamoxifen (40OHT) or
R4K1 in the presence or absence of estradiol (E2, Figure 4.5). Estradiol induced
expression of each of the five genes from above. This effect was reversed by co-treatment
with estradiol plus 40HT or estradiol plus R4K1, although the magnitude of the effect of
R4K1 was smaller than that of 4OHT. There was no statistically significant difference in
gene expression between cells treated with vehicle alone (i.e., no estradiol) and those
that were treated with 4OHT or R4K1 alone. These effects were similar in a second ER+

breast cancer cell line (Figure 4.20), suggesting that R4K1 can broadly inhibit ER activity
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and is not acting in a cell-specific manner. Taken together, these data supported our
hypothesis that blocking the ER/coactivator interaction represses estrogen-stimulated
gene expression.

We also tested whether R4K1 had effects on genes regulated by a different
transcription factor, NFkB, which is also coactivated by SRC3.1?2 We measured
expression of NFkB-regulated genes RelB, ICAM1, and TNFa in the presence or absence
of NFkB-stimulating cytokine, TNFa. There was little, if any, difference in expression
between those genes that were treated with vehicle versus those treated with R4K1

(Figure 4.5F-H). These data implied that R4K1 did not non-specifically repress the activity

of all transcription factors.
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Figure 4.5. R4K1 inhibits transcription of ER-regulated native genes, but not NFkB-
regulated genes. mRNA levels for ER-regulated genes PTGES (A), PR (B), PS2 (C),
EGRS3 (D), and IGFBP4 (E) and NFkB-regulated genes RelB (F), ICAM1 (G) and TNFa
(H) were examined in MCF-7 cells by RT-QPCR. Cells were pretreated with R4K1 (15
MM, 24 hrs), 40HT (1 uM, 2 hrs) or DMSO control, followed by 10 nM 17(-estradiol (E2)
treatment for 2 hrs. Data were normalized to 36B4 (A-E) or GAPDH (F-H) internal controls
and presented as fold change relative to DMSO vehicle. Error bars represent the standard

deviation. n.s., not statistically significant; *, p<0.05; **, p<0.01; *** p<0.001; ****

p<0.0001.
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4.7 Proliferation of MCE-7 cells

Proliferation of ER+ breast cancer cell lines is enhanced by treatment with
estradiol. We treated the ER+ breast cancer cell line MCF-7 with 15 yM R4K1 in the
presence or absence of 10 nM estradiol and measured proliferation of these cells (Figure
4.6). Estradiol stimulated proliferation of MCF-7 cells, but R4K1 alone had no effect on
proliferation of MCF-7 cells. Administering R4K1 with estradiol decreased proliferation to
vehicle-treated levels. These data implied that blocking the ER/coactivator complex can

repress proliferation that is stimulated by estradiol.

Proliferation
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Figure 4.6. R4K1 reverses estradiol-stimulated proliferation. MCF-7 cells were
treated with vehicle or 15 uM stapled peptide R4K1 in the presence or absence of 10 nM
estradiol (E2). Treatment was initiated on day 3, and cell numbers were measured 24
hours later. Fold change was determined relative to vehicle control for three independent
experiments. Error bars represent the standard deviation. n.s., not statistically significant;

**x 0<0.001.
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4.8 R4K1 modulation of estrogen receptor expression

Tamoxifen is a selective estrogen receptor modulator (SERM). It induces a
conformation of ER that recruits a distinct set of coactivators and corepressors, so that it
has both agonist and antagonist properties, depending on context and tissue type.
Another class of ER ligands are referred to as selective estrogen receptor degraders
(SERDs), which include the breast cancer drug fulvestrant. SERDs cause degradation of
ER, but SERMs do not.

We were curious whether the mechanism-of-action of R4K1 would more closely
resemble that of SERMs or SERDs. We measured protein levels of ER in the presence
or absence of R4K1 and with or without estradiol in both MCF-7 and T47D cells (Figure
4.7). R4K1 showed no significant difference from vehicle-treated cells in the presence or
absence of estradiol. There was a statistically significant decrease in ER levels in vehicle-
treated T47D cells in the absence of estradiol, but this effect disappeared in the presence

of estradiol. These data implied that, if R4K1 has SERD activity, it is only modest at best.
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Figure 4.7. R4K1 has little, if any, estrogen receptor-degrading activity. MCF-7 (top)
or T47D (bottom) cells were pretreated with R4K1 (15 uM, 24 hrs), 40HT (1 uM, 2 hrs)
or DMSO control, followed by 10 nM 173-estradiol (E2) treatment for 2 hrs. Western blot
was performed for ERa. B-actin was used as loading control. Vehicle-treated sample
value was used as one arbitrary unit. Error bars represent the standard deviation from
three independent experiments. n.s., not statistically significant; *, p <0.05.

4.9 Analysis global gene expression

To more fully understand a ligand’s effects on transcription mediated by ER, it is
necessary to look at global gene expression, rather than individual genes. We used RNA-
Seq to analyze the transcriptome of MCF-7 cells to compare the global effects of R4K1
with those of 4-hydroxytamoxifen.

MCF-7 cells were treated under six different conditions, shown as columns in the
heatmap of Figure 4.8: 1) 10 nM 173-estradiol (E2), 2) 1 yM 4-hydroxytamoxifen (4OHT),
3) 10 nM E2 + 1 yM 40HT, 4) 15 yM R4K1, 5) 10 nM E2 + 15 pM R4K1 and vehicle
alone. Across the five experimental conditions, 1,041 transcripts were expressed at levels

that were at least 2-fold different from vehicle control (FDR<0.05, Figure 4.8A). These
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genes clustered into nine sets, depicted by rows in the heatmap of Figure 4.8A: 1) genes
up-regulated similarly by E2, 40HT, and to a lesser extent by R4K1; 2 and 3) genes down-
or up-regulated by E2 that were fully reversed by 40HT and partially by R4K1; 4) genes
down-regulated similarly by E2 and 40HT, and, to a lesser extent, by R4K1; 5) genes up-
regulated by E2 that were reversed by 40HT and not R4K1; 6) genes up-regulated by
40HT that were not affected by E2 or R4K1; 7) genes repressed by R4K1 that were
reversed by E2; 8) genes repressed by 40HT that were reversed by E2; and 9) genes
up-regulated by R4K1 that were reversed by E2.

Of particular relevance were clusters 2 and 3, which contained E2-regulated genes
that were reversed by R4K1 (Figure 4.8B/C). Cluster 2 contained 226 E2-stimulated
genes that were reversed fully by 40HT and partially by R4K1. Cluster 3 contained 87
E2-repressed genes that were reversed fully by 40HT and partially by R4K1. These data
indicated that R4K1 reversed E2-regulated genes, but not to the same extent as 40HT.
R4K1 also showed gene regulation that was distinctly different from 40HT but was
reversed by E2, as seen in clusters 7 and 9 (Figure 4.8D/E), suggesting that these genes

may be related to ER activity.



123

2]

A ';E T B Gene Cluster 2 Gene Cluster 3 D Gene Cluster 7 E Gene Cluster 9
- e & o @ @ @ r ,.HM‘
o g ; g :‘ c ? — S 4 [ — ° 2z — ] 59
w w o w S 5 5 5 4
__——_—1 — — > 1 = A >
—— | @ _‘7 us {ﬂ. lli 3
= > > 2 > >
B 5 e 57 5 -
_— 2 o q o =] 2 =
— b3 3 L ., X
— B : =
- -1
Q | O 2 o3 o
] o~ - o~ ] [
g g & g
BT - A -l TN A - AN N - 4 N N
2104 -2 <& q_sp o <« & AP AP
Fold Change (Log 2) * x S o 0
<& <& LA < &

Figure 4.8. RNA-Seq analysis of differentially expressed genes in MCF7 cells. (A)
RNA-Seq heatmap for 1,041 mRNA transcripts differentially expressed in MCF7 cells
treated with 10 nM estradiol (E2), 1 uM 4-hydroxytamoxifen (4OHT), 10 nM E2 + 1 uyM
40HT, 15 yM R4K1, and 10 nM E2 + 15 pM R4K1. Data are normalized to vehicle
treatment. Blue bars represent transcripts that are repressed relative to vehicle, and red
bars represent transcripts that are stimulated relative to vehicle. Genes were grouped into
9 clusters using the k-means algorithm embedded within Gene Cluster 3.0 (B) Box-and-
whiskers plot for cluster 2, mRNA transcripts repressed by E2 (green) that are reversed
by co-treatment with either 4OHT (purple) or R4K1 (beige). (C) Box-and-whiskers plot for
cluster 3, mRNA transcripts stimulated by E2 that are repressed by co-treatment with
either 40HT or R4K1. (D) Box-and-whiskers plot for cluster 7, mRNA transcripts
repressed by R4K1 that are reversed by co-treatment with E2. (E) Box-and-whiskers plot
for cluster 9, mRNA transcripts stimulated by R4K1 that are repressed by co-treatment
with E2. In panels B, C, D, and E, the box represents the first through third quartiles, and

the vertical “whiskers” represent the range. n.s., not statistically significant; ,

p<0.0001.
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4.10 Discussion of R4K1 biological activity

R4K1 is among the first stapled peptides that block the action of ER in cellular
models of breast cancer. There have been several other peptides and small molecules
that block the ER/coactivator interaction in vitro, but, generally, the extant studies are
limited in nature. Much of the characterization for these molecules has been restricted to
in vitro studies (see?® 82 for reviews of the literature), and, of those molecules that have
cellular characterization, there are several common features: many are active in reporter
gene and mammalian two-hybrid assays, but whether they can repress the activity of
native genes or breast cancer phenotypes regulated by ER is unknown.?°-130 There are
a few exceptions, including peptides synthesized by Brunsveld and coworkers,3! as well
as Li and coworkers,'% although even these most advanced examples have been
characterized using only one native gene.

The most well-characterized molecule for inhibiting the ER/coregulator interaction
comes from Raj et al. who recently described ERX-11, a small molecule that is active in
several different models of ER+ breast cancer, including a tumor xenograft model.3” ERX-
11 is an oligoamide that was designed to bind to ER at the coregulator-binding region,
but even after careful experimentation and design, the precise binding site and mode of
action is not fully understood for ERX-11, demonstrating the difficult nature of designing
inhibitors of this protein-protein interaction.

To address the lack of cell-permeable, well-characterized ER/coactivator binding
inhibitors, we redesigned a cell-impenetrant stapled peptide so that it would show cell
permeability and activity in cell-based models of ER function. The computationally

informed placement of arginine residues led to an increase in binding affinity as a result
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of enhanced hydrogen bonding to negatively charged residues. This finding is in
agreement with strategies that have been previously used to prepare high affinity peptides
for ER via proline-primed helices,?! isoaspartic-acid cyclized peptides,*® and lysine-to-
arginine substituted peptides.3? In this work, we have been guided by the principle of
linking a thorough understanding of the molecular basis of ER/stapled peptide binding
with in vitro and cellular studies. The product of this work, R4K1, represents a significant
proof-of-principle molecule for the future design of cell-permeable stapled peptides to
inhibit the ER/coactivator interaction.

Our studies suggest that R4K1 is taken up by cells, and that relatively long
incubation times may be required for R4K1 to distribute throughout the cell so that it can
have its effects at the nucleus. These studies also indicate that, for this molecule, the
arginine sequence that we have used is necessary for cell penetration, as poor cell
penetration was seen with both SRC2-WT and SRC2-SP. Mechanistically, R4K1 acts
more similarly to selective estrogen receptor modulators (SERMS) rather than selective
estrogen receptor degraders (SERDs) in that it does not cause ER degradation. Based
on our understanding of R4K1 binding, R4K1 does not expose hydrophobic residues, nor
does it cause exposure of hydrophobic ER residues. Exposure of hydrophobic residues
could lead to degradation, so that this finding is in keeping with our understanding of the
mechanism of action of blocking coactivator binding.

Most importantly, our studies suggest that essentially all gene regulatory actions
of R4K1 are ER-associated. First, RNA-seq data suggest that R4K1 acts similarly to
40HT on both up- and down-regulated genes (Clusters 1-5), albeit with lower magnitude.

Given our mechanism of blocking coactivator recruitment, understanding how R4K1
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reverses E2-stimulated genes is straightforward, but the mechanism by which R4K1
reverses E2-repressed genes is unclear. One explanation is that coregulators may
directly have dual activating and repressive functions. Some coregulators (e.g., PELP-
1,131 RIP140%?) are known to have different activities at different transcription factors, but
the extent to which they repress or stimulate gene expression at a single transcription
factor is not completely understood, so that an improved version of R4K1 could be used
to shed light on this problem. Second, there are essentially no R4K1-specific effects that
are not reversed by E2 (Clusters 7 and 9). If R4K1 were non-selective for ER and able to
affect other transcription factors, we might expect to see up- or down-regulation of gene
expression that is not reversed by E2. This is further supported by the lack of R4K1 effect
on NFkB target genes. The mechanism by which R4K1 regulates genes in the presence
of unliganded ER is unclear. One possible explanation for these activities could be that
R4K1 shows a preference for binding to folded, liganded ER, but that, in the absence of
folded, liganded ER, R4K1 may bind to a subset of transcription factors and block
coactivator recruitment, which could also help to explain how R4K1 reverses E2-
repressed genes. This explanation is similar to the “squelching” hypothesis in the
coactivator literature, wherein binding of a limited pool of coactivators at one transcription
factor may lead to repression of genes regulated by other transcription factors.33-134
Overall, the work here could lay the groundwork for providing tools to probe incompletely
understood mechanisms of coregulators, including the dual-function and squelching

mechanisms.
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4.11 Conclusion

In conclusion, we have described a cell-permeable stapled peptide, R4K1, that
modulates the activity of estrogen receptor in breast cancer cell lines. These studies are
informed by a detailed molecular understanding of inhibiting the estrogen
receptor/coactivator interaction. R4K1 provides a proof-of-concept that cell-permeable
stapled peptides may be used to inhibit the estrogen receptor/coactivator interaction and
that this disruption may prove advantageous in models of ER+ breast cancer. While R4K1
is a promising proof-of-principle probe, these studies also suggest that future cell-
permeable stapled peptides need to show higher efficacy, which could come from
increased uptake and/or higher affinity for estrogen receptor.

4.12 Experimental methods

4.12.1 General considerations

Peptide synthesis was accomplished using a literature procedure.®? The TR-FRET
assay protocol was carried out as previously described.”’ 8 Molecular dynamics
simulations were performed using XSEDE resources'3® as previously described "* with
some exceptions that are fully explained in sections 4.11.2. Unless otherwise noted, cell
culture experiments were carried out in the presence of charcoal-dextran-stripped 5%
fetal bovine serum (FBS). Lower concentrations of FBS resulted in low estrogen-
responsiveness (data not shown). 17B3-estradiol (E2) and 4-hydroxytamoxifen (4OHT)
were purchased from Sigma, item #E8875 and item #H7904, respectively. Fmoc-S5-OH
and Grubb’s 15t generation catalyst were purchased from Sigma-Aldrich. Fmoc-protected
amino acids and all other reagents are commercially available and were purchased from

Chem-Impex, Oakwood, Novabiochem, or Sigma-Aldrich and used as supplied. All
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primers were purchased from Integrated DNA Technologies (IDT). Cell culture reagents
were purchased from Gibco/Life Technologies and cell culture ware from BD Falcon,
unless otherwise stated. Human MCF-7 and T47D cells were obtained from Dr. Debra
Tonetti (University of lllinois at Chicago) and were maintained in Roswell Park Memorial
Institute (RPMI) media supplemented with 10% fetal bovine serum (FBS), 1% non-
essential amino acids, 2 mM L-glutamine, 1% antibiotics penicillin-streptomycin, and 6
ng/mL human recombinant insulin at 37 °C in 5% CO2. Before treatment with ligands,
inhibitors, or stapled peptides, cells were cultured in phenol red-free RPMI 1640 media
supplemented with 5% charcoal/dextran—stripped fetal bovine serum (i.e. treatment
media) for at least 48 hrs. Cell line authentication was previously performed for both MCF-
7 and T47D cell lines using short tandem repeats (STR) by the facility (DNAS), Research
Resources Center (RRC), UIC.

4.12.2 Computational modeling of stapled peptides

The molecular system of SRC2-SP4 was constructed as previously described,
starting from the x-ray crystal of estrogen receptor a complexed with diethylstilbestrol
(DES) in the ligand binding pocket and GRIP-1 NR box Il peptide bound to the coactivator
binding groove.”* The phi and psi angles for H687 or R684-R687 and K688 were manually
adjusted to prepare three different starting conformations. For SRC2-SP4, conformation
1 aligns with the SRC2 peptide of PDB Code 3ERD and the stapled peptide reported in
PDB Code 2YJA, conformation 2 aligns with the structure of SRC2-SP4 bound to
estrogen receptor alpha Y537S (PDB 5DXE), and the phi and psi angles for conformation
3 were randomly assigned. The MOE protein builder module was then used to build R4K1

by deleting residue H687 and appending four arginine residues to the N-terminus of the
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SRC2-SP4 peptide. The phi and psi angles for residues 684 to 688 of R4K1 were
randomly adjusted to generate three conformations of R4K1. The six resulting structures
were exported from MOE in PDB format.

The PSFGEN plugin within VMD®! was used to construct molecular systems in
CHARMM format (PSF+PDB). A patching protocol was used to perform ring-closing
metathesis in silico and cap the ends of coactivator peptide with an N-terminal acetyl and
C-terminal amide. The N- and C- terminal ends of estrogen receptor were capped using
acetyl and N-methylamido patches. The SOLVATE plugin was used to add TIP3P1%9
water to 20 A on each side of the receptor. The Autolonize plugin was used to neutralize
the system and place Na* and CI ions > 5 A from the receptor to yield a final salt
concentration of 0.1 M NaCl. The fully solvated systems SRC2-SP4 and R4K1 totaled
~64.4k or ~65k atoms respectively.

All MD simulations were performed using NAMD 2.12 software package.® The
protein and ions were described using the refined CHARMM36m force field.136. 107
Parameters required to describe the staple were manually assigned by analogy from the
CHARMM36m and CGenFF?¥" parameter sets. The parameters required for
diethylstilbestrol were assigned using the CGenFF Program webserver.'3” MD
simulations were performed for NPT ensembles with a target pressure of 1 atm and
temperature of 310 K using a Nosé-Hoover thermostat and a Langevin piston with a
period of 100 fs, decay of 50 fs, and damping coefficient of 0.5/ps.1!t 138 Periodic
boundary conditions were applied, and non-bonded interactions were treated using an
exponential switching function starting from 10 A with a cutoff at 12 A. Full system periodic

electrostatics were computed using the particle mesh Ewald (PME) method?**° with a grid
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density >1.0/A3. Nonbonded forces were computed at every timestep (2 fs/step), PME
calculations were performed at every other step, and atomic coordinates were recorded
every ps.

The solvated and ionized SRC2-SP4 and R4K1 molecular systems were energy
minimized for 10,000 steps and equilibrated for 0.1 ns using a harmonic positional
restraint (k = 1 kcal/mol-A2) applied to all protein, coactivator, and ligand heavy atoms
except protein residues 460-471 and coactivator residues 684 to 694—residues that
were either missing from the x-ray crystal structure or modified to apply the staple or
arginine residues. Water and ion atoms were allowed to equilibrate without any external
restraints during this simulation. Production simulations were performed under
equilibrium conditions for 250 ns per system. In total, the current study comprises 1.5 us

of production simulation time.

Figure 4.9. Three different conformations of His687 and Lys688 from SRC2-SP4 at

the start of the production simulation.
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Figure 4.10. Three different conformations of Arg684, Arg685, Arg686, Arg687 and

Lys688 from R4K1 at the start of the production simulation.

4.12.3 Peptide synthesis

All peptides were manually prepared on 30 umol scale using standard Fmoc solid
phase peptide synthesis and rink amide MBHA resin. Fmoc deprotection was carried out
for 2 X 10 minutes using 25% piperidine in DMF with 0.1 M HOBt. Amino acids were
coupled using 5 eq of amino acid, 5 eq of PyClock, and 10 eq of DIPEA in 0.75 mL of
DMF. Stapling amino acid S5 was coupled for 2 hrs, amino acids following S5 were
coupled for 2 X 1.5 hrs, and all other amino acids were coupled for 2 X 20 min. Ring
closing metathesis was performed 2 x 120 min at 55 °C using 1 mL of 4.94 mg/mL Grubb’s
1st generation catalyst in DCE. Acetylation or FITC labeling, and peptide
cleavage/deprotection were carried out as previously described.®? The crude peptides
were purified to >95% homogeneity by semi-preparative HPLC (Solvent System
MeCN:H20 with 0.1% formic acid; 0-4 min, 10% MeCN; 4-24 min 10-50% MeCN; 24-25

min, 50-80% MeCN; 25-30 min, 80% MeCN; 30-31 min 80-10% MeCN. Column:



132

Phenomenex Luna 5 um C18(2), 100 A, 250 X 10 mm). Peptide purity was confirmed

using analytical HPLC (Solvent System MeCN:H20 with 0.1% trifluoroacetic acid; 0-2 min,
4% MeCN; 2-12 min 4-70% MeCN; 12-13 min, 70% MeCN; 13-14 min, 70-4% MeCN; 14-
17 min 4% MeCN. Column: Phenomenex Kinetex 5 um C18, 100 A, 50 X 4.6 mm).

Peptide mass was measured using a Bruker Autoflex MALDI-TOF mass spectrometer
(Table XV). The matrix used to prepare dried droplet samples was composed of a
saturated solution of a-cyano-4-hydroxycinnamic acid in 50:50 water/acetonitrile with
0.1% TFA.

TABLE XV. MALDI-TOF ANALYSIS OF PEPTIDES

Chemical Formula | Exact Observed
Peptide | Sequence [M+H"] Mass Mass
SRC2-
WT Ac-HKILHRLLQDS-NH> Ce2H106N21016+ 1400.813 | 1400.870
SRC2-
SP4 Ac-HKS®LHRS®LQDS-NH2 | CeaH106N21016+ 1424.813 | 1424.850
Ac-
RRRRKS®°LHRS®°LQDS-
R4K1 NH> Cg2H147N34O19+ 1912.158 | 1912.164
SRC2- FITC-Bala-
SP-FITC | HKASSLHRS®LQDS-NH2 Cg7H122N23021S+ 1856.891 | 1856.896
FITC-Bala -
R4K1- RRRRKS®°LHRS®°LQDS-
FITC NH> C104H161N36024S+ 2330.221 | 2330.216
SRC2- FITC-Baa-HKILHRLLQDS-
WT-FITC | NH2 Cg4H120N23021S+ 1818.874 | 1818.954
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Figure 4.11. HPLC analysis of purified peptides.
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4.12.4 Surface plasmon resonance (SPR)

The SPR assay protocol was based on previously reported conditions,3° with the
following changes: SPR analysis was performed on a BiacoreT200; ERa ligand binding
domain construct contained amino acids 299-554, including N-terminal 6His-tag; final
ERa surface density was ~9500 RU; stapled peptide solutions at a series of increasing
concentrations were applied to flow cells at a 30 pL/min flow rate using a contact time of
60 s and a dissociation time of 120 s; Kp values were determined by fitting reference
subtracted data to a steady-state affinity equation embedded in the Biacore T200
evaluation software 3.0; and kinetic fittings were done using the two state reaction binding

equation embedded in the Biacore T200 evaluation software 3.0 (Figure 4.12).

A R4K1 B SRC2-SP4 C SRC2-WT
200 31.2nM 100; 1000 nM
150{—"  [Ky=4.1nM 801~  [Kky=620nM
2 100/ \ '
50 //’_t\\;\i 0.977 nM
-100 -50.)| 50 100 150
Time (s) Time (s)

Figure 4.12. SPR fit kinetic analysis. A surface plasmon resonance (SPR) assay using
immobilized estrogen receptor a ligand binding domain was used to determine
dissociation constants for R4K1 (beige, A), SRC2-SP2 (magenta, B), and SRC2-WT

(blue, C). Data were analyzed using a kinetic fit.
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TABLE XVI. TR-FRET DATA ANALYSIS

R4K1 SRC2-SP4 SRC2-WT
Sigmoidal, 4PL, X is
log(concentration)
Best-fit values
Top 0.524 0.4956 0.5053
Bottom 0.02911 0.01778 0.01084
LogIC50 -8.289 -6.411 -5.953
HillSlope -1.14 -0.8722 -0.8931
IC50 5.14E-09 3.88E-07 1.11E-06
Span 0.4949 0.4779 0.4945
Std. Error
Top 0.009898 0.007867 0.009079
Bottom 0.01243 0.01569 0.02845
LogIC50 0.05964 0.06509 0.09057
HillSlope 0.1533 0.09551 0.1349
Span 0.01677 0.01923 0.03212
95% CI (profile likelihood)
Top 0.5041 to 0.5448 0.4797 to 0.513 0.4864 to 0.5263
Bottom 0.003243 to 0.05325 -0.01813 to 0.0463 -0.06737 to 0.05821
LogIC50 -8.41 to -8.168 -6.538 to -6.277 -6.112 to -5.736
HillSlope -1.518 to -0.8717 -1.1 to -0.6902 -1.269 to -0.6306
IC50 3.89e-009 to 6.786e- | 2.9e-007 to 5.283e- | 7.727e-007 to
009 007 1.838e-006
Goodness of Fit
Degrees of Freedom 38 31 32
R square 0.9719 0.9824 0.9675
Absolute Sum of Squares 0.05685 0.02177 0.0369
Sy.x 0.03868 0.0265 0.03396
Number of points
# of X values 48 36 36
# Y values analyzed 42 35 36

4.12.5 Confocal microscopy

Breast cancer cells were cultured as previously described.*® For microscopy
studies, cells were incubated with 15 uM FITC-conjugated stapled peptides for 4, 8, or 24
hr. Hoechst dye was used for nuclear staining, at a concentration of 4 mg/mL for 30
minutes (Life Technologies). Images were taken with a Zeiss confocal LSM 710
microscope. The percentage of stapled peptide in the nucleus was determined by FITC
and Hoechst co-localization, and the percentage cytoplasmic stapled peptide relied on
FITC and brightfield overlap. Corrected total cell fluorescence was evaluated using Image

J software with the SEM for each treatment group.
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SRC2-WT

SRC2-SP

R4K1

Figure 4.13. Uptake of FITC conjugated peptides (4 Hrs.). MCF-7 cells were treated
for 4 hours with 15 uM fluorescein isothiocyanate (FITC)-labeled SRC2-WT (top), SRC2-

SP (center), or R4K1 (bottom). Images from left to right include brightfield, FITC channel,

Hoechst stained nucleus and FITC/Hoechst overlay at 20X magnification.

SRC2-WT

SRC2-SP

R4K1

Figure 4.14. Uptake of FITC conjugated peptides (8 Hrs.). MCF-7 cells were treated
for 8 hours with 15 uM fluorescein isothiocyanate (FITC)-labeled SRC2-WT (top), SRC2-

SP (center), or R4K1 (bottom). Images from left to right include brightfield, FITC channel,

Hoechst stained nucleus and FITC/Hoechst overlay at 63X magnification.
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Figure 4.15. R4K1 localization to nucleoli. MCF-7 cells were treated for 24 hours with

15 uM fluorescein isothiocyanate (FITC)-labeled R4K1. Images from left to right include
FITC channel, Hoechst stained nucleus, and FITC/Hoechst overlay at 63X magnification.

White arrows indicate peptide localization to nucleoli.

4.12.6 Lactate dehydrogenase assay

Cytotoxicity was measured according to the manufacturer’s instructions (CytoTox
96, Promega). Absorbance was read at 490 nm on a BioTek Synergy HT plate reader. A
maximum release LDH reagent (provided with the kit) was used as a positive control. All

samples were evaluated as a percentage of LDH released relative to maximum.
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Figure 4.16. LDH assay. (A) MCF-7 or (B) T47D cells were treated for one hour with
DMSO vehicle, 30 uM SRC2-WT, 30 uM SRC2-SP4, or 30 uM R4K1. Percent release of
lactate dehydrogenase (LDH) was measured relative to maximum lysis with sodium
dodecyl sulfate.

4.12.7 RNA and RT-gPCR

Total RNA was isolated and RT-gPCR was performed as previously described.®
36B4 or GAPDH were used as internal controls, and fold change was calculated using

the AACt method. gPCR primers are listed in Table XVII.
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Figure 4.17. PFE-SP2 and PFE-SP6 do not inhibit transcription of ER-regulated
native genes. mRNA levels for ER-regulated genes PS2, PR, and Bcl-2 were examined
in MCF-7 cells treated for 24 hours with vehicle, 10 nM estradiol (E2) alone, 10 nM E2 +
1 uM ICI, 10 nM E2 + 50 yM PFE-SP2, 10 nM E2 + 50 yuM PFE-SP6, and 10 nM E2 + 50
MM SRC2-wt. Data are normalized to beta-actin internal control and presented as fold

change relative to DMSO vehicle.
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Figure 4.18. SRC2-SP2 and SRC-SP3 do not inhibit transcription of ER-regulated
native genes. mRNA levels for ER-regulated genes PTGES, PR, PS2, EGR3, and
IGFBP4 were examined in MCF-7 cells treated for 24 hours with vehicle, 10 nM estradiol
(E2) alone, 10 nM E2 + 15 yM SRC2-SP2, and 10 nM E2 + 15 yM SRC2-SP3. Data are
normalized to beta-actin internal control and presented as fold change relative to DMSO

vehicle. Error bars represent the standard deviation from the mean. No stapled peptide

treatments were significantly different from E2 treatment.
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Figure 4.19. R4K1, but not SRC2-SP4 or SRC2-WT, inhibits transcription of ER-
regulated native genes. mRNA levels for ER-regulated genes PTGES, PR, PS2, EGR3,
and IGFBP4 were examined in MCF-7 cells treated for 24 hours with vehicle, 10 nM
estradiol (E2) alone, 10 nM E2 + 15 pM SRC2-WT, 10 nM E2 + 15 yM SRC2-SP4, or 10
nM E2 + 15 yM R4K1. Data are normalized to beta-actin internal control and presented
as fold change relative to DMSO vehicle. Error bars represent the standard deviation from

the mean. n.s., not statistically significant; *, p<0.05; **, p<0.01; ***, p<0.001.
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Figure 4.20. R4K1 inhibits transcription of ER-regulated native genes. mRNA levels
for ER-regulated genes PTGES, PR, EGR3, PS2, and IGFBP4 were examined in T47D
cells treated for 24 hours with vehicle, 10 nM estradiol (E2) alone, 15 yM R4K1 alone, or
10 nM E2 + 15 uM R4K1. Data are normalized to beta-actin internal control and presented
as fold change relative to DMSO vehicle. Error bars represent the standard deviation from
the mean. n.s., not statistically significant; *, p<0.05; **, p<0.01.

4.12.8 Western blot

Whole cell extracts were prepared using radioimmunoprecipitation assay buffer
(RIPA) buffer; proteins were denatured and separated by SDS-PAGE using a 5-12%
gradient gel (Invitrogen) and then transferred to nitrocellulose membranes. The
membranes were blocked for 1 hr in 5% non-fat dry milk. Membranes were incubated
overnight at 4 °C with appropriate primary antibody (ERa [Cell Signaling #8644] or 3-actin
[Sigma #A5441]. The next day, membranes were washed and incubated in horseradish
peroxidase conjugated secondary antibodies. The signal was visualized using Chemi-doc
XRS (Bio-Rad laboratories) following incubation with the Pierce Supersignal West Pico

Chemiluminescent Substrate.
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4.12.9 Proliferation assay

Cell counts were determined using an imaging cytometer (Celigo) on the brightfield
channel following 24 hr of treatment. Fold change was calculated relative to vehicle
control.

4.12.10 RNA-seq experimental design and data analysis

RNA isolated for gPCR was provided to the Genomics Core Facility, RRC at UIC,
for RNA-Seq analysis. Libraries were prepared from two biological replicates per
condition using the QuantSeq 3' mMRNA-Seq Library Prep kit (Lexogen). Library yields
were assessed with the Qubit dsDNA HS reagent (Invitrogen) and TapeStation D1000
tape (Invitrogen). Libraries were pooled and sequenced on NextSeq 500 (Illumina), 1x75
nt reads, High Output kit (~450 million clusters). RNA-Seq results were trimmed and
aligned to the hg38 assembly using ELAND allowing up to 2 mismatches. Differential
gene expression was determined using edgeR as a component of the HOMER software
suite.53 Detailed instructions for analysis can be found at http://homer.ucsd.edu/homer/.
Genes were considered differentially regulated if fold change >2 and p-value <0.05
compared to vehicle treatments. Heatmaps were generated using CLUSTER and
visualized using JavaTreeView software!4? Box-and-whiskers plots were prepared using
Graphpad Prism 7.03. A paired t-test was used to calculate statistical significance. All

data are publicly available through GEO (accession # GSE108308).



TABLE XVII. RNA PRIMERS

EGR3 forward: TTCTCGTACAGGGTGGCTCC

EGR3 reverse: GGCAGAGAGCAACCTTCCC

PTGES forward: CTTCCTTTTCCTGGGCTTCG

PTGES reverse: GAAGACCAGGAAGTGCATCCA

PS2 forward: GTGTGCAAATAAGGGCTGCTG

PS2 reverse: TGGAGGGACGTCGATGGTA

PR forward: GTCGCCTTAGAAAGTGCTGTCAG

PR reverse: GCTTGGCTTTCATTTGGAACGCC

ER forward: TGCCCTACTACCTGGAGAAC

ER reverse: CCATAGCCATACTTCCCTTGTC

ICAM1 forward: TGACGAAGCCAGAGGTCTCAG

ICAM1 reverse: AGCGTCACCTTGGCTCTAGG

36B4 forward: GTGTTCGACAATGGCAGCAT

36B4 reverse: GACACCCTCCAGGAAGCGA

GAPDH forward: GTCTCCTCTGACTTCAACAGCG

GAPDH reverse:ACCACCCTGTTGCTGTAGCCAA

RelB forward: TGTGGTGAGGATCTGCTTCCAG

RelB reverse: TCGGCAAATCCGCAGCTCTGAT

TNFa forward: AAGGGTGACCGACTCAGCG

TNFa reverse: ATCCCAAAGTAGACCTGCCCA

IGFBP4 forward: AGCTTCAGCCCCTGTAGCG

IGFBP4 reverse: TCATCTTGCCCCCACTGGT

142
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5. HIGH AFFINITY STAPLED PEPTIDES TARGETING ESTROGEN RECEPTOR

MUTANTS Y537S AND D538G.

5.1 Introduction

Somatic mutations to the estrogen receptor alpha (ERa) ligand binding domain
were recently discovered in endocrine-resistant metastatic breast cancer.® 21?4 To better
understand the prevalence and influence of these mutations in drug resistance and
disease progression, post-hoc analysis of circulating tumor DNA (ctDNA) from the
FERGI,1*! SOFEA,*? PALOMA,*? and BOLERO clinical trials was performed. The
frequency of ligand binding domain mutation detection in cfDNA was found to range from
28.8-39.1% with Y537S and D538G showing the highest occurence.#* The major findings
from these studies were that ERa mutations are associated with prior exposure to Al
treatment and worse progression-free survival. The phenotype observed in cell lines
expressing these mutations has been reported using CRISPR-generated MCF-7 and
T47D cell lines that are heterozygous for either the Y537S or D538G mutations.?* The
mutant cell lines show estradiol-independent growth and varying levels of resistance to
4-hydroxytamoxifen, raloxifene, fulvestrant, and AZD 9496. Mechanistic studies implicate
that Y537S and D538G mutations shift the folding dynamics of helix 12 into a stabilized
conformation to recruit coactivator proteins.?®

5.2 R4K1 inhibits mutant estrogen receptor/coactivator interaction

Our hypothesis was that stapled peptide coactivator binding inhibitors could be
developed with high binding affinity to estrogen receptor mutants and would disrupt
cancer cell growth mediated through coactivator recruitment to these receptor isoforms.

To test this hypothesis ERY537S and D538G ligand binding domain isoforms were
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recombinantly expressed to be used in SPR binding assays and a TR-FRET assay as
previously described (Figure 5.4).”? To determine if stapled peptides SP4 and R4K1 had
general differences in binding affinity between receptor isoforms, we screened SRC2-
SP4 and R4K1 using SPR and TR-FRET (Figures 5.1, 5.2, and 5.3, Table XVIII). Results
from SPR analysis showed that peptide binding to the mutant receptors followed a similar
affinity trend as previously found for the wild-type receptor, R4K1 > SRC2-SP4 > SRC2-
WT. The Kb values of R4K1 for ERa-wt, ERa-D538G, or ERa-Y537S were 19 nM, 16 nM,
and 8 nM respectively. These Ko measurements for the stapled peptides were confirmed
using a TR-FRET which showed ICso for inhibiting ER interactions with a fluorescein
labeled coactivator peptide to be 69 nM, 75 nM, and 18 nM for ERa-wt, ERa-D538G, or
ERa-Y537S respectively. This result suggested that stapled peptides may have
enhanced affinity for the Y537S isoform relative to wildtype receptor. This is in good

agreement with previous findings that coactivator proteins are recruited with higher affinity

to Y537S. %°
SRC2-wt SRC2-SP4 R4K1
1007
1507
D D
@ 50 | ® 10071
| Ky =180 nM 50{. | Kg=78nM
»
0 o 00 A ’Q; ° 0 2 tbl 2 ®
S © o © © S Q N o <
© O O O © N N N Q Q Q Q
NDONT ST N N &+ &+ + N N N N
I M M M M, ° ~ WO K M AR AN
Concentration (M) Concentration (M) Concentration (M)

Figure 5.1. SPR steady state binding of peptides to ERY537S
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Figure 5.2. SPR steady state binding of peptides to ERD538G
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Figure 5.3. Stapled peptides inhibit wild-type and mutant ER/SRC interactions as

measured by TR-FRET.

TABLE XVIII. STAPLED PEPTIDE BINDING AFFINITY TO RECEPTORS AS
MEASURED BY SPR AND TR-FRET

Assay Peptide ERa-wt ERa-D538G ERa-Y537S
SPR SP4 Ko nM (zse) 420 £79 440 £85 180 +37

SPR R4K1 Kp nM (zse) 19 +3 16 +2 8 +2
TR-FRET | SP4 ICso nM (95% CI) 690 (330-3000) | 660 (420-1200) | 480 (290-900)
TR-FRET | R4K1 ICso nM (95% ClI) 69 (43-120) 75 (37-160) 18 (13-27)
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Figure 5.4. Diagram of TR-FRET assay depicting Th-chelated estrogen receptor and

FITC-LxxLL peptide motif.

R4K1, one of the highest affinity stapled peptides prepared, has a Ko of 19 nM for
wild-type ERa, but requires concentrations up to 15 uM for moderate activity in MCF-7
cells; our hypothesis is that only a small fraction of the stapled peptide is taken up by
breast cancer cells, so that a compound with a lower Kp value that is taken up similarly
may show greater activity in cellular models. A rudimentary analysis of other protein-
protein interactions suggests that compounds tend to show a level of cellular activity 2-3
orders of magnitude greater than their observed biochemical binding. For instance, the
small molecule ABT-199 has an experimental K; of <0.01 nM for Bcl-2 but an ECso of ~3-
10 nM in cell-based assays.'*® Likewise, the stapled peptide SAHBAa has an experimental
Kb of 48 nM for BCL-2 and shows cellular ECso values ranging from 5-25 uM.*4¢ One
difficulty associated with inhibiting protein-protein interactions is that the inhibitor has to
compete with a natural high-affinity binder, which in some forms of disease may be

overexpressed, as is the case with SRC-3 in breast cancer.®
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5.3 Stapled peptides with non-natural amino acids for enhanced binding affinity to

estrogen receptor

One established strategy for enhancing binding affinity for coactivator-mimicking
peptides involves mutating the leucine amino acids in the IL'xxL?L® recognition motif
(Figure 5.5). In one example, conversion of L! to tert-leucine resulted in a 156-fold
increase in binding affinity for ER.3?> Furthermore, conversion of either L! or L3 to
neopentylglycine resulted in a 28-fold increase in binding affinity. In a separate study, 37
non-natural hydrophobic amino acid substitutions were carried out for each L1, L2, and L3,
showing that in addition to increasing binding affinity, leucine substitutions can also instill

selectivity for homologous receptors such as the thyroid receptor and ERP.#?

tert-leucine  neopentylglycine cyclohexylalanine

Figure 5.5. Surface of estrogen receptor indicating L1 (green) and Lz (blue) position of
LixxL2Ls binding motif. Replacement of these residues with non-natural amino acids like
tert-leucine, neopentylglycine, and cyclohexylalanine has previously been shown to have

effects on affinity and selectivity.3? 42
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Using SP4 as a model peptide, substitutions of non-natural amino acids tert-
leucine (t-Leu), neopentylglycine (NPG), or cyclohexylalanine (CHA) were made at either
the L! or L2 position and binding affinity for ERa was measured using a TR-FRET assay
(Figure 5.6, TABLE XVIX). Substitution of cyclohexylalanine at L3 resulted in ~6 fold
improvement in binding affinity across each receptor isoform. A simple computational
analysis of hydrophobic surface area of SP4 and SP4-L3°HA computed an addition of 35
Az when incorporating the non-natural amino acid. An analysis of PPI hotspots suggests
that hydrophobic amino acids can contribute upwards of 33 cal A2 mol? of binding
energy;'#’ thus a reasonable estimate of increased binding energy is then calculated to
be 1.15 kcal, which agrees with the observed 6-fold increase in binding affinity. In general,
amino acid substitutions were better tolerated by ERa-wt and ERa-Y537S compared with
ERa-D538G. Regarding selectivity, neopentylglycine substitution at L* established a 12-
fold selectivity for the ERa-Y537S mutant relative to wildtype. Preparing additional
peptides with substitutions at L' may be a method for preparing selective inhibitors of
ERa-Y537S. In general, the amino acid substitutions had a minor impact on the helicity
of the stapled peptides. All six peptides remained helical, and the overall CD spectrum
looked very similar to SP4, with a less negative minima at 220 nM indicating a minor

decrease in helicity (Figures 5.7 and 5.8).
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Figure 5.6. TR-FRET binding curves for SP4 peptide with L1 and L3 substitutions

TABLE XIX. ICs0 VALUES DERIVED FROM TR-FRET BINDING CURVES FOR SP4

PEPTIDE WITH L* AND L3 SUBSTITUTIONS

ERa-wt ERa-D538G ERa-Y537S
Peptide ICs0 NM (95% CI) | ICs0 nM (95% CI) ICs0 NM (95% CI)
SP4 690 (330-3000) 660 (420-1200) 480 (290-900)
SP4-L't-Leu | 270 (74-2600) 1400 (670-15000) 260 (140-510)
SP4-L! NPG 1100 (N/A) 510 (N/A) 90 (49-180)
SP4-L! CHA 120 (48-750) 670 (330-2500) 170 (89-370)
SP4-L3t-Leu | 330 (N/A) 5000 (1100-10000) | 740 (200-1800)
SP4-L3 NPG 770 (N/A) 640 (310-7900) 190 (N/A)
SP4-L3 CHA 100 (37-560) 150 (90-270) 83 (53-130)
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Figure 5.7. Circular dichroism spectra of SP4 with L! substitutions
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Figure 5.8. Circular dichroism spectra of SP4 peptide with L2 substitutions
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5.4 Design and synthesis of gamma-functionalized stapled peptides to selectively

target estrogen receptor with D538G multination

An objective in further developing stapled peptides was to prepare a selective
inhibitor of ERa-D538G to probe the function of this receptor isoform within a cellular
context. From crystal structure analysis, the gamma methyl groups of SRC2-SP3 and
SRC2-SP2 are < 4 A from and point directly toward ER residue D538 (Figure 5.12). The
vacancy produced by this D538G mutation results in an open groove on the surface of
the mutant that can be filled by a functionalized stapled peptide, whereas the
functionalized peptide may be sterically repelled by D538 in the wild-type isoform. In a
communication in Angewandte Chemie (Chapter 2) %, gamma-methyl substituted
stapling amino acids at the i position of i, i+4 stapled peptides (SRC2-SP2 and -SP3)
were shown to increase binding affinity relative to unmodified staple (SRC2-SP4) through
a combination of stabilizing the bioactive conformation and increasing van der Waals
contacts. Using molecular dynamics simulations and X-ray crystallography, it was shown
that minimization of 1,5-interactions between the alpha- and gamma-methyl groups
dictated the conformations taken up by peptides when in solution and when bound to
estrogen receptor. Our solved crystal structures (PDB 5HYR and 5DX3) showed that a
gamma-methyl group in the R (SRC2-SP2) and S (SRC2-SP3) configuration are both
directed towards estrogen receptor amino acid position 538. Simple chemical intuition
would suggest that the strain-enforced conformation of gamma-functionalized stapling
amino acids could be leveraged to prepare selective binding for the D538G mutant
isoform. To test this hypothesis, an expanded series of gamma-functionalized stapling

amino acids with extended branching groups were prepared to sterically impede binding
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to wild-type receptor (Figures 5.9, 5.10, 5.11, and 5.12). To establish selectivity, non-
substituted aromatic groups with multiple linker lengths and stereochemical
configurations were prepared to determine the most effective conformation for D538G
selective binding. Additionally, the Cq.-H bond of glycine can form weak cation-pi
interaction with aromatic rings, which could be leveraged to enhance binging to the
D538G mutant.'*® The ease of synthesis would also allow for substituting the aromatic

ring of second generation gamma-functionalized stapled peptides.

The chemical synthesis of the functionalized stapling amino acids was performed
as previously reported, with a modification to the final step; instead of isolating the amino
methyl ester intermediate, better yields were obtained via a three-step, one-pot reaction
sequence consisting of TFA-mediated bislactim ether hydrolysis, sodium hydroxide-
catalyzed ester hydrolysis, and sodium carbonate facilitated Fmoc protection. The Fmoc
protected stapling amino acids were incorporated into the SP4 sequence with

functionalization at the i position of the staple.

Circular dichroism showed that the larger substituents had similar effects on
helicity as did the previously reported gamma-methyl groups. In general, substituents in
the same configuration as the S-methyl of SRC2-SP3 showed only a slight decrease in
helicity relative to the unfunctionalized SRC2-SP4 (Figure 5.15). Substituents in the same
configuration as the R-methyl of SRC2-SP2 led to a larger decrease in helicity relative to
unfunctionalized SRC2-SP4 (Figure 5.14). The CD spectra confirm that the secondary
structure of the functionalized peptides is helical and that larger substituents likely have

a similar structural influence as the gamma-methyl groups of SRC2-SP2 and SRC3-SP3.
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A TR-FRET binding assay was used to measure inhibition of ER-wt and ERD538G
interactions with an LxxLL coactivator peptide (Figure 5.13, Table XX). Contrary to our
hypothesis, the functional groups substituted in the configuration of the gamma-methyl of
SRC2-SP3 all showed slightly enhanced binding to the wild-type receptor, albeit a ~3-fold
preference for the ER-D538G was found for the S-phenethyl substituted peptide. The
opposite configuration was less tolerated by both receptors, but the benzyl group
produced a 6-fold selectivity for ER-D538G over the wildtype receptor. Towards achieving
a goal to reduce affinity to the wild-type receptor, it appears that a continued SAR could
be built around the benzyl-substituted peptide SP4-SBZ as a way to diminish binding to

ER-wt.
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Figure 5.9. Synthesis of gamma-phenyl stapling amino acids. A) n-BuLi B) Li*[N-iPrz] C)

LiBH4 D) (FsCS02)20; n-BuLi E) TFA; NaOH; Fmoc-Cl, Na2COs
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5.9b 5.10b

Figure 5.10. Synthesis of gamma-benzyl stapling amino acids. A) n-BuLi B) Li*[N-iPr2]

C) LiBH4 D) (FsCS02)20; n-BuLi E) TFA; NaOH; Fmoc-Cl, Na2COs3
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Bn

5.13b

Figure 5.11. Synthesis of gamma-phenethyl stapling amino acids. A) n-BuLi B) Li*[N-

iPr2] C) LiBHa D) (FsCS02)20; n-BuLi E) TFA; NaOH; Fmoc-Cl, Na2COs
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Figure 5.12 Interaction of gamma-methyl of SP3 with estrogen receptor residue 538.

Structure and configuration nomenclature indicated for gamma-substituted peptides.
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Figure 5.13. TR-FRET ICso curves measured for SP4 peptide substituted with R or S-

phenyl, -benzyl, or -phenethyl branching groups.
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TABLE XXI. ICs0 VALUES DERIVED FROM TR-FRET BINDING CURVES FOR R4K1

PEPTIDE WITH ADDITIONAL MODIFICATIONS

Wavelength (nm)

ERa-wt ERa-D538G ERa-Y537S
Peptide ICso nM (95% CI) | ICs0 nM (95% CI) ICs0 nM (95% Cl)
SP4 690 (330-3000) | 660 (420-1200) 480 (290-900)
SP4-SPH 290 (130-990) 220 (150-350) 240 (130-480)
SP4-RBZ 140 (n.d.) 140 (71-290) 110 (36-800)
SP4-SPE 250 (110-780) 91 (62-130) 330 (n.d.)
SP4-RPH 420 (260-710) 820 (510-1500) 760 (410-2300)
SP4-SBZ 1900 (n.d.) 300 (160-800) 1700 (n.d.)
SP4-RPE 4500 (2000-6500) | 3500 (1600-5000) | 1800 (n.d.)
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Figure 5.14. Circular dichroism spectra of gamma-substituted stapled peptide

(substituent in the configuration corresponding to the SRC2-SP2 peptide (i.e., R-methyl))
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Figure 5.15. Circular dichroism analysis of gamma-substituted stapled peptide

(substituent in the configuration corresponding to the SRC2-SP3 peptide (i.e., S-methyl))

5.5 Multi-functionalized stapled peptides with enhanced binding affinity to estrogen

receptor

To determine if gamma-functionalization, lactam bicyclization, or amino acid
substitution would be compatible with binding enhancement achieved with the Argas, a
series of multi-functionalized peptides was prepared. The structure-activity relationship
built around SRC2-SP4 suggests that the explored modifications could be complimentary
in preparing extremely high-affinity peptides for ER. A significant binding enhancement
could be feasible by incorporating an R4 tail to promote charge-mediated hydrogen bonds
(10-20x), installing a gamma-methyl substituent at the i-position to increase van der
Waals interactions (4x), and replacing Ls with cyclohexylalanine to increase van der

Waals interactions (4-6x). Additionally, we converted the Arg692->D696 salt bridge to a
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lactam to promote helicity and proteolytic stability, even though this has relatively little

impact on the binding affinity (Figure 5.16).

1-2x
10-20x \
\ HN.__-0
Ac-RRRR
e
~4x 4-6x

Figure 5.16. Summary of chemical modifications to SP4 peptide

Multi-functionalized peptides incorporating the design elements mentioned above
(Figure 5.17) were prepared and assayed against ER-wt, ERD538G, and ERY537S using
TR-FRET (Figure 5.18, Table XXI). The peptides were functionalized with the arginine-
rich sequence from R4K1, and they also included the following design features: R4K1-
SM, featured an S-configured methyl at the i-position; R4K1-BC featured an
Arg692->D696 salt bridge-to-lactam replacement; and R4K1-CHA featured an
Ls—>cyclohexylalanine replacement. Each of these peptides showed enhanced affinities
relative to R4K1 across all receptor isoforms. The bifunctional peptide R4K1-SPH
contained an S-configured phenyl at the i-position, and it a large increase in binding
relative to individual modifications, achieving a 130-fold binding enhancement relative to
SP4. Interestingly, each individual modification of R4K1-SPH enhanced binding affinity

only 2.4-fold (SP4-SPH) or 10-fold (R4K1) alone. The highest affinity peptide across each
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receptor was R4K1-MBC, which incorporates the R4 modification, an S-configured
gamma-methyl stapling amino acid, a lactam bridge, and an L3->CHA substitution. The
fold increase for this peptide relative to SP4 was 223-fold (ERa-wt), 116-fold (ERa-

D538G), and 253-fold (ERa-Y537S).

Aside from the R4K1 modification, a general approach to increasing binding affinity
in this SAR relied on enhancing hydrophobic interactions. A close inspection of the
binding curves reveals an increase in TR-FRET at high concentrations of peptide inhibitor.
Shoichet and coworkers have shown that unusual dose-response curves may be
suggestive of aggregation or insolubility. Applied to our own data, this may suggest that
some of these hydrophobic peptides may aggregate at concentrations exceeding 1 uM.
This is most strongly observed with the peptide R4K1-MCB (Figure 5.18). Perhaps
unsurprising, the structure activity relationship indicates that additional hydrophobic
surface can lead to enhanced binding affinity. This finding agrees with the general notion
that protein-protein interactions are mediated via large hydrophobic surface areas, such

as the “LxxLL” motif that orchestrates ER/SRC interactions.

One of the next objectives for the development of these peptides will be to
determine how the combination of charged residues and additional hydrophobicity effect
interactions with the cell membrane, cellular uptake, and target engagement. Recent
studies indicate that positive charge can facilitate permeability of stapled peptides and an
increase in hydrophobic moment of amphipathic peptides was also shown to enhance
cell permeability. 52 14° We are currently working in collaboration with the Frasor lab at UIC
to determine the biological activity of the modified R4K1 peptides. Cytotoxicity assays are

being used to determine potential toxic liabilities and qPCR assays are being carried out
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to validate the proposed mechanism of action. In conclusion, the peptide R4K1-MCB has
extremely high affinity for estrogen receptor, perhaps even exceeding the single digit
nanomolar affinity that has been reported for some coactivator complexes.® Verification
of desirable biophysical properties and target engagement of these peptides will be an

important step in continuing to develop these valuable chemical probes.
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Figure 5.17. Chemical structures of R4K1 derived stapled peptides with additional

modifications
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Figure 5.18. TR-FRET binding curves for modified R4K1 peptides.
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TABLE XX. ICso values derived from TR-FRET binding curves for R4K1 peptide with

additional modifications. 95% CI = 95% confidence interval

ERa-wt ERa-D538G ERa-Y537S
Peptide ICs0 NM (95% CI) | ICso NM (95% CI) | ICs0 nM (95% CI)
R4K1-SM 26 (15-43) 48 (37-62) 7.6 (5.4-11)
R4K1-CA 11 (8.2-15) 16 (13-21) 5.4 (3.4-7.8)
R4K1-BC 31 (17-54) 41 (27-64) 14 (9.6-22)
R4K1-SPH 5.3 (1.7-11) 8.0 (5.1-12) 6.3 (3.7-10)
R4K1-SPE 16 (8.1-27) 13 (9.6-18) 15 (11-21)
R4K1-MCB 3.1 (2.2-4.6) 5.7 (4.4-7.4) 1.9 (1.4-2.6)

5.6 General methods

Peptide synthesis, circular dichroism, and SPR binding analysis were carried out as
described in chapter 4. HPLC retention times for peptides were measured as previously
described, except 0.1% formic acid was used in place of 0.1% TFA. The TR-FRET assay

was carried out as previously described, except a coactivator peptide with the sequence
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FITC-EARRPSLLKKLLLAPANTQ (ThermoFisher PV4421), was used in place of the

steroid receptor coactivator fragment.

TABLE XXIl. STAPLED PEPTIDE SEQUENCE AND PURITY CHARACTERIZATION

Peptide Sequence Exact Mass | Observed Mass | RT (min)
(M+H*) (M+H*)

SP4-L1-t-Leu | Ac-HKXB'HRXLQDS-NH, 1424.812 1424.828 5.71
SP4-L1-NPG | Ac-HKXB?HRXLQDS-NH, 1438.828 1438.805 6.02
SP4-L1-CHA | Ac-HKXB3HRXLQDS-NH, 1464.843 1464.823 6.19
SP4-L3-t-Leu | Ac-HKXLHRXB!QDS-NH, 1424.812 1424.818 5.82
SP4-L3-NPG | Ac-HKXLHRXB?QDS-NH, 1438.828 1438.827 5.97
SP4-L3-CHA AC-HKXLHRXB?’QDS-NH2 1464.843 1464.819 6.18
SP4-SPH Ac-HKXTHRXLQDS-NH: 1500.843 1500.804 6.53
SP4-SBZ Ac-HKX2HRXLQDS-NH:2 1514.859 1514.869 6.47
SP4-SPE Ac-HKXSHRXLQDS-NH:2 1528.875 1528.887 6.77
SP4-RPH Ac-HKX*HRXLQDS-NH:2 1500.843 1500.819 6.15
SP4-RBZ Ac-HKX®HRXLQDS-NH: 1514.859 1514.838 6.61
SP4-SPE Ac-HKXSHRXLQDS-NH: 1528.875 1528.887 6.63
R4K1-SM Ac-RRRRKX’HRXLQDS-NH:> 1926.173 1926.171 4.97
R4K1-CA Ac-RRRRKXHRXB3QDS-NH> 1952.189 1952.179 5.07
R4K1-BC Ac-RRRRKXH[KXLQD]S-NH2 1866.141 1866.130 5.05
R4K1-SPH Ac-RRRRKX*HRXLQDS-NH: 1988.189 1988.186 5.39
R4K1-SPE Ac-RRRRKX2HRXLQDS-NH: 2016.220 2016.225 5.56
R4K1-MCB Ac-RRRRKX’H[KXB3QD]S-NH2 | 1920.188 1920.183 5.546

B! tert-lecuine; B? neopentylglycine; B2 cyclohexylalanine; X (S)-2-amino-2-methylhept-

6-enoic acid; X! (2S,4S)-2-amino-2-methyl-4-phenylhept-6-enoic acid; X? (2S,4S)-2-

amino-4-benzyl-2-methylhept-6-enoic

acid;

XS

(2S,4S)-2-amino-2-methyl-4-

phenethylhept-6-enoic acid; X* (2S,4R)-2-amino-2-methyl-4-phenylhept-6-enoic acid; X°

(2S,4R)-2-amino-4-benzyl-2-methylhept-6-enoic acid; X® (2S,4R)-2-amino-2-methyl-4-

phenethylhept-6-enoic acid; X’ (2S,4S)-2-amino-2,4-dimethylhept-6-enoic acid.
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5.7 Synthesis of gamma-functionalized amino acids

General method A: N-Acylation of oxazolidinones.

Oxazolidinone (1.00 eq) was dissolved in THF (5 mL/mmol) and cooled to -78 °C. n-BuLi
(~1.8 M in hexanes; 1.05 eq) was added dropwise over 30 minutes and the reaction was
stirred for an additional 30 minutes at -78 °C. Acid chloride (1.00 eq) was dissolved in
THF (2 mL/g) and added dropwise over 30 minutes. The reaction mixture was stirred for
an additional 2 hrs at -78 °C and then allowed to come to room temperature and stirred
for an additional 30 minutes at room temperature. The reaction was quenched with
saturated ammonium chloride (1.5 mL/mmol) and the THF/hexanes were removed by
rotary evaporation. The reaction mixture was dissolved in dichloromethane and washed
with water (1.5 mL/mmol), 10% sodium hydroxide (1.5 mL/mmol), and brine (1.5
mL/mmol). The organic layer was dried with MgSOa, and the solvent was removed. The
product was purified using flash column chromatography (hexanes/ethyl acetate), typical

eluting between 15-25% ethyl acetate.

5.1a (R)-4-benzyl-3-(2-phenylacetyl)oxazolidin-2-one. Compound 5.1a was prepared on

20 mmol scale using general method A with a yield of 4.70 g (79.7%).

IH NMR (CHLOROFORM-d, 400 MHz): & = 7.26-7.43 (m, 8H), 7.14-7.19 (m, 2H), 4.66-
4.75 (M, 1H), 4.34 (g, J = 15.7 Hz, 2H), 4.17-4.26 (m, 2H), 3.30 (dd, J = 13.4, 3.3 Hz, 1H),

2.79 ppm (dd, J = 13.4, 9.3 Hz, 1H)

13C NMR (CHLOROFORM-d, 101 MHz): & = 171.2, 153.4, 135.1, 133.5, 129.8, 129.4,

128.9, 128.6, 127.3, 127.2, 66.1, 55.3, 41.6, 37.7 ppm

[a]o® -71 (c 1.75, CHCls)
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HRMS [M+H]* calcd for CisH1sNO3, 296.1281; found 296.1278

5.1b (S)-4-benzyl-3-(2-phenylacetyl)oxazolidin-2-one. Compound 5.1b was prepared on

20 mmol scale using general method A with a yield of 4.74 g (79.1%).

IH NMR (CHLOROFORM-d, 400 MHz): & = 7.83-7.85 (m, 1H), 7.36-7.42 (m, 1H), 7.26-
7.36 (m, 1H), 7.14-7.20 (m, 2H), 4.71 (ddt, J = 9.6, 7.1, 3.3 Hz, 1H), 4.34 (q, J = 15.7 Hz,
2H), 4.16-4.25 (m, 2H), 3.29 (dd, J = 13.4, 3.3 Hz, 1H), 2.80 ppm (dd, J = 13.4, 9.6 Hz,

1H)

13C NMR (CHLOROFORM-d, 101 MHz): & = 171.1, 153.3, 135.1, 133.5, 129.7, 129.4,

128.9, 128.5, 127.3, 127.2, 66.0, 55.2, 41.5, 37.6 ppm
[a]o? 65 (c 3.75, CHCl3)

HRMS [M+H]* calcd for CisH1sNO3, 296.1281; found 296.1283

5.6a (S)-4-benzyl-3-(pent-4-enoyl)oxazolidin-2-one. Compound 5.6a was prepared on 20

mmol scale using general method A with a yield of 3.95 g (76.2%).

IH NMR (CHLOROFORM-d, 400 MHz): & = 7.32-7.37 (m, 2H), 7.25-7.32 (m, 1H), 7.20-
7.25 (m, 2H), 5.90 (ddt, J = 17.0, 10.3, 6.5 Hz, 1H), 5.13 (dq, J = 17.2, 1.6 Hz, 1H), 5.05
(dd, J = 10.1, 1.5 Hz, 1H), 4.63-4.75 (m, 1H), 4.14-4.25 (m, 2H), 3.31 (dd, J = 13.3, 3.2

Hz, 1H), 2.98-3.16 (m, 2H), 2.78 (dd, J = 13.4, 9.6 Hz, 1H), 2.42-2.53 ppm (m, 2H)
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13C NMR (CHLOROFORM-d, 101 MHz) & ppm 172.51 (s, 1 C), 153.44 (s, 1 C), 136.69
(s, 1C), 135.28 (s, 1 C), 129.41 (s, 1 C), 128.93 (s, 1 C), 127.33 (s, 1 C), 115.70 (s, 1 C),

66.20 (s, 1 C), 55.12 (s, 1 C), 37.89 (s, 1 C), 34.79 (s, 1 C), 28.16 (s, 1 C)
[a]o? 65 (c 3.00, CHCls)

HRMS [M+H]* calcd for C1sH1sNOs, 260.1281; found 260.1268

5.6b (R)-4-benzyl-3-(pent-4-enoyl)oxazolidin-2-one. Compound 5.6b was prepared on 20

mmol scale using general method A with a yield of 3.77 g (72.7%).

IH NMR (CHLOROFORM-d, 400 MHz): & = 7.32-7.38 (m, 2H), 7.26-7.32 (m, 1H), 7.21-
7.26 (m, 2H), 5.90 (ddt, J = 17.1, 10.4, 6.5 Hz, 1H), 5.13 (dg, J = 17.1, 1.5 Hz, 1H), 5.05
(dd, J =10.2, 1.4 Hz, 1H), 4.69 (s, 1H), 4.15-4.25 (m, 2H), 3.31 (dd, J = 13.4, 3.3 Hz, 1H),

2.99-3.16 (m, 2H), 2.78 (dd, J = 13.4, 9.6 Hz, 1H), 2.43-2.53 ppm (m, 2H)

13C NMR (CHLOROFORM-d, 101 MHz): & = 172.5, 153.4, 136.6, 135.2, 129.4, 128.9,

127.3, 115.7, 66.2, 55.1, 37.9, 34.8, 28.1 ppm
[a]o® -63 (C 1.65, CHCl3)

HRMS [M+H]* calcd for C1sH1sNOs, 260.1281; found 260.1277

5.11a (S)-4-benzyl-3-(4-phenylbutanoyl)oxazolidin-2-one. Compound 5.11a was

prepared on 20 mmol scale using general method A with a yield of 5.20 g (80.4%).
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IH NMR (CHLOROFORM-d, 400 MHz): & = 7.29-7.40 (m, 5H), 7.21-7.29 (m, 5H), 4.68
(ddt, J = 9.9, 7.1, 3.5 Hz, 1H), 4.15-4.23 (m, 2H), 3.31 (dd, J = 13.4, 3.3 Hz, 1H), 2.94-

3.10 (m, 2H), 2.68-2.85 (m, 3H), 1.97-2.16 ppm (m, 2H)

13C NMR (CHLOROFORM-d, 101 MHz): & = 172.9, 153.3, 141.4, 135.2, 129.3, 128.9,

128.4, 128.3, 127.3, 125.9, 66.1, 55.0, 37.8, 35.1, 34.9, 25.8 ppm
[a]o% 45 (c 2.55, CHCIa)

HRMS [M+H]* calcd for C20H23NO3, 324.1594; found 324.1586

5.11b (R)-4-benzyl-3-(4-phenylbutanoyl)oxazolidin-2-one. Compound 5.11b was

prepared on 20 mmol scale using general method A with a yield of 5.55 g (90.0%).

IH NMR (CHLOROFORM-d, 400 MHz): & = 7.30-7.40 (m, 5H), 7.21-7.30 (m, 5H), 4.68
(ddt, J = 9.9, 7.1, 3.5 Hz, 1H), 4.15-4.22 (m, 2H), 3.31 (dd, J = 13.4, 3.3 Hz, 1H), 2.94-

3.10 (m, 2H), 2.73-2.83 (m, 3H), 2.08 ppm (quind, J = 7.5, 2.7 Hz, 2H)

13C NMR (CHLOROFORM-d, 101 MHz): & = 172.9, 153.3, 141.4, 135.2, 129.3, 128.9,

128.4, 128.3, 127.2, 125.9, 66.1, 55.0, 37.8, 35.1, 34.9, 25.8 ppm
[a]o?° -47 (C 2.60, CHCls)

HRMS [M+H]* calcd for C20H23NOs, 324.1594; found 324.1584
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General method B: Stereoselective alkylation of oxazolidinones.

The previously prepared N-acyl oxazolidinone (1.0 eq) was dissolved in THF (1 mL/mmol)
and added dropwise over 30 minutes to a solution of 0.85 M lithium diisopropyl amide
(1.1 eq; 1:1 THF:hexane) at -78 °C. After stirring for an additional 30 minutes, the alkyl
halide (3.0 eq) was added dropwise over 30 minutes. The reaction was stirred for 30
minutes at -78 °C, followed by 2.5 hrs at 0 °C. After the reaction was complete (monitored
by TLC), the mixture was warmed to room temperature and quenched with saturated
ammonium chloride (1 mL/mmol). Volatile reaction components were removed by
vacuum, the mixture was dissolved in dichloromethane (3 mL/mmol), washed with water
(2 x 3 mL/mmol), washed with brine (3 mL/mmol), dried with MgSQOa4, and concentrated.
The crude product was purified by flash column chromatography (hexane:ethyl acetate)

eluting between 10-20% ethyl acetate.

5.2a (R)-4-benzyl-3-((R)-2-phenylpent-4-enoyl)oxazolidin-2-one. Compound 5.2a was

prepared on 15.6 mmol scale using general method B with a yield of 3.55 g (67.8%).

IH NMR (CHLOROFORM-d, 400 MHz): & = 7.41-7.45 (m, 2H), 7.23-7.39 (m, 8H), 5.82
(ddt, J = 17.2, 10.4, 6.8 Hz, 1H), 5.23 (dd, J = 8.7, 6.4 Hz, 1H), 5.11-5.19 (m, 1H), 5.02-
5.10 (m, 1H), 4.58-4.67 (m, 1H), 4.03-4.23 (m, 2H), 3.36 (dd, J = 13.4, 3.3 Hz, 1H), 2.93-

3.04 (m, 1H), 2.79 (dd, J = 13.4, 9.9 Hz, 1H), 2.53-2.63 ppm (m, 1H)

13C NMR (CHLOROFORM-d, 101 MHz): & = 173.4, 152.9, 138.2, 135.3, 135.2, 129.4,

128.9, 128.6, 127.4, 127.3, 117.2, 65.7, 55.7, 48.1, 38.3, 38.0 ppm
[a]o? -111 (¢ 1.00, CHCIs)

HRMS [M+H]* calcd for C21H22NO3s, 336.1594; found 336.1604
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5.2b (S)-4-benzyl-3-((S)-2-phenylpent-4-enoyl)oxazolidin-2-one. Compound 5.2b was

prepared on 15.6 mmol scale using general method B with a yield of 3.52 g (67.3%).

IH NMR (CHLOROFORM-d, 400 MHz): & = 7.40-7.46 (m, 2H), 7.22-7.40 (m, 8H), 5.82
(ddt, J = 17.1, 10.3, 6.7 Hz, 1H), 5.22 (dd, J = 8.7, 6.4 Hz, 1H), 5.15 (dd, J = 17.1, 1.4 Hz,
1H), 5.07 (d, J = 10.1 Hz, 1H), 4.62 (ddt, J = 9.9, 7.3, 2.9 Hz, 1H), 4.03-4.16 (m, 2H), 3.36
(dd, J = 13.4, 3.0 Hz, 1H), 2.90-3.03 (m, 1H), 2.79 (dd, J = 13.3, 9.7 Hz, 1H), 2.58 ppm

(dt, J = 14.1, 6.4 Hz, 1H)

13C NMR (CHLOROFORM-d, 101 MHz): & = 173.4, 152.9, 138.2, 135.3, 135.3, 129.4,

128.9, 128.6, 127.4, 127.3, 117.2, 65.8, 55.8, 48.2, 38.3, 38.0 ppm
[a]o? 116 (c 0.80, CHCl3)

HRMS [M+H]* calcd for C21H22NO3, 336.1594; found 336.1591

5.7a (S)-4-benzyl-3-((R)-2-benzylpent-4-enoyl)oxazolidin-2-one. Compound 5.7a was

prepared on 15.8 mmol scale using general method B with a yield of 3.50 g (66.0%).

IH NMR (CHLOROFORM-d, 400 MHz): & = 7.19-7.41 (m, 8H), 7.00-7.10 (m, 2H), 5.85
(ddt, J =17.1, 10.0, 7.2 Hz, 1H), 5.02-5.19 (m, 2H), 4.62-4.72 (m, 1H), 4.34-4.46 (m, 1H),
4.06-4.17 (m, 2H), 3.12 (dd, J = 13.4, 8.6 Hz, 1H), 3.03 (dd, J = 13.6, 3.3 Hz, 1H), 2.87

(dd, J = 13.4, 6.6 Hz, 1H), 2.45-2.58 (m, 2H), 2.30-2.41 ppm (m, 1H)

13C NMR (CHLOROFORM-d, 101 MHz): & = 175.2, 153.1, 139.0, 135.2, 135.2, 129.4,

129.4,128.9, 128.4, 127.3, 126.5, 117.3, 65.8, 55.1, 44.3, 38.2, 37.6, 36.4 ppm

[a]o2° 25 (c 2.75, CHCl3)
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HRMS [M+H]* calcd for C22H24NO3, 350.1751; found 350.1738

5.7b (R)-4-benzyl-3-((S)-2-benzylpent-4-enoyl)oxazolidin-2-one. Compound 5.7b was

prepared on 13.4 mmol scale using general method B with a yield of 4.00 g (85%).

IH NMR (CHLOROFORM-d, 400 MHz): & = 7.20-7.34 (m, 8H), 7.04 (dd, J = 7.3, 1.5 Hz,
2H), 5.83 (ddt, J = 17.0, 10.0, 7.1 Hz, 1H), 5.04-5.14 (m, 2H), 4.62-4.69 (m, 1H), 4.38 (tt,
J=8.3, 6.3 Hz, 1H), 4.11-4.17 (m, 1H), 4.08 (dd, J = 3304.1, 2.8 Hz, 1H), 3.10 (dd, J =
13.4, 8.6 Hz, 1H), 3.03 (dd, J = 13.6, 3.3 Hz, 1H), 2.86 (dd, J = 13.4, 6.6 Hz, 1H), 2.44-

2.55 (m, 2H), 2.32 ppm (dt, J = 13.7, 6.2 Hz, 1H)

13C NMR (CHLOROFORM-d, 101 MHz): & = 175.2, 153.1, 138.9, 135.2, 129.4, 129.4,

128.9, 128.4, 127.2, 126.5, 117.3, 65.8, 55.0, 44.3, 38.1, 37.6, 36.3 ppm
[a]o? -27 (c 1.70, CHCls)

HRMS [M+H]* calcd for C22H24NO3, 350.1751; found 350.1745

5.12a (S)-4-benzyl-3-((S)-2-phenethylpent-4-enoyl)oxazolidin-2-one. Compound 5.12a

was prepared on 15.9 mmol scale using general method B with a yield of 4.18 g (72.2%).

IH NMR (CHLOROFORM-d, 400 MHz): & = 7.33-7.39 (m, 2H), 7.27-7.32 (m, 3H), 7.17-
7.26 (m, 5H), 5.86 (ddt, J = 17.1, 10.1, 7.1 Hz, 1H), 5.04-5.17 (m, 2H), 4.55 (ddt, J = 10.1,
6.8, 3.4 Hz, 1H), 4.06-4.18 (m, 2H), 4.00 (dddd, J = 8.6, 7.3, 6.1, 4.9 Hz, 1H), 3.29 (dd, J
= 13.3, 3.3 Hz, 1H), 2.60-2.75 (m, 3H), 2.53 (dt, J = 14.1, 7.2 Hz, 1H), 2.34-2.44 (m, 1H),

2.17 (dtd, J = 13.7, 9.1, 6.7 Hz, 1H), 1.87 ppm (dddd, J = 13.9, 9.5, 5.9, 4.6 Hz, 1H)



172

13C NMR (CHLOROFORM-d, 101 MHz): & = 175.6, 153.1, 141.5, 135.4, 135.0, 129.4,

128.9, 128.5, 128.3, 127.3, 125.9, 117.4, 65.9, 55.4, 42.1, 38.1, 37.2, 33.8, 33.0 ppm
[a]o% 43 (c 1.85, CHCIa)

HRMS [M+H]* calcd for C23sH26NOs, 364.1907; found 364.1902

5.12b (R)-4-benzyl-3-((R)-2-phenethylpent-4-enoyl)oxazolidin-2-one. Compound 5.12b

was prepared on 15.9 mmol scale using general method B with a yield of 5.20 g (90.0%).

IH NMR (CHLOROFORM-d, 400 MHz): & = 7.29-7.39 (m, 5H), 7.19-7.27 (m, 5H), 5.85
(ddt, J = 17.1, 10.1, 7.2 Hz, 1H), 5.05-5.16 (m, 2H), 4.55 (ddt, J = 10.1, 6.8, 3.4 Hz, 1H),
4.07-4.16 (m, 2H), 4.00 (ddd, J = 13.3, 7.3, 6.2 Hz, 1H), 3.29 (dd, J = 13.3, 3.3 Hz, 1H),
2.60-2.74 (m, 3H), 2.53 (dt, J = 14.1, 7.2 Hz, 1H), 2.33-2.43 (m, 1H), 2.17 (dtd, J = 13.8,

9.1, 6.7 Hz, 1H), 1.87 ppm (dddd, J = 14.2, 9.8, 5.9, 4.9 Hz, 1H)

13C NMR (CHLOROFORM-d, 101 MHz): & = 175.7, 153.1, 141.5, 135.4, 135.0, 129.4,

128.9, 128.5, 128.3, 127.3, 125.9, 117.4, 65.9, 55.4, 42.1, 38.1, 37.2, 33.8, 33.0 ppm
[a]o% -38 (C 1.65, CHCla)

HRMS [M+H]* calcd for C23sH26NOs, 364.1907; found 364.1908
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General method C: Reductive cleavage of N-acyl oxazolidinones.

N-acyl oxazolidinone (1.0 eq) and ethanol (1.5 mL/eq) were dissolved in diethylether (10
mL/mmol) and cooled to 0 °C in an ice/salt bath. LiBH4 (1.5 eq, divided and added in 4
portions) was added, and stirring was continued for 2 hrs as the reaction mixture warmed
to room temperature. When the reaction was complete, as monitored by TLC, the mixture
was cooled back to 0 °C and quenched with 1 M NaOH (7.5 mL/mmol). The aqueous
phase was extracted with ether (2 x 5 mL/mmol), and the combined organic phase was
washed with saturated ammonium chloride (7.5 mL/mmol), water (7.5 mL/mmol), and
brine (7.5 mL/mmol). The ether phase was dried with MgSO4, concentrated, and purified
by flash chromatography (hexanes/ethyl acetate). The product alcohol elutes between

10-30% ethyl acetate.

5.3a (R)-2-phenylpent-4-en-1-ol. Compound 5.3a was prepared on 10.4 mmol scale using

general method C with a yield of 1.30 g (77.1%).

1H NMR (CHLOROFORM-d, 400 MHz): & = 7.21-7.39 (m, 5H), 5.72 (dddd, J = 16.9, 10.1,
7.3, 6.3 Hz, 1H), 4.95-5.11 (m, 2H), 3.79 (qd, J = 12.0, 5.6 Hz, 2H), 2.91 (quin, J = 7.0

Hz, 1H), 2.37-2.56 (m, 2H), 1.46 ppm (br s, 1H)

13C NMR (CHLOROFORM-d, 101 MHz): & = 141.8, 136.3, 128.6, 128.0, 126.8, 116.4,

66.9, 48.2, 36.6 ppm
[a]p?° -16 (c 0.55, CHCIz)

5.3b (S)-2-phenylpent-4-en-1-ol. Compound 5.3b was prepared on 10.4 mmol scale

using general method C with a yield of 1.36 g (80.5%).
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IH NMR (CHLOROFORM-d, 400 MHz): & = 7.31-7.38 (m, 2H), 7.19-7.31 (m, 3H), 5.75
(ddt, J = 17.1, 10.0, 7.0 Hz, 1H), 4.96-5.11 (m, 2H), 3.80 (qd, J = 11.7, 6.0 Hz, 2H), 2.91

(quin, J = 7.0 Hz, 1H), 2.37-2.57 (m, 2H), 1.47 ppm (br s, 1H)

13C NMR (CHLOROFORM-d, 101 MHz): & = 141.9, 136.3, 128.6, 128.0, 126.8, 116.4,

66.9, 48.2, 36.6 ppm

[a]o?® 18 (c 0.30, CHCI3)

5.8a (R)-2-benzylpent-4-en-1-ol. Compound 5.8a was prepared on 8.9 mmol scale using

general method C with a yield of 0.980 g (62.7%).

IH NMR (CHLOROFORM-d, 400 MHz): & = 7.29-7.36 (m, 2H), 7.19-7.25 (m, 3H), 5.86
(ddt, J = 17.1, 10.1, 7.2 Hz, 1H), 5.02-5.17 (m, 2H), 3.60 (dd, J = 11.0, 5.4 Hz, 1H), 3.56

(dd, J = 11.0, 5.6 Hz, 1H), 2.62-2.72 (m, 2H), 2.14-2.21 (m, 2H), 1.90-2.01 ppm (m, 1H)

13C NMR (CHLOROFORM-d, 101 MHz): & = 140.5, 136.8, 129.2, 128.3, 125.9, 116.6,

64.7,42.4, 37.2, 35.5 ppm

[a]o2° 7.2 (c 2.30, CHCl3)

5.8b (S)-2-benzylpent-4-en-1-ol. Compound 5.8b was prepared using general method C

with a yield of 1.40 g (75.6%).

1H NMR (CHLOROFORM-d, 400 MHz): & = 7.30 (s, 2H), 7.16-7.25 (m, 3H), 5.86 (ddt, J
=17.1, 10.1, 7.1 Hz, 1H), 5.01-5.18 (m, 2H), 3.57 (d, J = 3114.4 Hz, 2H), 2.67 (dd, J =

7.3, 3.0 Hz, 1H), 2.11-2.22 (m, 2H), 1.88-2.01 (m, 1H), 1.37 ppm (t, J = 5.6 Hz, 1H)
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13C NMR (CHLOROFORM-d, 101 MHz): & = 140.5, 136.8, 129.2, 128.3, 125.9, 116.6,

64.7,42.4, 37.2, 35.5 ppm

[a]o? -12 (c 1.75, CHCl3)

5.13a (S)-2-phenethylpent-4-en-1-ol. Compound 5.13a was prepared on 10.5 mmol scale

using general method C with a yield of 1.13 g (59.4%).

IH NMR (CHLOROFORM-d, 400 MHz): & = 7.29-7.36 (m, 2H), 7.18-7.24 (m, 3H), 5.76-
5.91 (m, 1H), 5.01-5.17 (m, 2H), 3.60-3.82 (m, 2H), 2.61-2.75 (m, 2H), 2.07-2.26 (M, 2H),

1.56-1.76 ppm (m, 4H)

13C NMR (CHLOROFORM-d, 101 MHz): & = 142.5, 136.8, 128.3, 128.3, 125.8, 116.5,

65.4, 39.9, 35.7, 33.3, 32.5 ppm
[a]o2 -6.1 (C 2.15, CHCl3)

5.13b (R)-2-phenethylpent-4-en-1-ol. Compound 5.13b was prepared on 11.3 mmol

scale using general method C with a yield of 1.15 g (53.6%).

IH NMR (CHLOROFORM-d, 400 MHz): & = 7.29-7.34 (m, 2H), 7.20-7.24 (m, 3H), 5.75-
5.94 (m, 1H), 5.00-5.17 (m, 2H), 3.61-3.83 (M, 2H), 2.65-2.72 (M, 2H), 2.15-2.27 (m, 2H),

1.63-1.73 ppm (m, 4H)

13C NMR (CHLOROFORM-d, 101 MHz): & = 142.4, 136.8, 128.3, 128.3, 125.7, 116.4,

65.3, 39.9, 35.6, 33.2, 32.4 ppm

[a]o2° 6.0 (c 2.55, CHCls)
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General method D: Alkylation of Schéllkopf bislactim ethers.

The previously prepared alcohol (2.0 eq) was dissolved in dichloromethane (2 mL/mmol)
and cooled to -78 °C. Pyridine (2.2 eq) was added, followed by trifluoromethanesulfonic
anhydride (1.05 eq). The reaction mixture was stirred for 10 minutes and warmed by
transferring the reaction vessel to an ice bath, where stirring was continued for an
additional 30 minutes. Ice-cold hexane (4 mL/mmol) and 1 M sulfuric acid (4 mL/mmol)
were added, and the organic phase was collected. The aqueous phase was extracted
with dichloromethane (4 mL/mmol) and the combined organic solutions were filtered
through a silica plug. An additional volume of dichloromethane (5 mL/mmol) was flushed
through the silica plug to collect any remaining product. The combined organic phases
were dried with MgSOas, the solvent was removed by vacuum, and the triflate was
dissolved in THF (0.25 mL/mmol) for addition to the Schollkopf enolate. The Schollkopf
bislactim ether ((2R,5S)-2-isopropyl-3,6-dimethoxy-5-methyl-2,5-dihydropyrazine) (1 eq)
was dissolved in THF (4 mL/mmol) and cooled to -78 °C. n-BuLi (1.1 eq, 1.6 M in hexane)
was added dropwise, the reaction was stirred for 1.5 hrs, and the triflate, dissolved in THF
(0.25 mL/mmol), was added dropwise. The reaction was maintained at -78 °C for 6 hrs
and then left to warm to room temperature overnight. The next day the reaction was
guenched with saturated ammonium chloride and the solvents were removed by vacuum.
The mixture was extracted with dichloromethane (3 x 2 mL/mmol), washed with water (3
x 2 mL/mmol), dried with MgSO4, concentrated under vacuum, and purified by flash

column chromatography (hexanes: ethyl acetate).
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5.4a (2S,5R)-5-isopropyl-3,6-dimethoxy-2-methyl-2-((S)-2-phenylpent-4-en-1-yl)-2,5-
dihydropyrazine. Compound 5.4a was prepared on 4 mmol scale using general method

D with a yield of 0.933 g (68.1% yield).

IH NMR (CHLOROFORM-d, 400 MHz): & = 7.18-7.25 (m, 2H), 7.09-7.18 (m, 1H), 6.99-
7.06 (m, 2H), 5.59 (dddd, J = 16.9, 10.1, 7.3, 6.6 Hz, 1H), 4.88-4.97 (m, 2H), 3.75 (s, 3H),
3.68 (d, J = 3.0 Hz, 1H), 3.10 (s, 3H), 2.51-2.58 (m, 1H), 2.23-2.42 (m, 3H), 2.18 (dtd, J
= 13.8, 6.9, 3.3 Hz, 1H), 1.93 (dd, J = 13.6, 3.5 Hz, 1H), 1.30 (s, 3H), 0.94 (d, J = 6.8 Hz,

3H), 0.67 ppm (d, J = 6.8 Hz, 3H)

13C NMR (CHLOROFORM-d, 400 MHz): & = 164.0, 162.0, 144.3, 137.1, 128.0, 127.9,
127.7,127.6,126.0,115.7,77.3,77.0,76.7,61.2,57.2,52.2,51.4,46.3, 42.8,42.4, 31.1,

30.1, 19.3, 19.2, 17.4 ppm
[a]p? 72 (c 1.15, CHCI3)

HRMS [M+H]* calcd for C21H31N202, 343.2380; found 343.2335

5.4b (2S,5R)-5-isopropyl-3,6-dimethoxy-2-methyl-2-((R)-2-phenylpent-4-en-1-yl)-2,5-
dihydropyrazine. Compound 5.4b was prepared on 4 mmol scale using general method

D with a yield of 0.986 g (72.0%).

IH NMR (CHLOROFORM-d, 400 MHz): & = 7.18-7.25 (m, 2H), 7.09-7.14 (m, 1H), 7.04
(d, J = 7.3 Hz, 2H), 5.58 (ddt, J = 17.0, 10.1, 7.0 Hz, 1H), 4.89-4.96 (m, 2H), 3.77 (d, J =

3.3 Hz, 1H), 3.73-3.75 (m, 3H), 3.00 (s, 3H), 2.33-2.43 (m, 1H), 2.21-2.30 (m, 3H), 2.17
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(dtd, J = 13.7, 6.8, 3.4 Hz, 1H), 2.03 (br dd, J = 13.5, 10.0 Hz, 1H), 1.28 (s, 3H), 1.07 (d,

J =6.8 Hz, 3H), 0.60 ppm (d, J = 6.8 Hz, 3H)

13C NMR (CHLOROFORM-d, 101 MHz): d = 164.4, 160.4, 146.2, 136.9, 128.0, 127.6,

125.5, 115.8, 61.3, 58.9, 52.1, 51.5, 46.7, 43.5, 42.9, 30.8, 29.4, 19.3, 16.8 ppm
[a]o% 33 (¢ 0.70, CHCla)

HRMS [M+H]* calcd for C21H31N202, 343.2380; found 343.2349

5.9a (2S,5R)-2-((R)-2-benzylpent-4-en-1-yl)-5-isopropyl-3,6-dimethoxy-2-methyl-2,5-
dihydropyrazine. Compound 5.9a was prepared on 3 mmol scale using general method

D with a yield of 0.226 g (21.1%).

IH NMR (CHLOROFORM-d, 400 MHz): & = 7.26-7.34 (m, 2H), 7.16-7.22 (m, 1H), 7.10
(d, J = 6.8 Hz, 2H), 5.70-5.84 (m, 1H), 4.96-5.08 (m, 2H), 4.04 (d, J = 3.3 Hz, 1H), 3.70
(s, 3H), 3.55 (s, 3H), 2.47-2.56 (m, 1H), 2.36-2.44 (m, 1H), 2.32 (td, J = 6.9, 3.4 Hz, 1H),
2.00 (g, J = 7.0 Hz, 2H), 1.88 (dd, J = 13.9, 5.6 Hz, 1H), 1.67 (dd, J = 13.9, 5.3 Hz, 1H),

1.50-1.61 (m, 1H), 1.33 (s, 3H), 1.11 (d, J = 6.8 Hz, 3H), 0.71 ppm (d, J = 6.8 Hz, 3H)

13C NMR (CHLOROFORM-d, 101 MHz): & = 165.5, 161.4, 141.4, 137.0, 129.3, 128.2,

128.1, 125.6, 116.3, 61.1, 58.4, 52.1, 51.9, 43.8, 40.4, 38.3, 36.6, 31.0, 29.6, 19.4, 16.9

ppm
[a]o? 46 (c 1.20, CHCIa)

HRMS [M+H]* calcd for C22H33N202, 357.2537; found 357.2484
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5.9b (2S,5R)-2-((S)-2-benzylpent-4-en-1-yl)-5-isopropyl-3,6-dimethoxy-2-methyl-2,5-
dihydropyrazine. Compound 5.9b was prepared on 4 mmol scale using general method

D with a yield of 0.932 g (65.4%).

IH NMR (CHLOROFORM-d, 400 MHz): & = 7.23-7.32 (m, 2H), 7.15-7.22 (m, 1H), 7.10
(d, J = 7.1 Hz, 2H), 5.64-5.77 (m, 1H), 4.94-5.06 (m, 2H), 4.07 (d, J = 3.3 Hz, 1H), 3.64-
3.69 (M, 6H), 2.77 (dd, J = 13.6, 4.8 Hz, 1H), 2.27-2.48 (m, 2H), 1.91-2.05 (m, 2H), 1.81-
1.91 (m, 1H), 1.47-1.61 (m, 2H), 1.34 (s, 3H), 1.12 (d, J = 6.8 Hz, 3H), 0.72 ppm (d, J =

6.8 Hz, 3H)

13C NMR (CHLOROFORM-d, 400 MHz): & = 165.5, 161.4, 141.4, 136.8, 129.2, 128.1,
125.6, 116.3, 77.3, 77.0, 76.7, 61.1, 58.8, 52.1, 52.0, 43.7, 41.3, 37.5, 36.6, 31.0, 29.5,

19.4, 16.8 ppm
[a]p?° 36 (¢ 1.75, CHCIa)

HRMS [M+H]* calcd for C22H33N202, 357.2537; found 357.2487

5.14a  (2S,5R)-5-isopropyl-3,6-dimethoxy-2-methyl-2-((S)-2-phenethylpent-4-en-1-yl)-
2,5-dihydropyrazine. Compound 5.14a was prepared on 3 mmol scale using general

method D with a yield of 0.445 g (40.0%).

IH NMR (CHLOROFORM-d, 400 MHz): & = 7.27 (t, J = 6.9 Hz, 2H), 7.14-7.20 (m, 3H),
5.74 (ddt, J = 17.7, 9.3, 7.1 Hz, 1H), 5.00-5.05 (m, 2H), 3.92 (d, J = 3.3 Hz, 1H), 3.68 (s,

3H), 3.65 (s, 3H), 2.57 (t, J = 8.2 Hz, 2H), 2.29 (dtd, J = 13.6, 6.8, 3.3 Hz, 1H), 1.99-2.07
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(m, 2H), 1.95 (dd, J = 13.9, 5.6 Hz, 1H), 1.52-1.65 (m, 3H), 1.35 (s, 3H), 1.24-1.34 (m,

1H), 1.10 (d, J = 6.8 Hz, 3H), 0.70 ppm (d, J = 6.8 Hz, 3H)

13C NMR (CHLOROFORM-d, 101 MHz): & = 165.5, 161.4, 142.9, 136.9, 128.3, 128.2,

125.5, 116.0, 61.0, 58.5, 52.1, 51.9, 44.6, 38.2, 36.7, 33.9, 33.1, 30.9, 29.6, 19.4, 16.8

ppm
[a]o?° 12 (c 1.20, CHCl3)
HRMS [M+H]* calcd for C23HssN202, 371.2693; found 371.2665

5.14b  (2S,5R)-5-isopropyl-3,6-dimethoxy-2-methyl-2-((R)-2-phenethylpent-4-en-1-yl)-
2,5-dihydropyrazine. Compound 5.14b was prepared on 3 mmol scale using general

method D with a yield of 0.695 g (62.5%).

IH NMR (CHLOROFORM-d, 400 MHz): & = 7.28 (t, J = 6.9 Hz, 2H), 7.14-7.21 (m, 3H),
5.78 (ddt, J = 16.3, 10.8, 7.1 Hz, 1H), 5.00-5.06 (m, 2H), 3.93 (d, J = 3.3 Hz, 1H), 3.67 (s,
3H), 3.67 (s, 3H), 2.47-2.65 (m, 2H), 2.30 (td, J = 6.8, 3.3 Hz, 1H), 2.14-2.23 (m, 1H),
1.99-2.10 (m, 1H), 1.93 (dd, J = 13.9, 5.1 Hz, 1H), 1.62 (dd, J = 13.9, 5.8 Hz, 1H), 1.43-
1.59 (m, 2H), 1.35 (s, 3H), 1.30 (dt, J = 11.4, 5.8 Hz, 1H), 1.11 (d, J = 6.8 Hz, 3H), 0.71

ppm (d, J = 6.8 Hz, 3H)

13C NMR (CHLOROFORM-d, 101 MHz): & = 165.5, 161.4, 143.0, 137.1, 128.3, 128.2,

1255, 115.9, 61.0, 58.6, 52.1, 52.0, 44.5, 39.1, 35.7, 34.1, 32.8, 30.9, 29.6, 19.4, 16.9

ppm
[a]p?® 55 (c 2.00, CHCI3)

HRMS [M+H]* calcd for C23HssN202, 371.2693; found 371.2661
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General method E: Hydrolysis of bislactim ethers and Fmoc protection.

The bislactim ether (1.0 eq) was added to a solution of MeCN:H20:TFA (3.3:1.1:0.52
mL/mmol) and stirred at room temperature for 7 days. The pH was adjusted to > 7 and
the solvent and valine methyl ester were removed by vacuum. NaOH (4.0 eq), water (0.5
mL/mmol), and methanol (20 mL/mmol) were added to the remaining mixture and the
reaction was heated to reflux for 6 hrs. Upon cooling, the reaction was neutralized to pH
7 with 2 M HCI and the solvents were evaporated. The flask with the dried material was
charged with 10% sodium carbonate (4 mL/mmol) and dioxane (6 mL/mmol) and cooled
to 0 °C. Fmoc-Cl (1.0 eq) was dissolved in dioxane (4 mL/mmol) and added dropwise,
and the reaction mixture was stirred for 3 hrs. Upon completion, as monitored by TLC,
the reaction was acidified to pH 3 and the solvent was removed by vacuum. The mixture
was dissolved in dichloromethane (10 mL/mmol), washed with water (3 x 10 mL/mmol),
washed with brine (10 mL/mmol), and dried with MgSOa4. The crude product was purified

by flash column chromatography (CH2Cl2:MeOH, 0-5%).

5.5a (2S,4S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-methyl-4-phenylhept-6-
enoic acid. Compound 5.5a was prepared on 2.44 mmol scale using general method E

with a yield of 0.400 g (36.0%)

1H NMR (CHLOROFORM-d, 400 MHz): & = 8.20 (br s, 1H), 7.80 (d, J = 7.6 Hz, 2H), 7.57
(d, J = 7.3 Hz, 2H), 7.39-7.50 (m, 2H), 7.30-7.39 (m, 2H), 7.06-7.26 (m, 5H), 5.46-5.66
(m, 1H), 5.33 (br s, 1H), 4.85-5.02 (m, 2H), 4.38-4.51 (m, 1H), 4.23-4.35 (m, 1H), 4.15-
4.21 (m, 1H), 2.61-2.72 (m, 1H), 2.55 (br d, J = 13.9 Hz, 1H), 2.26-2.42 (m, 3H), 1.57 ppm

(br s, 3H)
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13C NMR (CHLOROFORM-d, 101 MHz): & = 178.9, 154.5, 143.9, 143.8, 143.3, 141.4,
136.2,128.3, 127.8, 127.1, 126.8, 125.1, 120.0, 116.7, 66.4, 59.0, 47.2, 42.3, 41.8, 41.8,

23.8 ppm
[a]p?° 12 (c 16.05, CHCIs)

HRMS [M-H] calcd for C29H28NO4, 454.2024; found, 454.2020

5.5b (2S,4R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-methyl-4-phenylhept-6-
enoic acid. Compound 5.5b was prepared on 2.21 mmol scale using general method E

with a yield of 0.540 g (55.9%)

IH NMR (CHLOROFORM-d, 400 MHz): & = 10.04 (br s, 1H), 7.81 (br d, J = 7.6 Hz, 2H),
7.51-7.62 (m, 2H), 7.21-7.49 (m, 7H), 7.11-7.19 (m, 1H), 5.45-5.78 (m, 1H), 5.34 (br s,
1H), 4.93-5.10 (m, 2H), 4.02 -4.40 (m, 3H), 2.71 (br s, 2H), 2.05-2.50 (m, 3H), 1.66 ppm

(br s, 3H)

13C NMR (CHLOROFORM-d, 101 MHz): & = 179.2, 154.5, 144.5, 144.1, 143.9, 141.3,

136.2, 128.5, 127.8, 127.1, 126.5, 125.3, 120.0, 116.8, 66.6, 60.2, 47.1, 42.8, 41.7, 24.6

ppm

[a]o2 -4.2 (¢ 11.0, CHCla)

HRMS [M-H] calcd for C29H2sNOa4, 454.2024, found, 454.2025
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5.10a (2S,4R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-4-benzyl-2-methylhept-6-
enoic acid. Compound 5.10a was prepared on 0.561 mmol scale using general method

E with a yield of 0.045 g (17%).

IH NMR (CHLOROFORM-d, 400 MHz): & = 7.76-7.82 (m, 2H), 7.56-7.63 (m, 2H), 7.39-
7.46 (M, 2H), 7.29-7.36 (m, 2H), 7.22-7.29 (m, 2H), 7.11 (br s, 3H), 5.65-5.84 (m, 1H),
4.94-5.14 (m, 2H), 4.38 (br s, 2H), 4.22 (br t, J = 6.3 Hz, 1H), 2.51 (br s, 2H), 2.20 (br s,

1H), 1.95-2.12 (m, 2H), 1.83 (br s, 2H), 1.60 ppm (br s, 3H)

13C NMR (CHLOROFORM-d, 101 MHz): & = 179.1, 179.0, 154.7, 143.9, 143.8, 141.3,
140.4, 136.0, 129.3, 128.4, 128.3, 128.3, 127.7, 127.1, 126.1, 125.0, 120.0, 117.4, 77.2,

66.6, 59.3, 59.2,53.4,47.2,40.7, 39.8, 38.6, 35.9, 31.9, 29.7, 29.7, 29.4, 23.7, 22.7, 14.1

ppm

[a]o2 4.1 (c 2.25, CHCl3)

HRMS [M-H] calcd for C3zoH30NO4, 468.2180; found, 454.2186

5.10b (2S,4S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-4-benzyl-2-methylhept-6-
enoic acid. Compound 5.10b was prepared on 2.49 mmol scale using general method E

with a yield of 0.704 g (60.5%)

IH NMR (CHLOROFORM-d, 400 MHz): & = 10.90 (br s, 1H), 7.80 (dd, J = 7.6, 3.2 Hz,
2H), 7.59 (br d, J = 7.3 Hz, 2H), 7.44 (td, J = 7.3, 4.4 Hz, 2H), 7.10-7.37 (m, 7H), 5.55-
5.83 (m, 1H), 5.38 (br s, 1H), 4.94-5.13 (m, 2H), 4.38 (br s, 2H), 4.17-4.26 (m, 1H), 2.43-

2.80 (m, 2H), 1.71-2.26 (m, 5H), 1.58 ppm (br s, 3H)
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13C NMR (CHLOROFORM-d, 101 MHz): & = 179.7, 154.8, 143.8, 143.7, 141.3, 140.3,
135.8, 129.2,128.4,127.7,127.0, 126.1, 125.0, 120.0, 117.5, 66.6, 59.3, 47.1, 41.0, 39.8,

38.5, 35.8, 23.7 ppm
[a]o?° 9.7 (c 18.7, CHCI3)

HRMS [M-H] calcd for C3oH30NO4, 468.2180; found, 454.2181

5.15a (2S,4S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-methyl-4-phenethylhept-
6-enoic acid. Compound 5.15a was prepared on 1.73 mmol scale using general method

E with a yield of 0.303 g (36.3%)

IH NMR (CHLOROFORM-d, 400 MHz): & = 10.82 (br s, 1H), 7.80 (d, J = 7.6 Hz, 2H),
7.62 (br d, J = 6.8 Hz, 2H), 7.43 (br t, J = 7.3 Hz, 2H), 7.32-7.37 (m, 2H), 7.22-7.28 (m,
2H), 7.10-7.19 (m, 3H), 5.76 (br d, J = 0.5 Hz, 1H), 5.06 (br d, J = 10.1 Hz, 2H), 4.42 (br
s, 2H), 4.24 (brt, J = 6.2 Hz, 1H), 2.57 (br s, 2H), 2.06-2.35 (m, 3H), 1.94 (br d, J = 11.9

Hz, 1H), 1.64 (br s, 3H), 1.58 (br s, 2H), 1.25 ppm (br s, 1H)

13C NMR (CHLOROFORM-d, 101 MHz): & = 179.6, 154.6, 143.8, 142.3, 141.3, 136.1,
128.3, 128.3, 127.7,127.1, 125.7, 125.0, 120.0, 117.0, 77.3, 77.0, 76.7, 66.5, 59.5, 47.2,

39.8, 38.5, 35.8, 33.4, 32.5, 24.3 ppm
[a]o2° 29 (c 1.15, CHCl3)

HRMS [M-H] calcd for C31H32NOa4, 482.2387; found, 482.2336
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5.15b (2S,4R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-methyl-4-phenethylhept-
6-enoic acid. Compound 5.15b was prepared on 1.11 mmol scale using general method

E with a yield of 0.212 g (34.6%)

IH NMR (CHLOROFORM-d, 400 MHz): & = 11.45 (br s, 1H), 7.81 (br d, J = 7.6 Hz, 2H),
7.63 (br d, J = 6.6 Hz, 2H), 7.45 (br t, J = 7.2 Hz, 2H), 7.35 (br t, J = 7.2 Hz, 2H), 7.22-
7.31 (m, 2H), 7.11-7.20 (m, 3H), 5.75 (br s, 2H), 5.08 (br d, J = 11.1 Hz, 2H), 4.42 (br s,
2H), 4.23 (brt, J = 6.3 Hz, 1H), 2.61 (br s, 2H), 2.32 (br d, J = 12.4 Hz, 1H), 2.12 (br s,

2H), 1.91-2.04 (m, 1H), 1.68 (br s, 5H), 1.33 ppm (s, 1H)

13C NMR (CHLOROFORM-d, 101 MHz): & = 180.0, 154.5, 143.7, 142.3, 141.3, 136.0,
128.2,128.2,127.7,127.0, 125.6, 125.0, 119.9, 117.0, 66.5, 59.5, 47.1, 39.8, 38.1, 36.1,

33.3, 32.5, 29.7, 23.9 ppm
[a]o? 3.5 (C 3.35, CHCl3)

HRMS [M-H] calcd for C31H32NOa4, 482.2387; found, 482.2342
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Figure 5.19. 'H NMR spectrum (400 MHz) of 5.1a in CDCls
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Figure 5.21. *H NMR spectrum (400 MHz) of in CDCls
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Figure 5.23. 'H NMR spectrum (400 MHz) of 5.3a in CDCls
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Figure 5.25. 'H NMR spectrum (400 MHz) of 5.4a in CDCl3
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Figure 5.27. 'H NMR spectrum (400 MHz) of 5.5a in CDCl3
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Figure 5.29. 'H NMR spectrum (400 MHz) of 5.1b in CDCls

LLC
6L°¢C
08¢

L2°€
8¢'¢
T€'e

8¢y
(4507
9EY
or'y
69’7
69
0Ly

<Ly
€LY

DOM O WM~
MMMMMON-—-
NNNNNNNN~N~

¢0'13

00’73

_—80'¢1

0]

6600

)_-0023

Ilm

| \-10v=

0c'v3

00°0=

o
i

]
(=)

®
(=)

™~
o

©
(=)

0
(=)

<
(=)

«
(=)

N
o

b
o

o

Chemical Shift (ppm)

6 5 4 3 2
ectrum (101 MHz) of 5.1b in CDCls

7

8

Figure 5.30. 3C NMR

G9'/€
0S'T¥

€2C'SS

S0'99

8T°.¢T
9¢'/cT

N
[Te}
©
N
—

98'8¢T
GE'6CT

Sp
N
N~
R
[ RN
-

G0'GET

¢eeST

€T'TLT

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

30 Chemical Shift (ppm)

160 150 140 130 120 110 100 90 80 70 60 50 40

170



192

65¢
9.'¢
6L'¢
08¢
28'¢C
vee

LE'E
90'¥
80
oT'v
1104
4%
€Ty
S0'S

€T'S
€T'S
LTS
T2's
(441
€2'S
ve's
18'S
€8'S
G8'S
Q Vel

ectrum (400 MHz) of 5.2b in CDCl3

8¢,
0e'L
[AWA
ve'L
9€'L
L
vvL

=78 |
Z0'za

60’13
Z0'1a
v0'17]

0011

602

101

L0'13
90’13
8601

001

Figure 5.31. 'HNMR s

o
i

]
(=)

@
o

™~
[=}

©
[=)

0
[=)

<
(=)

]
(=)

N
o

b
=)

o

Chemical Shift (ppm)

8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5
Figure 5.32. 13C NMR spectrum (101 MHz) of 5.2b in CDCls

8.5

86'.L€
v€'8€

9T'8¥%

9.'SS

92°'S9

~ 8T'LTT
= e LT

™
<
N~
N
-

—
©
@
I
—

¢6'8¢T
[4414"
9¢'SET
0¢'8eT

€6'¢ST

Cr'eLT

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

Chemical Shift (ppm)

140 120 100 80 60 40

160



193

LY'T

20’11

0011

v0'¢]

L07]

66'0]

lk\mm_mu
Ju/mo_wu

o o] [oe] ~ © n < ™ N -

i =} =} =} =} =} =} =} =} =} e

Chemical Shift (ppm)

7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15

7.5

¢9'9¢

91'8Y

¥6°99

R spectrum (101 MHz) of 5.3b in CDCls

Q €98t

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

Chemical Shift (ppm)

130 120 110 100 90 80 70 60 50 40 30

140



194

090
79'0

90'T
80'T
8¢'T

90'¢
9T'¢

cce
vee
9¢'¢
Lg¢C
8¢'¢
8€¢C
ov'e
00'e

vL'e
LL'E
8L'€

06'¥

ectrum (400 MHz) of 5.4b in CDCl3

Sp
o~
) 10 10
Tolte}

MR
™
© ©
[TelTe}

Figure 5.35. *H N

L.23

.6'13

86'0_]

Chemical Shift (ppm)

55 50 45 40 35 30 25 20 15
101 MHz) of 5.4b in CDCls

6.0

0891
vE'6T

r'6e
L1°0€

18¢Y
0S°EYy
999
¥S'19
¢res
16'8S
62'T9

G8'STT

155zt
09°'22T

™
<
@
I
—

C6'9ET

LT'9VT

MR spectrum

CN
o w
<< ™
n o
© ©
- -

Figure 5.36. 13

0.50

0.45

0.40

0.35

0.30

0.25

0.20

0.15

0.10

0.05

-0.05

Chemical Shift (ppm)

160 140 120 100 80 60 40

180



195

10.04
7.82
7.80
7.56
7.54
46
7.44
7.36
7.30

7
4.19
4.16
4.09
4.04
4.02
271
2.38
1.66
1.58
157

1.0

0.5 1

OE,_/L____JJ ) JM

M~ U)l\@l ~ O o N (=] o ™

— O ON - o ~ O o © o ~

i N AN A - o « ™ - ™ o

S UL Jug I Yy O —| L J
T T T T T T e T T T e
10 9 8 7 6 5 4 3 2 Chemical Shift (ppm)

Figure 5.38. 3C NMR spectrum (101 MHz) of 5.5b in CDCls

47.08
42.84
41.74

66.62
60.25
24.58

200 180 160 140 120 100 80 60 40 Chemical Shift (ppm)



196

Figure 5.39. 1H NMR spectrum (400 MHz) of 5.6a in CDCl3
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Figure 5.41. *H NMR spectrum (400 MHz) of 5.7a in CDCl3
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Figure 5.42. 3C NMR spectrum (101 MHz) of 5.7a in CDCls
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Figure 5.45. 'H NMR spectrum (400 MHz) of 5.9a in CDCl3
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Figure 5.51. *H NMR spectrum (400 MHz) of 5.7b in CDCls
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Figure 5.53. *H NMR spectrum (400 MHz) of 5.8b in CDCls
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Figure 5.57. 'H NMR spectrum (400 MHz) of 5.10b in CDCls
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'H NMR spectrum (400 MHz) of 5.11a in CDCls

Figure 5.59.
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Figure 5.61. *H NMR spectrum (400 MHz) of 5.12a in CDCls
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Figure 5.63. *H NMR spectrum (400 MHz) of 5.13a in CDCls
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Figure 5.64. 13C NMR spectrum (101 MHz) of 5.13a in CDCls
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Figure 5.65. *H NMR spectrum (400 MHz) of 5.14a in CDCls
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Figure 5.66. 13C NMR spectrum (101 MHz) of 5.14a in CDCls
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Figure 5.67. *H NMR spectrum (400 MHz) of 5.15a in CDCls
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Figure 5.69. 'H NMR spectrum (400 MHz) of 5.11b in CDCls
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Figure 5.71. *H NMR spectrum (400 MHz) of 5.12b in CDCls
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Figure 5.73. *H NMR spectrum (400 MHz) of 5.13b in CDCls
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Figure 5.75. 'H NMR spectrum (400 MHz) of 5.14b in CDCls
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Figure 5.77. *H NMR spectrum (400 MHz) of 5.15b in CDCls
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6. Design of a high-throughput screen for natural product inhibitors of estrogen

receptor/steroid receptor coactivator interaction.

6.1 Introduction to natural product TR-FRET screen

Gunther et al. previously described a high-throughput time-resolved fluorescence
resonance energy transfer (TR-FRET) screening assay for discovery of coactivator
binding inhibitors of estrogen receptor/steroid receptor coactivator interactions.® TR-
FRET uses a time-gated energy transfer step to alleviate assay interference that can be
observed in fluorescence-based readouts. The assay requires covalently labeling
estrogen receptor with biotin and a steroid receptor coactivator fragment with fluorescein
(SRC3-FITC). Incubating the biotinylated estrogen receptor with a streptavidin/Terbium-
chelate, estradiol, and SRC3-FITC generates an intact protein complex that, when excited
at 340 nm, emits light at the fluorescein emission wavelength (520 nm). Disruption of the
complex results in emission at the donor emission wavelength (495 nm). The purpose of
incorporating the lanthanide (Tbh3*) is because it exhibits a long-lifetime fluorescence to
allow for a 100 ys delay before fluorescent signal transfer measurement, at which point
fluorescence from potentially interfering screening molecules will be negligible. The
original assay was used to screen roughly 86,000 small molecules. In our interest to
identify new chemical scaffolds to function as coactivator binding inhibitors (CBIs) we

sought to implement this screening approach using natural product libraries.

Within the department of Medicinal Chemistry and Pharmacognosy at UIC, the
Orjala and Murphy labs have isolated natural product extracts for use in high throughput
screens. The cyanobacteria and actinomycetes used to prepare these libraries are known

to produce secondary metabolites, peptides, and polyketides. 15915 |t has been observed
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that such large molecular scaffolds are well-suited to inhibit protein-protein interactions
that occur over large surface areas.'®? Previously reported protein-protein interaction
inhibitors with affinities <1 uM typically have molecular weights over 500 Dalton.%3 In
addition, a correlation between number of heavy atoms and binding affinity to protein

surface sites has been observed.153

Natural product extracts may harbor leads to discover protein-protein interaction
inhibitors because the molecules produced by bacteria have been selected to interact
with protein targets.'>* For example, salvianolic acid is proposed to bind to the Lck SH2
domain in a structural motif similar to the naturally binding proteins bearing the sequence
PYEEI > Previous screens of microbial extracts identified the macrocyclic peptide
chlorofusin as a low pM inhibitor of MDM2-p53 and the natural product Emblin was found
to bind X-linked inhibitor of apoptosis (XIAP) BIR3 domain and inhibit interactions with
Smac and caspase-9.1%¢ Additionally, many natural products have been selected to be

cell permeable.57-158

6.2 Development and implementation of TR-FRET screen

ERa and SRC3 fragment were recombinantly expressed and chemically labeled
as previously described (Figure 6.1).”* The binding of the coactivator fragment to ERa
was confirmed by measuring TR-FRET signal while SRC3-FITC was titrated into a
solution of streptavidin-Th with or without ERa (Figure 6.2). The Kq for the ERa/SRC3
complex was found to be 11.2 + 1.5 nM. An 11-residue peptide (Ac-HKILHRLLQDS-NH?2)
derived from an “LxxLL” interacting motif of SRC-2 was used as a control peptide to inhibit

the protein complex (Figure 6.3). The ICso for the control peptide was 1.05 uM (95% ClI
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0.78-1.4 uM), which agrees with previously reported findings. 3% 88 Using this control
peptide, the assay z-factor was calculated to be 0.91 (Equation 6.1, where pp,unand Op,0n
are the means and standard deviations for positive (SP4 peptide, 30 uM) and negative

(uninhibited ER/SRC complex) controls).

520 nm

(A Xem)

340 nm FRET (i.e. A Agy) (D Aey)
ex

(D kex)
*111111\ /\ =
@ ER SRC fﬁJj
495 nm

(D Aem)

Figure 6.1 TR-FRET assay design. Biotinylated estrogen receptor forms a complex with
a streptavidin-terbium chelate. Excitation of Tb at 340 nm will result in fluorescence at
495 nm that can be absorbed and emitted at 520 nm by fluorescein tagged SRC3

fragment if the protein complex is formed.
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A/D
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[SRC] nM

Figure 6.2 Binding affinity of SRC3-FITC to estrogen receptor alpha ligand binding

domain. Increasing concentration of SRC3-FITC with 8 nM ERa and 2 nM Streptavidin-

Tb with 1 uM estradiol. The dashed line was run with no ERa. The Kaq for the baseline

corrected (BC) binding curve is 11.2 +/- 1.5 nM.
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Figure 6.3 TR-FRET binding curve for competition of ERa/SRC3 interaction with LxxLL

peptide. This competition assay shows a dose response decrease in TR-FRET signal of

ERa/SRC3 interaction when treated with increasing concentration of peptide inhibitor.

The I1Cso for the LxxLL peptide was measured to be 1 pM. Assay conditions: 25 nM SRC3-

FITC, 8 nM ERa, 2 nM Streptavidin-Th, 1 uM estradiol, 3% DMSO, 60 min incubation,

reading at 25 °C.

Equation 1: Z — factor =1 — 3(op+an)
|tp=n|
3(0.008 + 0.01)
0.455 —1.08

Z — factor =1 —

Z — factor = 091

The TR-FRET assay was used to screen ~3600 natural product extracts obtained

from 42 96-well plates (0J20-43 and BM1-18; Figure 6.4). The extracts were screened at

a concentration of 0.05 mg/ml. The extracts from 0J20-43 resulted in 44 hits with

inhibition > 50% resulting in a hit-rate of ~1%. The wells showing inhibition over 50% were
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rescreened in triplicate and 9 extracts reproduced inhibition > 50%. The Taxon and known
chemistry of the producing organisms is listed in Table XXIIl. The extracts from BM1-18
resulted in 56 hits with inhibition > 50%, resulting in a hit-rate of ~3% (Table XXIV). The

hits from BM1-18 were not confirmed in a triplicate follow-up screen.

The results of the initial screen suggest that the natural product extracts tested
may contain chemical matter with high affinity for estrogen receptor coactivator binding
groove. To rapidly identify the potential hit compounds, the MagMASS affinity assay may
be helpful to bypass traditional approaches such as activity-guided fractionation.>® The
MagMASS assay would rely on immobilizing biotinylated estrogen receptor to
streptavidin-coated magnetic beads followed by incubation of lead fractions. Unbound
compounds in the incubation mixture can be washed and the bound compounds can be
eluted by denaturing the protein. The molecular weights of bound components can be
identified using mass spectrometry. In conclusion, a combined effort of TR-FRET
screening and MagMASS target identification could prove effective for rapidly identifying

natural product leads for inhibiting ER/SRC interactions.
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Figure 6.4 TR-FRET screen of 0J43-20 and BM1-18. 3610 microbial natural product
extracts were screened at 0.05 mg/mL for inhibition of the ERa/SRC3 interaction. 100%
inhibition was set as the TR-FRET reading obtained in the absence of the agonist
estradiol. The % inhibition was calculated as a ratio of observed TR-FRET response to

the response observed when no interaction is observed.
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TABLE XXIII HITS GREATER THAN 50% INHIBITION FROM ORJALA LIBRARY

% % Well | Strain | Fraction | Taxon Known Chemistry
Inhibition | Inhibition | ID Number
(triplicate) | (screen)
80+3 51 OJ45- | 10449 | F4 Oscillatoriales | Assemblage
C4
71+5 61 OJ45- | 10449 | F3 Oscillatoriales | Assemblage
C5
82+1 72 OJ45- | 10230 | F3 Chroococcales | None
E3
50 +3 73 0J45- | 10230 | F4 Chroococcales | None
E4
62+1 71 0J43- | 10250 | F3 Nostoc Merocyclophanes
C4
54 +5 54 0J43- | 10250 | F4 Nostoc Merocyclophanes
D4
70 3 60 0J27- 10231 | F7 Nostoc None
G9
55+5 74 0J27- | 10232 | F7 Nostoc None
G10
56 £2 78 0J27- | 10231 | F8 Nostoc None
H9




TABLE XXIIl. HITS GREATER THAN 50% INHIBITION FROM MURPHY LIBRARY

Well ID % Inhibition | Well ID % Inhibition | Well ID % Inhibition
BM8-H12 | 61.99 BM10-H8 67.61 BM17-B7 70.66
BM8-H3 68.38 BM11-B5 57.37 BM17-C7 80.91
BM1-C10 | 65.11 BM11-D3 96.96 BM17-D2 77.17
BM1-F7 56.84 BM11-E7 70.56 BM17-D7 65.6
BM2-C11 | 62.72 BM11-E2 60.4 BM17-D5 51.49
BM2-D11 | 76.16 BM11-F7 63.89 BM17-E9 63.07
BM2-H3 51.27 BM11-G7 69.11 BM17-E5 59.31
BM3-G12 | 63.71 BM11-H3 98.78 BM17-E6 58.4
BM3-H12 | 75.14 BM18-C6 80.88 BM17-E7 54.86
BM3-G2 52.25 BM18-C4 53.86 BM17-E10 | 54.27
BM3-H2 50.18 BM12-H3 70.19 BM17-E12 | 97.15
BM4-D6 50.48 BM15-D3 58.76 BM17-H5 71.98
BM4-D11 | 59.69 BM14-A6 80.05 BM17-H2 64.43
BM4-G8 52.86 BM17-D3 57.12 BM17-H3 50.63
BM5-D9 55.7 BM17-B7 59.03 BM13-D5 51.06
BM5-F3 79.42 BM17-F12 58.37 BM13-D8 60.01
BM5-G3 59.86 BM17-G5 56.99 BM13-H3 62.97
BM6-H1 50.36 BM17-H6 54 .41 BM13-E4 54.07
BM10-H2 | 54.96 BM17-H12 | 53.72

224
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7. CONCLUSIONS

Hormone-activated and constitutively active mutant isoforms of estrogen receptor
play a fundamental role in breast cancer disease progression.'%® The genomic response
mediated by estrogen receptor is intrinsically tied to coregulator interactions. 15 161
Biologically active chemical probes that directly block this binding interface continue to
remain elusive. Hydrocarbon stapled peptides mimicking steroid receptor coactivators
were previously shown to bind to estrogen receptor %9, but no evidence was shown that
they could inhibit coactivator binding and disrupt transcriptional activation in cellular
assays. Reported within this dissertation are novel strategies to prepare biologically active
coactivator binding inhibitors through the enhancement of binding affinity and cellular
permeability.”?

A novel strategy used to enhance binding affinity of stapled peptides to estrogen
receptor was realized through the preparation of gamma-methylated stapling amino
acids.’* The inspiration for preparing functionalized stapling amino acids was to replicate
naturally occurring amino acids at protein-binding interfaces, specifically the hydrocarbon
branching of leucine and isoleucine sidechains. From this work, the ability to enhance
target engagement by modifying the structure of stapling amino acids was conclusively
established, and the method developed here is currently being expanded to prepare
selective inhibitors of mutant estrogen receptor isoforms. Although the peptide
modifications reported in this thesis focus on gamma-functionalization, modifications at
the beta or delta position could also prove effective. A limitation in the current design

strategy is low synthetic throughput which limits facile preparation of high structural



226

diversity. Approaches to install amine, alkyne, or azide handles on the staple may be
useful towards rapidly producing libraries of functionalized stapled peptides.

An array of different cyclizing constraints have been designed to enhance peptide
helicity®®; however, the inclusion of orthogonally prepared macrocycles into a single
peptide is less well studied. The development of a computational method to quantify the
energetics of helix folding and the design of a new class of “cross-stitched” peptides are
reported in chapter 3. The peptide SRC2-BCP1 was prepared with two helical enhancing
macrocycles using orthogonal olefin and lactam chemistry. Peptides requiring large
amounts of energy to unfold were, in general, more stable to proteolysis. The reported
method may find use in developing short peptides with greatly enhanced proteolytic
stability. In some examples, stapled peptides have been shown to be taken up by
endosomes and reach the cytoplasm through lysosomal escape.>® Although no studies
were performed to measure cellular uptake of bicyclic peptides, the bicyclic peptide
SRC2-BCP1 is more stable to degradation, which could result in an enhanced ability to
resist lysosomal degradation and accumulate in the cytoplasm. In the future, this bicyclic
approach to stabilize peptide helicity could be applied in studying the effect of greatly
stabilizing secondary structure on cellular uptake.

Optimizing cell permeability is perhaps the greatest challenge in developing
stapled peptides for intracellular targets. In chapter 4, a structure-based computational
approach was used to incorporate an Args sequence into the peptide SP4 to greatly
enhance binding affinity and cell permeability. R4K1 is shown to inhibit transcription of
ER-regulated native genes by gPCR and reverse estradiol-stimulated proliferation in

MCF-7 cells. To confirm the findings, RNA-Seq was used to show that R4K1 globally
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reduces E2 gene regulation in MCF-7 cells. An LDH assay was used to asses the
cytotoxicity of R4K1 on MCF-7 cells. R4K1 was not significantly toxic at efficacious
concentrations; however, toxicity became observable at treatments above 30 uM. The
mechanism of toxicity has not been fully elucidated. Moving forward, cellular assays
should be designed to determine if the toxicity is mechanism/pathway-dependent or non-
specifically mediated through destabilizing membrane integrity.5® Alternatively, off-target
interactions may include other nuclear receptors that are mediated by LxxLL binding
motifs.!1° Biotinylated analogs of R4K1 could be used to perform affinity pull-down mass
spectrometry on cellular lysates to identify additional binding targets.

Mutant forms of ER have recently been discovered in drug-resistant forms of ER+
breast cancer.??2 The most common mutants, D538G and Y537S, provide tumor cells
significant resistance to traditional endocrine therapies.'*® In chapter 5, the coactivator
binding inhibitor R4K1 was shown to bind with high affinity to the mutant estrogen
receptors, and new stapled peptides with even higher affinity are reported. Gamma-
substituted stapling amino acids with phenyl, benzyl, and phenethyl substituents were
prepared to enhance binding selectivity for mutant receptor D538G. The peptide SP4-
SBZ shows the greatest selectivity for D538G at ~6-fold. Additionally, a structure-activity
relationship of modifications to R4K1 shows that binding affinity can be enhanced >10-
fold by including a gamma-methyl group, lactam bicyclization, and substitution of leucine
to cyclohexylalanine within the LxxLL binding pocket. The biological activity of the
functionalized peptide R4K1-MCB is currently being investigated. Initial experiments
show that the peptides with higher affinity for ER (R4K1-MCB and R4K1-SPE) also induce

the highest level of toxicity. An additional correlation is that peptides with higher affinity
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are also more hydrophobic. Previous reports suggest hydrophobicity and high positive
charge may be correlated with non-specific disruption of membrane integrity.>> One
important approach moving forward will be to develop higher affinity analogs of R4K1 that
cause no appreciable toxicity so that the biological effects of higher doses can be
characterized in cellular assays. A starting point for generating these peptides may be to
perform alanine and aspartic acid scans of R4K1. The peptide library developed from this
approach could be tested for affinity and non-specific cell lysis to identify amino acid sites
that can be modified to obtain peptides with lower hydrophobicity and decreased positive
charge.

Estrogen receptor and steroid receptor coactivators are expressed at elevated
levels in breast cancer. Therapies targeting estrogen receptor are often initially effective;
however, clinically approved modulators of this protein-protein interaction network lose
efficacy in some cases of metastatic cancer. Our hope is that coactivator binding inhibitors
such as R4K1 will be more effective at inhibiting the function of ER/SRC interactions in
these cases of resistant disease. If proven effective in metastatic models, these chemical
probes will validate a mechanistic pathway for inhibiting the growth of ER-positive
metastatic breast cancer and serve as a starting point to translate coactivator binding

inhibitors towards clinical application.
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