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ABSTRACT OF THE DISSERTATION

Exploring a Hypothetical Giga-Library of Synthesizable Macrocyclic

Composites for the Identification of New Ligands for Protein Surfaces

by

Ishika Saha
Doctor of Philosophy in Chemistry
University of California, Los Angeles, 2021

Professor Patrick. G. Harran, Chair

Many actively pursued pharmacological targets are difficult to drug using conventional small
molecule therapeutics because they lack conventional binding sites. These so called
‘undruggable’ targets typically interact with other proteins via shallow, solvent exposed interfaces.
Peptidomimetic macrocycles have the potential to mediate such systems because the embedded
peptide can mimic native protein structure and recognition elements, and the ring structures
contribute to structural preorganization, lowering entropic penalties upon target binding.
Compounds of this type having precise shapes and drug-like character are coveted, but are
relatively difficult to synthesize. Our lab has developed methods to synthesize shape-defined
macrocycles from small linear peptides. These experiments run as processes, wherein designed
templates react incrementally with unprotected oligomers to form composite products. The
resulting compounds retain molecular recognition elements in the oligomer, yet display that
functionality as part of stable polycyclic structures. Our experimental work is based on
proteinogenic amino acids and the reactivity of their nucleophilic side chains. However, using
unnatural amino acids, the hypothetical scope of the chemistry becomes vast and far outpaces

the capacity of our experimental format. Here, we describe the development of a computational



rendering of our experimental platform, Composite Peptide Macrocycle Generator (CPMG). This
open-source platform simulates our multi-step reaction chemistry using a large, tailored monomer
set. We have used the algorithms to anticipate product outcomes of >2 billion processing
sequences. We have further developed software to generate three- dimensional structures for
each product. Every library member has feature constraints meant to increase the probability of
it being bioavailable. We discuss efforts to merge our experimental and computational abilities
into a single, iterative workflow to discover new macrocyclic ligands for challenging protein
targets. We describe new computational tools and techniques to allow rapid, flexible docking of
conformationally dynamic ligands onto multiple protein targets. We describe experiments to
validate predictions by synthesizing novel arene amino acids and engaging them in
macrocyclizations to generate previously unknown ring systems. We show how the interplay

between calculations and synthesis can offer insight into molecular properties and applications.
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Introduction

Macrocyclic small molecules are expanding the repertoire of lead compounds for drug
discovery." Their ring structures scaffold extended pharmacophores and also offset entropic costs
for receptor binding.>™* Macrocycles have been identified as enzyme inhibitors, as GPCR
agonists/antagonists, as modulators of protein—protein interactions (PPIs), and as inhibitors of
enzymes with solvent-exposed or cryptic binding sites.>” In certain instances, macrocyclic
structures have been shown to better discriminate between proteins bearing close structural
homology.® Synthetic macrocycles are being advanced to clinical testing with increasing
frequency.®

Peptide-derived macrocycles are especially attractive for targeting protein surfaces,
because the embedded peptide can mimic native protein structure and recognition elements.®°
Myriad techniques exist to prepare cyclic peptides, and powerful biosynthetic platforms have
emerged that generate cyclopeptides by the billions."'~"® Screening these collections has enabled
the discovery of protein ligands that prove useful in many areas of research. In spite of this
promise, in the forty years since the discovery of cyclosporine as a membrane-permeable and
orally bioavailable drug, efforts to anticipate related structures with comparable properties have
had limited success."”'® The majority of cyclic peptides above a kilodalton in mass fail to passively
permeate cell membranes. There remain great opportunities to discover new, smaller peptidyl
structures that bind target proteins tightly and selectively, and also have useful pharmacological
properties.

High-resolution structures, mutagenesis, and computational studies of protein interaction
surfaces show that binding determinants are often localized, despite relatively large contact areas
and variable secondary structure at PPI interfaces.'®? Aromatic amino acid side chains are
prevalent at these locations and contribute significantly to affinity and selectivity.?® Molecular

shape and conformational dynamics are also decisive.?* Based on these observations, over the



past decade, our lab has developed synthetic methods to amalgamate small peptides with
designed scaffolding reagents to create composite macrocycles having diverse ring connectivities

25—

and embedded heterocyclic motifs (Fig. 1A).2>-3* Aromatic side chains are directly engaged during

25-3 and have

2 or 3 step processing sequences. We have characterized hundreds of examples
shown that product structure and properties can depart markedly from those of the starting
oligomer (e.g. Fig. 1B). Our experimental work is based on proteinogenic amino acids and the
reactivity of their nucleophilic side chains. However, by exploiting abiotic building blocks, we can
vastly expand the potential scope of this chemistry far beyond our capacity for synthesis. This

dissertation documents our approach to capitalizing on this new and promising chemical space.

A Experimental Synthesis Platform

multi-stage
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Figure 1. A. We have developed synthetic methods to amalgamate designed scaffolding reagents with
peptidyl oligomers to afford macrocyclic composites. The scope of the chemistry is broad and B. it can
markedly alter the shape and properties of starting materials. C. Based on established reactivity patterns,
we have written software to predict > 2 billion hypothetical product outcomes.

Ongoing advances in synthesis, molecular biology, and computer technology are enabling

high-speed, high-fidelity calculations for in-silico drug design and discovery. Although virtual



screening has been an aspirational field for decades, new discoveries are being made at an ever-
increasing rate. The first reports of successful lead identification through screening mega- and
gigascale small molecule libraries were described in 2019-2020.3°% Improvements in protein—
ligand interaction modeling, the power of computational resources and new technologies for high-
resolution protein structure determination provide a bright outlook for virtual screening — both as
a complement to experimental high throughput screening and, increasingly, as a cheaper, faster,
and more accessible alternative. As synthetic chemists, our own journey into this field was
motivated by a desire to systematically probe chemical space defined by products emanating
from in-house experimental procedures. The number of hypothetical products that could be
accessed by this methodology far outpaced our experimental capacity. As a surrogate, we
developed a computational rendering of the platform (Fig. 1C); and what began as a thought
experiment emerged as a promising new resource for protein ligand discovery.

Along those lines, Chapter 1 describes our development of the computational platform,
Composite Peptide Macrocycle Generator (CPMG), to simulate our synthetic methodology (e.g.
Fig. 2), on a scale comparable to output numbers of biosynthetic libraries.®' We describe our
development of computer algorithms to predict outcomes of more than 2 billion processing
sequences, as well as software to generate accurate three-dimensional structures for each
product. Every library member has feature constraints that increase the probability that these new
substances will be bioavailable: molecular weight < 1200 Da, total polar surface area < 200 A2,
<10 rotatable bonds, and fewer than five hydrogen bond donors. Chapter 2 details our efforts to
integrate the giga-library into a large-scale virtual screening pipeline for filtering and prioritizing

macrocyclic molecules against protein targets of interest.>”

Protein surfaces are computationally
analyzed to determine promising sites for ligand binding. Using molecular docking tools,
molecules from the giga-library are virtually screened against these sites and prioritized on the

basis of both anticipated bioactivity and pharmacological properties. Chapter 3 documents our

efforts to experimentally test the veracity of the computational platform. We probe the synthetic
3



tractability of a subset of virtually generated molecules — from their input building block form in
the virtual database through incorporation into final macrocyclic composites. Through this work,
we hope to demonstrate that while both experimental and computational methods are invaluable
for drug discovery, combining these tools into an integrated platform with multiple feedback points

can circumvent the bottlenecks of each approach in isolation.

Trp-Trp-Tyr D-Trp(5-Br)-Met-B3(qiunolizin-4-one)
X
0CO,t-Bu
F (o]
3steps [ T, Atom mapping to
OSu simulate steps

Br

R=

Experimentally synthesized Computer simulated structural variant

Figure 2. CPMG tests the generality of the chemistry employed in our experimental platform and allows
us to broaden the scope of product outcomes. Over 400 building blocks were systematically permuted and
processed using reactivity rules derived from in house reaction sequences to generate a library of
peptidomimetic macrocycles.

Finally, the work described in chapter 4 documents our efforts in a separate area of interest
— identifying small molecule mimics for selectively targeting the Ghrelin O-Acyl Transferase
(GOAT) enzyme.® Ghrelin is a 28-residue peptide hormone produced by stomach P/D1 cells
located in oxyntic glands of the fundus mucosa. Post-translational octanoylation of its Ser-3
residue, catalyzed by GOAT is essential for the binding of the hormone to its receptor in target
tissues.’**! Physiological roles of acyl ghrelin include the regulation of food intake, growth
hormone secretion from the pituitary, and inhibition of insulin secretion from the pancreas.*?-
5 Inhibition of GOAT has thus emerged as a promising avenue for addressing metabolic disorders

such as Type Il diabetes. We describe the synthesis and activities of small lipopeptidomimetics



that inhibit GOAT in vitro. These molecules compete directly for substrate binding. We further

describe the synthesis of heterocyclic inhibitors that compete at the acyl coenzyme A binding site

(Fig. 3).
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Figure 3. A. GOAT-catalyzed octanoylation of pro-ghrelin is a critical part of ghrelin maturation.
Exogenously produced circulating ghrelin acts at its receptor in the hypothalamus, where it is believed to
modulate energy homeostasis. Ghrelin also acts in the pancreas to suppress insulin response to blood
glucose. Systemic inhibition of GOAT is expected to reduce circulating levels of acyl-ghrelin levels, leading
to improved insulin response to glucose challenge. GOAT is weakly inhibited by active acyl ghrelin, and

more potently by the structures in panel B, developed in our lab.
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1. Computational Generation of an Annotated Gigalibrary of

Synthesizable, Composite Peptidic Macrocycles

1.1 Introduction

Our lab seeks to identify novel structural settings in which macrocycles can retain ancillary
polar groups yet achieve a useful balance of cell permeability and aqueous solubility (Fig. 1). We
have designed scaffolding reagents that are easily integrated into peptide structure to afford
diverse ring connectivities and embedded heterocyclic motifs.'®2' These structural features have
been shown to improve target binding, the ability to passively transverse lipid membranes and
resist proteolytic degradation.'? Our methodology uses multiply reactive templates, G1-G3, which
are activated in stages to react with unprotected polyamides to form macrocyclic composites (Fig.
1). The methodology was designed to allow systematic alteration of product topology and
properties by engaging a broad range of native peptide functional groups in carbon-heteroatom
and carbon-carbon bond forming reactions. Our experimental studies have demonstrated that
templates G1-G3 engage aromatic side chains (including but not limited to phenol, indole and
imidazole) on the polyamides to participate in Friedel Crafts alkylation, metal-catalyzed allylic
substitutions (a.k.a Tsuji-Trost reactions), and N-acyliminium ion-mediated cyclizations.'®?' For
example, macrocyclization under Pd°-catalysis affords C-O or C-N bonded macrocycles wherein
chemoselectivity is switchable by the addition of Cs2COz3 (1 or 2). Macrocyclization under acidic
conditions generates C-C bonded products (3-9) via electrophilic aromatic substitution (EAS),
many of which also incorporate polycyclic motifs via sequential, diastereoselective N-acyliminium
ion cyclization of the P1 side chain along with macrocyclization (4-6, 9). G3 is able to itself
participate in N-acyliminium ion promoted EAS reactions in the absence of an aromatic side chain
at P1 to yield structures such as 7-8. Reaction of G1 and G2 with Trp-Trp-Tyr produces N-
acyliminium ion-mediated bridged endo-pyrroloindolines 3 and 5.
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Figure 1. Generalized schematic and representative outcomes of our synthesis platform. Templates
indicated in blue and oligomers indicated in grey.

Within the well-established reactivity patterns exemplified by G1-G3, we envisioned a
platform wherein the methodology could be extended to a much broader range of oligomers.
These would be assembled not only from a- amino acids, but also B2 and B*- amino acids in both
enantiomeric forms. The side chains on these monomers could conceivably harbor diverse, drug-
like heterocycles, chosen for their susceptibility to engagements by G1-G3. Such alterations could

provide property advantages over products of biosynthetic methods which largely arise from
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natural amino acids. This thought experiment presented a unique challenge — the possible
outcomes far outpaced our experimental capabilities. We therefore turned to a computational
rendering of our synthesis platform (Fig. 2) to systematically assess the scope of reaction
outcomes. Herein we describe our program, CPMG (Composite Peptide Macrocycle Generator),
which we have used to generate an in-silico library of >2 billion composite macrocycles resultant
from multi step reaction sequences. We have also adapted conformational search methods? to
create Confbuster++, which is able to generate three-dimensional conformations of library
members rapidly. The ultimate goal for this work is to enable virtual ligand discovery for diverse

structurally characterized protein targets.
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Figure 2. A computational rendering of our synthesis platform.

1.2 Library generation and conformational analysis
Our computational platform consists of two components: (1) CPMG, for generating a

library of two-dimensional macrocycle structures from a set of user defined building blocks, and
12



(2) ConfBuster++, for generating the conformers for each macrocycle. Both of these components
are written in Python 3.6.8 and rely primarily on the open-source framework RDKit?® (see Methods
for details).

The platform is described in detail in the following sections, and a general workflow is
schematized in Fig. 4. In brief, our library is generated using a pool of amino acid derivatives
incorporating several drug-like and conformationally restricting motifs (Fig. 3). These building
blocks are systematically permuted by CPMG to generate linear oligopeptides that are
subsequently bound to templates G1-3. Template-bound sequences are then converted to
macrocyclic structures based on rules derived from experimental observations and calculations
for site reactivity. The macrocycles are finally filtered according to property criteria and analyzed

using Confbuster++ for assessments of shape diversity (Fig. 5).

1.2.1 Building CPMG

Heterocycles 9-25 in Fig. 3 were extracted from the VEHICLe (virtual exploratory
heterocyclic library) database built by Pitt et al.>* This database contains a set of 24847 aromatic
ring systems generated using a random forest-based method, of which over 3000 ring systems
were predicted by a decision tree method to be synthetically tractable. Some of these motifs have
been experimentally synthesized since the time of publication, but many remain hypothetical. In
choosing our heterocycles, we arranged VEHICLe by the number of hits the structures generated
in the Beilstein database, based upon their incorporation into drug like molecules. Heterocycles
with a nitrogen centered lone pair oriented orthogonal to = plane of the aromatic system were not
considered based on the assumption these would protonate under acidic conditions and resist
EAS - consistent with our experimental observations. Since many of the chosen VEHICLe
heterocycles were not characterized in the literature, DFT optimizations using wB97X-
D/def2TZVP (Gaussian 16 RevA.03)*>?® were performed on all structures having multiple

tautomeric forms. The most energetically favorable tautomeric state was included in subsequent
13
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Figure 3. Substrate library (see Experimental Appendix, Fig. S1, for full
list). Green dots indicate sites of incorporation into amino acids.

were

subsequently formulated into
o -0-, L-p%- and L-p3- amino

acids and their
corresponding enantiomers. Proteinogenic amino acids (both D and L forms), along with a set of
known, conformationally restricting proline analogs 31-40 (see Experimental Appendix, Fig. S1
for full list), were added to the set of building blocks. Peptides of varying length (3 to 5 monomer
units) were produced from the cartesian product of the set with the rule that each must contain at
least one cyclization competent nucleophile. Trimers were allowed to harbor at most two

heterocyclic side chains, and tetra- and pentamers were allowed to contain no more than 3

heterocyclic side chains. Additionally, the C-terminal carboxyl group of all trimers and tetramers
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was capped with an N-ethyl-R unit (R = 1-30 in Fig. 3). Pentamers were excluded from this last

step in anticipation of molecular weight cutoffs.
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Figure 4. Schematized workflow for CPMG.

The macrocycle enumeration step in CPMG replicates our synthetic processing
sequences whereby macrocyclic composites are afforded from Friedel Crafts alkylations, metal
catalyzed allylic substitutions (Tsuji-Trost) and N-acyliminium ion mediated cyclizations. In
enumerating macrocyclic products, CPMG first adds templates G1-3 to each oligopeptide in the
substrate library wherein the templates are atom-mapped to form two bonds with the peptides —
(1) an amide bond with the peptide N-terminus or amine bearing side chain, and (2) a bond
between the distal cinnamyl carbon atom and a nucleophilic side chain. Experimentally — the latter
may be formed via Friedel Crafts alkylation or Tsuji-Trost substitution, and the linkage at the
amide bond can be further diversified into condensed ring polycycles via N-acyliminium ion
mediated cyclizations when using templates G2 and G3.

The in-silico enumeration of macrocycles is simplified by the predictable nature of our
incremental synthesis. For instance, all C-C bond formations depend entirely on EAS reactivity.
The opensource program, RegioSQM, published by Jorgensen et al., is able to identify the most
reactive nucleophilic atoms in heterocycles by systematic simulated protonation of all carbon

atoms followed by a comparison of the relative free energies of incipient ionic states.?” We
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analyzed heterocycles 9-30 using RegioSQM and results were incorporated into CPMG as site
selectivity predictors. Since regioisomeric outcomes are experimentally observed in oligopeptides
having multiple reactive sites, all such outcomes are also allowed in CPMG. Generated data was
fully consistent with experimental observations where available. Pictet—-Spengler products were
generated by allowing bond formations at RegioSQM predicted nucleophilic sites exactly 6 atoms
away in G2, (e.g. 4-6 in Fig. 1) or 5 or 6 atoms away in G3 (e.g. 7-8 or 9 respectively in Fig. 1)
from the a-carbon of intermediate N-acyl iminium ions. In situations where N-acyliminium ion
capture is not possible in G2, we allow formation of unsaturated N-alkyl pyrrolidinones. This is not
implemented in G3 as the quaternary center prevents formation of the same. Rules were also
encoded for indole containing oligopeptides to reflect experimental outcomes (eg. 4 in Fig. 1)
wherein ansa-bridged pyrroloindolines are formed through main chain capture of indolenium ion
intermediates formed by cinnamylation at the indole 3-position.

Since RegioSQM does not extend to predicting sites of heteroatomic nucleophilicity,
compounds containing heteroatomic linkages resultant from allylic substitutions were generated
on the basis of computed pK, values The underlying assumption is that a nucleophile attached to
a sufficiently acidic hydrogen will participate effectively in the Tsuiji-Trost catalytic cycle, consistent
with literature precedent and in-house data.?® Heterocycles in the substrate library having
heteroatom bound hydrogen atoms were analyzed using the Jaguar module of Schrédinger
Maestro in H2O at pH 7.4.%° Computed values were incorporated into CMPG such that heteroatom
bound hydrogens with pK, < 13.5 (in H.O) were allowed to bond to the distal cinnamyl carbon
atom in G1-G3. To increase the probability of the library being populated with structures having
useful pharmacological properties, the initial collection was filtered using guidelines advocated for
achieving cellular permeability and oral bioavailability."*'® Scanning mono-N-methylation of
secondary amides was applied to all generated macrocycles and only structures having MW <

1200 g mol™, nrot < 10 and TPSA < 200 A? were retained.
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1.2.2 Conformational search: ConfBuster++

The identification of shape diverse molecules necessitated the employment of a rapid
conformational search algorithm. The use of traditional conformational sampling algorithms for
large scale macrocyclic conformer generation is challenging due to the torsional complexity of
macrocyclic ring architectures. Native RDKit conformer search methods, as demonstrated by
Ebejer, have been shown to quickly produce reasonable three-dimensional structures.* However,
the authors note that these are not well suited to macrocycles. Moreover, the native RDKit
conformer search methods treat alkenes as isomerizable units and are biased towards generating
cis- alkenes when applied to cyclic alkenes, regardless of the input two-dimensional structure.
This is problematic when applied to our library as experimentally we only observe trans-alkenes
in the macrocycles generated from G1-G3. To overcome this deficiency, we implemented the
filtration method outlined by Landrum,®-3? for filtering out three-dimensional structures with
inverted double bond stereochemistries. While this worked for most structures, it failed to produce
any conformers for a subset of macrocycles despite several attempts with various native RDKit
embedding methods (ETKDGv2 and random coordinate generation). We subsequently shifted
our focus to the following family of conformational search algorithms.

An algorithm introduced by Jacobson® et al. for predicting protein loop structure has
shown success in generating low energy macrocycle conformers by a different analysis. This
method involves cleavage of macrocycle rings into an acyclic form, conformational searches, and
then systematic sampling of dihedral angles in order to permit reformation of the bond that was
cleaved. Any resulting conformers that have atom clashes or torsions in non-allowed
Ramachandran regions are filtered out for cyclic proteins. Thereafter, sidechains conformations
are optimized by a similar process before a final energy minimization step. This general
conformational sampling method has been adapted into two other variants: Posy et al.’s

|,34

proprietary MacroModel,** and Barbeau et al.’s opensource ConfBuster.?? In order to maintain

continuity with CPMG, we have ported ConfBuster to an RDKit based implementation, which we
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call ConfBuster++. The RDKit implementation of ConfBuster++ allows us to more easily maintain
data associated with our macrocycles through the conformational sampling stage, as well as
easier parallelization on our cluster. A detailed discussion of the algorithm is included under
Methods.

To demonstrate the ability of ConfBuster++ to generate low energy macrocycle
conformers it was compared to published conformation search methods.>*3*° The two
cyclopeptides cyclo-(Pro-Ser-leu-Asp-Val) and cyclo-(Arg-Gly-Asp-phe-([N-Me]Val)) (also known
as cilengitide) were used as model systems to maintain consistency with published data.?* A
tool for an extensive conformer search is CREST.*® This software package provides a conformer
search at a higher level of theory using the GFN2-xTB tight binding DFT functional® in
combination with a metadynamic sampling and genetic z-matrix crossing approach.
ConfBuster++ was able to find macrocyclic conformers for both model systems with only small
deviation in the backbone when compared to CREST. Overlays of optimized lowest energy
conformers generated by CREST and ConfBuster++ for both model systems are shown in Fig. 5.
The backbone root mean square deviation (RMSD) for cyclo-(Pro-Ser-leu-Asp-Val) and cyclo-

(Arg-Gly-Asp-phe-([N-Me]Val)) are 0.43 and 0.21 A, respectively. We have further demonstrated

the ability of ConfBuster++ to generate correct backbone conformations in comparison to another

Figure 5. Overlay of the lowest energy conformer found by ConfBuster++
(blue) and CREST (pink) for A. cyclo-(Pro-Ser-leu-Asp-Val) and B. cyclo-
(Arg-Gly-Asp-phe-([N-Me]Val)). The macrocycle backbone structures are
highlighted.
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published method based on molecular mechanic force fields® wherein ConfBuster++ is much
less computationally expensive (see Experimental Appendix, Fig.S4).

Execution times for ConfBuster++ were benchmarked on UCLA’s computer cluster using
a subset of 10° macrocycles randomly selected from our library. The conformational sampling
was done in parallel using a job array of 4500 jobs, where each job was allocated a parallel
environment of 8 shared memory processing units and 25 GB of RAM. As a result, each job
processed 222 macrocycles. The average runtime per macrocycle at each peptide length is as
follows: 275 s for trimers, 355 s for tetramers and 407 s for pentamers. Larger macrocycles have
longer runtimes due to the increased number of cleavable bonds within the macrocycle ring, which
necessitate more iterations of the main algorithm (see Methods, Fig. 9). In comparison, the
extensive conformer search in CREST took 96 and 48 CPU hours for cyclo-(Pro-Ser-leu-Asp-Val)

and cyclo-(Arg-Gly-Asp-phe-([N-Me]Val)), respectively.

1.3 Shape diversity of library members

A given biological macromolecule imposes a shape selection for binding partners, and
molecules possessing shape complementarity would thus be expected to display higher binding
affinities. Molecular shape has been further demonstrated to be a key factor in promoting passive
permeation.'>34! Although clear guidelines in this regard are yet to established, shape diversity
of small molecule libraries has been cited as a fundamental indicator of functional diversity.*? With
future screening applications in mind, we sought to probe the shape diversity within our own
library.

In order to conduct shape assessment, we randomly chose a subset of 1 million structures
to serve as representatives of the entire library. A commonly used method for measuring
molecular space coverage is the calculation of normalized principal moment-of-inertia (PMI)
ratios. Upon calculation of these values for the 1 million randomly chosen structures, we were

pleased to find coverage of the PMI plot in almost its entirety (Fig. 6B). This is in contrast to other
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virtual databases and experimental datasets in the literature, wherein there exists a

preponderance of rod-shaped molecules.***® Our macrocycles occupy unexplored regions of
chemical space and present opportunities for identifying novel ligands.
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Figure 6. A. Histograms showing distributions of (left to right) molecular weight, total polar surface area
and rotatable bonds across the subset of 10,000 structures; B. (left to right) PMI plot for 1 million randomly
chosen structures; PMI plot for algorithmically selected subset of 10,000 structures.

To make visual assessment of some of these structures more practical, we decided to
probe a smaller set of 10,000 structures while still retaining this spread. Towards this, we
conducted principal component analysis (PCA) on the 1 million structures using five three-
dimensional molecular descriptors in RDKit to generate two principal components. Intuitively, a
subset of maximally diverse structures, when represented in Euclidean space, would incorporate
those that make up the smallest convex shape containing the data. The convex hull algorithm is
an efficient algorithm for finding the sets of points that enclose this convex shape. We thus
implemented this on the generated PCA data. The PMI plot for the algorithmically chosen 10,000
structures is shown in Fig. 6B wherein, as desired, the spread of the original set has been
retained. Table 1 displays examples of structures at each vertex of the triangle and for each
template G1-3. Descriptions of the PMI, PCA and convex hull algorithms employed are detailed

in Methods. Histograms for property distributions within our filters are shown in Fig. 6A.
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Conformational dynamics are key drivers of passive permeability and target binding. As
exemplified by cyclosporine A, “chameleonic” molecules that can alternately shield or expose
polar functionality depending on solvent environment may be both membrane-permeable and
water-soluble.'>'**! Equally however, conformational rigidity minimizes entropic costs upon target
binding, enabling a molecule to achieve higher affinities."® Thus, an interplay between these
often-contrasting properties is key to the success of an inhibitor. We were pleased to observe a
broad range of conformational rigidity across library members, as illustrated by the structural
overlays of the five lowest energy conformations for each molecule in Table 1. Conformational
variations largely arise from side chain bond rotations rather than deviations in the macrocyclic
backbones. Furthermore, as anticipated, structures bearing proline residues (R2, D1, D3 and S2)
are less flexible than structures lacking the same. The number of conformations observed under
our chosen thresholds (within 5 kcal/mol of the lowest energy conformation and > 0.5 RMSD
between conformers) vary based on the number and lengths of side chains.

Table 1. Representative structures at vertices of the PMI triangle; R, D and S under ‘shape’ stand
for rod, disk and sphere shapes respectively. Numbers 1, 2 and 3 under ‘shape’ represent the
presence of G1, G2 and G3 templates respectively in the shown molecules. Structural overlays
shown for the five lowest energy conformations. Molecular weight (g/mol), and number of

conformations (conf) observed within our used ConBuster++ thresholds (within 5kcal mol™ of the
lowest energy conformer and over 0.5 RMSD of each other) are listed under ‘Shape’.

Shape Space Filling Lowest Energy
MW/g mol™ Structure Model Conformations

R1
691.8
g/mol

13 conf

R2
698.8
g/mol

20 conf




R3
795.9
g/mol 40
conf

D1
816.0
g/mol

13 conf

D2
728.8
g/mol
5 conf

D3
882.1
g/mol
5 conf

S1
762.9
g/mol

24 conf

OH
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S2
996.2
g/mol

10 conf

S3
1096.2
g/mol
7 conf

The larger objective of this work is to use constrained macrocycle libraries as a resource
for virtual screening. For those studies to be successful, predicted binding interactions will need
to be experimentally validated. Our prior experimental results suggest a majority of
macrocyclization reactions simulated by CPMG will proceed.'®' In a series of studies, we
demonstrated that the phenol of tyrosine and the indole of tryptophan react internally with the
cinnamyl carbocation — regardless of the distance between reacting positions in acyclic
precursors.'®?° Heterocycles shown in Fig. 3 were chosen as approximate isosteres of phenol or
indole, such that CPMG would be predicting variable structures with the reactivity framework
previously established using tyrosine and tryptophan. The macrocycles in Table 1 are revisited in
Fig. 7 wherein this comparison is supported by more rigorous computations.

DFT calculations (wB97X-D-SMD(methanol)/6-31G(d)) in Gaussian16 RevA.03 were
performed to quantify the free energy of activation, AG*, of the rate determining step of EAS
between each heterocycle and an allyl cation model reactant, TS. From these calculations we find
the sites predicted by RegioSQM?” on almost all heterocycles to be under or within a few kcal/mol
of AG* values observed at reactive sites on phenol and indole. This suggests facile engagement

of the heterocycles relative to known participants, as anticipated by CPMG, and thereby makes
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successful synthesis of library members probable. Moreover, our experimentally studied

sequences were assembled almost exclusively from a- amino acids, whereas CPMG further

- CPMG substrate heteroycles were hand picked based upn careful consideration
of their anticipated reactivities being similar to those of phenol and indole
- all reactions in CPMG were encoded to closely reflect experimental observations

Figure 7. Calculated free energies of activation (AG¥) for the reaction of the indicated
heterocyclic positions with the allyl cation, TS. AG* values in kcal/mol. Reaction sites with
AGH* values comparable to those calculated for phenol and indole are likely participants in
ring forming electrophilic aromatic substitutions. CPMG oligomers harboring multiple
reactive sites result in regioisomeric macrocycles, analogous to experimental outcomes.
Asterisks (*) denote sites where DFT calculations (wB97X-D-SMD(methanol)/6-31G(d))
indicate barrierless, entropically controlled reactions.
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incorporates B-residues. The extra methylene units serve to increase translational degrees of
freedom and thereby reduce incipient ring strain during macrocyclization events.

To demonstrate access to library members, consider entry D2 in Table 1. AG* of the
thiazolopyridinone in D2 is determined to be 4.2 kcal/mol (Fig. 7), 2 kcal/mol lower than for the
reaction with phenol at the ortho position (see Experimental Appendix, Fig. S5, Table S1). CPMG
thus predicts a structure fully consistent with experimental methods data. D2 would derive from
L-N-Me threonine carboxamide, two unnatural amino acids (Scheme 1) and template G2. Solid
phase assembly of monomers followed by N-terminal acylation with G2 would provide 41.
Treatment with aqueous acetic acid would then initiate hydrolytic degradation of the
tetrahydrooxazine ring to form an intermediate N-acyl iminium ion that could capture the proximal
pyrrole. Concentration and subsequent exposure to TFA in MeNO_ would heterolyze the cinnamyl
carbonate and the resultant carbocation would engage the thiazolopyridinone in an electrophilic
substitution reaction to afford D2. This molecule could be made on milligram scales in three facile
steps from a machine-made tripeptide. The structure could be readily reduced, oxidized and
derivatized. Moreover, replacing G2 with G3 in the processing sequence would give a modified
macrocycle displaying a terminal alkyne for derivatizations and tagging, enabling further analysis
of structure activity relationships in binding and functional assays. We expect any member of the

CMPG library to be similarly accessible and manipulated.
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Scheme 1. CMPG generates complex structures that can be synthesized readily from amino acid
monomers and functionalized templates.
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In the case of D2, no regioisomeric macrocycles are anticipated. For macrocycles having
multiple reactive sites, we would obtain distributions of products arising from macrocyclizations at
each reactive nucleophilic position (as for D1, $2, R3, S3 in Fig. 7). C-O linked S1 would be
afforded under Pd catalysis, whereas a C-C bonded regioisomer would be formed under acidic

conditions upon engagement of the phenothiazine.

1.4. Conclusions and outlook

There is a trend towards increasing complexity in small molecule drug discovery
research.*’ The functions sought for small molecules are increasingly sophisticated. Among
diverse chemotypes studied as drug leads, peptidomimetics and cyclic peptides are prominent."
311 They are obvious candidates for protein binding and the field has surged with the use of DNA-
templated reactions, in-vitro biosynthesis, codon-reprogramming and phage display.®"° These
powerful technologies generate large product libraries. In the case of cyclic peptides, however,
they often produce large, conformationally flexible structures with poor pharmacological
properties. We have developed a synthetic alternative wherein small linear peptides are
amalgamated with design inserts. Our composite products retain molecular recognition elements
in the peptide while displaying that functionality as part of stable, conformationally defined
polycyclic structures. The potential scope of the chemistry is enormous, but the experimental
format has throughput limitations. To fully explore possible products, we developed CPMG as a
computational rendering wherein our synthetic methodology is simulated on a scale comparable
to output numbers of biosynthetic libraries.

Our experimental methods were designed to be general, and CPMG tests the limits of that
generality. Monomeric building blocks were created using all natural and 53 unnatural side chains
in 12 backbone variations (a/p%/p3, L-/D-, methylene/ethylene-appended) of each. Oligopeptides

were combinatorically generated, resulting in 2,020,794,198 macrocyclic structures of multi-step
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sequences using designed templates G1-G3. Using ConfBuster++, we were additionally able to
conduct rapid, large-scale conformational analyses.

Fragment based databases have been utilized in the literature to generate unique small
molecule structures.*” However, we are aware of only a limited number of open-source tools to
generate and analyze libraries of compounds at this level of molecular complexity. Moreover,
CPMG is a means to augment and focus experiments in an integrated discovery platform — by
computationally assessing, within constraints of property filters, which of these 10° molecules
have potential to selectively interact with target protein surfaces. Recent improvements in both
hardware and software make possible high fidelity, high speed docking simulations of millions of
conformationally dynamic structures. Physics-based scoring functions such as DOCK, AutoDock
Vina and smina have demonstrated predictive value.*”*° In recent years, deep learning models
for ligand docking, scoring functions, and virtual screening have also emerged.*>*' Convolutional
neural networks have been advocated for protein-ligand scoring due to the number of parameters
these systems generate relative to traditional scoring functions. As understanding deepens and
docking implementations are refined, CPMG/ConfBuster++ could provide a unique ligand

discovery resource for all types of structurally characterized proteins.

1.5. Methods

CPMG and ConfBuster++ are both written in Python 3.6.8 and rely primarily on the open-
source framework RDKit (release 2019.03.2).% Additionally, CPMG incorporates data generated
using third-party software RegioSQM and Jaguar, and ConfBuster++ employs OpenBabel 3.0.0.

CPMG code can be found at: https:/github.com/e-dang/Composite-Peptide-Macrocycle-

Generator.git and ConfBuster++ code can be found at: https:/github.com/e-

dang/ConfBusterPlusPlus.

A note on reaction implementation in RDKit: RDKit recognizes and implements reactions

based on so-called “reaction templates”. To avoid confusing this with our experimental templates,
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referred to as G1-G3 in this manuscript, we will refer to the RDKit reaction template as RRT in

the following text.

1.5.1 CPMG

Virtual library generation was performed using CPMG, which follows the schema outlined
in Fig.8. CPMG requires four types of user defined building blocks from which all macrocycles
derive: electrophilic templates, linking motifs (Experimental Appendix Fig. S2), amino acid
backbones, and heterocycles. G1-G3 in Fig.1 were used as our set of electrophilic templates, CH>
and CH2CH: chains were used at linking motifs with o, f2, B> amino acid backbones. Heterocycles
were chosen as described in Section 1.2.1. Optionally, CPMG may accept intact, user defined
monomers to be used for peptide generation. These may or may not participate in reactions with
the templates.

The set of selected heterocycles (Fig. 3 and Experimental Appendix Fig. S1), along with
the linkage motifs (Experimental Appendix Fig. S2) were input to the SideChain Mutator
component of CPMG, which not only allows methylene but also any other user defined linking
motifs (Fig. 8). The side chains along with the user defined set of amino acid backbones
(Experimental Appendix Fig. S3), were subsequently passed to the MonomerGenerator
component which produces a monomer for each combination of sidechain and amino acid
backbone (Fig. 8). Monomers produced in this step were left with undefined stereochemistry,
deferring stereochemical resolution to the macrocycle enumeration step (vide infra). The EAS
regioselectivity and heteroatomic pK, values for all aromatic containing side chains and
monomers (both CPMG generated and user defined) were incorporated from RegioSQM and
Jaguar respectively. RegioSQM calculations were simulated in € = 35.87 in order to approximate
experimental nitromethane conditions. pK, values were generated for all acidic hydrogen

containing heterocycles as described in Section 1.2.1.
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Using these predictions, RRTs were generated by CPMG’s ReactionGenerator (Fig. 8) for

N-acyliminium ion capture, EAS, heteroatomic allylic substitution reactions between the cinnamyl

electrophile and all predicted nucleophiles. The side chain mutation, monomer and reaction

generation steps were performed together as a single serial job with 1 GB of RAM.
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Peptides of specified length (trimer, tetramer, and pentamers) were assembled by the
PeptideGenerator (Fig. 8) using the set of monomers. Each monomer was uniformly selected at
random for each position of the peptide, with the constraint that all peptides must have at least
one monomer capable of participating in an EAS reaction. Additionally, trimers and tetramers
were allowed to contain at most two heterocycles and pentamers were allowed three. The
PeptideGenerator was also encoded to generate peptides that are C-terminally “capped” with N-
ethyl-R units where R was uniformly selected at random (R = 1-30, Fig. 3). Each eligible peptide
was duplicated and C-terminally capped in oligopeptides where the maximum number of
heterocycles had not been reached.

The set of peptides were then combined with G1-G3 (Fig. 1), via amide linkage in the
TemplatePeptideGenerator, forming template bound oligomers (Fig. 8). This procedure produces
at least 3 cinnamyl template-peptide hybrids for each peptide. However, more can be made if
there are any primary or secondary amine containing side chains (not including guanidine)
present on the peptide. This allows for peptides containing residues such as lysine, to produce
more than 3 cinnamyl template-peptides. Peptide and template-peptide generation was
performed together in an array of 3 jobs (one job for each peptide length), where each job was
allocated an 8-slot parallel environment with 16 GB of RAM.

The cinnamyl bound oligomers were then input to the MacrocycleGenerator, which applies
the relevant RRTs to each cinnamyl bound oligomer in sequence, producing the set of
macrocycles (Fig. 8). Additionally, the MacrocycleGenerator applied mono-methylation and
carboxyl to amide transformations to each macrocycle and permuted the stereochemistry at each
stereocenter forming all combinations of enantiomers. The MacrocycleGenerator then filtered out
any resultant macrocycle that had a molecular weight = 1200 Da, number of rotatable bonds 2
10, or TPSA = 200 A2, Macrocycle generation was performed with 1500 job job array (500 jobs
per peptide length) where each job was allocated an 8-slot parallel environment and 12 GB of

RAM.
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1.5.2 ConfBuster++

Conformers for a subset of 1 x 10° randomly selected macrocycles were generated using
ConfBuster++. Fig. 9 depicts the pseudocode for the main algorithm in ConfBuster++, which we
extracted from ConfBuster. Implementation details have been left as function calls within the
pseudocode, as how they are accomplished greatly depends on the molecular representation one

is working with (Fig. 9).

Algorithm 1 Main algorithm for generating low
energy macrocycle conformers

Inputs: M, N,., Ng’ Dmin ,Emax

1 bonds[] < find_cleavable_bonds(M)

2 for bondin bonds[] do

3 cleave_bond(M, bond)

4 dihedrals[] « find_dihedrals(M)

5 conformers,[] — rotate_dihedrals(M, dihedrals[], N,)

6 fori=0to N, do

7 reform_bond(conformers,.;)

8 conformers,[] — genetic_algorithm(conformers, ;, N,)
9 forj=0to N, do

10 minimize_energy(conformers, ;)

11 end for

12 conformers,[] « filter_conformers(conformers,[1, Dyn, Epay)
13 end for

14 end for

15 return conformers,[]

Figure 9. The pseudo code for the main Algorithm in ConfBuster++. M is the
macrocycle, Nr is the number of conformers to find via dihedral rotations, Ng
the number of conformations to generate via the genetic algorithm, Dmin the
minimum RMSD between conformers, Emax the maximum energy difference
between the lowest and highest energy conformers.

The algorithm begins by identifying all cleavable bonds within the macrocyclic ring, where
a cleavable bond is defined as any single bond, that when cleaved, will result in a linearized
molecule. A constraint requires the single bond to not be between double bonds or two chiral
atoms (Fig. 9, line 1). The latter constraint is to prevent stereochemical inversion at those
stereocenters. For each cleavable bond, the following sequence of operations are performed on
the macrocycle (Fig. 9, line 2). First the bond is cleaved, and the dihedral angles composed of

the atoms that were in the macrocycle ring are identified on the resultant linearized molecule (Fig.
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9, lines 3 - 4). These dihedral angles are then rotated systematically, starting from the dihedrals
farthest from the cleaved atoms and ending on the dihedrals that contain the cleaved atoms (Fig.
9, line 5). Once the cleaved atoms are brought into a distance between 1.0— 2.5 A of each other,
the resulting conformation is retained, and the process repeats until N, = 15 number of conformers
are generated in this manner (Fig. 9, line 5). For each of the N, conformers, the cleaved bond is
reformed, and each resultant macrocycle conformer is feed into OpenBabel’s genetic algorithm,
producing Ny = 5 conformers (Fig. 9, line 8). Each Ny conformer is then subjected to energy
minimization using RDKit's MMFF94s force field (Fig. 9, lines 9 — 10). The resulting conformers
are then filtered based on RMSD and energy, where all conformers must have greater than Dpin
= 0.5 A RMSD and no greater than Enax = 5 kcal mol™ energy from the lowest energy conformer
(Fig. 9 line 12). The set of all filtered conformers are stored in conformers[], which is eventually
returned to client (Fig. 9, line 15). Conformer generation was performed with an array of 4500
jobs (1500 jobs per length of peptide) where each job was allocated an 8-slot parallel environment

and 9.6 GB of RAM.

1.5.3 CREST.

Conformer searches in CREST Version 2.7.1%°

were performed using the iIMTD-GC
workflow in combination with the GFN2-xTB tight binding DFT functional*® as implemented in XTB

Version 6.2.%2 Default settings were used except for an energy window of 5 kcal/mol.

1.5.4 Algorithms for Analysis.

PCA was implemented using the Scikit-learn Python library to generate two principal
components. The features chosen for conducting PCA were calculated using the RDKit
Chem.Descriptors3D module and are as follows: Asphericity, Eccentricity, Inertial Shape Factor,

Radius of Gyration and Spherocity Index. The variance ratio for the amount of variance explained
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by each component was 57:27. The principal axes in feature space for the aforementioned
features across the two components respectively were as follows:

[[0.51630555 0.44168347 0.56647178 0.4563838 0.09574887]

[-0.22203754 0.0528527 -0.11022665 0.5093864 -0.82236337]]
Following PCA, the convex hull algorithm was applied iteratively to the set of coordinates
produced. At each iteration, macrocycles corresponding to the convex hull of the data were added
to the set of maximally diverse structures. These points were subsequently removed from the
data, and the process was repeated until a set of at least 10,000 structures were chosen by the
algorithm. PMI plots were generated using the Matplotlib library in Python. Normalized principal

moments ratios were calculated in RDKit using the Chem.Descriptors3D module.
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2. Virtual Screening and Prioritization of CPMG Structures

2.1 Placing virtual screening in the context of experimental screening platforms

Broadly speaking, two main ligand screening strategies exist — system-based screening
and target-based screening. System-based screens monitor how compounds elicit cellular
responses in disease relevant models, while target-based methods interrogate the physical
association of compounds with discrete protein targets." An analysis of 113 first-in-class drugs
between 1999 and 2014 found that 70% arose from target-based screens, while 30% arose from
system-based methods.? The success of the target-based approach has been attributed in part
to the success of large-scale operations such as random or high throughput screens (HTS),
fragment-based screens and DNA-encoded libraries (DEL).

Since its advent in the 1990s, HTS has become a bedrock technology for drug discovery.
Small molecule libraries are routinely screened for activity against targets without a need for a
priori knowledge of biological properties or mechanism of action. HTS assays are typically
performed in microtiter plates in 96-, 384-, or 1536-well formats.® A biological entity of interest is
incubated with a unique compound in each well, and analyzed. Robotics and automation
technologies allow for handling of large numbers of compounds, enabling data collection at a rate
of ~100,000 points per day. An estimated 30% of clinical candidates originate from such empirical
screens.* Examples include DPP IV inhibitor sitagliptin (Januvia) and factor Xa inhibitor
rivaroxaban (Xarelto), to name just two.> While previously limited to lead discovery in large
pharmaceutical firms, these facilities are now increasingly used for basic and applied research in
academic institutions as well.®

While clinical candidates are rarely identified directly from HTS, these efforts seed
chemistry optimizations and SAR (structure activity guided relationships) studies. HTS offers the
unique advantage that it can be used on a broader range of targets than approaches that require

upfront knowledge of the target or ligand. Intuitively, this suggests that the success of a screening
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campaign hinges on library size, quality (chemical purity) and, importantly, the structural diversity
and novelty of library members. Early compound collections for HTS were assembled mainly from
pharmaceutical companies’ internal activities, as well as acquisitions of largely non-exclusive,
commercially available compound sets.® The advent of combinatorial chemistry accelerated the
growth of libraries, but these methods tended to produce large libraries with limited diversity.
Given that novel or therapeutically challenging targets often necessitate new chemotypes, an
emphasis on incorporating library members from underexplored or unprecedented chemical
space has emerged.”®

Consider, however, that the number of possible small organic molecules is estimated to
be 10%°.° To put that number in context, the CAS database — one of the world’s largest — annotates
~ 108 known compounds, and just a fraction of those have been synthesized. Thus, even billions
of molecules constitute a tiny fraction of potentially bioactive structures, and brute screening is
intractable. Moreover, physical compound collections for HTS must be sourced, housed,
distributed, and screened, all of which require equipment, buildings, people, and laboratory
supplies. In fact, the cost of developing a new drug is roughly $2 billion, and lead identification

t.1° This raises the question —

and optimization contribute approximately a quarter of that amoun
given the practical constraints of time and resources, what is the optimum composition of a
screening collection?

In February 2017, the Danish biopharmaceutical company Nuevolution announced it had
created a library of 40 ftrillion discrete molecules for screening. This number may seem
implausible, and in the context of HTS, it would be. But all of Nuevolution’s compounds were
stored in a single Eppendorf tube using DNA-encoding technology and could be handled by one
person for screening. In terms of throughput, DNA-encoded libraries (DEL) have revolutionized
screening. Since being described as a ‘thought experiment’ by Lerner and Brenner over 25 years

ago, DEL screens have recently become a mainstay in drug discovery." The most common way

of using DEL treats the DNA like a bar code. The idea is to tag chemical building blocks with
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unique DNA sequences and divide these into wells on a plate where they can react with other
small organic molecules (Fig. 1). Thereafter, a second sequence of DNA is ligated to the resulting
products, thus encoding the reactions that occurred. This process can be repeated to create
millions of compounds in just a few iterations. The final molecules are pooled and combined with
a biological target of interest, such as an enzyme, and anything that doesn’t bind to the target is
washed away. After several iterations of washing, the remaining binders are analyzed by their
DNA tags via PCR amplification.'? Other forms of DEL harness the specificity of DNA base-pairing
to additionally direct reactivity. The most successful application of the latter approach is towards

synthesizing and identifying macrocyclic peptide lead compounds.™
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Figure 1. DNA encoding technology allows small molecules to be tagged with unique DNA sequences.
These tags act as 'bar codes' for the rapid transformation of bringers in high throughput screens.

Despite DEL’s advantages, the technology is not without its challenges. For instance, in
the absence of biochemical assays, target binding does not necessarily imply that hits will show
desired activity. Another significant bottleneck is that any chemistry used to create a DEL must
be operable in an aqueous environment, and at pH > 4. The most common chemistries that can
support high yielding, DNA-compatible reactions include amidations, SnAr displacements, Suzuki-
Miyaura couplings, reductive aminations, Fmoc-removal and sulfonylations.'? Ring-closing
metatheses and cross coupling reactions have been achieved, but these typically require large

amounts of catalysts.’'®> While ongoing efforts will undoubtedly expand the repertoire of DNA-
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compatible reaction chemistry, existing constraints limit the types of structurally intricate
molecules that can be prepared and evaluated in this format.

The size and complexity of chemical space thus make computational tools particularly
attractive. An in-silico library not only eliminates expenses associated with maintaining real
compound collections, but provides other advantages as well. For instance, the physiochemical
properties of molecules can dictate their ability to not only bind to targets, but also passively
permeate cell membranes and resist metabolic degradation. These properties can be extensively
annotated in virtual libraries. Using these annotations, compounds having empirically derived,
‘drug-like’ structural features can be readily identified and prioritized. Not surprisingly, several
large pharmaceutical firms now incorporate in-silico screens into their discovery pipelines. In the
context of academic research, in-silico screening exercises overcome the limitations of scale.
Medicinal chemistry campaigns typically require extensive resources to synthesize, analyze and
assay lead compounds. As a result, synthetic platforms designed to generate potentially bioactive
molecules often remain underexplored. Virtual, albeit hypothetical, molecules present the
opportunity to visualize chemical space and prioritize synthesis without the associated costs. This
chapter documents our efforts in deploying the CPMG giga-library (Ch. 1) in virtual screening
exercises and creating prioritization filters to identify new ligands for structurally characterized

proteins.

2.2 Comparing CPMG to other virtual libraries

Several pharmaceutical companies maintain in-house virtual libraries, but to the best of
our knowledge, these are proprietary. The first such database was created by Pfizer in
enumerating a collection of 10" virtual compounds (PGVL)."® The most recent and also the
largest existing virtual library was presented by Merck KGaA. The so-called MASSIV space, if
one could enumerate it, offers a dizzying 10?° molecular possibilities using in-house synthetic

procedures." In comparison, the number of approved drugs in DrugBank is just over 10,000.
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Lilly,” Boehringer-Ingelheim'® and AstraZeneca are other companies that also have their own
virtual libraries. In 2019, several big pharmaceutical firms, including those mentioned above,
announced the MELLODDY project, which would allow participating firms to gain access to each
other’s screening libraries for building and training predictive models.?® Although privacy and
control over all intellectual property remains with individual firms, the adoption of in-silico drug
discovery methods by big pharma on the scale of the MELLODDY project is a testament to the
approach’s advantages.

Public databases play a crucial role in computer-aided discovery because they provide
data for building knowledge-based models that facilitate the design of new, drug-like molecules.
PubChem, ChEMBL, NCI, ChemSpider, DrugBank, Scifinder and Reaxys, among many others,
contain large repositories of chemical information such as structural and physical properties of
compounds, experimental procedures, reaction pathways and biochemical data. Importantly, and
in contrast to the other virtually enumerated libraries, the vast majority of structures included in
these databases have been previously synthesized and characterized. These databases are thus
especially important in Al-driven applications that attempt to score synthetic tractability. One
database in particular — DUD-E (Database of Useful Decoys) — is worth noting as a useful tool for
benchmarking the performance of new docking or screening protocols. DUD-E is freely available
and contains 102 protein targets, 22,886 known active ligands and 50 decoys for each active
ligand. The protein targets within this set include GPCRs, kinases, proteases and nuclear
receptors.?' Its main purpose is to serve as a benchmarking dataset to ensure that new docking
methods can distinguish known active molecules from decoys.

Increasingly, libraries containing hypothetical but synthetically tractable molecules derived
from reaction chemistry are becoming available to the public. The first and largest of these in
terms of ready-to-dock 3D structures is ZINC.?? ZINC was launched in 2005 as a database of 3.5
million small molecule compounds compiled from vendor catalogs. At the time of this work, ZINC

has just under a billion structures, and the majority of these are commercially available. A
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significant fraction of these also have associated three-dimensional structures that are ready to
dock. The growth of ZINC was led by the Shoichet and Irwin labs at UCSF who, in a recent study,
generated new structures by importing several thousands of building blocks from Enamine, a
Ukraine-based chemical vendor.?® Although not strictly speaking a virtual database provider,
Enamine provides a so-called ‘library on demand’ service. Their molecular building blocks, which
are available online, can, on request, be subjected to time-tested reaction sequences to generate
products that are delivered to customers in approximately 3 weeks. If enumerated, the chemical
space of the Enamine catalogue (referred to as Enamine REAL Space) would be about 14 billion
compounds. Less than 3% of the compounds in the Enamine space are commercially available
elsewhere, and their success rate of synthesis is reported to be about 80%. The company also
maintains the Enamine ‘REAL database,” which is a smaller catalogue of 1.36 billion fully
enumerated molecules. Another comparable library is SCUBIDOO, containing 21 million
products.?* These molecules were generated from approximately 8000 building blocks in 58
robust reactions by combining a maximum of two blocks in each case. These generated structures
are not commercially available but are synthetically tractable.

Another approach, adopted by the Chemical Space Project, is to enumerate all possible
molecules that obey the rules of valence. Using this idea, the Raymond group at the University of
Berne developed the generated database (GDB), which in its first version contained 26.4 million
molecules based on 11 heavy atoms.?® As of the most recent release, GDB-17 contains 166 billion
molecules made up of 17 heavy atoms.?® The algorithms for GDB proceed by (i) exhaustively
enumerating molecular skeletons, (ii) eliminating those with excessive strain, (iii) refining the
remaining ones by enumerating bond orders and atom types, including heavy atoms such as C,
N, O, S and halogens and (iv) eliminating molecules that violate rules of valence or contain
unstable bonds. Portions of the GDB have been used for virtual screening, but the database has
also found utility in other applications. A recently published machine-learning model for predicting

molecular quantum properties used a portion of the GDB as its training set.?” This study
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exemplifies that while many virtual chemical libraries were built with virtual screening applications
in mind, they possess a wide range of utilities beyond their intended use.

Given the deficits of docking software, a large percentage of hits are expected to be false
positives, and thus ease of access to virtually enumerated molecules is critical to the success of
large screening exercises. While many chemical libraries reasonably prioritize this aspect of
library building, the issue can present itself as a double-edged sword. Prioritizing ease of access
often results in library molecules being low in molecular weight and planar. This presents
challenges for mediating therapeutic targets such as protein-protein interactions (PPls), which
have shallow pockets or crevices with large hydrophobic areas. Molecules that disrupt these
systems tend to be larger and more lipophilic than traditional small molecule drugs and often fall
into the category of bRo5 (beyond the rule of 5 — vide infra) compounds.?*~* The remaining virtual
libraries, including one designed in our own lab (CPMG),*' enumerate this part of chemical space
(Table 1).3273¢

Table 1. Existing Virtual Chemical Libraries

Category Database Composition Utility
Lilly PLC 2016
Boehr-Ing. BICLAIM
Propriet 2012 Not publicly availabl
roprietary Pfizer PGVL 2008 ot publicly available
AstraZeneca AZ Space
Merck MASSIV 2018
Enable
synthetic/biochemical
CAS Many, if not most, of research
ChEMBL these struc_:tures have Provide data for building
Public repositories PubChem been previously training and test sets
ChemSpider synthesized and/or s '
. . which in turn can be
DrugBank reported in the literature d for benchmarki
DUD-E used for benchmarking

new methods

Enable virtual screening

Public; most molecules Enabling ultra large

Chemical vendors

commercially available

(Sigma-Aldrich, etc.)

Mix of precedented and
unprecedented, lower

virtual screening
exercises, where a high
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Enamine REAL molecular weight number of false
Database compounds positives is likely
Enamine REAL Space

Provide access to make
WuXi AppTec on demand libraries
LabNetwork Collection
ZINC15

GDB17

CPMG (constrained Provide access to new

peptidomimetic Majority are chemical entities for
macrocycles) unprecedented but virtual screening
Public; molecules may CHIPMUNK synthetically tractable
be commercially (heterocycles, drug like structures; occupy both  May prove to be useful
unavailable molecules) ’ Ro5 and bRo5 chemical for mediating
VAM (macrolides) space challenging therapeutic
: targets without known
CycloPs (cyclic binders

peptides)

While synthetic accessibility remains a priority, the compounds in this category are
inherently larger and often more structurally complex on account of the targets they are designed
to bind. For instance, whereas many of the databases mentioned earlier are compiled by
combining small molecule fragments in one- or two-step reaction procedures (such as the majority
of final products in the MW ~ 300 Da chemical space), CPMG anticipates macrocyclic products
of multi-step reaction sequences, leading to compounds that on average have molecular weights
of ~ 800 Da. Despite being larger, these compounds arise from oligopeptidic precursors resultant
from simple amide bond linkages of amino acid precursors and derivatives. Final products are
afforded by engaging aromatic side chains on the polyamides using well-established protocols
such as Friedel Crafts alkylation, metal-catalyzed allylic substitutions and N-acyliminium ion-
mediated cyclizations. Structurally rigidifying features such as polycyclic motifs and ansa-bridges
are built into the molecules as a direct consequence of the reaction mechanism. The resulting
macrocycles retain ancillary polar groups, yet can achieve a useful balance of cell permeability
and aqueous solubility.**™*° These features are expected to improve target binding and the ability

to passively transverse lipid membranes and resist proteolytic degradation.*'?
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The databases listed in the last category are young, and their utility remains to be
demonstrated; however, they may provide a crucial, albeit specific, role in virtual discovery
screening. Examining PMI plots of available molecular databases reveals that a preponderance
of rod-shaped molecules exists in most databases, but a library like CPMG covers underexplored
parts of chemical space (Fig. 2). In a similar vein, empirical analysis of orally administered FDA
approved drugs suggests that bro5 compounds having molecular weight <1000 Da, total polar
surface area <250 A? and fewer than 20 rotatable bonds are more likely to be bioavailable.?41-43
Given that virtual libraries offer the unique opportunity to annotate and prioritize molecules in light
of such guidelines, the vast majority of CPMG structures have molecular weights between 700-
850 Da, 6-10 rotatable bonds and a maximum polar surface area of 200A%. With these advantages

in mind, the remainder of this chapter documents our efforts in deploying CPMG as a novel

resource for driving protein-ligand discovery.
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Figure 2. An analysis of PMI plots for existing datasets reveals a preponderance of molecules occupying
the rod-disk axis, likely due to an overrepresentation of Ro5 compliant molecules in these datasets.
Libraries incorporating greater numbers of bRo5 compounds, such as CPMG, can provide access to
underexplored parts of chemical space.
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2.3 The docking paradigm

Docking algorithms model the interactions between small molecules and proteins at the
atomic level and thereby estimate the energy of binding. Docking results can be used to infer
bioactivity, to characterize the behavior of small molecules in binding sites and to elucidate
biochemical processes. The docking process involves two basic steps: sampling (or pose
prediction) and scoring. The first step predicts ligand configuration and conformation in the protein
binding site(s), while the second step calculates binding affinity values for the predicted pose(s).**
6 |t is worth noting that while docking algorithms are able to assess binding interactions, they
cannot distinguish agonists from antagonists, and the term ‘inhibitor’ is often used loosely in the
literature to indicate small molecule binders. Similarly, protein targets are often referred to as
‘receptors,’ independent of their true biological identity.

For many protein targets, binding site locations can be gauged by comparing a target
protein to a family of proteins in the PDB (Protein Data Bank) that share similar functions and are
co-crystallized with other ligands. However, ‘blind docking’ may also be performed on targets
without known active sites. Many computational methods can locate putative ligand binding sites
on protein surfaces using geometric criteria to find clefts and surface depressions.*’ This issue is
discussed in greater details in section 2.5. Fig. 3 shows the typical workflow employed in our
docking studies. Regardless of whether the active site was known, the basic inputs of our
screening pipelines were a target structure — either experimentally resolved or computationally
modelled — and a library of small molecules. Structure preparation involved assigning the correct
charges and torsions, among other features, to both the target protein and ligand molecules. This
is crucial for producing high quality data and occurs outside the main docking program. (Pre-
processing details for docking are documented in scripts provided in the Experimental Appendix.)
Following processing, each compound in the input library was virtually docked into a defined

binding site by sampling various poses to achieve optimal ligand-protein complementarity of steric
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Figure 3. Core workflow of screening pipelines employed in this chapter.

and physiochemical factors. Depending on the docking program used, a mathematical algorithm
then quantitatively evaluated the fithess between the docked compound and target to generate a
score. The scoring function discriminates favorable interactions between the ligand and protein
from unfavorable interactions — in other words, binders from inactive compounds. In any docking
workflow, two conflicting requirements must be met — the desire for accuracy and the desire for
computational efficiency. As a result, scoring functions are designed to estimate, rather than
calculate, the exact binding affinity by adopting various assumptions and simplifications. Scoring
functions can be broadly classified into force-field-based (FF), empirical and knowledge-based
methods and the studies below employ all three in different implementations (vide infra). In recent
years, consensus scoring methods have also become popular, whereby programs combine a few,
or several, different scores to assess ligand poses.*® A hit is identified when a pose scores well

under several different scoring schemes. Adoption of this strategy has been demonstrated to
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improve library enrichments,*® and the utility of this approach is highest when terms in the different
scoring functions are uncorrelated.

Docking is computationally challenging because there are many ways of interfacing two
molecular surfaces. For instance, even as rigid bodies, combing all patches of the surface of a
protein with all patches of a second protein takes 107 trials.*® While ligands are typically much
smaller, the computational problem becomes equally profound when considering the virtual
screening of billions of compounds. With six degrees of translation and rotation and multiple
conformational degrees of freedom for each entity, implementing full conformational flexibility in
docking is challenging. With computational constraints in mind, the earliest elucidation of the
protein-ligand binding mechanism was the lock-and-key theory proposed by Fischer, in which the
ligand fits into the target as a key.®' Accordingly, both the ligand and protein target are treated as
rigid bodies, thereby significantly limiting the search space. The rigid body approximation has
been justified in some cases by comparing protein structures in their bound and unbound states,
where only side chains in the active site are found to change conformations. Additionally, ligand
flexibility under this model can be addressed by using a set of pre-computed ligand
conformations.® However, since proteins, and especially enzymes, show conformational
flexibility, Koshland proposed a more sophisticated induced fit theory that treats both the ligand
and protein as flexible entities.>® Koshland’s model suggests that a protein’s active site is
continually reshaped by interactions with the ligand during the binding process. In line with this,
typical docking workflows assume that the ligand binding pose is near the protein-ligand
complex’s global energy minimum.** Since this ligand binding pose is the position of the ligand
co-crystallized with the respective protein, a co-crystal structure of a protein complex in the PDB
is often a suitable starting point for docking programs.

It is worth pointing out differences between the induced fit model and the models that
dominate biochemical literature. In the latter, a protein is assumed to pre-exist in a number of

energetically similar conformations. Under this assumption, biochemists define conformational
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selection as the process by which a ligand selectively binds one of the conformers. As a result of
binding, the percentage of that conformer in the overall protein population increases, creating the
observed effect.%® Conversely, conformational induction is used to describe a process where a
ligand converts the protein into a conformation that it would not normally adopt in its unbound
state. Importantly, the induced fit and biochemical models are equivalent from a thermodynamic
point of view. However, the conformational selection and induction models may be more
conceptually useful when considering and exploiting the phenomena encountered during drug
design.® For instance, consider the energy landscape depicted in Fig. 4, where a protein exists
in two conformations — P and P*, with an interconversion energy of AGconvert. Although the

=== Protein energy profile
=== Complex energy profile

barrier

AG

convert

Energy

AG

intrinsic

P*L

Time

Figure 4. Demonstrative conformational landscape of a protein-ligand binding event for a protein that exists
in two energetically distinct conformational states — P and P* (green energy profile). Although state P* is
higher in energy than state P of the unbound protein, the protein ligand complex P*L is more stable than
the complex PL (orange energy profile). Since the conformational state P* accommodates the ligand at the
global energy minimum in the bound state, it is not unreasonable to expect that the protein would prefer to
bind other ligands in a similar conformation. It would thus make the most sense to start docking calculations
against this protein in state P* rather than in state P. This in turn would make the binding affinity predicted
by the docking program more reliable. For this reason, a structure of a target protein co-crystallized with a
bound ligand is often a good place to start when undertaking a docking exercise. These structures are
readily available in databases like the PDB.
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unbound state P* has a higher free energy, it may offer greater scope of interaction with a ligand
L. As an example, P* may have hydrophobic areas that are solvent-exposed in the unbound state
but offer the potential for favorable interactions with hydrophobic moieties in a suitable ligand L.
Thus, interaction of the protein with L leads to conformational induction wherein a complex P*L is
generated that has a lower energy than that of complex PL. In the real world, slow binding kinetics
may be observed, given that P* is higher in energy than P, and an energy barrier AGparrier must
be surmounted before binding can take place.*® In terms of docking, it makes sense to start a
calculation for this protein with the structure in its conformational state P* rather than in the state
P (as the induced-fit model would also suggest).

The next few sections document our efforts in docking CPMG ligands. All the docking
studies described in this chapter treat the targets as rigid bodies. In addition, we used a
combination of rigid and flexible approaches to model the macrocyclic ligands for estimating
protein-ligand binding. We detail these efforts for four proteins — a clathrin adaptor protein and
HMD2 (human double minute-2 protein) as test systems, and MTHFR (5,10-
methylenetetrahydrofolate reductase) and GIPr (glucose-dependent insulinotropic polypeptide

receptor).

2.4 Developing a rapid conformational tool to perform initial screening exercises
Traditional molecular docking implementations, such as AutoDock Vina®” were designed
to analyze freely rotating small molecule compounds. When presented with input macrocyclic
ligands, these programs mark all macrocyclic bonds to be non-rotatable, and the backbones
consequently remain unperturbed during conformational sampling in protein binding sites.
However, it is now well established that in most cases, macrocyclic ring conformations play key
roles in protein-ligand binding. One can circumvent this limitation in docking by seeding
calculations with multiple, higher energy macrocyclic conformations to implicitly capture backbone

flexibility. In recent years, methods have emerged to treat the macrocyclic backbone as fully
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flexible during docking® (vide infra). Due to the relative simplicity of the implicit flexibility approach,
we opted to initially establish a large virtual screening pipeline for CPMG using this method as an
approximation. To enable large scale virtual screening with this approach, we would need to not
only generate conformations for several thousands of ligands, but also generate several (higher
energy) conformations per input structure. Adapting traditional conformational sampling
algorithms to perform large-scale macrocyclic conformer generation is complicated by torsional
complexities. We found that even sophisticated tools in the current Schrodinger Maestro suite
could not perform this task within the constraints of the computational resources available to us.
Given that our RDKit implementation of ConfBuster++ (CB++, Ch. 1) had greatly accelerated
runtimes on the UCLA Hoffman2 sever compared to competing methods, we opted to adapt this
program to suit our screening needs. We first looked to re-optimize program parameters to not
only have optimal runtimes, but also generate reliable sets of low and higher energy
conformations per input macrocycle.

The veracity of docking using an implicit flexibility approach to model macrocyclic
conformations is largely dependent on the quality of the input ligand conformation. There is an
important caveat to this approach. Ligand interactions with binding site residues play key roles in
stabilizing bound macrocyclic conformations, such that these conformations may not otherwise
be sampled in the ligand’s unbound state. For freely rotating small molecules, this is often a
surmountable issue, such that the bound conformation is accessed when the ligand undergoes
conformational sampling in the environment of the binding site during docking. In the absence of
backbone perturbations for macrocycles, this may not always hold true. In addition, solvent effects
are not considered during the dihedral sampling stage in CB++, thereby obviating any
consideration of dielectric effects during backbone optimization. Despite these limitations, our
priority was to create a fully integrated screening pipeline from CPMG through docking, and the
implicit flexibility approach was a convenient approximation. Subsequent efforts with explicit

flexibility models are described later in this chapter.
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A list of the key parameters used for conformational analysis in CB++ and their default
and optimized values are shown in Table 2. These ‘default’ parameters were identified during
benchmarking studies detailed in Ch.1 for reliably reproducing results of other conformational
search algorithms in the shortest run times. However, at the time, we had not attempted to
benchmark those parameters to any crystallographically resolved ligand structures. Now, for our
re-optimization studies, we chose to use the X-ray resolved structures of both the unbound form
and bound form of the macrocyclic FK506 ligand to its target FKBP12 (FK506-binding protein-12)
as a model system. Although FK506 is not a peptidic macrocycle, this system has been thoroughly
studied and X-ray structures of the unbound and bound form were readily available in the CCDC
(Cambridge Crystallographic Data Center) and PDB (Protein Data Bank) respectively. Our goal
was to identify optimal parameters for generating a conformation population that contained at
least one conformer that overlayed well with the bound and unbound form of the test-ligand in
each case. Achieving reasonable overlays against both crystal forms would theoretically imply
that we were adequately sampling both stable and higher energy conformations. The extent of
alignment was quantified in each case by calculating root mean square deviations (RMSDs)
between the backbone atoms of the respective overlaid structures. A key consideration while
optimizing parameters was to ensure that runtimes were not significantly increased as a result of
the changes. A complete list of attempted parameter optimizations is available in the Experimental
Appendix (Table S1 and Fig. S1), but key observations are discussed here. We found that
increasing -r or -m increased runtimes from less than 1 min to over 2 hours without greatly
improving observed RMSD values. On the other hand, changing -ff, -eps, -e or -rmsd moderately
affected runtimes but did not significantly lower RMSD values. The best results (Table 2, RMSDs
in entries x and xi) were obtained when -n and -N parameters were increased as shown, and the
scoring method in the genetic algorithm was changed from ‘energy’ to ‘rmsd’. In general, scoring
evaluates the fittest conformers to retain from a conformation population by applying the chosen

force field. Scoring through ‘energy’ simply identifies the next lowest energy conformer, whereas
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using RMSD in the scoring option retains the conformer;.s with the highest RMSD to conformer;.
Typically, using the energy option generates the most stable, low energy conformations while the
RMSD option generates a more diverse set of conformations. Using this option with an increased
number of both (i) backbone conformers generated during rotamer search, and (ii) resulting
macrocyclic conformers passed on to the genetic algorithm allowed us to obtain much improved
RMSDs for both bound and unbound states of the test ligand. Improvements in RMSD for the
unbound structure were greater than for the bound structure (Table 2, entries x and xi). As
discussed earlier, this is not surprising when optimizing the ligand structure in absence of the
protein.

Table 2. Re-optimized parameters for conformer generation in CB++ for integration with virtual
screening. RMSD values obtained with default vs. optimized parameters are shown in rows (x)

and (xi).

entry argument | default optimized | definition

(i) -r 1 1 Number of times each linearized macrocycle is
subjected to the sequence of random embedding,
rotor search and genetic algorithm sampling

(i) -m 3 3 Number of conformers embedded per cut

(iii) -n 15 30 Number of conformers generated by rotamer
search per cut

(iv) -N 5 15 Number of clash free conformers where the bond
is reformed and passed on to the genetic algorithm

(v) -ff MMFF94s | MMFF94s | Force field used during minimization

(vi) -eps 0 0 Dielectric constant applied during minimization

(vii) -e 5 5 Maximum energy difference between the lowest
and highest energy conformation

(viii) -rmsd 0.5 0.5 Minimum RMSD threshold that two conformers
must be apart to be retained in the final population

(ix) -S energy rmsd Score to use in the genetic algorithm

Lowest RMSD among generated conformations relative to X-ray structures of:

(x) Unbound | 1.4 A 0.9A

structure
(xi) Bound 1.1A 0.8A
structure

A

Figure 5. Overlay of conformers from ConfBuster++ (blue) and CREST (pink; A and B) or crystal structures
(pink; C) for (A) cyclo-(Pro-Ser-lue-Asp-Val); (B) cyclo-(Arg-Gly-Asp-phe-([N-Me]Val); (C) (left to right)
geldanamycin, pectenotoxin, FK-506.

54



We also evaluated the ability of these re-optimized parameters in CB++ to reproduce the
macrocyclic backbones of other X-ray resolved, or CREST generated structures (Fig. 5) and
found RMSDs below 1 A in each case. With these parameters in hand, we were able to generate
sets of as many as 50 lowest energy conformations per macrocycle and were poised to perform
initial macrocycle docking calculations against protein targets of interest. Following preliminary
docking studies with CB++, we later refined the implicit flexibility strategy using new explicit
flexibility models in collaboration with Prof. Stefano Forli at the Scripps Research Institute (section

2.6).

2.5 Protein structure analysis for identification of promising ligand binding sites
One of the targets we were interested in screening against was the protein-protein
complex of the glucose-dependent insulinotropic polypeptide (GIP) and its receptor (GIPr) (Fig.
6).”° Incretins released in response to food intake potentiate insulin secretion from pancreatic -
cells after oral glucose ingestion. This response is signalled, in part, by the GIP hormone through
binding and activation of its cognate class Il G-coupled protein receptor — GIPr. Since this so-
called incretin effect is lost or significantly reduced in patients with type 2 diabetes, this system
has attracted considerable attention for use in antidiabetic therapy.®® The binding interaction
between GIP and GIPr is greatly facilitated by the a -helical form of GIP, encompassing multiple
hydrophobic interactions and hydrogen bonding interactions along the length of the polypeptide
(key residues highlighted in leftmost panel of Fig. 6). The binding surface on GIPr is consequently
shallow, devoid of any spatially distinct ‘pockets’, and much too large to incorporate in its entirety
for molecular docking calculations. At the time of this work, there were also no known small
molecule binders for this target. Our first step was thus to identify a small, discrete area along the
surface to be used to define a binding site for docking calculations, bearing residues that might

participate in favorable enthalpic interactions with a putative ligand.
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Cluster # | Energy |

#points | Radius e v rg epv buriedness v¥buriedness”2/rg
ofN
1 -124.234000 310 6.127860 -0.400755 0.767188 29.775283
2 -65.265000 202 3.886281 -0.323094 0.748780 29.142464
3 -56.967000 172 4.084099 -0.331203 0.752688 23.859559
4 -41.214000 107 2.891342 -0.385178 0.785992 22.862350
5 -39.217000 94 2.764279 -0.417202 0.817427 22.721881
6 -38.821000 103 2.900363 -0.376903 0.798419 22.638447

Figure 6. AutoSite results for GIPr (PDB: 2gkh) with GIPr in grey and GIP in blue (left to right) Key
interacting residues highlighted in red; cartoon representation of GIPr with AutoSite generated clusters
indicated in mesh; co-crystallized structure of the protein-ligand complex with the key cluster indicated in
mesh in pink; (bottom table) AutoSite scoring of predicted high affinity clusters on the protein surface.
Columns from left to right: cluster index; energy e; number of grid points v; radius of gyration rg; energy
per grid point epv; buriedness = fill's buried surface area/fill's total surface area; empirical composite score
= v*buriedness”2/rg; highlighted row indicates key cluster identified.

Many computational methods can seed ‘blind docking’ exercises by locating putative
ligand binding sites on protein surfaces using geometric criteria to find clefts and surface
depressions.*” For instance, the program Surfnet identifies internal cavities and pockets of
proteins by placing virtual spheres into solvent accessible spaces between protein atoms.®® Other
geometry-based methods include Cast, Ligsite, Pocket and PocketPicker.t'** Energy based
methods, such as AutoSite,®® have also emerged, relying on potentials generated by probe atoms
or chemical moieties to define ligand binding sites. Interactions with probe atoms can be
condensed and clustered to generate pharmacophoric points that provide more detailed
information about the physiochemical properties in a binding site. We began our efforts using
AutoSite on the same test case as in section 2.4 — FKBP12, the results for which are shown in
Fig. 7. For FKBP12, AutoSite identifies four potential binding sites, which are rank ordered as a
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Cluster # | Energy

| #points | Radius e v rg epv buriedness  v*buriedness2/rg
ofN
1 -98.676 239 4.136347 -0.41287 0.81087 37.991196
2 -46.21 124 3.172605 -0.372661 0.780405 23.803792
3 -41.007 106 3.015638 -0.386858 0.789474 21.907963
4 -41.993 111 3.30676 -0.378315 0.802721 21.629655

Figure 7. AutoSite results for FKBP12 (PDB: 2fke) with FKBP in blue and FK506 in stick representation
in green (left to right) target protein with AutoSite generated clusters indicated in mesh; surface
representation of the same, demonstrating buriedness of generated clusters; co-crystallized structure of
the protein-ligand complex; (bottom table) AutoSite scoring of predicted high affinity clusters on the
protein surface. Columns from left to right: cluster index; energy e; number of grid points v; radius of
gyration rg; energy per grid point epv; buriedness = fill's buried surface areaffill's total surface area;
empirical composite score = v*buriedness”*2/rg; highlighted row indicates key cluster found at the ligand
binding site.

function of the number of identified high affinity points and buriedness per cluster. As seen in Fig.
7, the site on FKB12 where the ligand is co-crystallized aligns very well with the highest ranked
cluster. For a second model system to test the performance of AutoSite, we chose the surface of
one of our proteins of interest - MTHFR, for which a co-crystallized structure bound to its native
ligand, S-adenosylmethionine is available. This enzyme is involved in folate and methionine
metabolism and its disregulation in disease states is of interest to our collaborator Jared Rutter
(Utah / HHMI).%® We were pleased to observe correct identification of the known allosteric site by
AutoSite (data in Experimental Appendix, Fig. S2). Having established AutoSite performance
against both test systems, we now sought to analyze the desired target GIPr with AutoSite, the
results for which are shown in Fig. 6. We were pleased to find the second highest ranked cluster
encompassed the residues believed to form key interactions for the binding of GIP to GIPr

(indicated in sticks on the left and rightmost panel of Fig. 6). Using the coordinates of this discrete
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three-dimensional cluster as a definition for a binding site, we could now move forward with

docking calculations on this target.

2.6 Demonstrating the ability to find useful lead candidates for targets with known
binders

To identify candidate ligands for proteins having few or no known small molecule binders,
such as MTHFR and GIPr, we needed to first perform proof-of-principle experiments using
proteins for which reliable structural data with known binders was available. This information
would be used to drive the search, benchmark results, and also perform comparative
assessments of two computational pipelines: (i) CPMG/ConfBuster++ pipeline using implicit
macrocycle flexibility (section 2.4) in AutoDock Vina® on UCLA’s Hoffman2 computing cluster,
and (ii) CPMG/AutoDock-GPU®" with explicitly flexible macrocycles® available on the Scripps
Garibaldi cluster (in collaboration with Prof. Stefano Forli). The latter algorithm proceeds by
identifying a macrocyclic bond to break, obtaining the linear form of the molecule to be docked,
exploring conformations for that structure, and finally reconstituting the macrocyclic form.
Importantly, these steps occur in the environment of the protein binding site, such that protein-
ligand interactions are taken into account during conformational sampling. This strategy is a
refinement on the first protocol in that it may grant access to stabilized conformations that the
ligand may not otherwise adopt in the absence of the protein. Although fully flexible dockings are
typically more computationally expensive, the GPU accelerated program enables these
calculations in excellent runtimes (roughly 15,000 ligands in 6-8 hours).

Our first test target, HDM2, is an endogenous inhibitor of the p53 tumor suppressor
protein.®® Small molecule inhibition of the HDM2/p53 interface has been pursued for cancer
therapy.®®® For our experiment, we used the complex of HDM2 with a cyclic B-hairpin inhibitor
that mimics a p53 epitope (PDB:2axi, Fig. 8A). Our second test target, clathrin, plays a central

role as a mechanical scaffold in biological processes involving budding vesicles.”"’ For this
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system, we focused on the protein-protein interface between clathrin and a peptide derived from
amphiphysin 1, an accessory protein responsible for the regulation of clathrin aggregation.”™
(PDB:1utc, Fig. 8B). Our third and fourth targets were MTHFR (PDB:6fcx, Fig. 8C) and GIPr
(PDB:2gkh). This target set presented multiple challenges, from large interaction surface areas
(HDM2, clathrin, GIPr) to deep allosteric pockets (MTHFR). For each target we followed the same
basic protocol, composed of steps representing the core computational pipeline described earlier
in Fig.3. First, for each target, the protein surface was analyzed by means of the AutoSite software
to characterize the binding pocket (shape, volume) and its features (HB acceptor/donor,
hydrophobic). The results of the pocket analysis were used to drive the docking calculations,
which were performed with both (i) pre-generated ligand conformers (using CPMG/ConfBuster++

and AutoDock Vina) and (ii) fully flexible ligands (using AutoDockGPU).

Figure 8. (A) HDM2 (PDB:2axi); (B) clathrin (PDB:1utc); (C) MTHFR (PDB: 6fcx) (right to left) Known
binders of the respective targets. SMARTS patterns based on these structures were used to generate pre-
filtered ligand sets from CPMG in each case; top scoring CPMG ligands identified from the pre-filtered
sets; overlays of the known binders with the top scoring ligand in each case.
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One approach to large scale virtual screening is to first enrich ligand libraries on the basis
of native or known binders. Accordingly, CPMG subsets were generated for each protein on the
basis of the structural and chemical nature of their respective known binders. HDM2, clathrin, and
MTHFR were chosen to be our positive control experiments for assessing the impact of ligand
enrichment on docking results. For this, we implemented substructure matching in the CPMG
library based on SMILES or SMARTS patterns, physiochemical property criteria and three-
dimensional shape criteria of known binders (complete filtering criteria discussed in the
Experimental Appendix, Tables S3, S5-6 and Fig. S3). On this basis, a set of macrocycles
(10,000) harboring at least one endocyclic indole were selected for both HDM2 and clathrin. For
MTHFR, a set of 15,000 macrocyles containing the 2-amino-N-phenethylacetamide motif were
selected. Our fourth target, GIPr, was chosen to be our negative control experiment. In this case,
instead of tailoring a subset based on the known binder (GIP), we compiled a set of randomly
selected CPMG macrocycles. To incorporate maximum structural diversity in our random
selection process, we ensured that all macrocyclic backbone outcomes of our chemistry (Fig. 9A),
were included in equal numbers within the set. For this, we implemented substructure searches
using the eight patterns shown in Fig. 9B. Since we also wanted to demonstrate the feasiblity of

performing a larger scale screen on our server, we compiled a set of 100,000 ligands for this last

Figure 9. (A) General structural prototypes contained in CPMG; (B) scaffolding motifs queried from
the CPMG to generate initial macrocycle set for GIPr docking.

60



experiment — resulting in approx. 1 million unique conformations (~10 conformers per
macrocycle). Molecular docking was then performed on each set using AutoDock Vina and
AutoDock-GPU within the two pipelines described above (configuration files for docking detailed
in Experimental Appendix, Table S4).

Our preliminary results highlight important driving forces in the identification of potential
target binders from the gigalibrary. First, the presence of opportune chemical features in the
ligands is crucial for mapping onto known interactions and important target surface
characteristics. Overlays of ligands with high docking scores against the known binders for our
three positive control targets are shown in Fig. 8. As shown, pre-filtering of our gigalibrary on the
basis of known binders allowed us to identify ligands capable of closely matching the structural
features deemed essential for the binding of known inhibitors/substrates. For HDM2, clathrin, and
MTHFR targets, dockings identified top scoring poses that were able to recapitulate important
structural features of the known ligands found in the PDB complexes, including the key recognition
patterns essential for binding. This is a very encouraging result considering the low chemical
similarity of the ligands, but most importantly, the very small fraction of the gigalibrary considered
in these pilot dockings (5x10°%). Moreover, without using constraints or biases, the dockings
were able to match indole-based features of the known ligands at protein-protein interfaces (i.e.:
HDM2, clathrin; Fig. 8A-B) with indole-based features in the macrocycles, as well as hydrogen
bonding patterns. Interestingly, in both cases, macrocycles bearing two exocyclic indoles were
scored highest. For the MTHFR binding site (Fig. 8C), the adenine and the acidic portion of S-
adenosyl-L-homocysteine bound in the enzyme active site were matched, respectively, by
phenothiazine and carboxylate side chains on the macrocycle, while its backbone engaged a

hydrophobic pocket implicated in increased activity of known inhibitors.”™
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In contrast to the positive controls described above, no satisfactory matches were found
between the best docked macrocycles and the GIP residues responsible for binding interactions
with GIPr. This outcome was expected, and confirms the importance of the library pre-screen.
However, increasing the scale of virtual screening should have the same effect as manual library
enrichment. In the former case, ligand enrichment should occur naturally by sheer dint of
numbers. This was confirmed in the case of GIPr (Fig. 10) by comparing the top 100 docking
scores from screens of ~10,000 randomly selected CPMG molecules (in orange) and ~800,000
randomly selected molecules (in blue). As seen in in Fig. 10, the larger set not only had higher
scores, but also a larger standard deviation in the data set. This is an important consideration for
targets such as GIPr, where little is known about the active pharmacophore, and even a library of
100,000 ligands is not large enough to find hits.

We also found macrocyclic ¢

conformation to be essential for

placing binding features in their

optimal  position to interact o
effectively with receptor
functionality. Comparing flexible

macrocycle docking results to o

implicit flexible docking showed
that the sampling of ligand

conformations in the presence of .o

W 822,122 [ 9799

the protein faciliated subtle, but
Figure 10. Box and whisper plots demonstrating library

enrichment in the top 100 scores for a ligand set of 822,122
structures (blue) relative to a set of 9799 structures (orange). Y-
axis represents predicted binding affinities in kcal/mol. Lines in
boxes represent first quartile, median and third quartile from top to
. ) bottom respectively; x indicates the mean in each case; whiskers
scores. The flexible docking indicate minimum and maximum values in each dataset; dots
indicated outliers.

consistent structural perturbations

that resulted in higher docking
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protocol routinely involved conformers that were not sampled in implicit flexibility docking.

2.7 Implementation of property filters for anticipated membrane permeability to
prioritize hits from virtual screening

In 2012, it was reported that the number of new drugs approved per billion US dollars
spent in research and development (R&D) had halved roughly every 9 years since 1950 .”® This
trend is somewhat surprising given the technological advances that were made in R&D during
that period, including the advent of combinatorial chemistry, DNA sequencing, HTS platforms and
the entire fields of biotechnology and computational drug design. While the observed decline has
been linked to several underlying issues, it has been partly attributed to the fact that chemical
libraries used in screening exercises incorporate a limited number of chemotypes — and
particularly those that are deemed to have acceptable ADME (absorption, distribution, metabolism
and excretion) characteristics. This is an important point, exemplifying how a ligand must not only
exhibit high affinity but must also be usefully bioavailable in order to be a promising drug lead.

In the early 2000s, having surveyed the structures and physiochemical properties of over
20,000 drugs, Lipinski et al. proposed the Ro5 (Rule of 5) for oral bioavailability, stating that “Poor
absorption or permeation is more likely when there are more than 5 H-bond donors (HBD), 10 H-
bond acceptors (HBA), the molecular weight is greater than 500, and the calculated logP is greater
than 5.”"° Based on this, small molecule ligands fall into two categories — Ro5 compliant or bRo5
(beyond the Rule of 5). In order to increase the likelihood of obtaining favorable physiochemical
and pharmacokinetic properties, medicinal chemists seek to identify small molecule leads that are
compliant with the Ro5. However, stepping outside the Ro5 chemical space can enhance
compound diversity and present opportunities for developing drugs against “difficult” targets such
as proteases, G-protein coupled receptors (GPCRs) and protein-protein interactions (PPls).3*""

Most bRoS compounds reside between two molecular weight extremes — larger than traditional
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drug molecules but smaller than biologics, and capable of accessing the pharmacological
properties of both. As interest in bRo5 compounds has increased, new and more flexible
guidelines for ligand design have emerged. One study noted that while ADME may be a hurdle
with increased molecular size and complexity, the limits for oral bioavailability can be extended to
approximately MW < 1000 Da, -2 < clogP < 10, HBD < 6, HBA < 15, PSA < 250 A? and nrot <
20.”” The same study noted that at the time of publication in 2014, 182 bRo5 compounds were
approved drugs, and 303 were being evaluated in clinical trials. Most of these could be further
classified as belonging to a few specific chemical classes — erythronolides, leucomycins,
rifamycins, asomycins, rapamycins, cyclosporins, azoles and taxanes. An analysis revealed a
significant fraction of the remaining compounds to be peptides and peptidomimetic and
macrocyclic variants of the same.

In light of this, we sought to identify CPMG macrocycles that not only matched active
pharmacophores, but also had promising physiochemical properties for achieving passive
permeation. Previous empirical analyses indicate macrocycles having MW < 1000 Da, TPSA <
250 A?, clogP < 10, and fewer than 5 hydrogen bond donors are more likely to be
bioavailable.*>""® Importantly, it has been noted that all passively permeable FDA approved
macrocycles having MW > 500 g/mol have a ratio of TPSA:MW = 0.2.7°

We first confirmed that implementation of these property filters would not significantly
restrict ligand space, and that at least several thousands of structures would be taken forward to
docking (data in Experimental Appendix, Table S5). Thereafter, we carefully constructed a second
subset of molecules from the CPMG gigalibrary to be screened against MTHFR, wherein the
selection criteria were based not only on matching the pharmacophore to the known binder, but
also on property filters anticipating the ability to passively permeate cell membranes. While the
MTHFR ligand library detailed in section 2.6 was derived from the amino-N-phenethylacetamide
motif, this time, the implemented pharmacophore identified structures having motifs that could

mimic the adenosyl ring of the known binder (Fig. 11, full details in Experimental Appendix, Table
64



S3), resulting in an initial set of over 3 million structures. To maximize the likelihood of top binders
being passively permeable, all structures in this initial set were additionally filtered to have the
following properties — MW < 800 g/mol, TPSA <150 A, 0.2 < TPSA/MW <0.3, hydrogen bond
donors (HBD) < 5. Our final set comprised 53,577 unique molecules (full details in Experimental
Appendix, Table S6).

We virtually screened this set of compounds using the flexible macrocycle protocol
described above, and then filtered the results looking for ligands capable of establishing
interactions with key residues within the receptor binding site. To this extent, docking results were
rapidly filtered by properties (energy, ligand efficiency) as well as residue interactions (HB, vdW,
etc.), based on the metadata collected by the AutoDock-GPU docking engine during the
simulation. This tool was used to identify 200 promising macrocycles (full list in Experimental
Appendix, Table S7), having diverse and heterogeneous chemical patterns, to mimic the
interaction patterns of known ligands to engage the binding site. One of the best hits is shown in
Fig. 11, wherein the three key pharmacophoric features of the S-adenosyl-L-homocysteine (SAH)
complexed in the MTHFR structure is matched. This ligand is also capable of further engaging
the site beyond the SAH site, occupying the hydrophobic accessory pocket toward P371, which
is likely to further increase affinity and selectivity. Efforts are currently underway to experimentally

synthesize the top scoring hits from this screen in order to test the structures for both passive

Figure 11. (left to right) Known SAH binder docked in the allosteric site of MTHFR; CPMG
macrocycle docked to the same site wherein key interactions are recapitulated by the new binder,
as indicated by the circled and color coded functional groups.
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permeation and bioactivity. The results from that study will be used to further refine the filtering

protocols described in this chapter.

2.8 Conclusions and outlook

In this chapter, we have documented several proof-of-concept experiments that will enable
future large-scale virtual screening exercises using CPMG. We have successfully executed
pipelines for virtual screening using both an implicit ligand flexibility model and a fully flexible
ligand model, wherein each employs a sequence of CPMG - conformational analysis - protein
structure analysis = molecular docking —> hit prioritization. Importantly, both options are
amenable to running screens in the order of several hundreds of thousands and several millions
in the case of AutoDock GPU. Through these exercises, we have demonstrated (i) the ability to
perform large-scale screens of ligands from CPMG, (ii) the flexible body approach to be far
superior to the implicit flexibility model, and (iii) the importance of ligand enrichment in hit
identifcation. Despite these advances, there is still much to explore. All of the studies detailed in
this chapter employed a rigid body approach to protein flexibility. This may have a significant
impact on the number of false negatives that are generated. Moreover, explicit water molecules
were excluded from any consideration during these studies. While this should not have had a
great impact for the specific targtes studied here, it may become an important consideration when
evaluating increasingly diverse proteins. In general, scoring and reliably ranking macrocyclic
ligands continues to be a highly underexplored area, and scores scale poorly in relation to
molecular mass and rotatable bonds. Since larger molecules can form more hypothetical
interactions in binding sites, they tend to generate better scores. On the other hand, the entropic
penalty for the immobilization of rotatable bonds means flexible molecules should score lower
than more rigid ones, but entropic penalties are often not adequately included. The internal strain
of a ligand pose is generally approximated using a single unbound conformation as the reference,

which limits the accuracy of enthalpic and entropic losses on binding. The preparation and nature
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of active sites also affects prediction quality. Binding to active sites that have large hydrophobic
areas can be better approximated because methods based on shape complementarity are well
developed and implicitly take hydrophobic effects into account. In contrast, hydrophilic sites or
binding events that involve metallo-enzymes are less promising targets for docking exercises.
Electrostatic interactions are scored by simple Coulombic terms, which have a tendency to grossly
overestimate interactions. On the flip side, a large contributor to the hydrophobic effect is
desolvation, which is often underscored relative to other scoring terms. Docking programs also
occasionally identify promiscuous binders that ultimately have low utility as drug leads.®° Despite
these shortcomings, the methods discussed in this chapter already extend more traditional
approaches to drug design, and provide a basis for future large-scale screens of complex

molecules.
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3. Experimentally Validating the Computational Veracity of CPMG

3.1 Introduction

The building blocks in CPMG were chosen to function as heterocyclic surrogates for the
side chains of tyrosine and tryptophan. This choice was supported by calculated free energies of
activation (AG*) [(wB97X-D-SMD(methanol)/6-31G(d)) in Gaussian16 RevA.03], which indicated
that reaction at the heterocyclic sites predicted by RegioSQM would occur via lower or similar
activation barriers relative to those calculated for phenol and indole." Based on this, we
anticipated novel CPMG heterocycles to readily participate in macrocyclizations analogous to
known participants. However, in the interest of computational runtimes, we had only evaluated
core heterocycles to predict site reactivity in CPMG — the effects of conformational dynamics and
surrounding structure on competing internal reaction rates during peptidyl cyclizations remained
to be determined. Past experimental data showed that tyrosine and tryptophan side chains react
rapidly with the cinnamyl cation, regardless of positioning within the peptide relative to the
appended template (i.e G1-G3).2 Overall, we expected a wealth of new reactivity and selectivity
data to emerge from experiments designed to validate predictions in Ch.1 and Ch. 2.

All structures from CPMG originate from three types of monomers — (i) proteinogenic a-
amino acids and their enantiomers, (ii) known, conformation-restricting proline analogs (see
Ch.1), and (iii) heterocycles 1-30 (Fig. 1) formulated into a matrix of a, B? and 3* amino acids
along with their respective one carbon homologs and enantiomers. Proteinogenic amino acids,
their enantiomers and a subset of proline analogs are commercially available. The remaining
proline analogs can be synthesized in optically active form using reported procedures.*’ Our
initial synthetic efforts were geared towards identifying a general synthetic route for accessing our

set of novel heterocycle-containing amino acids.
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Figure 1. Heterocyclic building blocks in CPMG; green dots indicate sites of incorporation into
amino acids.
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3.2 General plan for monomer assembly

The synthesis of novel arene amino acids through palladium catalyzed cross coupling of
serine derived organozinc reagents with aromatic electrophiles has been reported in the literature
(Scheme 1A).%'° This approach has been particularly successful in accessing Boc-protected
phenylalanine and pyridylalanine analogs and has been extended by several groups to the
synthesis of other heterocyclic derivatives."~'* The success of this strategy relies on (i) the proper
activation of zinc for efficient formation of the organozinc reagent, 32, and (ii) access to an
electrophile bearing the desired arene. We hypothesized this strategy would be amenable to
numerous CPMG heterocycles, utilizing the corresponding heterocyclic mono halide in each case.
L-iodoalanine, 31, can be readily synthesized in various N-protected forms on multi-gram scale.
For on scale solid phase peptide synthesis (SPPS), carbamates including Boc, Fmoc and Cbz
groups have been developed to protect the amino group of amino acids. Among these, Fmoc-
groups are the most widely used in SPPS, including in our own lab. We therefore envisioned

employing the Fmoc-protected iodoalanine derivative, 36, in our cross-coupling reactions to

76



eventually enable on-scale SPPS of the prepared monomers. Since Fmoc- groups tend to be
more labile than their Boc-protected analogs, we focused our initial efforts on optimizing a route
towards a relatively simple model compound 37 (Scheme 1C), wherein the aromatic electrophile,

3-bromothiophene would be commercially available.

1
A - activated Zn _/an electrophile _/Ar
—_— H i
H Pd H
RHN” > CO,Me RANT Ncome T RHN” NCO,Me
31 32 33
B
NaHCO PPhs, |
CO,Me 3 CO,Me 3, 12 CO,Me
HO 2 —>» HO 2 I/\=/ 2
Fmoc-OSu imidazole H
NHz HCI H,O/dioxane NHFmoc 0°C NHFmoc
97% 92%
34 35 36
C
Zn + 1y
l CO,M CO,Me CO,H
activated Zn Zn” "2 © @/\r 2 Mgl, @/\r 2
IleFmoc [Pd]/L (Table 1) S NHFmoc THF s NHFmoc

49%

37

38

Scheme 1. A. General route for [Pd] catalyzed Negishi cross couplings of serine derived
organozinc reagents with aromatic electrophiles to generate arene amino acids, R=Boc, Fmoc,
CBz, Bn; B. Fmoc-L-iodoalanine-methyl ester is readily accessible from L-serine methyl ester
hydrochloride; C. Cross coupling and ester deprotection for a model system.

Fmoc-protected L-iodoalanine methyl ester was prepared in high yield and on multi-gram
scale in two steps from commercially available L-serine methyl ester hydrochloride (Scheme
1B)."® Thereafter, formation of the desired organozinc reagent could be achieved using
commercial zinc dust either activated sequentially with 1,2-dibromoethane and TMSCI in dry
DMF, or with zinc dust activated using iodine in the absence of solvent. The insertion reaction
with activated zinc was performed in dry DMF, wherein iodoalanine 36 was sonicated in the
solvent for several minutes to fully solubilize it. Although complete zinc reagent formation was
observed using either method of zinc activation, the reaction was much faster when zinc was
activated with iodine. With the organozinc compound in hand, we looked to evaluate catalytic

systems for performing the desired Negishi cross coupling reaction (Table 1).
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Recently, Pd[P(t-Bu)s]. catalyzed Negishi cross couplings between organozinc reagents
and (hetero)aryl bromides using bulk water with NaCl additive have been reported.’ It is believed
that the addition of NaCl leads to a so-called “halide effect” in creating a Pd-ate complex that is
significantly more reactive towards aryl halides due to improved rates of oxidate addition.
However, these initial coupling conditions failed to produce our desired cross coupling product
(Table 1, entry 1), and altering the reaction stoichiometry, temperature and time led to a very
moderately improved yield (entry 2). The lack of product formation was in part due to the formation
of Fmoc-L-Ala-OMe, which arises from protonation of the organozinc intermediate, and is well
documented in the literature. To obtain an improved synthesis of 37, we sought to alter the
reaction conditions. The bulky biaryl ligand SPhos, has been shown to improve Pd cross-coupling
reactions in both Suzuki-Miyaura reactions as well as Negishi type reactions.®'"'® The reason for
this efficiency has been ascribed to the proclivity of SPhos to donate electron-density to the
intermediate Pd(0) complex, thereby facilitating the rate of oxidative addition during cross
coupling. It has also been proposed that such ligands cause a reasonable amount of highly
reactive monoligated palladium to form. Indeed, employment of this ligand dramatically improved
the reaction yield (entry 4). We found the bulky P(t-Bu)s groups on the Pd catalyst to be equally
critical to the success of the reaction. Other Pd catalysts (entries 3, 5-8), caused reaction yield to
suffer significantly in each case. These screens were easily quantifiable by crude NMR (Fig. 2)
from integrating the multiplets at 6.83 and 6.94 ppm (arising from thiophene protons in the
product) relative to the doublet at 7.77 ppm (arising from Fmoc protons in both starting material
and product). Despite the moderate yield in the best case for this test system, we had successfully
demonstrated engaging 36 with our model heteroaryl electrophile and decided to move forward
with these results.

Table 1. Catalyst screens for Negishi cross coupling of 36 (1 eq.) with 3-bromo thiophene (1 eq.)
in the presence of activated zinc (2 eq.). 3 mol% [Pd] and10 mol% L unless otherwise indicated.

Entry [Pd] Catalyst Additive L Solvent Temperature, Time Crude yieldd

14 Pd[(P(t-Bu)s)2 NaCl H20/DMF rt, 20 seconds 0%
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2b Pd[(P(t-Bu)s] NaCl H20/DMF

3¢ Pd(PPhs3)2Cl2 - DMF
4 Pd[(P(t-Bu)s]2 SPhos DMF
5 Pd(dba): SPhos DMF
6 Pd(PPhs)s SPhos DMF
7 Pd(OAc): SPhos DMF
8 [PACI(CsHs)]2 SPhos DMF

50 °C for 5 hours, rt o/n 13%
50 °C for 5 hours, rt o/n 0%
50 °C for 5 hours, rt o/n 56%
50 °C for 5 hours, rt o/n 20%
50 °C for 5 hours, rt o/n 6%
50 °C for 5 hours, rt o/n 2%
50 °C for 5 hours, rt o/n 23%

436 (3 eq.), 2.5 mol% [Pd], NaCl (1 eq.); ® 36 (1.3 eq.), 8 mol% [Pd], NaCl (1 eq.); ¢ 5 mol% [Pd]; 9 Yield

estimated from crude NMR (see Fig. 2)

Although Fmoc- groups are widely utilized in
peptide chemistry, they can be unstable to
conventional ester cleavage in basic conditions. The
recent development of Mglz-assisted protocols as an
alternative to conventional ester deprotection
methodologies has extended the orthogonal flexibility
of this protecting group strategy.’ Mgly-assisted

dealkylation has the added benefit of avoiding

T T T T T T T T T T T
78 7.7 76 75 74 73 72 7.1 7.0 69 6.3

Figure 2. Yields in Table 1 were estimated
from 'HNMR spectra of crude mixtures by
integrating the signals at 6.83 and 6.94 ppm
(arising from thiophene protons in the
product) relative to the doublet at 7.77 ppm
(arising from Fmoc protons in both starting
material and product).

potential epimerization at the alpha carbon, which often presents as an issue during base

promoted deprotection. Given these advantages, we attempted literature conditions of Mgl2 under

microwave irradiation in THF to dealkylate the methyl ester in 37. To our delight, we successfully

isolated the deprotected amino acid, 38, in moderate yield, and preserving the Fmoc-group. We

also demonstrated the reaction proceeds without loss of yield when performed at reflux in EtOAc,

thereby increasing the accessibility and scalability of the protocol. Having successfully

demonstrated a cross coupling and deprotection strategy for our model system, we looked to

reproduce these results for a set of CPMG heterocycles (39-42 in Fig. 3) — first, by accessing

CO,H

- NH = I
N N CO,H y NHFmoc  f) coH AN
| ~ 7]
N NHFmoc XN Y o) NHFmoc NHFmoc
39 40 41

N

42 co,H

Figure 3. Amino acids chosen for performing initial proof-of concept experiments.
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these motifs in their respective mono halide forms.

3.3 Synthetic routes towards (indolizin-5-yl) and (indolinzin-1-yl) amino acids 39
and 40 and their engagement in macrocyclization

Indolizines are key intermediates in the synthesis of biindolizines, cyclophones, cyclazines
and alkaloids.?’ The Chichibabin reaction has been conventionally used for their synthesis, but
this strategy requires special precursors, and necessarily generates 2-substituted indolizines.?'?
Indolizines bearing substitution exclusively at C-5 (as in 39) or C-1 (as in 40) are challenging to
access because of the 1-density of the heterocycle, which is highest at C-3. For instance, the
reaction of a model system, 1-methylindolizine, with a model cinnamyl cation TS (Fig. 4) is
barrierless and entropically controlled at C-3, relative to the corresponding free energies of
activation (AG*) for phenol and indole, shown in Fig. 4 [(wB97X-D-SMD(methanol)/6-31G(d)) in
Gaussian16 RevA.03]." In theory, 3-unsubstituted indolizines would facilitate several electrophilic
additions at C-3 — including electrophilic macrocyclizations, which are of most interest to us — but
the existing few methods for preparing these compounds suffer from low yields and unscalable

or tedious procedures.?3*

...............................................................................

................................................................................

Figure 4. Calculated free energies of activation (AG¥kcal mol™") for the reaction of the indicated aromatic
positions with the model cinnamyl cation, TS. Asterisk (*) denotes a site where DFT calculations (wB97X-
D-SMD(methanol)/6—-31G(d)) indicate barrierless, entropically controlled reactions.

We began our studies towards 39 and 40 with a reported protocol, where 2-bromopyridine
reacts with epichlorohydrin to first form the dihydro-indolizinium salt 44 (Scheme 2A).% Although

this step proceeded as reported, the subsequent dehydration to afford the desired unsubstituted
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Scheme 2. Efforts to furnish the indolizine core. The fully substituted system could not be
accessed by the route from 2-bromopyridine shown in A, but the C-1 substituted acid, 47 is
readily accessed via the route shown in B; C. Literature reports shown 49 can be accessed from
48, but similar conditions failed to effect the desired bromo-decarboxylation on 47, affording 50

and 51 instead; 'Attempted conditions are as follows — NBS (1 eq.), DMF; NBS (1 eq.), NaHCOs
(3 eq.), DMF; KsPOs4 (1 eq.) with N(nBu)4Brs (1 eq.), MeCN; PdClz (0.05 eq.), Ag2COs (0.5 eq.),
CuBr2 (1 eq.), THF; D. 55 was synthesized using reported procedures, but attempted conversion
of 55 to triflate 56 resulted in a mixture of non-isolable compounds, likely due to the instability of
leaving groups at C-1 on the ring; subjecting 47 to reducing conditions affords the alcohol 56a,
but this compound rapidly decomposes.

heterocycle did not yield any product in our hands. We then turned to another reported protocol
exploiting pyridinium N-methylides to furnish the indolizine core.?® First, pyridine reacts with
chloroacetic acid to afford the corresponding pyridinium salt, 45 (Scheme 2B). This salt undergoes
a decarboxylative 1,3 dipolar cycloaddition with methyl acrylate in the presence of MnO- to furnish
the indolizine core in 46. Our key finding in this step was that effective activation of MnO: to

remove adsorbed water is critical to the success of the reaction.?” When commercial MnO, was
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used straight from the bottle, the desired product was not observed. This dramatically changed
when MnO- was first subjected to vigorous azeotropic removal of water in benzene over several
hours. In multiple attempts, we obtained yields ranging from 13-60% in the cycloaddition reaction,
despite our best efforts to reproduce exact conditions each time. We surmise that the success of
the reaction hinges upon the extent of water removal from MnO., which is highly sensitive to
experimental handling. With our indolizine core in hand, we envisioned performing
decarboxylation-halogenation sequences to afford both C-3 and C-5 substituted indolizines.
Towards this, we first saponified the methyl ester to afford the corresponding acid, 47, in
quantitative yield. Our subsequent efforts to furnish each regioisomer are detailed in the following

two sections.

3.3.1 (indolinzin-1-yl) amino acid

Procedures for the decarboxylative halogenation of 48 (Scheme 2C) using NBS have been
reported in the litetature.?® Unfortunately, subjecting the 3-unsubstituted system, 47, to NBS in
DMF afforded only 50, bearing the desired halide at C-1 but with the carboxylic acid still present.
When NBS in the presence of NaHCO3 was used, some amount of the dibrominated species 51
was observed, but the major product of the reaction was still 50. Attempting different brominating
conditions®® such as KsPO4 with N(nBu)4Br; yielded largely the same results. We then attempted
a Hunsdiecker-like bromodecarboxylation of 47 using a PdCl. catalyst with Ag.CO3 additive and
CuBr, as the bromination source.®® This method has been shown to successfully
bromodecarboxylate several electron rich arenecarboxylic acids, including analogs of
methylanisole and indole. Once again, however, starting material was fully consumed to afford 50
as the single product of the reaction. Finally, subjecting the fully unsubstituted indolizine (vide
infra) to NBS generated a product with a mass corresponding to a tribrominated indolizine.
Looking to identify other potential cross coupling partners, we performed an Au(lll) catalyzed

conversion of silyl ether protected propargylpyridine 54 into 55 (Scheme 2D).?* We wondered if
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transforming the silyl protecting group in 55 to the corresponding triflate would allow us to perform
our desired cross coupling reaction. Unfortunately, subjecting 55 to CsF and PhNTf, generated a
dense mixture of unidentifiable compounds. We hypothesized that the nitrogen centered lone pair
might destabilize any functional group at C1 bearing a leaving group, possibly through the
formation of a highly reactive indolizinium intermediate. This theory was supported by other
observations. When 47 was subjected to either DIBAL or borane reductions, TLC monitoring
indicated full consumption of starting material to a single compound. Although this major product
was characterized to be alcohol 56a, the compound decomposed rapidly during work up and

characterization, and the intermediate aldehyde was never observed.

. Zn + |
Since all 2
o)
o)
attempts at I/\/C02Me activated Zn |
: Zn” % Pd(OAc) o”
. . ¥ toluene/DMA H c
functionalizing C-1 had NHBoc  ToHene NHBoc PPhy O  NHBoc
57 58

failed, we looked to

o “__-CO,Me “,_-CO,Me
alter  our  original 0
45, Et;N, benzene
o reflux
strategy by revisiting - ol O o N » 7 Y~
activated MnO, SN / SN Y/

the 1,3 dipolar

59 60

. Scheme 3. Modified route to indolizin-1-yl amino acid.
cycloaddition and

preinstalling the amino acid functionality in that step. For instance, enone 58 (Scheme 3) has
been reported in the literature and can be prepared through Negishi cross coupling of acryloyl
chloride with Boc-iodoalanine 57. To our delight, the resulting cross coupled product, 58,
successfully underwent oxidative 1,3 dipolar cycloaddition with pyridinium chloride 45 and
activated MnO; to afford our desired indolizine regioisomer. Efforts are currently underway to
selectively reduce the ketone in 59 to generate the one-carbon homologue, 60, of our desired a-
monomer, 40. Both 40 and 60 are in fact present in CPMG, and efforts are underway to determine

an appropriately modified route for accessing 40.
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3.3.2 (indolinzin-5-yl) amino acid

After a few attempts at decarboxylation using conventional methods,**-2

we were pleased
to find that a suspension of the indolizine carboxylic acid in ethanolamine at reflux cleanly affords
the decarboxylated heterocycle, 61 (Scheme 4), as the major product within an hour. When
subjected to n-BuLi, this fully unsubstituted heterocycle generates the most stable anion at C-5,
which can be trapped with iodine to generate 5-iodoindolizine, 62, in high yield.*** The
regiochemistry in this step was confirmed by '"HNMR where the signal corresponding to the C-5
proton on the unsubstituted heterocycle, having the highest shift, is absent after iodination. 5-
iodoindolizene was subjected to the highest yielding cross coupling conditions identified in section
3.2, (Table 1, entry 4), wherein we were delighted to observe formation of the desired amino acid

monomer, 63, but in low yield (Table 2, entry 1). Encouraged by these results, we performed a

catalyst screen, seeking to improve the efficiency of the reaction for scale up (Table 2).

n-BulLi, THF, TMEDA / AN
ethanolamine z = -80 °C — -20 °C;
a7 — y)y ——— | N
reflux N I, -80 °C A\
84% 66% ~
61 62
Zn+l,
¢ M N\ _N CO,H
6 activated Zn |Zn/\_/co2 e N CO,Me Mgl, | 2
NHFmoc | ParL(tabie) U NHFmoc s X NHFmoc
99%
63 39

Scheme 4. 5-iodoindolizine is synthesized from 47 in two steps, and subsequently undergoes Pd-catalyzed
cross-coupling with 36 derived organozinc reagent to afford the desired inolizin-5-yl amino acid.

Since Pd[P(tBu)s)]2 is highly air and moisture sensitive, yield was improved when we
switched to a new bottle of the catalyst (Table 2, entry 1, 6). However, it was still far less efficient
for the cross-coupling reaction with 62, compared to reaction with 3-bromothiophene. The best
catalysts for 5-iodoindolizine were found to be Pdx(dba)s (entry 2) and Pd(OAc)2 (entry 4). It has
been reported that Heck reactions with Pd»(dba)s can be improved by using solid-liquid phase

transfer conditions with tetrabutyl ammonium chloride as an additive,* however we did not
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observe any enhancements for this system (entry 7). Since Pd(OAc). is bench stable and
relatively cheap, we opted to move forward with this catalyst, and screened higher loadings with
varying catalyst-ligand ratios (entries 9-11). We found a 1:3 [Pd]:Sphos ratio to be most effective,
and obtained our highest yield with a 10 mol% catalyst loading (entries 2, 11). With these
conditions, we were able to synthesize our desired monomer, 63, on multi gram scale. The methyl
ester was deprotected using the Mgl, assisted dealkylative protocol detailed above to the
corresponding amino acid, 39, now ready for incorporation into a peptide.

Table 2. Catalyst screens for Negishi cross coupling of 36 (1 eq.) with 5-iodo indolizine (1 eq.) in the
presence of activated zinc (2 eq.), 3 mol% [Pd] and10 mol% L unless otherwise indicated; all reactions
were run in DMF at 50 °C for 5 hours and subsequently stirred at room temperature overnight.

Entry [Pd] catalyst Additive L Isolated Yield

1 Pd[P(tBu)s)]2 Sphos 13%

2 Pd,(dba), Sphos 41%

3 Pd(PPh,), Sphos Negligible
4 Pd(OAc), Sphos 40%

5 [PACI(C,H,)], Sphos 24%

6 Pd[P(tBu)s)]2 Sphos 24%

7 Pd,(dba), Sphos; (n-Bu),NCI? 17%
8% [Pd(p-1)(PCy2tBu))2 - 2%

9 Pd(OAc),” Sphos? 13%
10 Pd(OAc),” Sphos® 22%
11 Pd(OAc),” Sphos? 58%

a1 eq; ® 10 mol%; € 20 mol%; ¢ 33 mol%.

We were eager to study the reactivity of these novel arenes in macrocyclizations, relative
to monomers like Tyr and Trp which have been studied in great depth in our lab.?*"* Towards
our first peptide sequence, 64, 39 was coupled with L-tyrosinamide hydrochloride and Boc-Ala-
OH using standard solution phase peptide synthesis procedures (Scheme 5). Interestingly, all
compounds containing the indolizine core are highly fluorescent in solution. These compounds
are typically vibrantly colored in solution and often change color with solvent. The tripeptide, 64,
was coupled to G1 template and the product was carefully purified before the next step.
Thereafter, macrocyclization of 65 with 5%v TFA in MeNO, was monitored by TLC and HPLC.

Starting material was fully consumed with formation of a single new product with the desired mass
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Scheme 5. Acid promoted internal cinnamylation of an indolizine containing peptide, 65; complete
experimental detail for solution phase peptide synthesis included in the experimental appendix.

of 66 within 30 minutes. The reaction was worked up using standard procedures and purified by
prep-HPLC to afford the product as a purple solution, which was lyophilized to a brown solid. The
3CNMR spectrum for the isolated compound revealed a non-symmetric Ph ring (Fig. 5), strongly
suggesting the identity of the structure to be 66a rather than 66b. This was confirmed by full
structural assignment using HSQC-, HMBC- and COSY- based NMR connectivity maps. Key
HMBC correlations are indicated in Fig. 5 (full structural assignment in the Experimental
Appendix). Given the high nucleophilic reactivity of C-3 on indolizine, particularly relative to

phenol, we surmised that the positioning of the indolizine within the peptide in this case makes
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macrocyclization highly entropically disfavored. This can be analogized to a reactivity trend we
have observed for Trp — even though AG* of reaction (Fig. 4) for a model indole system, 3-

methylindole, is more favorable at C-2 than at any other site on the ring, we have never observed

3.27, 3.51

@f\‘m
125.7 153.5
N iR .

T T T T

T
8 6 4 2

F2 [ppm]

Figure 5. 'H-*C HMBC shows clear correlations between protons H3 to C1, C2, C4 and C5. These
correlations, along with the non-symmetric nature of the'C signals arising from the phenyl ring, confirm
engagement of the Tyr residue in cinnamylation.
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macrocyclization at this position. Experiments are currently underway to study whether a switched
order peptide, 67, having a terminal indolizine would be more favored to macrocycle through
engagement of indolizine (68a) rather than phenol (68b).

In addition to acid promoted macrocyclizations, our lab has previously demonstrated metal
catalyzed cinnamylations of aromatic nucleophiles with our templates. In these reactions,
palladium catalysis generates a metal stabilized cinnamyl cation, which can be trapped by oxygen
or nitrogen nucleophiles to generate the corresponding carbon-heteroatom bonded macrocycle.
As expected, in the presence of Pd[(PPh)s]4, 65 macrocyclizes at the phenolic oxygen to generate
macrocyclic ether 69 (Scheme 6). In this case, the phenolic carbon signals are symmetric and 2-
D NMR correlation data including HSQC, HMBC and COSY allow us to confidently assign the
structure (full assignment in Experimental Appendix). Our lab has previously demonstrated that
regioisomeric product outcomes during macrocyclization can be altered using structural
preorganization in the starting material. In such cases, subjecting a macrocyclic ether such as 69
to acidic conditions, typically promotes a rearrangement of the C-O bond to a C-C bonded
macrocycle ortho to phenol. This is a useful feature of the chemistry, and often allows us to bias
reaction outcome to favor a specific macrocycle in cases where acid promoted macrocyclization
affords a regioisomeric product distribution.? Since indolizine does not compete with phenol in the
formation of 66a versus 66b, we would simply expect rearrangement of 69 back to 66a. To confirm

this, 69 was subjected to standard conditions of 15 eq. TFA in DCM. Typically, such

O _NH,
°@_j:”“ \ =
15 eq. TFA, DCM
ﬁg N — eq

Pd(PPhy), o s6a
65 —_—— / ||||| +
DMF HN
Dai
HN—/
o

Scheme 6. Palladium catalyzed C-O bond formation by engagement of Tyr in
65 to generate 66. Subjecting this macrocyclic ether to the indicated acidic
conditions does not promote the expected rearrangement to the corresponding
ortho C-C bonded compound.
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rearrangement reactions are complete within 2 hours, but we were surprised to find that starting
material was still present after 6 hours, and there was no appreciable formation of any new
compounds. Although this was unexpected, we have shown previously that varying the acidic
conditions for macrocyclization can also alter reaction outcome.? Experiments are underway to
establish whether the use of stronger acidic conditions promotes the expected rearrangement

from 69 back to 66a.

3.4 Synthetic route towards (furopyrrol-3-yl) amino acid 41

The synthesis of fully unsubstituted 4H-furo[3,2-b]pyrrole has been previously reported.®?
The precedented route was attractive because the choice of starting material, in this case 4-
bromofurfural, would allow us to set the regiochemistry of the desired monomer, 41. Accordingly,
ethyl 2-bromoacetate was first reacted with NaNs to generate ethyl 2-azidoacetate, 71 (Scheme
7). The azide was reacted with 4-bromofurfural, which is both commercially available and
synthesizable from furfural, to generate a single stereoisomer of intermediate 72.*° This
intermediate can subsequently undergo a nitrene C-H insertion under thermal conditions to afford
the fused pyrrole, 73. Care should be taken in all three steps, particularly when scaling up, as
both azides and the highly reactive nitrene intermediate are potentially explosive. The resulting
furopyrrole carboxylate was saponified to the corresponding acid 74, which upon decarboxylation

would afford our desired cross coupling partner.

N Br
o NaN; S o) NaOEt
Br\)L > N * [ \
OEt DMF N OEt EtOH
94% o” 0°C
7 (o) 1%
N
\’t‘... Br Br Br
Br \Itl :2;:1:):19 — KOH — ethanolamine -
OEt NH NH 7 M
I N\ 3% 0-¢ H,0 04 reflux °
= 87% = =
o o) CO,Et CO.H

72

73

Scheme 7. Accessing 4-bromo furopyrrole.
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Decarboxylation in ethanolamine at reflux was complete within a few minutes and the
reaction was rapidly worked up at low temperatures. The product is a pale purple solid upon
isolation and the structure was confirmed by 'HNMR to be the desired heterocycle, 75. However,
consistent with previous reports,®? this compound is highly unstable and disintegrated into black
tar within the few minutes required to run a *CNMR, wherein decomposition over time was
evident by "THNMR. Nevertheless, reports in the literature suggest that certain N-protected forms
of the heterocycle are bench stable.*° It is possible that this monomer will need to be formulated
in an N-protected form and subjected to late stage deprotection. We sought to use an orthogonal
protecting group to Fmoc to facilitate ease of subsequent deprotection. Towards this, we
attempted to Teoc- protect the pyrrole nitrogen on 74 using NaH (2 eq.), but no reaction was
observed after several hours, suggesting that a stronger base is needed to deprotonate the

pyrrolic nitrogen. Experiments are underway to establish the most viable route in this regard.

3.5 Synthetic route towards (quinolizinon-1-yl) amino acid 42

We began our route towards iodo-quinolizinone  with  diethyl  2-
(ethoxymethylene)malonate, which is a cheap, commercially available reagent. Lithiated 2-
picoline undergoes a 1,4 addition with this starting material to generate intermediate 76 (Scheme
8B). A precedent in patent literature reported obtaining the quinolizinone core from intermediate
76 when it was subjected to a mixture of polyphosphoric acid and acetic acid.*’ Since
polyphosphoric acid is tedious to handle, we attempted a modified reaction by heating 76 at high
temperatures in xylenes in the presence of a catalytic amount of acetic acid. We were delighted
to find that the desired heterocyclic core, 77, was furnished in significantly higher yield than the
reported protocol.

At this stage, we had two options — saponification and decarboxylation at C-3 followed by
halogenation at C-1, or vice versa. We had previously calculated AG*for the reaction of a model

system, 2-methylquinolizinone, with a model cinnamyl cation TS (Scheme 8A) to be 2.6 kcal mol
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' at the unsubstituted C-3 atom, making this site more reactive [(wB97X-D-SMD(methanol)/6-
31G(d)) in Gaussian16 RevA.03] than the unsubstituted C-1 site, with AG* = 5.9 kcal mol™'. Based
on this, and our experience with the 1-substituted indolizine, we opted to first halogenate at C-1,
prior to attempting decarboxylation at C-3 to avoid running into regioselectivity issues while

installing the halide.

..................................................................................
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Scheme 8. A. Calculated free energies of activation (AG*kcal mol™') for the reaction of the indicated
aromatic positions with the model cinnamyl cation, TS; B. Efforts towards accessing 1-iodo
quinolizinone.

Along those lines, 77 was subjected to NIS, resulting in 78, which was further saponified
to generate the desired iodo-quinolizinone carboxylic acid, 79. Unfortunately, subjecting this
heterocycle to ethanolamine even at room temperature generated a non-separable mixture of at
least three quinolizinone molecules, based on '"HNMR data. We hypothesize that at least one of
the unwanted side products arises from cleavage of the weak C-I bond on the heterocycle. This
should be a surmountable issue — for instance, switching to the corresponding bromide should
produce fewer undesired side reaction pathways. Alternatively, the order of events may be
revisited to perform decarboxylation at C-3 on 77 prior to halogenation, followed by separation of

resulting regiosisomers. Cross coupling at the iodide to the serine derived organozinc reagent,
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prior to decarboxylation, is also conceivable. Experiments are underway to establish the most

viable route in this regard.

3.6 Conclusions and outlook

Overall, we have begun to validate the computational strategy that was employed to create
CPMG. Although the heterocyclic building blocks comprising the substrate library in CPMG were
strategically chosen to participate as functional isosteres of indole and phenol, inevitably, there
were underlying assumptions. Many of the chosen heterocycles had previously been reported
only as subunits within larger polycyclic motifs or drug molecules, and little was known about their
synthetic tractability in isolation or in their respective amino acid forms. Along those lines, fully
validating CPMG requires demonstrating the ability to — (i) formulate the building block
heterocycles in their desired amino acid forms, (ii) demonstrate the resulting monomers to be
stable to standard coupling, deprotection and macrocyclization procedures, and (iii) engage the
heterocycles during macrocyclization as anticipated. In this work, we have begun to expound on
some of these ideas for four CPMG monomers and are encouraged by the results. We are close
to demonstrating all four amino acids to be synthetically tractable, and have successfully
demonstrated a full monomer to macrocycle route employing the indolizin-5-yl amino acid.
Template engagement with these heterocycles remains to be demonstrated. However, we are
encouraged by experimental observations to date — in particular, sites of experimental
electrophilic addition reactions correlate fully with CPMG anticipated sites of reactivity. There may
yet be cases where experimental data requires modifications to CPMG code. For instance, in the
case of the furopyrrole monomer, 41, it may be necessary to modify the input heterocycle to be
in an N-protected form to avoid stability issues during synthesis. It may also become necessary
to incorporate rules or estimates for strain energy into CPMG to allow it to distinguish between
products such as 66a and 66b, and thereby accurately anticipate experimental product

distributions. Overall, the viability of using CPMG as a resource for protein-ligand discovery will
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continue to grow as we refine our understanding of the relative reactivities of arenes 1-30. These

experiments will also enable future testing for next stage validations of anticipated protein-ligand

interactions. As computer-assisted drug discovery becomes increasingly pervasive in medicinal

chemistry, we are uniquely positioned to establish a feedback loop between experiments and

computations. We hope these efforts will culminate in a highly refined predictive model.
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4. In Search of Small Molecules that Selectively Inhibit MBOAT4

4.1 Introduction

Ghrelin is a 28-residue lipopeptide (Fig. 1A) discovered by Kojima and co-workers as the
endogenous ligand for the growth hormone secretagogue receptor (GHS-r)." It was found that the
octanoylation of Ser3 was required for ghrelin’s endocrine activities. At the time, the enzyme
responsible for this modification was unknown. Later, Yang hypothesized this atypical lipidation
was likely performed by a member of the membrane-bound O-acyl transferase (MBOAT) family
of enzymes.? The MBOATs catalyze the lipidation of a variety of substrates including
phospholipids, neutral lipids, and proteins using saturated and unsaturated acyl coenzyme-A
derivatives as acyl donors.® In 2008, Yang et al. utilized a candidate cloning approach to
demonstrate that MBOAT 4, now termed ghrelin O-acyl transferase (GOAT), the only MBOAT
capable of catalyzing proghrelin octanoylation.? Gutierrez used a candidate gene silencing
approach to independently reach the same conclusion for human GOAT.* Short-interfering RNAs
(siRNAs) were produced and the effects of silencing individual MBOAT genes were observed.
MS/MS fragmentation analyses of GOAT acylated ghrelin showed that the acylation is on Ser-3,
identical to acyl ghrelin produced in the stomach.

Active ghrelin (hereafter referred to as ghrelin) was shown to induce adiposity in rodents
and food intake in both rodents and humans.*>® Ghrelin was also found to play a role in glucose
homeostasis by inhibiting insulin secretion from the pancreas.”® Levels of active ghrelin in the
blood peak during fasting and decrease after meals.®>'° Ghrelin is primarily produced by peripheral
tissues, rather than the central nervous system.! In addition, no other hormone is known to be
octanoylated.'? Given the biological specificity of GOAT and ghrelin, it was thought that, unlike
GHS-r ligands, an inhibitor of GOAT would not need to penetrate the brain to cause

pharmacological effects. The potential therapeutic effect of suppressing circulating ghrelin levels
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fueled efforts to identify inhibitors of the enzyme. Such molecules could clarify the roles of ghrelin

in feeding, weight gain and glucose homeostasis, both in normal physiology and in disease.
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Figure 1. A. GOAT-catalyzed octanoylation of pro-ghrelin is a critical part of ghrelin maturation. GOAT is
weakly inhibited by its reaction product, acyl ghrelin (1), and more potently by analog 2, wherein Ser-3 is
replaced by diaminopropionic acid (DAP). Systemic inhibition of GOAT is expected to reduce circulating
acyl-ghrelin levels, leading to improved insulin response to glucose challenge. B. GOAT inhibition can be
achieved by targeting either the substrate or co-substrate site, or by targeting both sites with a “bisubstrate”
mimic. C-E. Known inhibitors of GOAT.

A general model of GOAT transmembrane architecture was proposed, which describes

eleven membrane-spanning helix domains and two intramembrane domains.”™'* Although
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integral membrane proteins constitute an essential portion of the proteome, they are often difficult
to purify and analyze because of their hydrophobicity and reliance on lipid—bilayer interactions for
stability and activity. Since a purified form of GOAT has yet to be described, medicinal chemistry
efforts lack the benefit of high-resolution structural data and detailed binding models. Crude
membrane preparations from GOAT expressing cells are used as a source of enzymatic activity
for inhibitor assays. Despite this challenge, several groups reported GOAT inhibitors (Fig. 1B and
Fig. 1C—E).""" Shortly after identifying GOAT, Yang et al. demonstrated the enzyme was inhibited
by its reaction product 1, and more potently by esterase resistant octanamide analog 2 (ICso =
200 nM)."® A truncated peptide (3) consisting of the first five N-terminal ghrelin residues also
inhibited GOAT, albeit five-fold less potently (ICso = 0.1 uM). Barnett et al. developed ‘bi-substrate’
mimic GO-CoA-Tat (4, ICso = 3 mM). This inhibitor incorporated the first ten N-terminal residues
of active ghrelin, which is S-linked to a coenzyme A molecule, and fused to a Tat sequence to
promote endocytosis.'® We found GO-CoA-Tat less potent than 2 in vitro, but it was reported to
reduce circulating ghrelin levels in vivo, improve glucose tolerance and limit weight gain in mice
fed a high-fat diet. These findings were attributed to effects on ghrelin signaling because they
were not observed in ghrelin knockout mice. Eli Lilly, Boehringer Ingelheim and Takeda recently
patented more drug-like, heterocyclic inhibitors of GOAT.?°?? Takeda showed that their inhibitor
7 competed at the CoA site on GOAT, presumably by mimicking elements of an adenine base. It
is likely that amino pyrimidine 5 and oxadiazolopyridine 6 function similarly.

Whereas GO-CoA-Tat exploits the ability of a polyarginine sequence to promote active
cellular uptake, we sought a ghrelin peptidomimetic showing passive membrane permeability.
There was precedent for this outcome; for example, the marketed drug Aliskiren was designed
based on the peptide sequence of renin.?® Nonetheless, we faced a difficult problem. Rather than
elaborating a screening hit to a (typically larger) end-product, an effective GOAT inhibitor would
need to be smaller, less polar, and metabolically stable relative to the parent peptide. We sought

to identify and enhance key binding interactions while removing superfluous functionality. Herein,
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we report peptidomimetic GOAT inhibitors, including 8 and 9, and describe their in vitro
performance. We also outline the synthesis of novel hybrid heterocyclic GOAT inhibitors based

on the structures of prototypes 5 and 6.

4.2 Results and Discussion

Building on data reported by Brown and Goldstein,' we began our studies by evaluating
a series of modified truncation peptides ranging from 3-8 amino acids in length (Fig. 2). We
discovered that mono methylating the N-terminus and replacing Ser2 with t-butyl glycine
increased the in vitro potency of 5-mer 3 by 20-fold (see 13, Fig. 2). The corresponding 4-mer 8
was even more effective. It showed an ICso of 14 nM when assayed in membrane fractions. The
phenyl ring in 8 was important. Analogs of 8 with either histidine or tyrosine at P4 were inactive,

as was three residue peptide 12.
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Figure 2. (A) Ghrelin truncation peptide series and respective ICso values. Enzyme activity was quantified
using the method described by Yang et al.’® (see Experimental Appendix); (B) Macrocycles derived from
the parent peptides and respective ICso values; (C) Structural overlay of 9b (orange) against 8 (green),
octanamide chains are indicated as line bonds for clarity; (D) In vitro inhibition of proghrelin octanoylation
mediated by GOAT using the shown compounds. The experimental data were fit to a 4-parameter logistic
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model, (Bottom — Top)/(1 + (I/ICso)") + Top [24] using DYNAFIT software.?® The Top was defined as reaction
conditions without inhibitor and the Bottom was defined as reaction conditions with full inhibition by 5 yM
concentration of 2. Top and Bottom conditions were included in every experiment.

Peptides chains longer than three amino acids are generally not taken up into cells
passively. However, their cyclic counterparts can show an improved stability, pharmacokinetics
and, if their structure facilitates internal shielding of the polar surface area, useful levels of cell
permeability.?® We used Schrédinger's Macromodel software to conduct molecular modeling
studies, using AMBER in a continuum solvation model (octanol) to inform the design of
hypothetical macrocyclic analogs of compound 8, which was our best performing tetrapeptide.
During these studies, we were pleased to find that the peptide backbone of the macrocyclic analog
9b overlaid almost perfectly with that of 8 (Fig. 2C). The root mean square deviation (RMSD)
between the two structures was 0.06 A at the a-carbon atoms for the lowest energy conformations
of both molecules. We ignored variations of the octanamide chain in these analyses as this group
was expected to be highly flexible. Based on our observations, we synthesized cyclic variants 9
and 17 using catalyzed ring-closing metatheses of bis-allyl ether precursors, (Fig. 2, full details in
Experimental Appendix), resulting in mixtures of separable alkene geometric isomers. The ability
of these compounds to inhibit GOAT activity in vitro was comparable to their linear peptide
counterparts. Moreover, enzymatic reaction rates measured while varying substrate
concentrations in the presence of a fixed concentration of 17a suggested that the compound
inhibited GOAT by competing for the peptide substrate. With both linear and cyclic inhibitors in
hand, we began an extensive program to synthesize and assay analogs, wherein the octanamide
side chain, the P4 aromatic moiety, N-methylation patterns, ring substituents and connectivity (for
9/17) and stereochemistry were varied in search of molecules that inhibited GOAT potently in
vitro, which could block acyl ghrelin secretion from an engineered insulinoma cell line (INS-1, see
Sl). Over time hundreds of compounds were evaluated.?”?® While several of those components
inhibited GOAT activity in membrane fractions in the 50—200 nM range, none were superior to
prototypic peptide 8 and none, including 8, showed significant activity in cell culture. Actually, the
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best performing oligomer in cell culture was lipopentapeptide 13 (Fig. 2). Unfortunately, that
molecule showed poor pharmacokinetics and a low oral bioavailability in mice.

During this time, our lab had begun developing methods to scaffold peptidic macrocycles
with octafluorocyclopentene through vinylic substitutions of fluorine atoms with nucleophilic side
chains.?® The judicious introduction of fluorine into a molecule can productively influence
conformation, intrinsic potency, membrane permeability, metabolic pathways, and
pharmacokinetic properties. We thus aimed to explore the effects of fluorination in the context of
our macrocyclic inhibitors through the synthesis of 18-22 (Fig. 3), wherein the peptidic backbone
would retain the active pharmacophore identified from our peptide screen, but the macrocycles
would have varying ring sizes and connectivities. We expected these fluorinated compounds to
exhibit very different pharmacological properties compared to the previously synthesized
compounds. Unfortunately, while some of the compounds in this series did indeed appear to have
much improved cellular activities, all were found to be inactive in vitro. We surmised the apparent

cellular activities arose from undesired off target effects.
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Figure 3. Macrocycles scaffolded by a fluorinated moiety (full experimental details documented in
Experimental Appendix).
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At this stage of the work, pharmaceutical companies began publishing patent literature on
GOAT inhibitors discovered through high-throughput screening. Takeda reported data indicating
a series of benzoxazole carboxylates (including 7 in Fig. 1D), which inhibited the enzyme by
competing at its co-enzyme A binding site.?’ Based on their structures, we believed it likely the
aminopyrimidines reported by Eli Lilly*® and the oxadiazolopyridines described by Boehringer
Ingelheim?? functioned similarly. Because numerous metabolic enzymes utilize co-enzyme A
derivatives for catalysis, there was the risk of the unanticipated off-target effects for inhibitors of
this kind. Nonetheless, Eli Lilly reported that compound 5 was orally bioavailable and inhibited
ghrelin production in vivo at doses that did not cause observable adverse side effects.

We sought a hybrid molecule that would contain an oxadiazolopyridine linked to an
octanoyl motif through the piperidinyl ethyl scaffold used in Eli Lilly compound 5 (and also a
feature of certain ACAT inhibitors).*® We first synthesized compounds 5 and 6 in house and tested
them in our own assays. We found the membrane fraction ICso = 88 nM and 64 nM, as well as
INS-1 cellular ICsp = 670 nM and 540 nM, respectively. Having roughly confirmed literature
activities, we targeted new hybrids 10 and 11 wherein the oxadiazolopyridine would replace the
aminopyrimidine in 5 and, in 10, its dipeptidyl segment would be replaced by an octanoyl unit, a
feature essential for activity in our previous peptidomimetic efforts.

Amino-iodinated oxadiazolopyridine 24 (Scheme 1) was synthesized from amino cyano
oxadiazole 23 and ethyl acetoacetate, as described by Boehringer Ingelheim. Sonogashira
coupling of 24 with 4-ethynyl piperidine 25 (prepared via Ohira—Bestmann homologation of the
corresponding aldehyde) gave chromophore 26. The attempted saturation of the alkyne in this
molecule by hydrogenation over PtO, gave mainly cis-alkene 27 alongside a by-product that
lacked an oxadiazole ring, presumably formed via N-O bond reduction. The attempted
hydrogenation over various other heterogeneous and homogeneous catalysts gave similar
results. Only when catalytic Pd(OH)./C was used (EtOH, 1 atm Hx(g)), were small amounts of

alkane 28 formed in a mixture that predominately contained 27. Treatment of the crude mixture
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with TFA followed by acylation with butylated glycolic acid 29 allowed pure target 10 to be isolated

(along with alkene congener 30) following column chromatography on silica gel, albeit in low yield.
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Scheme 1. (a) 24 (1 eq.), 25 (1.5 eq), Cul (0.1 eq), (PPh3)2PdCI2 (0.2 eq), EtsN (0.25M), 80 °C, 51%; (b)
Pd(OH)2 (20% on carbon) (0.3 eq.), EtOH (0.1M), Hz atm.; (c) CH2Cl2 (0.04M), trifluoroacetic acid (TFA)
(10% viv); (d) 29 (1.1 eq), HATU (1.1 eq.), DIPEA (3 eq.), DMF (0.2 M), 32% 25 over three steps, 1% 10
over three steps.
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Scheme 2. (a) CuCN (5 eq.), Et20 (0.6 M), MeLi (1.6M in Et20; 10 eq.), 0 °C; 27 (1 eq.), Et20 (0.2 M), 71%;
(b) CH2Cl2 (0.07 M), trifluoroacetic acid (TFA) (10% v/v), 0 °C; (c) Boc-Ala-OSu (1.1 eq.), DIPEA (3.1 eq.),
MeCN (0.2 M), 0 °C, 50% over two steps; (d) CH2Cl2 (0.07 M), trifluoroacetic acid (TFA) (10% v/v), 0 °C;
(e) 30 (1 eq.), DIPEA (3 eq.), MeCN (0.2 M), 0 °C, 72% over two steps; (f) 23 (1 eq.), SnCls (2 eq.), toluene
(0.2 M), reflux.

To avoid the problematic hydrogenation of 26, we developed a different route to access

target 11, a path also applicable to 10. In this sequence, the oxadiazolopyridine unit is installed
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late via annulation onto an intermediate already at the desired oxidation state. We required a
protected 5-piperidinyl-2-pentanone for this purpose. Boc derivative 32 (Scheme 2) was known,
although it was prepared via a 3-step sequence beginning with a relatively costly starting
material.®' We instead developed a one-step synthesis of 32 from commercial acid 31 using
Me,CuLi.LiCN, as described by Posner and Genna.*?>*% Multiple grams of 32 were prepared
readily using this method. Degradation of the carbamate in 32 with TFA and acylation of the
incipient amino ketone salt with Boc-L-Ala-OSu produced piperidyl amide 33. Further N-terminal
extension with N-Me pyrazole derivative 34 afforded compound 35. Structure 35 contains the
dipeptide segment of Eli Lilly compound 5 tethered to a methyl ketone handle from which varied
heterocycles can derive. To prepare target oxadiazolopyridine 11, we condensed 35 with
cyanofurazan 23* using SnCls as promoter. This construction was originally developed by

Vasil'ev et al.®

and, in the current example, affords oxadiazolopyridine 11, directly following
aqueous workup. A second regioisomer (38) was also isolated from the reaction (dr = 1.5:1), a
result we interpret in terms of the competing formation of regioisomeric enamine intermediates
36/37 that cyclize onto the pendant nitrile. Subsequent tautomerization would afford
oxadiazolopyridines.

Synthetic compounds 10, 11, alkene 30 and regiosiomer 38 were tested in membrane
fractions containing GOAT and in ghrelin-secreting INS-1 cells. As shown in Fig. 4, both 30 and
38 were significantly impaired, likely a result of their altered geometries. However, both 10 and
11 inhibited membrane GOAT as potently as did 5 and 6. Notably, compound 11 blocked ghrelin
secretion from INS-1 cells 4-fold more potently than 5. To date, it is the most potent compound
we have tested in our cellular assay. Because 10 is much less active in cells, yet it inhibits GOAT
in membrane fractions just as well as 11, we speculate that the adenine mimcry provided by the

oxadiazolopyridine is key, with a linked functionality contributing mainly to stability and cellular

uptake, or lack thereof.
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Figure 4. (top) In vitro and cellular activities of heterocyclic analogues (see Experimental Appendix for
assay descriptions); (bottom) In vitro inhibition of proghrelin octanoylation mediated by GOAT using the
shown compounds. The experimental data was fit to a 4-parameter logistic model, (Bottom — Top)/(1 +
(/ICs0)") + Top?* using DYNAFIT software?>. The Top was defined as reaction conditions without inhibitor
and the Bottom was defined as reaction conditions with full inhibition by 5 uM concentration of 2. Top and
Bottom conditions were included in every experiment.

4.3 Conclusions

Ghrelin signaling continues to be an active area of basic biology research and drug
discovery. The discovery of GOAT and its role in maturing ghrelin in the stomach provided an
opportunity for pharmacological intervention without accessing the central nervous system. These
efforts were largely empirical due to a lack of structural data for the system. However, we have
learned a great deal. Peptidomimetic inhibitors that compete for substrate binding can perform
well in vitro but, thus far, their utility in cell culture and in animals has been limited. The high-

throughput screens developed in the private identified compounds uniformly appear to complete
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for binding at the co-enzyme site. Several of these molecules advanced through pre-clinical

developments and into human trials as therapy for diabetes type Il, Prader-Willi syndrome and

alcohol use disorder. We developed a six-step synthesis of heterocyclic GOAT inhibitors based

on a hybrid design that utilizes a piperidinyl ethyl linker and a late-stage oxadiazolopyridine,

forming annulation. The potent activity of novel product 11 both in vitro and in cells indicates this

approach has the potential to identify new GOAT inhibitors with increasingly refined properties.
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Chapter 1 Experimental Appendix

Comparison of ConfBuster++ to literature methods. \We compared conformers generated by
ConfBuster++ the macrocycles cyclo-(Pro-Ser-leu-Asp-Val) and cyclo-(Arg-Gly-Asp-phe-([N-
Me]Val)) (also known as cilengitide) and compared the average inter-proton distances from the
resulting conformers to experimental NOE NMR data,***" as well as those generated by the
molecular dynamics approach presented by Kamenik et al. (Fig. S4).%® Following the approach
used by Kamenik et al., we further made a distinction between cis- and trans- states of cyclo-
(Pro-Ser-leu-Asp-Val), where the cis- state is characterized by the Val-Pro peptide bond having
a dihedral angle of < 90° and trans- otherwise. However, we note that the conformers generated
by ConfBuster++ were generated in vacuum without any ionized residues, while the those
generated by Kamenik et al. were done in water with ionized residues. This is on account of the
fact that ConfBuster++ makes use of OpenBabel’s genetic algorithm, which at the time of writing,
does not allow the dielectric constant to be changed. All conformers produced by ConfBuster++
for a given structure are within 5 kcal mol™ of the lowest energy conformer and have greater than
0.5 A root mean square deviation (RMSD) from each other.

For the cyclo-(Pro-Ser-leu-Asp-Val) conformers generated by ConfBuster++, the trans- to
cis- ratio is 1/2, whereas Kamenik et al. achieved a ratio of 1/3, which is closer to the
experimentally determined ratio of 1/4. Fig. S4 shows the average inter-proton distances for cis-
cyclo-(Pro-Ser-leu-Asp-Val) and trans-cyclo-(Pro-Ser-leu-Asp-Val) conformers (panels A and B
respectively) generated by ConfBuster++ in comparison to those generated by Kamenik et al. and
the experimental NOE data. For the cis- conformers, we see that two average inter-proton
distances generated by ConfBuster++ are outside the bounds determined by the NOE data, which
is not unreasonable considering these two distances involve the beta hydrogens on the aspartate
residue, which would be most affected by the difference in the sidechain carboxyl ionization state
and dielectric. In comparison, one inter-proton distance generated by Kamenik et al. is outside
the NOE bounds. For the trans- conformers, we see that neither ConfBuster++ or Kamenik et al.’s
method produced any conformers with inter-proton distances outside the predicted boundaries of
the NOE data. Across all proton pairs, the inter-atomic distances for cis- conformers generated
by ConfBuster++ deviated from the NOE data by an average 0.5 A, whereas Kamenik et al.’s
deviated by 0.4 A . For trans- conformers, ConfBuster++ deviated by an average of 0.6 A and
Kamenik et al.’s method by 0.3 A.A similar comparison between ConfBuster++ and Kamenik et
al.’s method on cilengitide is summarized in panel C of Fig. S4. Experimental NOE data for
cilengitide only specified an upper bound on the inter-proton distances. Four out of the nine
average inter-proton distances of the cilengitide conformers produced by ConfBuster++ exceeded
this upper bound, however two of these four only exceed the upper bound by 0.1 A or less. In
comparison, Kamenik et al.’s method produced conformers with an average inter-proton distance
that exceeded the upper bound only once. Due to the inconsistency in solvent environment with
the method discussed above, the ability of Confbuster++ to generate low energy macrocycle
conformers was additionally assessed in comparison to conformers generated by CREST,* as
discussed in Results and Discussion.

Finally, since ConfBuster++ is open-source, we have the freedom to extend and modify it
as more resources may become available to us. For instance, ConfBuster++ currently only runs
on shared memory nodes, however, it can be extended to operate in a distributed environment
as well, which would help increase its scalability. Other changes that could be made to
ConfBuster++ to increase its scalability are random sampling of cleavable bonds rather than full
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enumeration, and implementing tree search algorithms for the rotate_dihedrals() step (see
Methods, Fig.9).

Reactivity of thiazolopyridin-5-one in EAS was confirmed using DFT calculations (wB97X-D-
SMD(methanol)/6-31G(d)) in Gaussian16 RevA.03. Activation free energies were calculated for
the reaction between thiazolopyridin-5-one and allyl cation 1 and compared to the reaction barrier
of phenol with 1 (Figure S5). Entropies were corrected using quasi-harmonic correction by setting
all frequencies below 100 cm™ to 100 cm™. Stationary points were confirmed by either having no
or exactly one (in case of transition states) imaginary frequency. Table S1 shows calculated
energies for all relevant structures followed by cartesian coordinates for all relevant structures.
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Figure S1. Full list of proline analogs.

R R

AN

Figure S2. Connection moieties used in CPMG where R is from the set of heterocycles/prolines in Ch.1 Fig. 3 and
Fig. S1. (a) The methyl connection. b) The ethyl connection.

Figure S3. Amino acid backbones used in CPMG for monomer generation where R is from the set of

heterocycles/prolines in Fig. 3 and Fig. S1 (left to right) o amino acid backbone, g2 amino acid
backbone, 32 amino acid backbone.
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A —— NMR Cis cyclo-(Pro-Ser-leu-Asp-Val)
501 4+ ConfBuster++ Index Atom1 Atom2
s e Kamenik et al. 1 Ser HN Ser Hb

_ * 2 SerHN | SerHb
a0 1 3 SerHN | ValHa
g .5 4 Ser HN | Pro Ha
P4 5 Leu HN Ser Ha
§30 6 LeuHN | LeuHa |
& 7 Asp HN Leu Ha
523 8 AspHN | AspHa
" 20 9 AspHN | Asp Hb
10 Asp HN Asp Hb
1.5 11 Val HN Asp HN
1.0 12 Val HN Asp Ha
1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 13 ValHN | Asp Hb
B iheashied 14 ValHN | AspHb
454 — NMR 15 Val HN ValHa |
+ ConfBuster++ 16 Val HN Val Hb
4.0 JESERCATSTER AR 17 ValHa | ValHb
= + 18 Val Ha Pro Ha |
‘é 35 R .t
E
g 3.0 u » Trans cyclo-(Pro-Ser-leu-Asp-Val)
§..1\., . . index_|_Atom1_|_Atom2
& ® g 1 Ser HN SerHa
2 - . ¢ 2 LeuHN | SerHa
3 AspHN | LeuHa |
15 4 AspHN | AspHa
5 AspHN | Asp Hb
20 6 Asp HN | Asp Hb
1 2 3 5 6 7 8 9 10 7 ValHN | Asp Ha
Proton Pair
8 Val HN Asp Hb |
c + ConfBuster++ 9 Val HN AE&
6 e Kamenik et al 10 Val HN Va'il
s Cilengitide
o Index Atom1 Atom2
g 1 ArgHN | ArgHa |
Ga ~ 2 ArgHN | Gly HN
§ ~ + 3 Arg HN Val Ha
£ 4 Gly HN Arg Ha
§3% - T * 5 AspHN | AspHa
= v . + 6 Asp HN | Phe HN
2] . . . 7 Phe HN | AspHa
8 Phe HN | Phe Ha
1 . . 9 Phe HN | ValHa
1 2 3 4 s 6 7 8 9

Proton Pair

Figure. S4. Comparison between inter-proton distances generated by ConfBuster++ and the
molecular dynamics method presented by Kamenik et al. Upper and lower bounds of NOE
inter-proton distances are depicted by the shaded area. Tables list the indices given to each
proton pair. A. Data for cis-cyclo-(Pro-Ser-leu-Asp-Val) B. Data for trans-cyclo-(Pro-Ser-leu-
Asp-Val). C. Data for cilengitide. Lowest energy conformations for each macrocycle displayed
on the right of each panel.
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Figure S5. Investigated reactions.
Table $1. Calculated energies.

E (hartree) H (hartree) G (hartree)

Thiazolopyridin-5-one -797.772853 -797.656245 -797.696617
Phenol -307.367587 -307.256540 -307.291349
1 -447.254128 -447.099572 -447.142266
Transition state: -1245.044820 -1244. 772772 -1244.832163
thiazolopyridin-5-one + X
Transition state: -754.637120 -754.368674 -7154.423717
phenol + X
Cartesian Coordinates
thiazolopyridin-5-one
C 1.772188000000 -1.656118000000 -0.000088000000
C 2.323742000000 -0.396441000000 0.000096000000
C 1.518799000000  0.779346000000  0.000009000000
C -0.412849000000 -0.745370000000 0.000082000000
O 1.908469000000 1.956108000000 -0.000210000000
H 3.397781000000 -0.249592000000 0.000182000000
H 2.428844000000 -2.521418000000 0.000277000000
C 0.381469000000 -1.864432000000 -0.000095000000
H -0.051926000000 -2.856614000000 -0.000057000000
N 0.127766000000 0.519008000000  0.000173000000
C -2.083032000000  1.094430000000 -0.000042000000
H -2.988689000000 1.684961000000 -0.000203000000
C -0.823957000000  1.544627000000  0.000172000000
H -0.480857000000 2.568144000000 0.000166000000
S -2.157839000000 -0.652728000000 -0.000043000000
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phenol

C
C
C
C
C
C
H
H
H
H
H
@)
H

MITOIOIOOOOIOIOIIO=

Tr
C
C
C
C
0]
H
C
H
H
C
H
C
H
C
C
C
C
H
C

0.931589000000
0.240283000000
-1.152849000000
-1.852413000000
-1.152777000000
0.240385000000
0.798865000000
-1.692445000000
-2.938507000000
-1.692260000000
0.798979000000
2.315250000000
2.678066000000

-4.190349000000
-5.020371000000
-4.430899000000
-2.909221000000
-2.686644000000
-1.867993000000
-2.179678000000
-0.486507000000
0.071108000000
0.383692000000
1.434207000000
-0.572434000000
1.749769000000
-0.042405000000
2.245469000000
1.889062000000
2.434473000000
3.558650000000

-2.550300000000
-3.354340000000
-3.149736000000
-1.128562000000
-3.854327000000
-4.278887000000
-2.088583000000
-2.894501000000
-2.183385000000
-0.876463000000
-0.790459000000
0.159269000000
-0.007523000000
1.449731000000
2.344529000000
1.842645000000
3.591999000000
2.047014000000
3.091058000000

0.000039000000
1.209809000000
1.205652000000
-0.000061000000
-1.205698000000
-1.209756000000
2.141275000000
2.148687000000
-0.000079000000
-2.148798000000
-2.141214000000
0.000158000000
-0.001041000000

-0.053083000000
-0.753510000000
1.007515000000
-0.483539000000
-1.545216000000
0.479695000000
1.523331000000
0.240736000000
-1.069055000000
1.365917000000
-1.241843000000
-1.941318000000
1.199567000000
2.364464000000
-0.103708000000
-2.225602000000
2.039723000000
-0.275279000000

ansition state: thiazolopyridin-5-one + 1

-1.138990000000
-0.874625000000

0.287084000000

0.669172000000

0.672078000000
-1.416403000000
-2.253593000000
-2.121878000000
-3.075730000000
-1.611929000000
-0.866392000000
-1.841353000000
-2.599122000000
-1.210884000000
-1.546928000000
-0.247388000000
-0.954333000000
-2.280829000000

0.343716000000

-0.017430000000
-0.011437000000
0.005341000000
0.014283000000
0.005295000000
-0.011478000000
-0.022317000000
0.009843000000
0.025489000000
0.009766000000
-0.022402000000
-0.089487000000
0.808073000000

0.000258000000
0.000351000000
0.000491000000
-0.000058000000
-0.000210000000
-0.000085000000
-0.000042000000
-0.000183000000
-0.000175000000
-0.000138000000
-0.000037000000
-0.000273000000
0.000003000000
-0.000205000000
0.000081000000
-0.000020000000
0.000058000000
0.000206000000

1.590692000000
0.485797000000
-0.339237000000
1.000686000000
-1.266806000000
0.323349000000
-1.063271000000
-1.778769000000
-0.360622000000
-1.239047000000
-2.023946000000
-0.346630000000
0.416815000000
-0.334857000000
0.701720000000
-1.288542000000
0.787483000000
1.445119000000
-1.219551000000
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1.174992000000
3.940827000000
4.289220000000
3.412090000000
5.144528000000
-2.799456000000
-1.393812000000
-0.733757000000
-1.962959000000
-0.388789000000
0.151028000000
-1.535609000000
-2.132653000000
0.206104000000

-2.677164000000
-3.419321000000
-3.215597000000
-2.156058000000
-1.351856000000
-1.961255000000
-4.313624000000
-2.146421000000
-2.892471000000
-2.236659000000
-0.896336000000
-0.781389000000
0.115408000000
-0.082379000000
1.446687000000
2.359169000000
1.855641000000
3.645517000000
2.050868000000
3.136545000000
1.170342000000
4.007742000000
4.358261000000
3.467407000000
5.246674000000
-2.906204000000
-1.619125000000
-0.999153000000
-0.507876000000
-4.039153000000
-3.781688000000

0.039912000000
-0.021038000000
-1.201788000000

1.080690000000
0.554688000000
-1.977310000000
-0.414036000000
-0.638808000000

1.007439000000

2.628321000000

3.478205000000

2.109361000000

2.437270000000

1.761622000000

ransition state: phenol + 1

-1.577366000000
-0.602776000000
0.771237000000
1.154716000000
0.173329000000
2.207623000000
-0.881985000000
-0.545565000000
0.057054000000
-1.620287000000
0.013782000000
1.090354000000
-0.781139000000
-1.850052000000
-0.367029000000
-1.357505000000
0.979854000000
-1.026692000000
-2.399037000000
1.324977000000
1.767258000000
0.312414000000
-1.781615000000
2.357642000000
0.646671000000
-2.625630000000
-1.198891000000
-1.939054000000
0.473516000000
1.641241000000
2.554168000000

-2.093535000000
-0.180909000000
1.580058000000
-1.947178000000
-0.110623000000
2.233163000000
1.836475000000
2.664753000000
-0.025635000000
-0.309876000000
-0.703840000000
-0.767899000000
-1.605587000000
1.080095000000

0.725654000000
0.023537000000
0.319851000000
1.143696000000
1.700452000000
1.324075000000
-0.525271000000
-1.788731000000
-2.298116000000
-1.912048000000
-1.482629000000
-1.558086000000
-1.011778000000
-0.944340000000
-0.619585000000
-0.216634000000
-0.608059000000
0.181333000000
-0.216498000000
-0.213206000000
-0.903569000000
0.173637000000
0.494367000000
-0.197592000000
0.557311000000
0.562934000000
1.519936000000
2.013948000000
2.314603000000
-0.273531000000
-0.066810000000
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Chapter 2 Experimental Appendix

Parameter Reoptimization in ConfBuster++

Table S1. Parameter optimizations in CB++ using FK506 ligand as a model system, as described
in section 2.4 of Ch.2. Table abbreviations are as follow — t, runtime; -r, number of times each
linearized macrocycle is subjected to the sequence of random embedding, rotor search and
genetic algorithm sampling; -m, number of conformers embedded per cut; -n, number of
conformers generated by rotamer search per cut; -n, number of clash free conformers where the
bond is reformed and passed on to the genetic algorithm; -ff, force field used during minimization;
-eps dielectric constant applied during minimization; -e, maximum energy difference between the
lowest and highest energy conformation; -rmsd, minimum rmsd threshold that two conformers
must be apart to be retained in the final population; -s, score to use in the genetic algorithm.
RMSD values listed are for all generated conformers per row wherein RMSDs are calculated
relative to a co-crystallized structure of FK506 at the macrocyclic ring atoms (freely rotating side
chains not considered, see Fig. S1).

t -r -m -n -N -ff; -eps -e; -rmsd RMSD -S

2.173,
2.625,
2.516,
1 min 1 3 15 5 MMFF94s 5.0; 0.5 2.738, energy
2.540,
2.774,
2.918

2.557,
2.588,
2.546,
2.566,
2.792,
2.751

>2 hrs 5 50 15 50 MMFF94s 5.0; 0.5 energy

MMFF94;
78.4

2.599,

1 min 1 3 15 5 2845

5.0; 0.5 energy

2.497,
2.155,
2.155,
2 min 1 3 30 15 MMFF94s 5.0; 0.5 2.151, energy
2171,
2.484,
2.435

2.423,
2.589,
2.347,
2.273,
2.583,
2.386,
2.706,
2.715,
2.911,
2.778,
2.774,
2.130,
2.639,
2.486,
2.394,
2.374,

3 min 1 3 50 30 MMFF94s 5.0; 0.5 energy
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2.879,
2.332

4 min

50

30

MMFF94s

5.0; 1.0

2.426,
2.286,
2.500,
2.296,
2.156,
2.505,
2.526,
2.796,
2.491,
2.184,
2.597,
2.165

energy

2 min

30

15

MMFF94s

10.0; 0.5

2.775,
2.705,
2.988,
2.624,
2.532,
2.529,
2.435,
2.018,
2.453,
2.306,
2.642,
2.651,
2.091,
2.213

2 min

30

30

MMFF94s

5.0; 0.5

2.435,
2.933

energy

2 min

30

15

MMFF94s

5.0;0.2

2.617,
2.362,
2.277,
2.403,
2.608

rmsd

2 min

30

15

MMFF94s

10; 0.5

2.305,
2.594,
2.258,
2.405,
2.548,
2.778,
2.049,
2.273

rmsd

2 min

50

30

MMFF94s

5.0; 0.5

2.406,
2.185,
2.706,
2.561,
2.406,
2.178,
2.178,
2.543,
2.580,
2.720,
2.832,
2.662

rmsd

6 min

50

15

MMFF94s

5.0; 0.5

1.991,
2.285,
2.202,
2.629

rmsd

4 min

50

15

MMFF94s

5.0; 0.5

2.420,
2.639,

rmsd
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2.795,
2.638

3 min

50

MMFF94s

5.0; 0.5

2.312,
2.334,
2.893,
2.886

rmsd

3 min

30

15

MMFF94s

5.0; 0.5

2.197,
2.463,
2.570

rmsd

3 min

30

15

MMFF94s

5.0; 0.5

2.641,
2.454,
2.661,
2.740,
2.603

rmsd

4 min

50

MMFF94s

10.0; 0.5

2.727,
2.128,
2.461,
2.162,
2.235,
2.356

rmsd

3 min

30

15

MMFF94s

15.0; 0.5

2.469,
2.750,
2.460,
2.439,
2.747,
2.635,
2.650,
2.431,
2.718,
2.686,
2.185,
2.814,
2.830,
2.637,
2.531,
2.426,
2,771,
2.458,
2.726,
2.482,
2.609,
2.715,
2.686,
2.537

rmsd

3 min

30

MMFF94s

5.0; 1.0

2.224,
3.074,
2.822,
2.851

rmsd

3 min

50

MMFF94s

5.0; 1.0

2.757,
2.499,
2.805,
2.462,
2.533,
2.640

rmsd

3 min

30

MMFF94s

5.0; 2.0

2.519,
2.649,
2477,
2.246,
2.915

rmsd
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Figure S1. Representative backbone overlays for conformers generated with CB++ using parameters
displayed in Table 1, row 1; pink backbone represents co-crystallized conformation of FK506 with FKBP-
12, downloaded from the PDB (Protein Data Bank), orange backbone represents crystallized conformation
of the unbound ligand, downloaded from the CCDC (Cambridge Crystallographic Data Center), green
backbones represent CB++ conformers.

MTHFR Structure Analysis

% w9,
- 7 -
-4 =
J .;4 o
b
<+
]
). ~
% ¥
Cluster # | Energy
| #points | Radius e v g epv buriedness v*buriedness”2/rg.
ofN
1 -136.551000 299.000000 4.719103  -0.456692 0.865772 47.491802
2 -164.925000 370.000000 5.267753  -0.445743 0.821173 47.363713
3 -191.648000 426.000000 6.426949  -0.449878 0.819188 44.480749
4 -136.885000 266.000000 4.805483 -0.514605  0.886323 43.483936
5 -151.297000 295.000000 5.359018 -0.512871 0.871224 41.782711

Figure S2. AutoSite results for MTHFR (PDB: 6fcx) with MTHFR in purple and S-adenosyl homocysteine
(SAH) in stick representation in green (left to right) MTHFR dimer; surface representation of MTHFR with
AutoSite generated clusters indicated in mesh; co-crystallized structure of the protein-ligand complex with
the key cluster indicated in mesh in green and key protein residues in pink; (bottom table) AutoSite scoring
of predicted high affinity clusters on the protein surface. Columns from left to right: cluster index; energy e;
number of grid points v; radius of gyration rg; energy per grid point epv; buriedness = fill's buried surface
area/fill's total surface area; empirical composite score = v*buriedness*2/rg; highlighted row indicates key
cluster found at the ligand binding allosteric site.
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Filter Implementations

Table S3. SMILES string-based filtering for GIPr and MTHFR respectively for the screens
described in the indicated sections of Ch.2.
Target Known Binder SMILES filter

MTHFR - 1 (section 2.6) NCC(NCCC1=CC=CC=C1)=0

S-adenosyl-L-homocysteine O=C1N2C(C=CC=C2)=CC=C1 or
0=C1C2=CC=CN2C=CN1
OC/C=C/C1=CC=CC=C1
NC/C=C/C1=CC=CC=C1
CC/C=C/C1=CC=CC=C1
0O=C1CC=CN1

GIPr (section 2.6) GIP C1(C(CCN2)C2N3)=C3C=CC=C1
0=C1CC2CC3=CC=CC=C3C2N1
0=C1CC(CC2=CC=CC=C2)CN1
0=C1CC(CC2=CC=CC=C2)C(C)N1
O=C1NCCC1CC2=CC=CC=C2F

MTHFR — 2 (section 2.7)

Table S4. Configuration parameters used for running Autodock Vina against the listed targets
within the screens described in section 2.6 of Ch. 2; exhaustiveness = 8 in each case; grid size

in A.

Target PDB Center x Center y Center z Size x Size_y Size z
FKBP-12  2fke 23.200 28.760 6.900 20 20 15
GIPr 2gkh 18.742 4.962 43.351 20 20 20
MTHFR 6fcx -29.997 22.154 -4.575 22 22 24

SMARTS patterns in Fig. S3 are as follows —

P1 = [#8]=[#6](-[#7]-[#6]-[#6]-[cR1]1[cR1][nR1]c2¢1[cR1][cR1][cR1][cR1]2)-[#6]-[#6]-
[cR1]3[cR1][NR1]c4c3[cR1][cR1][cR1][cR1]4

P2 = [#8]=[#6](-[#6]-[#6]-[#6]-[cR1]1[cR1][NR1]c2[cR1][cR1][cR1][cR1]c12)-[#7]-[#6]-[#6]-[#6](-
[#7]-[#6]-[#6]-[#6]-[cR1]3[cR1][NR1]c4[cR1][cR1][cR1][cR1]c34)=[#8]

P3 = [#8]=[#6](-[#7]-[#O]-[#6](-[#7]-[#6]-[#6](-[#7]-[#6]-[#6]-
[cR1]1[cR1][NR1]c2[cR1][cR1][cR1][cR1]c12)=[#8])=[#8])-[#6]-[#6]-
[cR1]3[cR1][NR1]c4[cR1][cR1][cR1][cR1]c34

P4 = [#8]=[#6](-[#7]-[#6]-[#6](-[#7]-[#6]-[#6](-[#7]-[#6]-[#6]-c1cnc2ccccc12)=[#8])=[#8])-[#6]-
[#6]-c3cncdccecc34; P5= [#8]=[#6](-[#6]-[#6]-[#6]-c1cnc2cccec2)-[#7]-[#6]-[#6]-[#6](-[#7]-[#6]-
[#6]-[#6]-c3cncdccecc34)=[#8]
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Figure S3. A. Demonstrating the application of a SMARTS pattern filter (top left) for a corresponding bis-
indole containing peptide sequence (top right). The R1 designations in the SMARTS string requires both
indoles to be exocyclic. Accordingly, I1 is retained but 12 (indole is endocyclic) and I3 (indole is part of a
polycycle) are filtered. B. SMARTS patterns generated based on known ligands for constructing ligand
libraries screened against HDM2 (known ligand top left) and AP2 (known ligand top right) in section 2.6 of

Ch. 2. All patterns P1-P4 maintain the required bond distance between the indole rings in both known

binders (shown in red within the respective binders); P2 and P4 identifies peptides containing - and B3-

amino acids, whereas P3 and P5 identifies peptides with a- amino acids. Using R1 designations as in P2
and P3 identifies macrocycles having only exocyclic indoles, whereas P4 and P5 identifies macrocycles
containing endocyclic and/or exocyclic indoles.



Table S5. Studying CPMG spread within property filter variations; MW = molecular weight, TPSA
= total polar surface area, HBD = hydrogen bond donors. All properties calculated with RDKit (see
scripts at the end of this appendix). Duration refers to the amount of time the job was run before
it was terminated, wherein running the jobs for longer would identify a larger number of
compounds in each case from the giga-library.

Properties Length Duration Number of
compounds identified

0.2<m=<0.3 3mers 3h 7926

MW < 800 24h 60,593

TPSA <150 4mers 3h 0

HBD <5 Smers 3h 0

0.2<m=<0.3 3mers 3h 46,841

MW < 960 4mers 3h 11,487

TPSA <180 S5mers 3h 555

No HBD filter

02<m=<0.3 3mers 3h 80,425

MW <1200 4mers 3h 40,831

TPSA <200 S5mers 3h 11,569

HBD <5

Table S6. Property and pharmacophoric filters applied for constructing the ligand library against
MTHFR for the screen detailed in section 2.7 of Ch.2. The final ligand library for this screen was
compiled using the common structures from sets 1A and 2A(ii), comprising a total of 53,577
ligands.

Criteria Set CPMG search Number Number
space identified searched
0.2 < TPSA/MW < 0.3 1A Macrocycles 354,876 At least
MW <800 derived from 418,104,951
TPSA <150 trimer peptides
HBD <5
With regioisomer/stereoisomer restrictions 1B Macrocycles 27,111 At least
derived from 715,789,823
tetramer
peptides
Structures containing any of the following 2A (i)  Macrocycles 1,948,297  Atleast
heterocycles: derived from 418,104,792
trimer peptides
_ — o}
0 o NI HN — 2A (i) Withonly16 or 865,274
7\ 19
o\/ X° K/N 7
1 5 1 2B (i)  Macrocycles 1,048,576 At least
o] derived from 849,503,407
tetramer
R S z 0 7 N .
| N\/> o Ly e | peptides
017 ° 18 19
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MTHFR Screen Results

Table S7. Top 200 hits from MTHFR screen described in section 2.7 of Ch.2.

ID SMILES

50k3_1 Cn(cc(CC[C@@H](C(N1[C@@H](C[C@@H]2C[C@@H]21)C(N)=0)=0)NC([C@@H]3CNC
12 (CCc4cc(/C=C/Cc(cc5C3)cbe5cceect)ceccd)=0)=0)n7c8ccc?)c8=0

50k3_1 CN1C([C@HI2[C@@H]3CCC[C@H](N2C(CCc4cc(/C=C/Cc(cc5)n6c5[nH]cc6C[C@@H]1C
216 C(N[C@@HI(C(0)=0)Cc(cc7=0)cc8n7cccc8)=0)cccd)=0)C3)=0

50k3_1 Cn(ccn1c2ccc1C[C@@H]I(C(NCC(N)=0)=0O)NC(C[C@@H]3CCc(cc4C/C=C/c5cc(C[C@H]6
0 144 C=CN3C6=0)c(F)ccb5)c7c4cceec?)=0)c2=0

50k3_1 CN([C@@H](C(O)=0)CCc1nc[nH]c1)C([C@@H]I2C[C@H]3C[C@H]3N2C(C[C@@H]4Cc(c
0 198 c(C/C=Cl/c5cc(C[C@H]6C=CN4C6=0)c(F)cc5)c7=0)c8n7cccc8)=0)=0

50k3_1 CN([C@@H](C(N)=0)Cc(cc1)c2c1cceec2)C([C@HI3[C@@HI4CCIC@HI(N3C(CI[C@@H]5
0 212 Cc(coB)c7cbeen(C/C=C/c8cc(CCC(N5)=0)ccc8)c7=0)=0)C4)=0

50k3_1 CN(C([C@@]12CC[C@H](C2)CN1C([C@@H]3CCc4c(C/C=C/c5cc(CCC(NC3)=0)cccs5)cce
18 c4)=0)=0)C[C@@H](C(N)=0)CCc(occB)c7n6c(=0)cc7

50k3_1 O=C1CCc2cc(/C=C/Cn(cc(C[C@@H]I(NC([C@@H](CN1)Cc3ccccc3)=0)C(N4[C@@H]5CC
120 C[C@H]([C@@H]4C(0)=0)C5)=0)n6c7ccc6)c7=0)ccc2

50k3_1 NC([C@@H]1CCC2(N1C([C@H]3Cc(ccd)n5c4c(=0)n(C/C=C/c6cc(CCC(N[C@H](CC(N3)=
1 64 0)CCc(cc7)c8c7ccccc8)=0)ccch)cc5)=0)CC2)=0

50k3_1 Cn(ccn1c2cc(C/C=C/c3cc(CC4)ccc3)c1C[C@@H](CC(N5[C@H](CCC56CCB)C(N7[C@H]8
1_67 CC[C@@H]([C@H]7C(0)=0)C8)=0)=0)NC4=0)c2=0

50k3_1 CC([C@@H](N(C([C@@H]1[C@@H]I2CC[C@H](N1C(C[C@@H]3CCc(cn(C/C=C/c4cc(CC
1170 C(N3)=0)ccc4)c5=0)c6c5cc06)=0)C2)=0)C)C(NCCc7[nH]ccc7)=0)C

50k3_1 CN(C([C@@H]1Cc(occ2)c3n2c(=0)c(C/C=C/c4cc(CCC(NSC[C@@HI6C[C@@HI6[C@H]5
2 30 C(N1)=0)=0)ccc4)c3)=0)C[C@@H](C(O)=0)Cc(cc7)c8n7cccc8

50k3_1 NC([C@]12CC[C@@H](N2C([C@H](CNC([C@H]3CCc4cc(C/C=C/c5cc(CCC(N3)=0)ccch)c
2 80 cc4)=0)CCc(ccc6=0)c7nb6eeec7)=0)C1)=0

50k3_1 NC(C[C@@H](NC([C@@H]1[C@H]2C[C@H]2CN1C(C[C@@H]3CCc(cc(C/C=C/cacc(C[C
2 88 @H]5C=CN3C5=0)c(F)cc4)c6=0)c7n6ccec?)=0)=0)Cc8occc8)=0

50k3_1 C#CC[C@@]12CCCN1C(C[C@@H](NC(CCc3cc(/C=C/Ccac(C[C@@H](NC2=0)C(N)=0)c
2 94 cccd)eec3d)=0)CCc(cc5=0)ccbn5cecc6)=0

50k3_1 CC([C@@H](N(C(CI[C@@H](NC([C@@H]1Cc(cc2C/C=C/c3cc(CCC(N1)=0)ccc3)c4n2ccee
2 95 4)=0)CCc(ccc5=0)cbn5cccc6)=0)C)C(N)=0)C

50k3_1 C#CCCC[C@@]12CC(N3CC(N([C@@H](Ccédcc(C/C=C/c5cc(C1)c([C@H]32)cc5)ceccd)C(N[
00 36 C@@HI](C(N)=0)CCc(occh)c7nbc(=0)cc7)=0)C)=0)=0

50k3_1 CN([C@@H](CC(N)=0)CCc1occc1)C([C@@H]2[C@H]3CC[C@@H](N2C(C[C@@H]4Cc(c
00_45 c5n6ccech)c(C/C=C/c7cc(CCC(N4)=0)ccc7)c6=0)=0)C3)=0

50k3_1 O=C([C@@H]1C[C@@H](CN1C([C@@H]2Cc(cn(C/C=C/c3cc(CCC(N4[C@H](C(N2)=0)C|
00_56 C@HI5C[C@H]54)=0)ccc3)c6=0)n7cbeec?)=0)O0c8cccccd)O

50k3_1 Cn(ccn1c2cc(C/C=C/c3cc(CC4)ccc3)c1C[C@@H](C(NS[C@@H](CCC56CCB)C(N[C@@H]
00_58 (Cc(cc7)c8c7cccec8)CC(N)=0)=0)=0)NC4=0)c2=0

50k3_1 CN([C@@H](Cc(cc1)c2n1cc[nH]2)CC(NI[C@@H](C[C@@H]4C[C@@H143)C(0)=0)=0)C(
00 112 CI[C@@H]5Cc(ccbn7ccech)c(C/C=C/c8cc(CCC(N5)=0)ccc8)c7=0)=0

50k3_1 NC([C@H](CNC([C@H]1[C@H]2CC[C@@H](N1C([C@@H]3CNC(CCc4cc(/C=C/Cc(c(C3)c
00 189 c5=0)c6n5ccech)ceccd)=0)=0)C2)=0)CCc7ccccc?)=0

50k3_1 CN([C@@H](C(N1[C@@H](C[C@@H]2C[C@@H]21)C(0)=0)=0)Cc(c[nH]c3=0)n4c3ccc4
00 239 C(C@@H]5CNC(CCcbec(/C=C/Cc(cc7C5)n8c7cccce8)ccct)=0)=0

50k3_1 CC(CI[C@@H](N(C(C[C@@H]1CCc(cn(C/C=C/c2cc(CCC(NC[C@@H](C(N1)=0)CCc3cccc
01 22 c3)=0)ccc2)c4=0)n5c4ccc5)=0)C)C(N)=0)C

50k3_1 CN([C@@H](Cc1cceeec1)CC(N2C[C@H](C[C@H]2C(0)=0)0)=0)C(C[C@@H]3CCc(cc4n5
01_155 ccecd)c(C/C=C/c6ec(CCC(N3)=0)ccc6)c5=0)=0
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50k3_1 CN([C@@H](C(N)=0)Cc(cc1)c2c1cceecc2)C([C@@H]I3[C@@H14CCCIC@H](N3C([C@@H]
02_183 5Cc(cn(C/C=C/c6cc(CCC(N5)=0)ccch)c7=0)c8c7cco8)=0)C4)=0

50k3_1 NC([C@@H]1CCC2(N1C([C@]34CC[C@@H](C4)CN3C(C[C@@H]5Cc(cn(C/C=C/c6cc(C[
03 42 C@H]7C=CN5C7=0)c(F)cc6)c8=0)c9c8cc09)=0)=0)CC2)=0

50k3_1 CN([C@@H](C(N1[C@H]2CC[C@@H]([C@@H]1C(0)=0)C2)=0)CCc3cc(0)ccc3)C(C[C@
03_68 @H]4Cc(cchnbeeee5)c(C/C=C/c7cc(CCC(N4)=0)ccc7)c6=0)=0

50k3_1 CN([C@@H](Cc(cc1)c2c1ceceec2)CC(N3C[C@H4CIC@HM4[C@H]3C(N)=0)=0)C([C@@H]
03 _127 5Cc(cn(C/C=C/c6cc(CCC(N5)=0)ccc6)c7=0)c8c7cco8)=0

50k3_1 CN(C([C@@H]1Cc(oc(C/C=C/c2cc(CCC(N1)=0)ccc2)c3)c4n3c(=0)ccd)=0)C[C@@H](C(N
03 188 5C[C@HI6CIC@H]B[C@H]5C(N)=0)=0)CCc(cc7)c8c7ccccc8

50k3_1 CN1C[C@@H](CCc(cn(C/C=C/c2cc(CCC(N3[C@H](C1=0)C[C@H]4C[C@H]43)=0)ccc2)c
03 200 5=0)c6c5cco6)C(N7CIC@H](CIC@H]7C(N)=0)Oc8ccccc8)=0

50k3_1 Cn(ccn1c2cc(C/C=C/c3cc(CC4)ccc3)c1C[C@@H](CC(NSC[C@@H]6C[C@@H]6[C@H]5C(
03 233 NC[C@@H](C(N)=0)Cc(cc7)c8c7cccccd)=0)=0)NC4=0)c2=0

50k3_1 O=C([C@@H](NC([C@@H]1C[C@H]I2C[C@H]I2N1C([C@@H]3CCc(cc(C/C=C/c4cc(C[C@
04 51 H]5C=CN3C5=0)c(F)cc4)c6=0)c7n6ccec?)=0)=0)Cc(c[nH]8)n9c8ccc9)O

50k3_1 NC([C@@]12CC[C@H]I(N2C([C@H]3[C@H]4CC[C@@H](N3C(C[C@H]5Cc(cc(C/C=C/c6c
04 190 c(CCC(N5)=0)ccch)c7=0)c8n7ccccd)=0)C4)=0)C1)=0

50k3_1 O=C(C[C@@HI(NC([C@H]1CCC2(N1C([C@@H]3CCc4cc(OC/C=C/c5cc(CCC(NC3)=0)cc
04 200 c5)cec4)=0)CC2)=0)Cc(cc6=0)cc7n6eeec?)O

50k3_1 CC([C@@H](N(C([C@@H]I(NC(C[C@@H]1Cc(ccc2)n3c2ccc3C/C=C/cdcc(CCC(N1)=0)ccc
05 113 4)=0)CCc(cc5=0)ccbn5ccecc6)=0)C)C(N)=0)C

50k3_1 O=C([C@@H](Cc(cc1=0)cc2n1cccc2)CNC([C@@H]3Cc4c(C/C=C/c5cc(CCC(N6C[C@H]7
05 146 CCIC@]6(C(N3)=0)C7)=0)ccc5)cceccd)=0)0

50k3_1 NC([C@]12CC[C@@H](N2C([C@@H]3CCC4(N3C([C@@H]5CNC(CCcbcc(/C=C/Cc(cc(C5
06_10 )c7n8cccc7)c8=0)ccc6)=0)=0)CC4)=0)C1)=0

50k3_1 O=C1CCc2cc(/C=C/Cn(cc(C[C@@H](N1)CC(N3[C@@H]([C@H]4CCC[C@@H]3C4)C(N5]
06 29 C@H]6CCCIC@@H]([C@@H]5C(0)=0)CB)=0)=0)c7c8cco7)c8=0)ccc2

50k3_1 CN(C([C@@H]1Cc(co2)c3c2cen(C/C=C/c4cc(CCC(N5[C@H](C(N1)=0)CCC56CCH)=0)ccc
06_39 4)c3=0)=0)C[C@@H](C(N)=0)Cc(cc7)c8c7ccccc8

50k3_1 CN(C([C@@H]1Cc(cc2n3cccc2)c(C/C=C/cdcc(CCC(N1)=0)ccc4)c3=0)=0)C[C@@H](C(N
06_174 5C[C@@H]6CCIC@]5(C6)C(0)=0)=0)Cn(cc7)c8c70occ8

50k3_1 NC([C@@H]1CCC2(N1C([C@@H]3[C@H]4C[C@H]4CN3C(C[C@H]5Cc(cc(C/C=C/cbee(C
06_184 CC(N5)=0)cccb6)c7=0)c8n7cccc8)=0)=0)CC2)=0

50k3_1 NC([C@H]1[C@H]2CC[C@@H](N1C([C@@H]3[C@H]4C[C@H]4CN3C(C[C@@H]5Cc(cch
06 223 =0)oc7n6ceec?C/C=C/c8cc(C[C@H]9C=CN5C9=0)c(F)cc8)=0)=0)C2)=0

50k3_1 NC([C@@]12CC[C@H](N2C([C@H]3CCc(cc4)n5c4c(=0)n(C/C=C/c6cc(CCC(NC[C@H](C(
09 17 N3)=0)Cc(cc7)c8c7cccecc8)=0)ccc6)cc5)=0)C1)=0

50k3_1 0O=C1CCc2cc(/C=C/Cn(cc(C[C@@H](N1)CC(N3[C@@H]([C@H]4CC[C@@H]3C4)C(NC[C
09 44 @@H](C(0)=0)Cc5cceec5)=0)=0)n6c7ccct)c7=0)ccc2

50k3_1 O=C(C[C@@H](NC(CNC(C[C@@H]1Cc(cc(C/C=C/c2cc(CCC(N1)=0)ccc2)c3=0)cdn3ccee
09 107 4)=0)=0)CCc(cch)cbec5ceccct)O

50k3_1 CN([C@@H](CC(0O)=0)CCc(c[nH]1)c2c1ccecc2)C([C@@H]3CCc(ccd)n5c4c(=0)n(C/C=C/c6
10 20  cc(CCC(N7[C@@HI8CCIC@@]7(C(N3)=0)C8)=0)ccch)cc5)=0

50k3_1 NC(C[C@@H](NC([C@@H]1[C@H]2CCC[C@@H](N1C([C@@H]3Cc(cn(C/C=C/c4cc(CC

10 57 C(N3)=0)ccc4)c5=0)n6c5ccc6)=0)C2)=0)Cc(cc7?)c8c7cceec8)=0

50k3_1 CN(C([C@@H]1CCc(occ2)c3n2c(=0)c(C/C=C/cdcc(CCC(NSC[C@H]6C[C@HI6[C@H]5C(

10 140 N1)=0)=0)ccc4)c3)=0)C[C@@H](C(N)=0)Cc(cc7)c8c7ccccc8

50k3_1  Cn(cc1n2c3ccc2C/C=C/cdcc(CCC(N[C@@H](C1)CC(N5C[C@@H]6C[C@@H]6[C@H]5C(
11 105 N[C@@H](Cc(cc7)c8c7ccccc8)CC(N)=0)=0)=0)=0)ccc4)c3=0

50k3_1 C#CCIC@]1(CCCN1C(C[C@@H]2Cc(cc3n4ccee3)c(C/C=C/c5cc(CCC(N2)=0)ccch)c4=0)=
11_199 O)C(N6[C@@H]7CC[C@]6(C7)C(N)=0)=0

50k3_1 CN1C([C@HI2[C@@H]3CC[C@H](N2C(CCc4cc(/C=C/Cn(cc(C[C@@H]1CC(N5C[C@H](C
11 215 [C@H]5C(N)=0)Oc6ccecct)=0)c7c8cco?)c8=0)cccd)=0)C3)=0
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50k3_1 CN([C@@H](CC(N1C[C@H](C[C@H]1C(0)=0)0)=0)CCc(cc2=0)cc3n2cccc3)C([C@@H]4
12 173  CCchc(C/C=C/cbcc(CCC(N4)=0)cccb)ccce5)=0

50k3_1 Cn(ccn1c2cecc1CCI[C@@H](C(N)=O)NC([C@@H]3CCC4(N3C([C@@H]5Cc(cc6C/C=Cl/c7c
12 202 ¢(CCC(N5)=0)ccc7)c8cbecccc8)=0)CC4)=0)c2=0

50k3_1 CN(C([C@@H]1Cc(cn(C/C=C/c2cc(CCC(NI[C@@H]4CC[C@H]([C@@H]3C(N1)=0)C4)=

13 52 0O)ccc2)c5=0)cbc5cc06)=0)C[C@@H](C(N)=0)Cc(cc7)c8c7ccccc8

50k3_1 NC(C[C@@H](NC([C@@]12CC[C@H](C2)CN1C(C[C@@H]3Cc4ccc(C/C=C/c5cc(CCC(N3
13 241 )=0)ccc5)ecd)=0)=0)Cc(cc6=0)cc7n6eeec?)=0

50k3_1 CN([C@@H](C(O)=0)CCc(ccc1)n2ciccc2)C([C@@H]3[C@Hl4CC[C@@H](N3C([C@@H]
14 45 5Cc(co6)c7cbeen(C/C=C/c8cc(CCC(N5)=0)ccc8)c7=0)=0)C4)=0

50k3_1 CN([C@@H](Cc(c[nH]1)c2c1ccec2)CC(0)=0)C(C[C@@H]3Cc(cn(C/C=C/c4cc(CCC(N5[C
14 150 @H]6CCIC@@H]([C@H]5C(N3)=0)C6)=0)ccc4)c7=0)n8c7ccc8)=0

50k3_1 NC([C@@H]1CCc(cc(CC=Cc2cc(CCC(N3[C@H]4CC[C@]3(C(N5[C@H]6CCC[C@@HI([C
14 156 @@H]5C(N1)=0)C6)=0)C4)=0)ccc2)c7=0)c8n7cccc8d)=0

50k3_1  Cn(cc1n2c3cc(C/C=C/cdcc(CCC(NC[C@@H](CC1)C(NC[C@@H](C(N5[C@@H]([C@H]6C
14 235 CCI[C@@H]5C6)C(N)=0)=0)Cc7ccccc?)=0)=0)ccc4)c2)c3=0

50k3_1 Cn(ccn1c2c(C/C=C/c3cc(CC4)cecc3)cc1CCIC@@H](C(NS[C@@H]6CCI[C@]5(CB)C(N[C@
16_52 @H](C(N)=0)Cc(cc7)c8c7ccccc8)=0)=0)NC4=0)c2=0

50k3_1 NC([C@H]1[C@@H]2CC[C@H](N1C(C[C@@H]3Cc(cc(C/C=C/c4cc(CCC(NSC[C@@H]6C]
16_75 C@@H]B[C@H]5C(N3)=0)=0)ccc4)c7=0)c8n7cccc8)=0)C2)=0

50k3_1 CN(C([C@@H]1Cc2ncn(C/C=C/c3cc(CCC(N1)=0)ccc3)c2)=0)C[C@@H](C(N4[C@H]5CC]
16 224 C@@]4(C5)C(0)=0)=0)CCc(cc6=0)cc7nbeeec?

50k3_1 Cn1lcc(C[C@@H](C(N)=0)CNC([C@H2[C@@H]3CC[C@H]I(N2C([C@@H]4Cc(cc(C/C=C/
18 20 c5cc(CCC(N4)=0)ccc5)c6=0)c7n6ccec?)=0)C3)=0)c8c1ccec8

50k3_1 CN([C@@H](Cc(ccc1=0)c2n1ccec2)CC(N3[C@@H]4CCCIC@H]([C@@H]3C(0)=0)C4)=
18 231  O)C([C@@H]5CNC(CCcbcc(/C=C/Cn7cc(C5)nc7)ccc6)=0)=0

50k3_1 CN([C@@H](C(N1CCC[C@@H]1C(0)=0)=0)Cc(c[nH]2)c3c2cccc3)C([C@@H]14CCc(cn(C/
19 91 C=C/c5cc(CCC(NC4)=0)ccch)c6=0)n7cbeec?)=0

50k3_1 NC([C@H]1CCc(cc2)n3c2c(=0)n(C/C=C/cdcc(CCC(NC[C@H](C(N5S[C@@H]6CCIC@H]([C
19 93 @@H]5C(N1)=0)C6)=0)Cc(cc7)c8c7ccccc8)=0)cccd)cc3)=0

50k3_1 CN([C@@H](C(O)=0)CCc(cc1)c2niccec2)C([C@@H]3C[C@H]4C[C@HI4N3C([C@@H]5
20 68 Cc(occb)c7n6c(=0)c(C/C=C/c8cc(CCC(N5)=0)ccc8)c7)=0)=0

50k3_1 CN(C([C@@H]1Cc2ncn(C/C=C/c3cc(CCC(N1)=0)ccc3)c2)=0)C[C@@H](C(N4[C@@H]5C
20 78 CCIC@HI([C@@H]4C(0)=0)C5)=0)CCc(cc6=0)cc7nbeeec?

50k3_1 NC([C@HI(NC([C@@H]1CCn2¢(C/C=C/c3cc(CCC(N4[C@@H]([C@H]5CCC[C@@H]4C5)
21 157 C(NC1)=0)=0)ccc3)ccc2)=0)CCc(cc6=0)cc7n6eecc?)=0

50k3_1 Cnic(C[C@@H](NC([C@@H]2[C@@H]3C[C@@H]3CN2C(CCc4cc(/C=C/C5)cccd)=0)=0)
22 31 CC(NC[C@@HI(C(0)=0)Cc(cc6=0)cc7nbeeec?)=0)c5ec

50k3_1 CN([C@@H](C(N)=0)CCc(cc1)c2c1ceccc2)C([C@@H]3Cc(occ4)c5ndc(=0)c(C/C=C/cec(
22 191  CCC(N7[C@@H]8CCIC@H]([C@@H]7C(N3)=0)C8)=0)ccc6)c5)=0

50k3_1 CN([C@@H](Cc(cc1)c2c1ceceec2)CC(N)=0)C([C@@H]3CNC([C@@]45CC[C@H](N5C(CC
23 24 c6cc(/C=C/Cn(ccc7c8c(C3)co7)c8=0)ccc6)=0)C4)=0)=0

50k3_1 CN(C([C@@H]1C[C@@H]I2C[C@@H]2N1C([C@@H]3CCc(cn(C/C=C/c4cc(CCC(NC3)=0)
23 103  ccc4)c5=0)c6e5cc06)=0)=0)C[C@@H](C(N)=0)CCc7ccccc?

50k3_1 C[C@@H]I(C(N[C@@H](C(N)=0)Cc(ccc1=0)c2n1cccc2)=0)NC([C@@H]3CCc(cc4C/C=C/
23 217  c5cec(C[C@H]6C=CN3C6=0)c(F)cc5)c7n4cccc7)=0

50k3_1 O=C(N[C@@H](C(0)=0)Cc(cc1)c2n1cccc2)C[C@@H]3Cc(cn(C/C=C/c4cc(CCC(NS[C@@
25 52 H]([C@H]6CCIC@@H]5C6)C(N3)=0)=0)ccc4)c7=0)n8c7ccc8

50k3_1 CN(C([C@@H]1Cc2c(C/C=C/c3cc(CCC(N1)=0)ccc3)cec(0)c2)=0)C[C@@H](C(N4[C@HI(
25 82 CCC45CC5)C(0)=0)=0)Cc(cc6=0)cc7nbeeec?

50k3_1 0O=C1CCc2cc(/C=C/Cn(cc(CC[C@@H](CN1)C(N3C[C@@H]4C[C@@H]4[C@H]3C(NC|[C
25 133  @@HI(C(0)=0)Cc(cc5)cbn5cccct)=0)=0)n7c8ccc?)c8=0)ccc2

50k3_1 CN(C([C@@H]1Cc(cn(C/C=C/c2cc(CCC(N1)=0)ccc2)c3=0)c4c3cco4)=0)C[C@@H](C(N5[
25 184 C@HI6CCIC@@HI(C@H]5C(N)=0)C6)=0)Cc(cc7)c8c7cccccd
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50k3_1 CN([C@@H](Cc(cc1=0)cc2n1cccc2)CC(NI[C@H]4CCCIC@@H]([C@H]3C(0)=0)C4)=0)
26 111 C([C@@H]5Cc(cc6C/C=C/c7cc(CCC(N5)=0)ccc7)c8n6ec[nH]8)=0

50k3_1  Nc(=0)c1c[C@]23C/C=C/c4cc(CCC(N5[C@H](C(N[C@@H](C(N1[C@@H]2Nc6c3cc(F)cch
26 224 )=0)CCc(cc7=0)cc8n7cccc8)=0)C[C@H]9C[C@H]95)=0)ccc4

50k3_1 CN([C@@H](C(O)=0)Cc(cc1)c2n1ccecc2)C((C@@H]3[C@H4CCIC@@H](N3C(C[C@@H]
27 17 5Cc(cn(C/C=C/c6cc(CCC(N5)=0)ccch)c7=0)c8c7cco8)=0)C4)=0

50k3_1 CN([C@@H](C(O)=0)CCc1cccccl)C([C@HI2[C@H]3CCCI[C@@H]I(N2C(C[C@@H]4Cc(c[
27 79 nH]c5=0)n6c5cc(C/C=C/c7cc(CCC(N4)=0)ccc7)c6)=0)C3)=0

50k3_1 Cn(ccn1c2ccc1CIC@@HI(NC([C@@H]3CNC(CCc4cc(/C=C/Cc(cc5C3)cbe5cceect)cecd )=
27 97  0)=0)CC(N7C[C@@H]8C[C@@HI8[C@H]7C(N)=0)=0)c2=0

50k3_1 Cn(cc1CCI[C@@H](C(N)=O)NC([C@@H]2C[C@@H]3C[C@@H]3N2C(C[C@@H]4Cc(cc5
27 121 =0)c(C/C=C/c6cc(CCC(N4)=0)cccb)c7n5ccec?)=0)=0)c8c1cccc8

50k3_1 O=C1CCc2cc(/C=C/Cn(cc(C[C@@H](CN1)C(N3[C@H}4CC[C@@H]([C@H]3C(NC[C@@H
28 54 J(C(0)=0)Cc5cccec5)=0)C4)=0)n6c7ccc6)c7=0)ccc2

50k3_1 Cnic(C[C@@H](NC([C@H]2[C@H]3CCC[C@@H]I(N2C([C@@H]4CCc(ccbnbeeech)c(C/C
28 123 =C/c7cc(CCC(NC4)=0)ccc7)c6=0)=0)C3)=0)CC(N)=0)ccc1

50k3_1 CN([C@@H](C(N1C[C@@H]2CC[C@]1(C2)C(N)=0)=0)CCc(cc3=0)oc4n3ccc4)C([C@@H
28 142 15CCcbc(C/C=C/c7cc(CCC(NC5)=0)ccc7)ccech)=0

50k3_1 CN([C@@H](CC(N1[C@@H]([C@HI2CC[C@@H]1C2)C(N)=0)=0)CCc(ccc3=0)c4n3ccccd
28 173 )C([C@@H]I5CNC(CCcbcc(/C=C/Cc7oc(C5)cc7)cec6)=0)=0

50k3_1 CN([C@@H](C(N1[C@@H]([C@H]2CCC[C@@H]1C2)C(0)=0)=0)Cc(ccc3=0)c4n3ccccd)
29 107 C(C[C@@H15Ccbec(C/C=C/c7cc(CCC(NS5)=0)ccc7?)c(O)cc6)=0

50k3_1 NC([C@@H](NC([C@@H]1Cc(cc2n3cccc2)c(C/C=C/cdcc(CCC(NS[C@@HI6CC[C@HI([C
29 166 @@H]5C(N1)=0)C6)=0)ccc4)c3=0)=0)Cc(ccc7)n8c7ccc8d)=0

50k3_1 CN1C(C[C@@H](NC(CCc2cc(/C=C/Cc3oc(C[C@@H]1CC(N4[C@H](CCC45CC5)C(N)=0)
29 195 =0)cc3)ccc2)=0)CCc(cc6=0)cc7nbeeec?)=0

50k3_1 NC([C@H]1[C@HI2CC[C@@H](N1C([C@@H]3[C@@H]4C[C@@H]4CN3C([C@H]5CCc(c
29 196 ¢6=0)c(C/C=C/c7cc(CCC(NC5)=0)ccc7)c8nbeeecc8)=0)=0)C2)=0

50k3_1 NC([C@HI(NC(C[C@@H]1Cc2c(C/C=C/c3cc(CCC(N4[C@H](C(N1)=0O)C[C@@H]5CCC|[C
30_31 @@H]54)=0)ccc3)cccc2)=0)Cc(cc6=0)cc7nbeecc7)=0

50k3_1 Cn(ccc1c2c(CCIC@@H](NC(CCc3cc(/C=C/C4)ccc3)=0)CC(N5[C@H]6CCC[C@@HI([C@
30_83 H]5C(N7[C@@H](C[C@@H]8CCC[C@@H]87)C(0)=0)=0)C6)=0)c401)c2=0

50k3_1 CN(C([C@@H]1[C@H]2CC[C@@H](N1C([C@@H]3CCc(cc(C/C=C/c4cc(CCC(N3)=0)ccc4
30_191  )c5=0)c6n5ccecc6)=0)C2)=0)C[C@@H](C(0)=0)Cc(c[nH]7)n8c7ccc8

50k3_1 NC([C@H]1[C@@H]2CC[C@H](N1C(C[C@@H]3Cc(cc(C/C=C/cdcc(CCC(NS[C@H](C(N3)
30 215 =0)C[C@H]6C[C@H]65)=0)ccc4)c7=0)c8n7cccc8)=0)C2)=0

50k3_1 O=C([C@@H]1CCc(c[nH]c2=0)n3c2ccc3C/C=C/c4cc(C[C@H]5C=CN1C5=0)c(F)cc4)N[C
30 246 @@H](Ccbeeecec6)CC(N7[C@@H](CI[C@H]8C[C@H]87)C(0)=0)=0

50k3_1 CN([C@@H](C(N)=0)CCc(cc1)c2c1ceecc2)C([C@@H]3CCc(cn(C/C=C/c4cc(CCC(N5CIC
31 14 @H]6C[C@H]6[C@H]5C(N3)=0)=0)ccc4)c7=0)c8c7cco8)=0

50k3_1 C[C@@H](N(C(C[C@@H]1CCc(cc2)n3c2¢(=0)n(C/C=C/cdcc(CCC(N1)=0)cccd)cc3)=0)C)
31 115 C(N[C@@H](CC(N)=0)CCc(cc5)cbch5ccecect)=0

50k3_1 CN([C@@H](CC(0)=0)CCc1cccece1)C([C@]23CCIC@@H](N3C([C@@H]4CCc(c(C/C=Clc
31 161 5cc(CCC(N4)=0)ccch)c6)n7c6c(=0)[nH]cc7)=0)C2)=0
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Code Snippets

The following scripts demonstrate filter implementation on the CPMG library, structure analysis,
submitting job arrays for conformer generation with CB++ and submitting job arrays for
parallelized docking with AutoDock Vina. These may be used as general templates and adapted
to perform similar tasks.

import cpmg.repository as repository
from rdkit import Chem

from rdkit.Chem import rdMolDescriptors
import random

def load_macrocycles(length, mol_type='macrocycle'):
repo = repository.create_repository_from_string(mol_type)
for mol in repo.find({'length': length}):
yield mol

pattern_sm=['smiles']

patterns=[]

for smiles in pattern_sm:
m=Chem.MolFromSmiles(smiles)
patterns.append(m)

print(patterns)

a=1
b=1
n="%d % k"
m="%d % k"

matched=[Chem.MolFromSmiles('CCCCCCCCCC'), Chem.MolFromSmiles('CCCCCCCCC(C)=0")]

if _name__ =="_main__ "
length=3
try:
for macrocycle in load_macrocycles(length):
m = Chem.MolFromSmiles(macrocycle['kekule')
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mw=Chem.rdMolDescriptors.CalcExactMolWt(m)
mw_lastmatch=Chem.rdMolDescriptors.CalcExactMolWt(matched[-1])
mw_seclastmatch=Chem.rdMolDescriptors.CalcExactMolWt(matched[-2])
#filter stereoisomers, regioisomers and terminal acid/amide congeners
if (m.HasSubstructMatch(matched[-1])
or int(mw)==int(mw_lastmatch) or int(mw)==int(mw_seclastmatch)
or int(mw)-int(mw_lastmatch)==0 or int(mw_lastmatch)-int(mw)==0
or int(mw)-int(mw_lastmatch)==1 or int(mw_lastmatch)-int(mw)==
or int(mw)-int(mw_seclastmatch)==0 or int(mw_seclastmatch)-int(mw)==0
or int(mw)-int(mw_seclastmatch)==1 or int(mw_seclastmatch)-int(mw)==
or int(mw)-int(mw_lastmatch)==13 or int(mw_lastmatch)-int(mw)==13):
continue
else:
if m.HasSubstructMatch(patterns[0]) and a<m:
a+=1
matched.append(m)
elif m.HasSubstructMatch(patterns[1]) and b<m:
b+=1
matched.append(m)
elif a==m and b==m:
if length==>5:
raise ValueError
else:
print('max reached', length)
length+=1
print('length changed', length)
a=1
b=1
elif a==m or b==m:
continue
except ValueError:
pass

print("a=",a, "b=",b)
print(length)

txtfile="/path/to/output.txt’
for mol in matched:
smiles=Chem.MolToSmiles(mol)
with open(ixtfile, 'a’) as f:
f.write(smiles+"\n")

##Ht filter by property

import cpmg.repository as repository
from rdkit import Chem
from rdkit.Chem import rdMolDescriptors, Descriptors
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import csv

def load_macrocycles(length, mol_type='macrocycle’):
repo = repository.create_repository_from_string(mol_type)
for mol in repo.find({'length': length}):
yield mol

csv_file = "/path/to/output.csv"
csv_columns = ['slope’, 'smiles', 'mw', 'tpsa’, 'hbd']
n=0

matched=[Chem.MolFromSmiles('CCCCCCCCCC'), Chem.MolFromSmiles('CCCCCCCCC(C)=0")]
#arbitrary entries for first if loop
if _name__=="_main__ "
length=3 # change to access trimers, tetramers, or pentamers
with open(csv_file, 'w') as csvfile:
writer=csv.DictWriter(csVfile, fieldnames=csv_columns)
for macrocycle in load_macrocycles(length):
n+=1
m = Chem.MolFromSmiles(macrocycle['kekule'])
mw = Chem.rdMolDescriptors.CalcExactMolWt(m)
mw_lastmatch=Chem.rdMolDescriptors.CalcExactMolWt(matched[-1])
mw_seclastmatch=Chem.rdMolDescriptors.CalcExactMolWt(matched[-2])
tpsa = Descriptors. TPSA(m, includeSandP=True)
slope = tpsa/mw
if slope<0.2 or slope>0.3:
continue
#filter stereoisomers, regioisomers and terminal acid/amide congeners
elif (m.HasSubstructMatch(matched[-1])
or int(mw)==int(mw_lastmatch) or int(mw)==int(mw_seclastmatch)
or int(mw)-int(mw_lastmatch)==0 or int(mw_lastmatch)-int(mw)==0
or int(mw)-int(mw_lastmatch)==1 or int(mw_lastmatch)-int(mw)==
or int(mw)-int(mw_seclastmatch)==0 or int(mw_seclastmatch)-int(mw)==0
or int(mw)-int(mw_seclastmatch)==1 or int(mw_seclastmatch)-int(mw)==1
or int(mw)-int(mw_lastmatch)==13 or int(mw_lastmatch)-int(mw)==13
or int(mw)-int(mw_seclastmatch)==13 or int(mw_seclastmatch)-int(mw)==13):
continue
else:
hbd=Chem.Lipinski.NumHDonors(m)
if (int(mw) <= 800 and tpsa <= 150 and hbd <=5):
print(n)
matched.append(m)
writer.writerow({'slope":slope, 'smiles":macrocycle['kekule'], 'mw":mw, 'tpsa':tpsa, 'hbd":hbd})
else:
continue
print(n)
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csvfile.close()
### generate properties for a structure

from __future__ import print_function
from rdkit import Chem
from rdkit.Chem import rdMolDescriptors, Descriptors, Crippen, Lipinski

while True:

smiles=input("input smiles: ")
m=(Chem.MolFromSmiles(smiles))

if smiles==""
break

else:
print("Rotatable bonds=",
Chem.rdMolDescriptors.CalcNumRotatableBonds(m,strict=True))
print("MW=",Chem.rdMolDescriptors.CalcExactMolWt(m))
print("TPSA=", Descriptors. TPSA(m, includeSandP=True))
print("TPSA/MW=", (Descriptors. TPSA(m,
includeSandP=True)/Chem.rdMolDescriptors.CalcExactMolWt(m)))
print("logP=", Chem.Crippen.MolLogP(m))
print("hbd=", Chem.Lipinski.NumHDonors(m))
print("hba=", Chem.Lipinski.NumHAcceptors(m))

##H# running an array of CB++ jobs (re-optimized parameters from section 2.4 used here)

#l/bin/bash

#$ -cwd

#$ -N cbpp

#$ -0 joblogD.$TASK_ID.txt

# 4y

#$ -l h_data=10G,h_rt=24:00:00
#9$ -pe shared 8

#$ -t 1-n:1

set[1]=/path/to/file/with/smiles.txt
out[1]=/path/to/output.pdb

set[n]=/path/to/file/with/smiles.txt
out[n]=/path/to/output.pdb

echo "Job $JOB_ID.$SGE_TASK _ID started on: " “hostname -s’
echo "Job $JOB_ID.$SGE_TASK_ID started on: " ‘date °
echo""
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. /u/local/Modules/default/init/modules.sh

module load python/anaconda3

module load openbabel/2.4.1

source activate rdkit

export TMP_DIR="/path/to/tmp/"

export PYTHONPATH="/path/to/ConfBusterPlusPlus-master/":
/path/to/ConfBusterPlusPlus-master/bin/confbpp.sh --smiles $(cat ${set[$SGE_TASK ID]})-r1-m 3-N5
-n 15 -e 5 -0 ${out[$SGE_TASK ID]}

echo "Job $JOB_ID.$SGE_TASK_ID ended on: " “hostname -s’
echo "Job $JOB_ID.$SGE_TASK_ID ended on: " ‘date "
echo nn

##H# generate shape metrics for a conformer

from __future__ import print_function

from rdkit import Chem

from rdkit.Chem import AllChem, Descriptors3D
import glob

pmis=[]
x=[]
y=[l
num=0

for pdb in glob.glob('/path/to.conformers/*.pdb'):
num-+=1
m=Chem.MolFromPDBFile(pdb)
i1=Chem.Descriptors3D.PMI1(m)
i2=Chem.Descriptors3D.PMI2(m)
i3=Chem.Descriptors3D.PMI3(m)

if i3!=0:
x=i1/i3
y=i2/i3
new_m={'num":num,'i1/i3":x,'i2/i3"y}
pmis.append(new_m)

else:
print("no conformer at", num)

import csv
csv_columns=['num’,'i1/i3",'i2/i3']

with open('/path/to/output.csv', 'w') as file:
writer=csv.DictWriter(file, fieldnames=csv_columns)
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writer.writeheader()
for data in pmis:
writer.writerow(data)

##H# convert pdb to pdbqt with obabel

#l/bin/bash

#$ -cwd

#$ -N convert

#$ -o joblog.$JOB_ID

#S-jy

#$ -l h_data=1G,h_rt=24:00:00
#$ -pe shared 1

. /u/local/Modules/default/init/modules.sh
module load python/anaconda3
module load openbabel/2.4.1

for dirin */; do
cd "$dir"
obabel *.pdb -opdbqt -O .pdbqt -p 7.4 -m
cd ..

done

#Ht split multi-conformer pdbqt files into individual input files

#l/bin/bash

#$ -cwd

#$ -N split_pdbgt

#$ -o joblog.$JOB_ID

#S-jy

#$ -l h_data=1G,h_rt=24:00:00
#9$ -pe shared 1

for dirin */ ; do
for f in /path/to/$dir*.pdbqt; do
/path/to/autodock_vina_1_1_2_linux_x86/bin/vina_split --input $f
done
done

### vina.py — running vina with parallelization

import time, sys
from multiprocessing import Pool
from subprocess import run
import glob
from os.path import join, splitext, basename
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from datetime import datetime
#the values for --cpu and pool processes were chosen based on literature precedent’

def f(lig):
ligname = "%s" % (splitext(lig)[0])
run(['/path/to/vina’,
'--cpu’, '4',
'--receptor’, '/path/to/receptor.pdbqt’,
'--config', '/path/to/config.txt,
'--ligand', lig,
'--log', ligname+".txt)

if _name__=="_main__ "
k=sys.argv[1]
print("this job is running on folder path/%s" % k)
pool = Pool(processes=5) # start worker processes
ligs = glob.glob("/path/to/ligand/library/%s/*.pdbqt" % k)

pool.map(f, ligs) # run for each ligand
###submitting an array of jobs for running docking calculations in parallel

#l/bin/bash

#$ -cwd

#$ -N vina_run

#$ -0 joblog.$JOB_ID.$TASK_ID.txt
#S-jy

#$ -l h_data=8G,h_rt=24:00:00

#9$ -pe shared 8

#$ -t 1-n:1

set[1]="$set_1"
set[n]="$set_n"

echo "Job $JOB ID.$SGE_TASK ID started on: " “hostname -s’
echo "Job $JOB ID.$SGE_TASK ID started on: " ‘date *
echo nn

. /u/local/Modules/default/init/modules.sh
module load python/anaconda3
python /path/to/vina.py ${set($SGE_TASK_ID]}

echo "Job $JOB ID.$SGE_TASK ID ended on: " “hostname -s’

echo "Job $JOB ID.$SGE_TASK ID ended on: " ‘date"
echo nn
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##H# compiling scores from docking

import sys

import glob

import csv

import numpy as np

import pandas as pd

import matplotlib
matplotlib.use('agg’)

import matplotlib.pyplot as plt

data =]

not_out _files =[]

values=[]

directories = glob.glob("/path/to/docked/output/files/*/")

for directory in directories:
file_names = glob.glob("%s/*.pdbqgt" % directory)
print (‘'Found', len(file_names), 'pdbqt files in', directory)
for file_name in file_names:
file = open(file_name)
lines = file.readlines()
file.close()
try:
line = lines[1]
score = float(line.split(":")[1].split()[0])
datapoint={'score':score, 'file"file_name}
data.append(datapoint)
values.append(score)
except:
not_out_files.append(file_name)

csv_file = "/path/to/output/scores.csv"
csv_columns = ['score’, 'file']

with open(csv_file, 'w') as csVfile:
writer=csv.DictWriter(csVfile, fieldnames=csv_columns)
for point in data:
writer.writerow(point)

print("Total number of docked conformers =", len(data))

df = pd.read_csv("/path/to/output/scores.csv")
data = df.iloc[:, 0]
bins = np.arange(min(data), max(data), 0.2)
print("Highest affinity = ", min(data))
print("Lowest affinity = ", max(data))
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plt.hist(data, bins=bins, color="blue’, alpha=0.5, edgecolor='black’)
plt.title('Scores for run2')

plt.ylabel('Frequency")

plt.xlabel('Scores')

plt.xlim([min(data)-2, max(data)+2])
plt.savefig('/path/to/output/scores.png’, dpi = 300)
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Chapter 3 Experimental Appendix

Analytical Methods. NMR spectra were recorded on Bruker Advance spectrometers (300 MHz,
400 MHz, 500 MHz) and are reported as & values in ppm relative to CDCIs (calibrated to 7.26
ppm in '"H NMR and 77.16 ppm in *C NMR, unless otherwise indicated). Splitting patterns are
abbreviated as follows: singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m), broad (br), and
combinations thereof. Column chromatography was conducted on silica gel 60 (240—-400 mesh)
purchased from Sillicycle. Thin-layer chromatography (TLC) was performed using pre-coated,
glass-backed plates (silica gel 60 PF254, 0.25 mm) and visualized using a combination of UV and
potassium permanganate staining. HPLC analyses were carried out using an Agilent 1200 HPLC
system equipped with an Agilent Quadrupole 6130 ESI-MS detector. Mobile phase was prepared
with 0.1% TFA.

o Methyl (((9H-fluoren-9-yl)methoxy)carbonyl)-L-serinate (35). Methyl L-
~ serinate hydrochloride (2.06 g, 13.29 mmol) and sodium bicarbonate (2.75 g, 32.7
mmol) were dissolved in water (30 mL) and cooled to 0 °C. A solution of Fmoc-
succinimide (4.40 g, 13.06 mmol) in 1,4 dioxane (30 mL) was added over 30
minutes. The ice bath was subsequently removed, and the mixture was stirred for another hour.
15 mL water was added, and the solution was extracted with ethyl acetate (x3). The combined
organics were washed with 0.2 M HCI (15 mL), brine (15 mL), dried of MgSOQs., filtered, and
concentrated in vacuo. Recrystallization in CH2CL, afforded the product as a white solid (4.33 g,
97%); R¢ 0.2 (1:1 Hex: EtOAc). '"H NMR (400 MHz, CDCl5) 8 7.77 (d, J = 7.5 Hz, 2H), 7.67-7.55
(m, 2H), 7.41 (t, J = 7.4 Hz, 2H), 7.32 (t, J = 4.6 Hz, 2H), 5.77-5.59 (m, 1H), 4.52-4.35 (m, 3H),
4.23 (t, J = 6.8 Hz, 1H), 4.07-3.87 (m, 2H), 3.80 (s, 3H).

HO o
NHFmoc

o Methyl (S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-iodopropanoate
I/\)J\O/ (36). PPh3(0.88 g, 3.4 mmol) and imidazole (0.29 g, 4.3 mmol) were dissolved in
H dry CH>CL> (9 mL) under argon and cooled on an ice bath. lodine (0.91 g, 3.6
mmol) was added and the mixture was stirred at room temperature for 10 minutes.
The resulting yellow suspension was once again cooled on an ice bath, and 35 (0.85 g, 2.4 mmol)
in dry CH2CL> (24 mL) was added. The mixture was allowed to stir over the ice bath for 2 hours.
The reaction mixture was filtered and washed with water (x2), sodium thiosulfate (x2) and brine
(x1), dried over MgSO4 and concentrated. Recrystallization in EtOH/ether afforded the product as
a white solid. (0.99 g, 92%); R¢ 0.8 (1:1 Hex: EtOAc). '"H NMR (400 MHz, CDCl3) & 7.77 (d, J =
7.4 Hz, 2H), 7.61(d, J=7.5Hz), 7.41 (t, J= 7.7 Hz, 2H), 7.37-7.29 (m, 2H), 5.65 (d, J = 6.9 Hz,
1H), 4.64-4.53 (m, 1H), 4.50-4.32 (m, 1H), 4.25 (t, J = 7.2 Hz, 1H), 3.83 (s, 3H), 3.61 (d, J=3.4
Hz, 2H); '*C NMR (100 MHz, CDCl;) & 169.7, 155.4, 143.7, 143.6, 141.3, 127.8, 127.1, 125.1,
120.1, 67.4,54.1,53.2,47.1, 7 4.

NHFmoc

o) Methyl (S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-(thiophen-3-

_yl)propanoate (37). A. Zinc insertion. Zinc dust (63 mg, 0.95 mmol) and iodine
7 ©" (4 mg, 14 ymol) were added to a flask equipped with a stir bar. The flask was
s NHFmoc  avacuated, heated over a Bunsen burner and flushed with argon 3 times. The

iodide derivative 36 (216 mg, 0.48 mmol) was dissolved in anhydrous DMF (~1.3 cm*/mmol) and
transferred via syringe to the reaction mixture, which was previously cooled to 0 °C. The reaction
was stirred at room temperature and monitoring the reaction by TLC (3:2 Hex:EtOAc) showed full
consumption of starting material in 90 minutes. B. Pd Catalyzed Cross Coupling. Pd[P(t-Bu)s)]. (8
mg, 14 ymol) and SPhos ligand (20 mg, 48 umol) were weighed into a flame dried flask in a glove
bag under argon atmosphere. The flask was kept under an argon atmosphere and 3-
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bromothiophene (0.04 ml, 0.48 mmol) was added to it. The zinc insertion product from part A was
syringed into this flask under argon atmosphere. The flask was heated at 50 °C for 5 hours and
subsequently stirred at room temperature overnight. The reaction mixture was cooled to room
temperature, diluted with EtOAc and washed with water to remove DMF. The organic layer was
dried over MgSO., filtered, concentrated, and purified by column chromatography (4:1 Hex:
EtOAc) to afford the product as a yellow oil (94 mg, 48%); R¢ 0.2 (4:1 Hex: EtOAc). '"H NMR (400
MHz, CDCl3) 6 7.77 (d, J = 7.5 Hz, 2H), 7.58 (t, J = 6.2 Hz, 2H), 7.41 (t, J = 7.5 Hz, 2H), 7.32 (it,
J=7.4,1.4Hz 2H), 7.28-7.25 (m, 1H), 6.94 (br s, 1H), 6.83 (d, J = 4.6 Hz, 1H), 4.70-4.59 (m,
1H), 4.51-4.43 (m, 1H), 4.43-4.32 (m, 1H), 4.26-418 (m, 1H), 3.74 (s, 3H), 3.24-3.10 (m, 2H); "*C
NMR (125 MHz, CDCls) 172.0, 155.7, 144.0, 143.8, 141.5, 135.9, 128.4, 127.9, 127.2, 126.2,
125.2, 123.0, 120.1, 67.0, 54.4, 52.6, 47.3, 32.9; HRMS (ESI) calculated for C23H21NO4S [M+H]*
408.1264, found 408.1264.

0 (S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-(thiophen-3-
J on Ylpropanoic acid (38). Mgl (334 mg, 1.2 mmol) and 37 (49 mg, 0.12 mmol)
| NHFmoc  WeEre weighed into a microwave vial equipped with a stir bar in a glove bag
S under argon atmosphere. Anhydrous THF (2.0 mL) was added to the vial and
the sealed reactor was heated at 120 °C for 1 hour under microwave irradiation with stirring. A
Na.S0s3 ag. solution (0.1 M) was added and the resulting mixture was extracted with EtOAc (x3).
The organic layer was washed with brine, dried over MgSOy, filtered, and concentrated in vacuo.
Purification by column chromatography (15:1 CH2CL2:MeOH) afforded the desired product (23
mg, 49%); Rt 0.1 (15:1 CH,CL,:MeOH). "H NMR (400 MHz, MeOD-d) & 7.78 (d, J = 7.4 Hz, 2H),
7.64-7.56 (m, 2H), 7.38 (t, J = 7.5 Hz, 2H), 7.33-7.25 (m, 3H), 7.06 (br s, 1H), 6.97 (d, J = 4.8 Hz,
1H), 4.42-4.30 (m, 2H), 4.28-4.20 (m, 1H), 4.17 (t, J = 6.8 Hz, 1H), 3.20 (dd, J = 14.3, 4.3 Hz,
1H), 3.02 (dd, J = 14.3, 8.6 Hz, 1H); IR (CH2Cl,) v 3320br, 2920w, 1700s, 1600m, 1520m, 1440s,
1420s cm™; HPLC/MS [M+H]* 394.1.

B 1-(carboxymethyl)pyridin-1-ium chloride (45). A mixture of pyridine (8.10 mL,
| _N_ _cos 100 mmol) and chloroacetic acid (9.45 g, 100 mmol) in EtOAc (20 mL) was stirred
"\g. at reflux for 2 hours. After cooling to ambient temperature, the formed precipitate

was filtered, washed with EtOAc and dried to afford the product as a pale-yellow
solid (6.86 g, 40%). '"H NMR (400 MHz, DMSO-ds) & 9.06 (dd, J = 6.7, 1.3 Hz 2H), 8.68 (it, J =
7.8, 1.3 Hz, 1H), 8.22 (td, J = 6.5, 1.0 Hz 2H), 5.58 (s, 2H).

co,me Methyl indolizine-1-carboxylate (46). A. Activation of MnO, by azeotropic

2 N= removal of water. MnO- (15 g, 0.173 mol) and benzene (90 mL) were added to a
S N/ 250 mL flask fitted with a Dean-Stark trap, condenser, and magnetic stirrer bar.
Water was removed by vigorous azeotropic distillation with stirring for over 6 hours

until separation of water was deemed to be complete. The apparatus was disassembled, and the
flask was placed under argon atmosphere. Yields are optimal when the reagent is used
immediately in the next step, but it may be kept under argon atmosphere in a desiccator for a few
days without significant loss of activity. B. Oxidative cycloaddition. Pyridinium chloride, 45, (3.81
g, 22 mmol) was added to the flask containing activated MnO-, kept under argon atmosphere.
Benzene (90 mL) and EtsN (3.4 mL, 24 mmol) were added to the flask. A condenser was fitted to
the flask and the mixture was heated at reflux. Monitoring by TLC (5:1 Hex:EtOAc) indicated
complete consumption of starting material after 4 hours. After cooling to room temperature, the
mixture was filtered over celite and washed with acetone. The combined filtrates were evaporated
to give a residue which was purified by column chromatography to afford the product as a yellow
oil (1.88 g, 42%); Rr 0.4 (5:1 Hex:EtOAc). "H NMR (400 MHz, CDCl;) 6 8.17 (d, J = 9.1 Hz, 1H),
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7.99 (dt, J=6.9, 1.1 Hz, 1H), 7.23 (dd, J = 6.8, 2.9 Hz, 1H), 7.04 (ddd, J = 9.2, 6.8, 1.1 Hz, 1H),
6.70 (td, J = 6.8, 1.2 Hz, 1H), 3.89 (s, 3H); '*C NMR (100 MHz, CDCls) & 165.4, 135.8, 126.0,
122.3, 119.9, 116.1, 113.7, 112.4, 103.6, 50.9.

co Indolizine-1-carboxylic acid (47). A suspension of indolizine carboxylate, 46 (1.53
g, 8.7 mmol) in 10% NaOH solution (108 mL) was stirred at 50 °C until starting
material was fully consumed, as monitored by TLC. The reaction mixture was
neutralized to pH=1 with conc. HCI and extracted with EtOAc. The organic layer

was washed with brine, dried over MgSOQOy, filtered and concentrated in vacuo to afford the product

as a grey-blue solid (1.40 g, 100%); R¢ 0.1 (5:1 Hex:EtOAc). '"H NMR (400 MHz, CDCl;) & 8.21

(d, J =9.1 Hz, 1H), 8.02 (dt, J = 6.9, 1.1 Hz, 1H), 7.38 (d, J = 3.0 Hz, 1H), 7.25 (d, J = 3.5 Hz,

1H), 7.10 (ddd, J =9.0, 6.7, 1.1 Hz, 1H), 6.75 (td, J= 6.7, 1.1 Hz, 1H).

2
~ _N

COH Br  3-bromoindolizine-1-carboxylic acid (50) and 1,3-
2 N= 2 N= dibromoindolizine (51). To a slurry of 46 (192 mg, 1.19 mmol) in
S N/ ~ N anhydrous DMF (12 mL) was added NaHCOs (301 mg, 3.58 mmol)and
N-bromo succinimide (223 mg, 1.25 mmol). The mixture was stirred at
room temperature until starting material was fully consumed, as
indicated by TLC. The solution was partitioned between water and EtOAc. The extracted organics
were washed with water and brine, dried over MgSO., filtered and concentrated. Purification by
column chromatography afforded x (Rf 0.1, 5:1 Hex:EtOAc) and x’ (R 0.8 Hex:EtOAc). x '"H NMR
(400 MHz, CDClz) 6 8.26 (dt, J = 9.0, 1.1, 1H), 8.15 (dt, J = 7.0, 1.0 Hz, 1H), 7.37 (s, 1H), 7.17
(ddd, J = 15.8, 7.8, 1.0 Hz, 1H), 6.91 (id, J = 6.9, 1.2 Hz, 1H); HRMS (ESI) calculated for
CoHsBrNO, [M+H]* 239.9655, found 239.9647. x’ '"H NMR (400 MHz, CDCl3) & 7.94 (d, J = 7.1
Hz, 1H), 7.36 (d, J = 9.1 Hz, 1H), 6.83 (s, 1H), 6.80 (ddd, J = 15.7, 6.6, 0.8 Hz, 1H), 6.65 (td, J =
6.3, 1.1 Hz, 1H); HRMS (ESI) calculated for CgHsBroN [M+H]* 273.8862, found 273.8865.

Br Br

OH 1-(pyridin-2-yl)prop-2-yn-1-ol (53). To a flame dried flask was added freshly

S titrated ethynylmagnesium bromide (13.75 ml, 0.4 M in THF). The solution was

| N N cooled to—78 °C and a solution of 2-picolyl aldehyde (0.48 mL, 5 mmol) was added

dropwise with stirring. The solution was stirred at —78 °C for 1 hour, then allowed

to warm to room temperature and stirred for another hour. The reaction was poured into sat.

NH4CI (30 mL) and extracted with EtOAc. The organic phase was washed with sat. NH4Cl and

brine, dried over MgSO4 and concentrated. The residue was purified over silica gel with 1:1

Hex:EtOAc to afford the product as a yellow oil (0.54 g, 81%); Rf 0.3 (9:1 Hex:EtOAc). '"H NMR

(400 MHz, CDCl3) 6 8.57 (d, J=4.5Hz, 1H), 7.76 (td, J=7.7, 1.7 Hz, 1H), 7.52 (dd, J= 7.9, 0.5
Hz), 7.30-7.27 (m, 1H), 5.49 (d, J = 2.2, 1H), 2.57 (d, J = 2.3 Hz, 1H).

OTBS  2-(1-((tert-butyldimethylsilyl)oxy)prop-2-yn-1-yl)pyridine (54). A solution of 53

X S (0.54 g, 4.05 mmol), in DCM (1 mL) was added to a stirred solution of TBSCI (0.61

| _N N g, 4.05 mmol) and imidazole (0.30 g, 4.46 mmol) in DCM (4.7 mL). The reaction

was stirred at room temperature for 2 hours. The solvent was removed in vacuo

and the product was purified by column chromatography to afford a yellow oil (0.83 g, 83%); Rs

0.9 (9:1 Hex:EtOAc). "H NMR (400 MHz, CDCI;) & 8.58-8.53 (m, 1H), 7.74 (td, J = 7.7, 1.8 Hz,

1H), 7.63 (d, J = 7.9 Hz, 1H), 7.24-7.18 (m, 1H), 5.56 (d, J = 2.2 Hz, 1H), 2.53 (d, J = 2.3 Hz, 1H),
0.95 (s, 9H), 0.21 (s, 3H), 0.15 (s, 3H).
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OTBS  1-((tert-butyldimethylsilyl)oxy)indolizine (55). AuBrs (29 mg, 0.19 mmol) was

N= weighed out under an argon atmosphere. A solution of 54 (270 mg, 1.09 mmol) in

~ N/ anhydrous toluene (2.4 mL) was added and the reaction was stirred at 50 °C under

an argon atmosphere. Starting material was not fully consumed but TLC monitoring

indicated no change between 2 and 3 hours. The solvent was concentrated and the reaction was

purified by column chromatography (9:1 Hex:EtOAc) to afford 33% recovered starting material,

and the product as a yellow oil (65 mg, 24%); R¢ 0.8 (9:1 Hex:EtOAc) 'H NMR (400 MHz, CDCls)

67.64 (d, J=7.0Hz 1H), 7.23 (d, J = 9.1 Hz, 1H), 6.98 (d, J = 2.8 Hz, 1H), 6.44-6.35 (m, 1H),
6.33 (d, J=2.7 Hz, 1H), 6.26 (t, J = 6.6 Hz, 1H), 1.01 (s, 9H), 0.18 (s, 6H).

HO indolizin-1-ylmethanol (56a). 47 (188 mg, 1.16 mmol) was dissolved in dry THF (3.5

mL) under argon. Borane-DMS complex (0.58 mL, 2M in THF) was added dropwise

2 = by syringe. The reaction was refluxed for 3 hours. After cooling to room temperature,

N7 the mixture was poured into 2N NaOH solution and stirred for 0.5 hour. The mixture

was extracted twice with EtOAc. The combined organics were washed with brine,

dried over MgSO. and concentrated to afford the product (62 mg, 36%). The compound is not

bench-stable and rapidly decomposes into an indigo oil. '"H NMR (400 MHz, CDCl3) & 7.85 (d, J

=7.7 Hz, 1H), 7.62 (6.3 Hz, 1H), 7.3 (d, J = 9.0 Hz), 7.24-7.20 (m, 1H), 6.60-6.55 (m, 1H), 6.43-
6.40 (m, 1H), 4.29 (s, 2H).

| o methyl (R)-2-((tert-butoxycarbonyl)amino)-4-oxohex-5-enoate (58). Boc-
~ iodo- L-alanine methyl ester, 57, was prepared by the same procedure as for 36.

A. Zinc insertion. Zn dust (294 mg, 4.50 mmol) was weighed into a flask and

flame dried under vacuum. After cooling to room temperature, the flask was back
filled with argon and evacuated three times. Dry toluene (1 mL) and TMSCI (12 uL, 94 uM) were
added to the flask and the solution was stirred for 30 minutes. A solution of 57 (494 mg, 1.50
mmol) in a mixture of dry toluene (1 mL) and dimethyl acetamide (0.4 mL) was added to the flask
dropwise. Consumption of starting material was monitored by TLC (2:1 ether:EtOAc). B. Pd
Catalyzed Cross Coupling. The zinc insertion product was syringed into a flask containing acryloyl
chloride (0.16 mL, 2 mmol), Pd(OAc)2 (22 mg, 0.1 mmol) and PPhs (53 mg, 0.02 mmol) under
argon and the reaction was stirred for 3 hours. The mixture was partitioned between sat. NH4ClI
and EtOAc. The extracted organics were washed with brine, dried over MgSO4 and concentrated.
Purification by column chromatography (100% Hex = 15% EtOAc in Hex) afforded the product
as a yellow oil (130 mg, 34%); R¢0.6 (20:3 Hex:EtOAc). '"H NMR (400 MHz, CDCl3) & 6.33 (dd, J
=17.7,10.1 Hz, 1H), 6.24 (dd, J=17.7, 1.4 Hz, 1H), 5.92 (dd, J = 10.1, 1.4 Hz, 1H), 5.50 (d, J =
8.2 Hz, 1H), 4.63-4.49 (m, 1H), 3.73 (s, 3H), 3.14 (dd, J = 18.0, 4.2 Hz, 1H), 3.14 (dd, J = 18.0,
4.2 Hz, 1H), 1.44 (s, 9H).

Y (o}
(o] NHBoc

—

BocHN 2 methyl (R)-2-((tert-butoxycarbonyl)amino)-4-(indolizin-1-yl)-4-
oxobutanoate (59). MnO; was activated as described for 46. Enone 58 (130

° ° mg, 0.50 mmol), 45 (43 mg, 0.25 mmol) and EtsN (38 pL, 0.28 mmol) were
N quickly added directly into a flask containing activated MnO, (174 mg, 2.0
N/ mmol) in benzene (25 mL). The reaction was refluxed until starting material

was fully consumed, as indicated by TLC. The reaction was cooled to room
temperature, filtered over celite, concentrated and purified by column chromatography (20% ->
50% EtOAc in Hex) to afford the product as yellow oil (20 mg, 23%); R¢ 0.5 (1:1 Hex:EtOAc). "H
NMR (400 MHz, CDCls) 6 8.38 (d, J = 9.0 Hz, 1H), 8.02 (dt, J = 6.8, 1.1 Hz, 1H), 7.21 (d, J= 3.0
Hz, 1H), 7.18-7.12 (m, 2H), 6.79 (td, J = 6.8, 1.2 Hz, 1H), 5.77 (d, J = 8.8 Hz, 1H), 4.69-4.60 (m,
1H), 3.75 (s, 3H), 3.66 (dd, J = 17.2, 4.3 Hz, 1H), 3.41 (dd, J = 17.2, 4.1 Hz, 1H), 1.43 (s, 9H).
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2 N= Indolizene (61). 47 (2.35 g, 14.6 mmol) is dissolved in ethanolamine (607 mL) and
~ N/ brought to reflux. Upon consumption of starting material, the reaction is quenched by
pouring over ice-cold water. The resulting solution is extracted with ether (x3), the
organics are washed with brine, dried over MgSO4 and concentrated to afford the product as a
yellow crystalline solid (1.43 g, 84%). The compound is taken forward without further purification.
'"H NMR (500 MHz, CDCl3) & 7.91 (d, J = 7.0 Hz, 1H), 7.37 (d, J = 9.0 Hz, 1H), 7.31 (br s, 1H),
6.79 (brs, 1H), 6.64 (ddd, J=9.0, 6.5, 1.0 Hz, 1H), 6.47-6.39 (m, 2H); "*C NMR (125 MHz, CDCls)
6 132.7,125.1, 119.1, 116.6, 113.4, 112.3, 110.0, 98.6.

5-iodoindolizine (62). To a stirred solution of indolizine, 61, (1.47 g, 12.5 mmol) and
I N TMEDA (2.06 mL, 13.8 mmol) in anhydrous THF (42 mL) was added freshly titrated
N\ n-BuLi (2.27 M solution in hexanes, 6 mL) dropwise. The reaction flask was warmed
=~ to —20 °C and maintained at that temperature for 2 hours. The mixture was cooled
back down to —80 °C and a solution of I2 (3.17 g, 12.5 mmol) in anhydrous THF (22
mL) was added. The mixture was warmed to room temperature and treated with sat. NH4Cl. The
organic layer was separated, and the aqueous layer was extracted with hexanes. The combined
organics were dried over MgSO., concentrated and purified by column chromatography (100%
hexanes) to afford the product as a green oil (2.0 g, 66%); R¢ 0.6 (hexanes); '"H NMR (500 MHz,
CDClz) 6 7.59-7.55 (m, 1H), 7.41 (d, J = 8.9 Hz, 1H), 7.04 (dd, J = 6.8, 1.0 Hz, 1H), 6.88 (dd, J =
3.9, 2.9 Hz, 1H), 6.69 (dd, J = 6.69, 1.5 Hz, 1H), 6.41 (dd, J = 8.9, 6.8 Hz, 1H); "*C NMR (125
MHz, CDCls) & 133.5, 122.8, 119.0, 117.9, 117.1, 113.2, 101.8, 86.2. HRMS (ESI) calculated for
CsH7IN [M+H]" 243.9618, found 243. 9617.

= o) Methyl (S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-(indolizin-
QN _ 5-yl)propanoate (63). A. Zinc insertion. Zinc dust (1.07 g, 16.5 mmol) and
| °" jodine (63 mg, 30 umol) were added to a flask equipped with a stir bar. The
N NHFmoc flask was evacuated, heated over a Bunsen burner and flushed with argon
3 times. The iodide derivative 36 (3.7 g, 8.23 mmol) was dissolved in anhydrous DMF (~1.3
cm®/mmol) and transferred via syringe to the reaction mixture, which was previously cooled to 0
°C. The reaction was stirred at room temperature and monitoring the reaction by TLC (3:2
Hex:EtOAc) showed full consumption of starting material in 90 minutes. B. Pd Catalyzed Cross
Coupling. 62 (2 g, 8.23 mmol), Pd(OAc). (185 mg, 0.82 mmol) and SPhos ligand (1.11 g, 2.7
mmol) was added to a flask equipped with a stir bar. The zinc insertion product from part A was
syringed into this flask under argon atmosphere. The flask was heated at 50 °C for 5 hours and
subsequently stirred at room temperature overnight. The reaction mixture was cooled to room
temperature, diluted with EtOAc and washed with water to remove DMF. The organic layer was
dried over MgSO;, filtered, concentrated, and purified by column chromatography (3:2 Hex:
EtOAc) to afford the product as a greenish-white solid foam (2.12 mg, 58%); Rr 0.3 (4:1 Hex:
EtOAc). '"H NMR (400 MHz, MeOD-d.) & 7.75 (d, J = 7.6 Hz, 2H), 7.57 (t, J = 7.0 Hz, 2H), 7.43
(brs, 1H), 7.39-7.30 (m, 3H), 7.30-7.21 (m, 2H), 6.80 (dd, J = 3.8, 2.8 Hz, 1H), 6.59 (dd, J = 8.9,
6.6 Hz, 1H), 6.44 (dd, J = 3.9, 1.0 Hz, 1H), 6.38 (d, J = 6.5 Hz, 1H), 4.71 (dd, J = 14.9, 9.6 Hz,
1H), 4.29-4.22 (m, 1H), 4.19-4.09 (m, 1H), 3.70 (s, 3H), 3.42 (dd, J = 15.0, 5.0 Hz, 1H), 3.20 (dd,
J=15.0, 9.7 Hz, 1H); *C NMR (100 MHz, MeOD-d,) 8 173.5, 158.3, 145.1, 142.5, 135.1, 132.9,
128.7,128.1,126.2, 126.1, 120.9, 118.9, 117.6, 114.8, 111.6, 110.4, 100.9, 68.0, 52.9, 51.8, 50.9,
35.5. HRMS (ESI) calculated for C,7H24N204 [M+H]* 441.1808, found 441.1803.

= o (S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-(indolizin-5-
N on Yl)propanoic acid (39). Mgl2(3.43 g, 12.3 mmol) and 63 (544 mg, 1.2 mmol)
~ | NHEmoe  Were measured into a flask equipped with a stir bar in a glove bag under
argon atmosphere. EtOAc (20 mL) was added to the flask, which was fitted
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with a condenser and heated to reflux until starting material was fully consumed, as monitored by
TLC. A NazS;0s3 aq. solution (0.1 M) was added and the resulting mixture was extracted with
EtOAc (x3). The organic layer was washed with brine, dried over MgSOQ, filtered, and
concentrated in vacuo. The product was afforded as a green oil and used directly in the next step
without further purification (0.52 g, 99%); R¢ 0.6 (15:1 CH2CL,:MeOH). 'H NMR (400 MHz, MeOD-
ds)07.73 (d, J=7.6 Hz, 2H), 7.55 (t, J = 6.7 Hz, 2H), 7.37-7.30 (m, 2H), 7.30-7.18 (m, 4H), 6.80-
6.72 (m, 1H), 6.53 (dd, J = 8.9, 6.6 Hz, 1H), 6.45-6.38 (m, 2H), 4.56 (dd, J = 9.4, 4.0 Hz, 1H), 4.22
(dd, J =94, 6.1 Hz, 1H), 4.13-4.02 (m, 2H), 3.66-3.55 (m, 1H), 3.54-3.44 (m, 1H), 3.10 (dd, J =
15.0, 9.5 Hz, 1H); *C NMR (100 MHz, MeOD-d,) & 172.9, 158.3, 145.2, 145.2, 142.5, 134.9,
134.4,128.7,128.1, 128.1,126.3, 126.2, 120.8, 117.6, 114.2, 111.2, 100.4, 67.8, 54.0, 47.6, 36.8.
HRMS (ESI) calculated for C2sH22N204 [M+H]" 427.1652, found 427.1644.

(9H-fluoren-9-yl)methyl ((S)-1-(((S)-1-amino-3-(4-hydroxyphenyl)

OH

1-oxopropan-2-yl)amino)-3-(indolizin-5-yl)-1-oxopropan-2-
o yl)carbamate (S1). 63 (472 mg, 1.1 mmol), L-tyrosinamide
FmocHN\)j\ NH, hydrochloride (254 mg, 1.2 mmol) and HBTU (455 mg, 1.2 mmol)
7 N were measured into a flask. Anhydrous DMF (3.3 mL) and DIPEA
NN © (0.4 mL, 2.3 mmol) were added, and the resulting mixture was stirred
N at room temperature until starting material was fully consumed, as
Q) monitored by TLC. The reaction mixture was partitioned between
EtOAc and sat. NaHCOs. The organic phase was washed with sat.
NaHCOs; (x2), sat. NH4CI (x3), brine (x1), dried over MgSO, filtered and concentrated to afford
the product as a white solid (0.63 g, 97%); Rt 0.6 (15:1 CH2CL2:MeOH). MS (ESI) m/z calculated

for CssH33N4Os [M+H]* 589.2, found 589.3.

OH (S)-2-amino-N-((S)-1-amino-3-(4-hydroxyphenyl)-1-oxopropan-2-
g yl)-3-(indolizin-5-yl)propenamide (S2). S1 (627 mg, 1.07 mmol),
[0}
NH,

HZN\)L
N o was fully consumed, as monitored by TLC. The mixture was
z | concentrated in vacuo and purified by column chromatography (100%
N
W/

octanethiol (1.85 mL, 10.65 mmol), DBU (0.18 mL, 1.17 mmol) and THF
(14 mL) were stirred in a flask at room temperature until starting material

CHCI; > 10% MeOH in CHCIs) to afford the product as a white solid
(380 mg, 97%); R¢0.5. MS (ESI) m/z calculated for C20H23N4+O3 [M+H]*
367.2, found 367.2.

OH  tert-butyl((S)-1-(((S)-1-(((S)-1-amino-3-(4-hydroxyphenyl)-
1-oxopropan-2-yl)amino)-3-(indolizin-5-yl)-1-oxopropan-2-

Me o, 0 yl)amino)-1-oxopropan-2-yl)carbamate (S3). S2 (300 mg,
BocHNJ\n/N\_)LN NW;  0.82 mmol), Boc-Ala-OH (187 mg, 0.90 mmol) and HBTU (342
6 L Ho3g mg, 0.90 mmol) were measured into a flask. Anhydrous DMF

= | (3 mL) and DIPEA (0.16 mL, 0.90 mmol) were added, and the

N reaction mixture was stirred at room temperature until starting

;j/l) material was fully consumed, as indicated by TLC monitoring.

The reaction mixture was partitioned between EtOAc and sat.

NaHCOa. The organic phase was washed with sat. NaHCOs3 (x2), sat. NH4ClI (x3), brine (x1), dried
over MgSOQy, filtered and concentrated. Purification by column chromatography (100% CH2Cl, >
10% MeOH in CH2Cl,) afforded the product as a pale yellow solid (0.32 g, 72%); Rr 0.6 (15:1
CHCL,:MeOH). "H NMR (400 MHz, MeOD-dy) 8 9.16 (s, 1H), 8.16 (d, J = 8.0 Hz, 1H), 7.97 (d, J
= 7.8 Hz, 1H), 7.51 (s, 1H), 7.35 (d, J = 8.9 Hz, 1H), 7.28 (br s, 1H), 7.08 (br s, 1H), 6.99 (d, J =
8.5 Hz, 2H), 6.90 (d, J = 6.9 Hz 1H), 6.82 (dd, J = 3.9, 2.8 Hz, 1H), 6.68-6.62 (m, 1H), 6.62-6.57
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(m, 1H), 6.45 (dd, J = 3.9, 1.3 Hz, 1H), 6.34 (d, J = 6.6 Hz, 1H), 4.78-4.64 (m, 1H), 4.41-4.29 (m,
1H), 3.96-3.80 (m, 1H), 3.22-3.15 (m, 1H), 3.05 (dd, J = 15.6, 9.3 Hz, 1H), 2.88 (dd, J=14.2,5.4
Hz, 1H), 2.73 (dd, J = 13.9, 8.8 Hz, 1H), 1.36 (s, 9H), 1.08 (d, J = 7.0 Hz, 3H). MS (ESI) m/z
calculated for C3sH3sNsOs [M+H]" 538.3, found 538.3.

(S)-N-((S)-1-amino-3-(4-hydroxyphenyl)-1-oxopropan-2-yl)-2-
((S)-2-aminopropanamido)-3-(indolizin-5-yl)propenamide

OH
Me . 0 (64). S3 (318 mg, 0.59 mmol) and TFA (1.4 mL, 17.7 mmol) in
H N)\H/N\)LN NH; CH2Cl, (6.8 mL) was stirred at room temperature until the starting
’ S i H 5 material was fully consumed, as monitored by TLC. Upon
\5)

completion, the reaction mixture was concentrated in vacuo and
N used directly in the next step without further purification.

\

0CO,tBu (E)-3-(3-(3-(((S)-1-(((S)-1-(((S)-1-amino-3-(4-
hydroxyphenyl)-1-oxopropan-2-yl)amino)-3-(indolizin-

A OH
5-yl)-1-oxopropan-2-yl)amino)-1-oxopropan-2-
o Me o yl)amino)-3-oxopropyl)phenyl)allyl tert-butyl
N)\n/',j\)]\ Hy carbonate (65). 64 (0.59 mmol), G1 (238 mg, 0.59 mmol)

H

6 i

N " and anhydrous DMF (6 mL) were added to a flask. DIPEA
2\ © (0.41 mL, 2.36 mmol) was added dropwise and the
p resulting mixture was stirred at room temperature until
starting material was fully consumed, as indicated by TLC.

W/ i . )
The reaction mixture was concentrated in vacuo, the
residue was redissolved in MeCN/CHCIs; 1:3 and purified by column chromatography (100%
CHCIsz » 10% MeOH in CHCIs) to afford the product as a bright pink-purple solid (387 mg, 90%);
R 0.9 (15:1 DCM:MeOH). 'H NMR (400 MHz, DMSO-ds) 8 9.17 (s, 1H), 8.28 (d, J = 7.7 Hz), 8.05
(d, J=7.0Hz, 1H), 7.91 (d, J = 8.3 Hz, 1H), 7.50 (br s, 1H), 7.40-7.33 (m, 1H), 7.30-7.20 (m, 4H),
7.13-7.06 (m, 2H), 7.05-6.97 (m, 2H), 6.82 (dd, J=13.9, 4.9 Hz, 1H), 6.68-6.57 (m, 4H), 6.46 (dd,
J=3.8, 1.2 Hz, 1H), 6.38-6.27 (m, 2H), 4.72-4.62 (m, 2H), 4.41-4.30 (m, 1H), 4.25-4.17 (m, 1H),
3.49-3.39 (m, 1H), 3.22-3.12 (m, 1H), 3.05 (dd, J = 15.9, 9.5 Hz, 1H), 2.92 (dd, J = 13.9, 4.9 Hz,
1H), 2.82-2.74 (m, 3H), 2.44-2.36 (m, 2H), 1.43 (s, 9H), 1.11 (d, J = 7.12 Hz, 3H). MS (ESI) m/z

calculated for C4oHsNsOg [M+H]* 726.35, found 726.36.

0.J2NH, (11S,14S5,17S,E)-14-(indolizin-5-ylmethyl)-11-methyl-
5 6 1810 9,12,15-trioxo-2-oxa-10,13,16-triaza-1(1,4),6(1,3)-
2 dibenzenacyclooctadecaphan-4-ene-17-carboxamide
N (69). 65 (127 mg, 0.18 mmol) is dissolved in anhydrous DMF
and the solution is sparged with argon for 15 minutes.
Pd(PPhs)s is added and the solution is stirred at room
temperature until starting material is fully consumed, as
determined by TLC. The reaction is partitioned between sat.
NH4Cl and EtOAc. The organic phase is washed with brine,
dried over MgSO, filtered, and concentrated. Purification by
column chromatography (100% CHCIl; - 10% MeOH in
CHCIs) affords the product as a blue solid (56 mg, 53%); R 0.3 (10:1 CHCI3:MeOH). MS (ESI)
calculated for C3sH3sNsOs [M+H]" 608.3, found 608.3.
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(500 MHz, DMSO-ds, 298K)

3¢ 'H Key correlations
1 136.0 | 6.58-6.72 (m, 4H) HMBC > 3, 33/35
2 122.3 | 6.30-6.48 (m, 2H) HMBC - 3
3 76.6 4.59-4.72 (m, 3H) HMBC - 2, 5/9
COSYy>1,2
4 155.8 | — HMBC - 5/9, 6/8
5 114.9 |6.58-6.72 (m, 4H) COSY - 6/8
6 130.1 7.02 (d, J=8.5Hz, 2H) HMBC > 10
7 127.8 | — HMBC -> 5/9, 10, 11
8 130.1 7.02 (d, J = Hz, 2H) HMBC > 10
9 114.9 | 6.58-6.72 (m, 4H)
10 36.6 2.94 (dd, J = 14.0, 4.8 Hz, 1H), 2.71- | HMBC - 6/8
2.83 (m, 3H)
11 54.2 4.31-4.42 (m, 1H) COSY > 10
12 172.7 | — HMBC > 11
13 170.2 | — HMBC > 11, 14
14 49.7 4.59-4.72 (m, 3H) COSY 2> 15
15 33.7 3.19 (dd, J = 15.8, 4.3 Hz, 1H) HMBC > 17
3.05(dd, J=15.7,9.4 Hz, 1H)
16 1324 | - HMBC > 15
17 109.5 |6.30-6.43 (m, 2H)
18 116.7 | 6.58-6.72 (m, 4H)
19 117.2 | 7.36 (d, J=8.9 Hz, 1H) HMBC > 16, 17
20 1329 | - HMBC > 19, 21
21 99.6 6.43-6.49 (dd, J=3.9, 1.2 Hz, 1H)
22 113.6 |6.82(dd, J=6.6, 1.0 Hz, 1H) HMBC > 21, 20
23 109.7 | 7.50 (s, 1H) HMBC > 21, 16
24 1726 | — HMBC > 14, 25, 26
25 48.4 4.16-4.27 (m, 1H) HMBC > 26
26 17.8 1.12 (d, J=7.0 Hz, 3H)
27 171.4 | — HMBC > 29
28 36.5 | 2.36-2.47 (m, 2H)
29 30.8 2.71-2.83 (m, 3H) HMBC - 31/35
30 141.8 | — HMBC > 29, 28
31 126.6 | 7.18-7.32 (m, 4H)
32 128.6 | 7.18-7.32 (m, 4H)
33 124.3 | 7.18-7.32 (m, 4H)
34 135.8 | — HMBC > 1,2, 3
35 128.3 | 7.08-7.15 (m, 2H)
5x NH 8.29 (d, J =7.8 Hz, 1H), 8.06 (d, J =
- 6.9 Hz, 1H), 7.92 (d, J = 8.2 Hz, 1H),
7.18-7.32 (m, 4H), 7.08-7.15 (m, 2H)
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©\ N \23
19 20N\ _~22

when dissolved in most common organic solvents; Rt 0.5 (15:1 CH2Cl.:MeOH). MS (ESI)
calculated for C3sH3sNsOs [M+H]* 608.3, found 608.3.

(500 MHz, DMSO-ds, 298K)

(78,108,138, E)-5%-hydroxy-10-(indolizin-5-ylmethyl)-13-
methyl-9,12,15-trioxo-8,11,14-triaza-1,5(1,3)-
dibenzenacycloheptadecaphan-2-ene-7-carboxamide (66a).
65 (164 mg, 0.23 mmmol) was suspended in nitromethane (46
mL) under argon and treated with 5%v TFA (2.3 mL) at room
temperature. The reaction was allowed to stir until full
consumption of starting material was observed by TLC. The
reaction mixture was partitioned between sat. NaHCO; and
EtOAc. The organic phase was washed with sat. NaHCO3 (x2),
sat. NH4Cl (x3), brine (x1), dried over MgSQs, filtered and
concentrated. The residue was redissolved in DMF and purified
by preparative HPLC {Waters Sunfire C18, 19x250 mm, 5um; 20-
88% (MeCN+0.1%v TFA)/(H.0+0.1%TFA) 2-9 min} to give the
product as a beige solid (60 mg, 43%), which turns bright purple

3¢ 'H Key correlations

1 130.3 6.25-6.37 (m, 2H) HMBC - 3, 32, 33, 34

2 128.7

3 33.0 3.51(dd, J=15.3, 5.4 Hz, 1H) HMBC > 1,2,4,5
3.27 (dd, J = 15.0, 6.1 Hz, 1H)

4 125.7 — HMBC > 3,9

5 153.5 - HMBC - 3

6 127.5 6.91-7.01 (m, 3H) HMBC > 5, 8

7 1314 7.04-7.13 (m, 2H) HMBC - 8

8 131.9 — HMBC > 9, 10, 11

9 115.0 6.71-6.82 (m, 2H) HMBC > 4

10 34.7 2.36-2.48 (m, 3H) HMBC - 8
2.85-3.00 (m, 3H)

11 49.6 4.35-4.58 (m, 2H) HMBC > 10

12 170.0 — HMBC > 11

13 170.9 — HMBC > 14

14 53.7 4.35-4.58 (m, 2H)

15 36.6 2.36-2.48 (m, 3H) HMBC > 14
2.85-3.00 (m, 3H)

16 132.8 — HMBC > 19/21, 23

17 109.8 5.69 (d, J=6.6 Hz, 1H)

18 116.8 | 6.38-6.47 (m, 2H)

19 117.0 7.30 (d, J =8.9 Hz, 1H)

20 127.6 — HMBC > 15

21 99.5 6.38-6.47 (m, 2H) HMBC > 22, 23

22 113.4 6.71-6.82 (m, 2H) HMBC > 23

23 109.7 7.32-7.41 (m, 2H) HMBC > 21

24 173.3 -

25 47.8 4.10-4.29 (m, 1H)

26 171.7 —

27 35.9 2.36-2.48 (m, 3H) HMBC > 28, 29
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2.69-2.83 (m, 2H)
28 30.5 2.69-2.83 (m, 2H) HMBC -> 29
2.85-3.00 (m, 3H)
29 141.3 -
30 127.3 6.91-7.01 (m, 3H)
31 128.1 6.91-7.01 (m, 3H)
32 123.2 6.85-6.90 (m, 1H) HMBC > 1/2
33 137.1 - HMBC - 3, 30, 31
34 126.4 7.19-7.24 (m, 2H) HMBC > 1/2, 30, 31
35 17.6 0.93 (d, J=6.8 Hz, 3H) HMBC > 25
5x NH 7.04-7.13 (m, 2H), 7.19-7.24 (m, 2H),
1x OH 7.32-7.41 (m, 2H), 7.80 (d, J = 8.2
B Hz, 1H), 7.90 (d, J=7.7 Hz, 1H), 7.97
(d, J=8.4 Hz, 1H)
N, o ethyl 2-azidoacetate (71). Ethyl bromoacetate (2 mL, 18.08 mmol) was

N“N\)I\ dissolved in anhydrous DMF (32 mL) and cooled to 0 °C. NaN3 was added slowly,
oet and the reaction mixture was allowed to warm to room temperature. The mixture
was stirred at room temperature until starting material was fully consumed, as indicated by TLC.
Water was added and the reaction was extracted with EtOAc (x3). The organic phase was washed
with brine, dried over MgSOQsy, filtered and concentrated to afford the product as a colorless oil (2.2
g, 94%); R¢ 0.1 (9:1 Hex:EtOAc). "H NMR (400 MHz, CDCl3) 4.26 (q, J = 7.1 Hz, 2H), 3.85 (s, 2H),
1.31 (t, J = 7.2 Hz, 3H); "*C NMR (100 MHz, CDCl;) 168.4, 62.0, 50.5, 14.2.

N ethyl (2)-2-azido-3-(4-bromofuran-2-yl)acrylate (72). A. Preparation of
N NaOEt. Dry ethanol (13.2 mL) was added to a flame dried flask equipped

\

N g With astir bar, and the flask was cooled to 0 °C under argon. Na metal was
M added to the cooled solution and the mixture was stirred at 0 °C under argon

o 0 until all the Na metal dissolved. The solution was allowed to warm to room
temperature and was used immediately in the next step. B. Nitrene insertion
into bromofurfural. To a solution of bromofurfural (750 mg, 4.26 mmol) and ethyl azidoacetate (2.2
g, 17.04 mmol) at 0 °C was added the freshly prepared solution of NaOEt. The solution was stirred
at 0 °C until the starting material was fully consumed, as indicated by TLC. The reaction was
poured into ice cold NH4Cl and extracted with ether. The organic phase was washed with brine,
dried and concentrated. Purification by column chromatography (9:1 Hex:EtOAc) afforded the
product as a pale yellow solid (500 mg, 41%); R 0.6 (9:1 Hex:EtOAc). '"H NMR (400 MHz, CDCls)
7.46 (d, J = 0.7 Hz, 1H), 7.16 (t, J = 0.6 Hz, 1H), 6.75 (d, J = 0.5 Hz), 4.35 (q, J = 7.1 Hz, 2H),
1.38 (t, J = 7.2 Hz, 3H).

Br

Br methyl 3-bromo-4H-furo[3,2-b]pyrrole-5-carboxylate (73). 72 (500 mg, 1.75

= mmol) in toluene (15 mL) was added dropwise to refluxing toluene (45 mL) in a
0.4/ "NH two necked flask fitted with a condenser. The mixture was stirred at reflux until
= COuEt starting material was fully consumed, as indicated by TLC. The reaction mixture

was cooled to room temperature and concentrated in vacuo. The crude mixture
was purified by column chromatography (9:1 Hex:EtOAc) to afford the product as a white solid,
which gradually turns yellow on exposure to air (330 mg, 73%); Rs 0.4 (9:1 Hex:EtOAc). '"H NMR
(400 MHz, CDCl3) 8.83 (br s, 1H), 7.50 (s, 1H), 6.80 (d, J = 1.8 Hz), 4.37 (q, J = 7.1 Hz, 2H), 1.38
(t, J=7.2 Hz, 3H).
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Br 3-bromo-4H-furo[3,2-b]pyrrole-5-carboxylic acid (74). 73 (330 mg, 1.28 mmol)

— was added to a solution of KOH (194 mg, 3.45 mmol) in water (6.5 mL) and heated
04/ "NH to 40 °C. A few drops of MeOH were added to wash x off the walls of the flask
=\ com and into the aqueous solution. Over the course of the reaction, the insoluble

2!

starting material dissolved into the aqueous solution as the potassium salt. When
no more starting material was evident, the reaction was cooled and MeOH was removed in vacuo.
The remaining solution was extracted with ether (x2), then acidified with ice cold 5M HCI to pH=2.
This precipitated the product, which was extracted with ether (x3), washed with water and brine,
dried over MgSOs., filtered, and concentrated to afford the product as a yellow solid (257 mg,
87%). When exposed to air, the solid gradually changes color to purple, but no structural change
is evident by NMR. "H NMR (400 MHz, MeOD-d4) & 7.63 (s, 1H), 6.74 (s, 1H); *C NMR (100
MHz, MeOD-d,) 163.4, 147.7, 146.0, 128.0, 125.2, 96.4, 88.2, 84.9, 24 4.

Br 3-bromo-4H-furo[3,2-b]pyrrole (75). 74 (40 mg, 0.17 mmol) was dissolved in

= ethanolamine (7 mL) and the solution was brought to reflux. The reaction was

0/ ~NH quenched by pouring over ice cold water after 15 minutes at reflux. The product was

= rapidly extracted into cold ether, washed with cold water and brine, and concentrated

in a cold bath to afford the product as a purple solid. Extreme care is required during

post reaction handling as the compound decomposes into black tar within a few minutes at room

temperature and exposed to air. Yield not available due to decomposition. '"H NMR (400 MHz,

MeOD-ds) 6 7.39 (d, J = 1.2 Hz, 1H), 6.80 (dd, J = 4.2, 1.9 Hz, 1H), 6.05 (d, J = 3.1 Hz, 1H).
HMRS (ESI) calculated for C¢HsBrNO [M+H]" 185.9549, found 185.9539.

SN omt Ot diethyl 2-(1-ethoxy-2-(pyridin-2-yl)ethyl)malonate (76). A. Preparation of
| LDA solution. Anhydrous THF (12.1 mL) and diisopropylamine (3.76 mL,

Z o 26.62 mmol) were added under argon to a flame dried flask equipped with a
stir bar. The reaction mixture was cooled to —78 °C, after which n-BuLi (10.5
mL, 2.3 M in hexanes) was added dropwise via syringe. The resulting mixture
was stirred for 10 minutes at —78 °C. After this time, the flask was allowed to warm to —60 °C and
was used immediately in the next step. B. Conjugate addition. To the freshly prepared solution of
LDA at —60 °C was added a solution of 2-picoline (2.17 mL, 22 mmol) in anhydrous THF (38 mL)
dropwise over 15 minutes under argon. The mixture was stirred at this temperature for 45 minutes
before diethyl 2-(ethoxymethylene)malonate (4.67 mL, 23 mmol) was added dropwise. The
resulting mixture was stirred at —20 °C until the starting material was fully consumed, as indicated
by TLC. The color of the solution gradually changed from red to yellow during this time. The
reaction mixture was quenched with sat. NH4Cl (10 mL) and extracted with EtOAc (x2). The
combined organics were washed with brine (x2), dried over MgSO,4 and concentrated. Purification
by column chromatography (5% > 50% EtOAc in hexanes) afforded the product as a yellow oil
(6.37 g, 94%); R¢ 0.5 (1:1 Hex:EtOAc). "H NMR (400 MHz, CDCl3) 8.53 (ddd J = 4.9, 1.8, 0.9 Hz,
1H), 7.58 (dt, J = 7.6, 1.9 Hz, 1H), 7.22 (d, J = 7.8 Hz, 1H), 7.12 (ddd, J = 7.5, 4.9, 0.1 Hz, 1H),
4.46-4.39 (m, 1H), 4.23-4.13 (m, 4H), 3.61 (d, J = 8.1 Hz, 1H), 3.50-3.23 (m, 2H), 3.19-3.01 (m,
2H), 1.28-1.22 (m, 6H), 0.96 (t, J = 7.03, 3H). HRMS (ESI) calculated for C1H24NOs [M+H]"
310.1649, found 310.1620.

(o} OEt

o o ethyl 4-oxo-4H-quinolizine-3-carboxylate (77). A suspension of 76 (6.27 g,
o oer 20-3 mmol) in xylenes (35 mL) was mixed with acetic acid (8.5 mL) and the
PR | reaction was heated to 120 °C and stirred at this temperature until starting
material as fully consumed, as indicated by TLC. After cooling to room
temperature, the reaction was diluted with EtOAc and washed with water (x3). The organic phase
was washed with brine, dried over MgSQy, filtered, and concentrated to afford the product as a
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yellow solid (3.57g, 81%); R 0.1 (1:1 Hex:EtOAc). 'H NMR (400 MHz, CDCls) & 9.43-9.37 (m,
1H), 8.40 (d, J = 8.4 Hz, 1H), 7.63-7.54 (m, 2H), 7.22-7.16 (m, 1H), 6.65 (d, 8.37, 1H), 4.42 (q, J
= 7.1 Hz, 2H), 1.42 (t, J = 1.4 Hz, 3H); *C NMR & (100 MHz, CDCls) 166.3, 155.9, 146.1, 141.1,
133.5,129.4, 125.4, 116.5, 106.9, 102.3, 60.9, 14.5. HRMS (ESI) calculated for C1,H12NOs [M+H]*
218.0812, found 218.0802.

o o ethyl 1-iodo-4-oxo0-4H-quinolizine-3-carboxylate (78). To a solution of 77
Za ot (3.57 g, 16.4 mmol), in anhydrous DMF (71 mL) was added N-iodosuccinimide
| (9.22 g, 41 mmol). The mixture was stirred at 40 °C until starting material was
fully consumed, as indicated by TLC. The reaction mixture was poured into
l 10% aq. Na>SOs3 (700 mL) and stirred for an additional 30 minutes. A yellow
precipitate formed which was collected by filtration, washed with 5% ag. NaSOs and water. The
filter cake was redissolved in DCM. MgSO. was added to remove water from the filter cake and
the resulting solution was refiltered and concentrated to afford the product as a yellow solid (4.7
g, 84%); R 0.15 (1:1 Hex:EtOAc). "H NMR (400 MHz, CDCl;) & 9.40 (d, J = 7.2 Hz, 1H), 8.73 (s,
1H), 8.0 (d, J = 8.9 Hz, 1H), 7.76-7.68 (m, 1H), 7.24 (td, J = 7.0, 2.5 Hz, 1H), 4.38 (q, J = 7.1 Hz,
2H), 1.39 (t, J = 7.1 Hz, 3H). *C NMR (100 MHz, CDCl;) & 164.8, 155.2, 150.2, 144.8, 136.1,
130.6, 129.5, 117.0, 108.3, 62.5, 61.2, 14.5.

N

o o 1-iodo-4-oxo0-4H-quinolizine-3-carboxylic acid (79). A suspension of 78
N oH (343 mg, 1 mmol) in 10% NaOH solution (12.4 mL) was stirred at 50 °C until
s | starting material was fully consumed, as indicated by TLC. The reaction

mixture was neutralized to pH=1 with conc. HCI and extracted with CH.Cl..

[ The organic phase was washed with brine, dried over MgSO,, filtered, and
concentrated to afford the product as a yellow solid (314 mg, 100%). '"H NMR (400 MHz, CDCls)
0 13.62 (br s, 1H), 9.43-9.39 (m, 1H), 9.05 (s, 1H), 8.25-8.19 (m, 1H), 7.92-7.86 (m, 1H), 7.46 (id,
J=7.0, 1.3 Hz, 1H).
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Chapter 3 NMR Spectra
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Chapter 4 Experimental Appendix

In vitro Assay. pFastBac1-mouseGOAT and pGEX-GST-proGhrelin8His plasmid encoding for
mouse proghrelin, fused to GST with TEV cleavage site to release proghrelin moiety, was a kind
gift from the Brown and Goldstein laboratory.? The BL21Gold E. coli chemically competent cells
were transformed with the pGEX-GST-proGhrelin8His plasmid and selected on agar plates with
ampicillin. A few colonies were used to inoculate 50 mL LB, and cultures were grown overnight at
37 °C. The next morning, 10 mL of overnight culture was used to inoculate 1L LB. A total of 4
flasks with 1L LB each were inoculated with 10 mL of the overnight culture, and bacterial cultures
were grown at 37 °C until they reached ODsoo ~ 0.6. The cultures were chilled on ice for 30 min
and then 0.25 mM of IPTG was added to each culture. The cultures were then moved back to a
shaker set to 18 °C and incubated overnight. Cells were harvested and resuspended in 200 mL
buffer containing 25 mM Tris-HCI pH 8.0, 150 mM NaCl, 1 mM EDTA and 0.5 mg/mL lysozyme.
The cell suspension was sonicated, and cell debris was removed by centrifugation. The soluble
fraction was passed through glutathione resin by gravity. The resin was washed with 75 mL of
lysis buffer without lysozyme. The GST-proGhrelin8His protein was eluted with lysis buffer without
lysozyme, supplemented with 15 mM reduced glutathione, GSH. About 50 mg of target protein,
as evaluated by SDS-PAGE, was eluted. The eluate was supplemented with 1 mM DTT and about
7.5 mg of recombinant GST-TEV protease (see below) was added. The solution was incubated
at 16 °C overnight to allow complete release of proghrelin8His from GST. Prior to Ni-NTA
chromatography, 5 mM CaCl, was added, and the solution was spun down at 4,000 x g for 10
min. After elution from Ni-NTA resin, protein solution was dialyzed against buffer containing 10
mM Tris-HCI pH 8.5, 50 mM NacCl, 10% glycerol and 0.01% CHAPS using 3kDa cutoff membrane
with 3 buffer exchanges. The protein was quantified by absorbance at Azso and qualified by SDS-
PAGE. Generation of GST-TEV protease. The pMHT vector? (gift from Dr. Arbing, UCLA) was
linearized by PCR reaction with primers outside of MBP gene: forw- &'
gcgaccatcctccaaaatcgggagaaagcttgtttaaggggcecg 3 and rev- 5'
caataacctagtataggggacatggttaatttctcctctttaatg 3'. The resulting linear plasmid was used to clone
GST gene in-frame at 5’ of TEV gene by in vitro Gibson assembly. The GST gene was prepared
by PCR amplification with primers: form 5" atgtcccctatactaggttattg and rev 5’ cgattttggaggatggtcgce
3' from pGEX-GST-proGhrelin8His plasmid as a template. The final bacterial expression vector,
pGST-TEV was used for expression and purification of GST-TEV fusion protein. BL21Gold
chemically competent E. coli cells were transformed with pGST-TEV plasmid and entire
transformation mixture was used to inoculate 50 mL LB supplemented with kanamycin. Next day,
10 mL of the overnight culture was used to inoculate 1L of LB. Four flasks with 1L LB each were
inoculated with 10 mL of the overnight culture, and bacterial cultures were grown at 37 °C till
OD600 ~ 0.8. was reached. After adding 1mM IPTG, culture was allowed to grow for 4 h, and
cells were harvested by centrifugation. The cell pellet was resuspended in 200 mL lysis buffer
containing 25 mM Tris-HCI pH 8.0, 150 mM NaCl, 1 mM EDTA, 5% glycerol, 0.5 mg/mL lysozyme
and 1 mM DTT. Cell suspension after freeze—thaw cycle was sonicated and cellular debris was
removed by centrifugation. The soluble fraction was bound to glutathione resin by gravity. The
resin was washed with 50 mL washing buffer (lysis buffer without lysozyme and DTT) and fusion
GST-TEV protein was eluted with 25 mL washing buffer supplemented with 15 mM reduced
glutathione (GSH). The elution was fractionated into 5 fractions and after SDS-PAGE/Coomassie
analysis, fractions containing most of the GST-TEV protein were combined and dialyzed against
buffer containing 25 mM Tris-HCI pH 8.0, 150 mM NaCl and 50% glycerol using 3kDa cutoff
membrane with 3 buffer exchanges. The total yield was roughly 8 mg per 1L bacterial culture.
The baculovirus expression of mouse GOAT. DH10Bac E. coli strain (ThermoFisher) was
transformed with pFastBac1-mouseGOAT plasmid, and Bacmid DNA from 12 white colonies was
analyzed by DNA sequencing and PCR reaction. All clones were transfected to sf9 cells and level
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of mMGOAT expression was compared between clones from cells producing P2. The clone with
the highest mMGOAT expression level was used to produce P3. For membrane isolation, sf9 cells
were seeded at 2—-4x10° /mL in total 1L volume of sf-900 serum-free medium (ThermoFisher) and
infected with P3 virus. At day 2 post-infection, cells were harvested and resuspended in 40 mL of
buffer containing 50 mM NaPi pH 7.2, 150 mM NaCl, 1 mM EDTA, 100 uM bis (4-nitrophenyl)
phosphate, 2.5 pg/mL aprotinin, 10 yg/mL leupeptin, 10 uyg/mL pepstatin A. Cell suspension was
briefly sonicated and cell debris was removed by centrifugation at 3000g x 10 min. Membrane
fraction was collected from supernatant by centrifugation at 100,000g x 1 h. Membrane pellet was
resuspended in storage buffer (50 mM NaPi pH 7.2, 150 mM NaCl and 10% glycerol) and kept at
-80 °C. Acyiltransferase assay: The assay conditions included per 50 ul reaction: 50 ug of total
sf9 membranes, various (for modality experiment) or fixed (for ICso) concentrations of recombinant
proghrelin8His peptide and various concentrations of tested compound (for ICs), 100 pM
palmitoyl CoA, 50 mM HEPES pH 7.0 and 1 yM [*H] octanoyl CoA (~5.5 dpm/fmol—American
Radioactive Chemicals). After incubation of the reaction mixture at 37C for 10 min, tubes were
placed on ice and 10 ul of 1M HCI was added to each tube. Following the addition of 740 pl of
cold quench buffer (50 mM NaPi pH 7.4, 10 mM Imidazole, 150 mM NaCl, 100 pM bis (4-
nitrophenyl) phosphate, 1 mM phenylmethylsulfonyl fluoride and 0.1% Triton), 0.2 mL of 50% Ni-
NTA slurry was added to each reaction. Tubes were incubated at 4C for 1 h with rotation to
capture proGhri8His. After washing Ni resin with 40 mM Imidazole, all bound proghrelin8His was
eluted with 250 mM Imidazole, and an amount of octanylated proghrelin was assessed with
scintillation counting.

INS1-cellular Assay. Generation of Recombinant Retrovirus for mGOAT Expression. The mouse
GOAT cDNA with C-terminal HA tag was amplified from pcDNA3.1-mouseGOAT-HA vector (gift
from Brown and Goldstein lab [2]) using the following primers: mGOAT _attb1 (forward primer) 5'-
ggggacaagtttgtacaaaaaagcaggctaccatggattggctccagectc—3'(attb1 recombination site is in
italics, 5’ of MGOAT coding sequence is in bold, and Kozak coding sequence is underlined) and
mGOAT _attb2 (reverse primer) 5'-ggggaccactttgtacaagaaagctgggtctaagcgtaatctggaacatc -3’
(attb2 recombination site is in italics, 3' of MGAOT-HA coding sequence is in bold, and stop codon
is underlined). The PCR product was cloned into donor vector pPDONR221 (ThermoFisher) with
BP clonase according to manufacturer’s instructions. Positive clones were verified by DNA
sequencing with M13F and M13R primers. The resulting entry plasmid pDONR221-mGOAT-HA
was used to transfer mGOAT-HA cDNA to destination vector pBabe-puro (Addgene cat# 51070)*
using LR clonase according to manufacturer’s instructions. Positive clones were verified by DNA
sequencing with pBABE-5 and pBABE-3 primers. The resulting plasmid, pBabe-puro-mGOAT-
HA, was used to generate retrovirus. The retrovirus was packed in 293T PhoE (Phoenix-ECO
ATOCC® CRL-3214™ ) cells and used to infect INS-1 cells. The stable INS/GOAT cells were
selecting on 1 pg/mL puromycin and GOAT expression was confirmed with immunoblot of
membrane fraction isolated from antibiotic resistant culture using anti-HA antibody.

Generation of Lentivirus for Expression of Ghrelin. The cDNA for mouse preproghrelin was
subcloned from pcDNA3.1-preproghrelin (gift from Brown and Goldstein lab)' into pULTRA vector
(Addgene cat# 24129)* with Xbal and BamHI restriction enzymes. Using of these restriction sites
for cloning will result in the creation of bi-cistronic expression of ghrelin along with EGFP to
facilitate identification of positive cells by fluorescence. The above restriction sites were
engineered via PCR reaction using the following primers: ghrl_pultra_forw 5'-
taccgagctcictagaatgctgtcttcagge -3' (5’ of preproghrelin coding sequence is in bold; Xbal site is
in italics) and ghrl_pultra_rev 5'-agcggccgcggatccttacttgtcagcetggce -3’ (3' of preproghrelin coding
sequence is in bold, stop codon is underlined, and BamHI site is italics). The recombinant
lentivirus encoding preproghrelin cDNA was packed in Lenti-X 293T cells (Takara cat# 632180)
by co-transfection of pUltra-EGFP-mouse-preproghrelin, with packaging encoding plasmid pCMV
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AR8.2 (Addgene cat# 12263) and envelope encoding plasmid pCMV-VSV g (Addgene cat#
8454). The INS/GOAT cells were infected with recombinant lentivirus to generate
INS/GOAT/GHRL cell line. After few passages, the population of cells with puromycin resistance
and ~90% fluorescence was saved for cell-based assay.

Cellular assay. INS/GOAT/GHRL cell line was routinely cultured in RPMI medium supplemented
with 10% FBS, 1% Pen/Strep, 10 mM HEPES pH 7.2 and 50 yM 2-mercaptoethanol. Day 0: One
10 cm dish at full confluency was used to seed one 96-well plate. Day 1: Growth media was
removed and cells were washed with PBS prior to adding fresh growth media as above but without
2-mercaptoethanol. The serial dilutions of tested compound at 50x concentration were prepared
in vehicle containing growth media without 2-mercaptoethnol supplemented with 6% DMSO and
were added to cells in duplicates. Day 2: 10 pyL of growth media were removed from each well
and amount of secreted acyl-ghrelin was measured with ELISA (Cayman cat# 10006307).

Analytical Methods. NMR spectra were recorded on Bruker Advance spectrometers (300 MHz,
400 MHz, 500 MHz) and are reported as & values in ppm relative to CDCIs (calibrated to 7.26
ppm in '"H NMR and 77.16 ppm in *C NMR, unless otherwise indicated). Splitting patterns are
abbreviated as follows: singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m), broad (br), and
combinations thereof. Column chromatography was conducted on silica gel 60 (240—-400 mesh)
purchased from Sillicycle. Thin-layer chromatography (TLC) was performed using pre-coated,
glass-backed plates (silica gel 60 PF254, 0.25 mm) and visualized using a combination of UV and
potassium permanganate staining. HPLC analyses were carried out using an Agilent 1200 HPLC
system equipped with an Agilent Quadrupole 6130 ESI-MS detector. Mobile phase was prepared
with 0.1% TFA.
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Scheme S1. Synthetic route towards 9A and 9B.

tert-butyl (S)-(1-(allyloxy)-3-phenylpropan-2-yl)carbamate (ii, Scheme S1). To a solution of i
(1.0 g, 3.98 mmol) in DMF (22 mL) at 0 °C, NaH was added (60% in mineral oil, 365 mg, 9.12
mmol) followed by allyl bromide (0.77 mL, 9.72 mmol). The resulting mixture was stirred at room
temperature for 4 h. The reaction was quenched with saturated aqueous NH4Cl and extracted
with EtOAc (x2). The organics were dried (MgSQa), filtered, and concentrated under reduced
pressure. The resultant oil was purified by column chromatography using 9:1 Hex:EtOAc as
eluents to afford ii (526 mg, 45%) as a clear oil. '"H NMR (500 MHz, CDCl3) & 7.28 (q, J = 4.9 Hz,
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2H), 7.21 (d, J = 7.4 Hz, 3H), 5.91 (m, 1H), 5.27 (q, J = 6.3 Hz, 1H), 5.19 (g, J = 4.0 Hz, 1H), 4.86
(s, TH), 3.96 (m, 2H), 3.34 (m, 2H), 2.87 (m, 2H), 1.42 (s, 9H). HPLC/MS MH* 192.1 (-Boc).

(9H-fluoren-9-yl) methyl((S)-1-(((S)-1-(allyloxy)-3-phenylpropan-2-yl)amino)-3-octanamido-
1-oxopropan-2-yl)carbamate (iii). To a solution of ii (1 eq.) in CH2Cl, (0.4 M) was added TFA
(10% vlv). The resulting solution was stirred at room temperature until completion as determine
by LCMS. The reaction mixture was concentrated under reduced pressure and the resultant TFA
salt was used without further purification. The resultant residue (1.1 eq.), Fmoc-Dap(octanoyl)-
OH (1 eq.) and HATU (1.1 eq.) was suspended in DMF (0.3 M). To the suspension DIPEA was
added (2.5 eq.) and the resulting solution was stirred at room temperature until completion, as
determined by LCMS. Upon completion, the reaction mixture was diluted with EtOAc and washed
with saturated aqueous NH4Cl (x2), water (x3), saturated aqueous NaHCO3 (x1), and brine (x1).
The organics were dried over MgSOsu, filtered, and concentrated under reduced pressure to afford
iii (178 mg, 95%). "H NMR (500 MHz, CDCl;) & 7.77 (d, J = 7.5 Hz, 2H), 7.60 (d, J = 7.2 Hz, 2H),
7.40 (t, J =7.5Hz, 2H), 7.32 (m, 2H), 7.25 (d, J = 14.7 Hz, 2H), 7.19 (q, J = 3.5 Hz, 3H), 6.97 (d,
J=7.8Hz, 1H), 6.41 (d, J = 4.3 Hz, 1H), 6.12 (s, 1H), 5.84 (m, 1H), 5.22 (d, J = 17.1 Hz, 1H),
5.12 (d, J = 10.3 Hz, 1H), 4.37 (t, J = 8.9 Hz, 1H), 4.31 (m, 2H), 4.21 (t, J = 7.1 Hz, 2H), 3.94 (s,
2H), 3.69 (d, J = 11.6 Hz, 1H), 3.49 (t, J = 7.0 Hz, 1H), 3.37 (s, 2H), 2.87 (m, 2H), 213 (t, J=7.2
Hz, 2H), 1.74 (s, 1H), 1.60 (s, 2H), 1.26 (t, J = 5.2 Hz, 8H), 0.85 (t, J = 7.0 Hz, 3H). *C NMR (126
MHz, CDCls) & 175.37, 169.47, 143.74, 141.29 (d, J = 2.4 Hz), 137.81, 134.40, 129.30, 128.44,
127.80,127.15 (d, J = 2.7 Hz), 126.53, 125.20, 120.03, 117.20, 72.14, 69.90, 67.52, 56.73, 50.35,
47.07,42.15, 37.54, 36.51, 31.67, 29.24, 29.01, 25.66, 22.62, 14.06. HPLC/MS MH" 626.1.

Boc-Ser(O-allyl)-OMe. To a solution of Boc-Ser-OMe (1.28 g, 5.85 mmol) in THF (11.7 mL) a
solution of allyl ethyl carbonate (1.54 mL, 11.7 mmol), allyl palladium chloride dimer (43 mg, 0.12
mmol) and PPhs; (138 mg, 0.53 mmol) was added dropwise to THF (5.85 mL). The resulting
reaction mixture was refluxed under argon overnight. The reaction mixture was concentrated
under a reduced pressure and the resultant residue was purified by column chromatography using
9:1 Hex : EtOAc as eluents to afford the desired product (1.24 g, 82%) as a clear oil. '"H NMR
(500 MHz, CDCl3) 6 5.82 (m, 1H), 5.37 (d, J = 8.1 Hz, 1H), 5.23 (m, 1H), 5.17 (d, J = 10.4 Hz,
1H), 4.42 (t, J = 4.4 Hz, 1H), 3.97 (t, J = 5.7 Hz, 2H), 3.84 (q, J = 4.1 Hz, 1H), 3.75 (s, 9H), 3.64
(q, J = 4.2 Hz, 1H). *C NMR (126 MHz, CDCl3) & 171.23, 155.51, 134.06, 117.40, 79.99, 72.24,
69.94, 53.99, 52.48, 28.32. HPLC/MS MH" 1601.1 (-Boc).

Boc-Ser(O-allyl)-OH (iv). To a solution of Boc-Ser(O-allyl)-OMe (1.24 g, 4.78 mmol) in a mixture
of THF/MeOH/H20 (1:1:1, 75 mL) LiOH*H>O (502 mg, 11.96 mmol) was added and the reaction
was stirred at room temperature until completion as determined by TLC. THF and MeOH were
removed under reduced pressure and the resulting solution was partitioned between 1N HCI (70
mL) and CH.Cl, (150 mL). The aqueous layer was extracted with CH,Cl, (x2) and the combined
organics were dried over MgSO;, filtered, and concentrated under reduced pressure to afford the
desired product, iv (1.1 g) as a colorless oil, which was used without further purification. '"H NMR
(500 MHz, CDCl3) 6 5.85 (m, 1H), 5.40 (d, J = 7.9 Hz, 1H), 5.25 (m, 1H), 5.19 (q, J = 3.9 Hz, 1H),
445 (t, J=3.9Hz, 1H),4.01 (d, J=5.7 Hz, 2H), 3.90 (d, J = 4.5 Hz, 1H), 3.67 (q, J = 4.4 Hz, 1H).

tert-butyl ((6S,9S,12S)-6-benzyl-9-(octanamidomethyl)-8,11-dioxo-4,14-dioxa-7,10-
diazaheptadeca-1,16-dien-12-yl)carbamate (v). To a solution of the Fmoc-protected amine iv
(1 eq.) and octanethiol (10 eq.) in THF (0.1 M) DBU (1.1 eq.) was added. The resultant solution
was stirred at room temperature for 15 min and then concentrated under reduced pressure. The
resultant residue was purified by column chromatography. The resultant residue (1.1 eq.), iv (1
eq.) and HATU (1.1 eq.) was suspended in DMF (0.3 M). To the suspension was added DIPEA
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(2.5 eq.) and the resulting solution was stirred at room temperature until completion, as
determined by LCMS. Upon completion, the reaction mixture was diluted with EtOAc and washed
with saturated aqueous NH4Cl (x2), water (x3), saturated aqueous NaHCO3 (x1), and brine (x1).
The organics were dried over MgSOsy, filtered, and concentrated under reduced pressure to afford
v (195 mg). '"H NMR (500 MHz, CDCls) 8 7.98 (d, J = 4.7 Hz, 1H), 7.28 (t, J = 3.8 Hz, 2H), 7.20
(9, J=3.4 Hz, 3H), 7.08 (d, J = 8.6 Hz, 1H), 6.01 (s, 1H), 5.87 (m, 2H), 5.42 (d, J = 4.9 Hz, 1H),
5.28 (m, 1H), 5.24 (m, 1H), 5.19 (dd, J = 1.5, 10.5 Hz, 1H), 5.16 (dd, J = 1.5, 10.5 Hz, 1H), 4.40
(m, 1H), 4.35 (t, J = 3.8 Hz, 1H), 4.23 (t, J = 4.9 Hz, 1H), 3.98 (m, 4H), 3.78 (q, J = 4.8 Hz, 1H),
3.65 (q, J=5.7 Hz, 1H), 3.58 (q, J = 4.9 Hz, 1H), 3.46 (m, 1H), 3.38 (m, 2H), 2.94 (q, J = 7.0 Hz,
1H), 2.77 (q, J= 7.2 Hz, 1H), 2.01 (q, J = 4.9 Hz, 1H), 1.64 (s, 6H), 1.56 (s, 1H), 1.46 (s, 9H), 1.26
(s, 8H), 0.87 (t, J = 6.9 Hz, 3H). *C NMR (126 MHz, CDCl3) & 175.55, 170.73, 134.72, 133.96,
129.31, 129.16, 128.37, 126.38, 117.78, 117.02, 72.29, 72.26, 72.16, 70.33, 69.43, 55.64, 54.95,
50.17,41.78, 37.50, 36.29, 31.66, 29.22, 28.98, 28.34, 25.57, 22.61, 14.05. HPLC/MS MH" 631.1.

tert-butyl ((3S,6S,9S)-3-benzyl-6-(octanamidomethyl)-5,8-dioxo-1,11-dioxa-4,7-
diazacyclopentadec-13-en-9-yl)carbamate (vi). The diene, v (158 mg, 0.25 mmol) was
dissolved in CHCI3 (0.01 M) and sparged with argon for 10 min, and then a solution of Grubbs |
(20 mol %) in CHCIz (0.02 M) was added. The resultant solution was stirred under argon until
completion as determined by LCMS. Column purification afforded vi (134 mg) as a mixture of
alkene isomers. 'H NMR (500 MHz, CDCl3) & 7.25 (m, 2H), 7.18 (m, 3H), 5.83 (m, 1H), 5.49 (dd,
J=8.5, 32.0 Hz, 1H), 5.20 (m, 1H), 4.33 (m, 2H), 4.12 (m, 1H), 3.97 (m, 2H), 3.85 (q, J = 5.7 Hz,
1H), 3.77 (m, 1H), 3.69 (q, J = 5.1 Hz, 1H), 3.57 (m, 2H), 3.44 (m, 1H), 3.31 (m, 2H), 2.91 (m,
1H), 2.76 (m, 1H), 2.25 (s, 1H), 2.13 (q, J = 7.2 Hz, 1H), 2.04 (m, 1H), 1.90 (d, J = 12.7 Hz, 3H),
1.82 (s, 5H), 1.71 (s, 2H), 1.56 (m, 2H), 1.50 (s, 1H), 1.42 (m, 11H), 1.23 (s, 13H), 0.85 (t, J = 4.1
Hz, 3H). "*C NMR (126 MHz, CDCl;) & 176.40, 175.77, 175.58, 175.52, 171.65, 170.67, 170.57,
169.48, 169.24, 169.00, 168.77, 155.24, 155.18, 138.20, 129.37, 129.31, 129.15, 128.43, 128.42,
128.38, 128.34, 126.47, 126.44, 117.74, 72.23, 72.13, 71.19, 70.31, 70.22, 69.23, 69.46, 69.34,
69.02, 68.69, 67.29, 67.18, 56.44, 54.34, 50.95, 41.74, 37.45, 36.37, 36.32, 35.54, 35.06, 31.68,
31.66, 29.30, 29.27, 29.01, 28.33, 26.95, 26.86, 26.34, 26.32, 26.13, 22.61, 14.06. HPLC/MS
MH* 603.1.

N-(((3S,6S,9S)-9-(2-aminoacetamido)-3-benzyl-5,8-dioxo-1,11-dioxa-4,7-

diazacyclopentadec-13-en-6-yl)methyl)octanamide (9). To a solution of ii (1 eq.) in CH2Cl» (0.4
M) was added TFA (10% v/v). The resulting solution was stirred at room temperature until
completion as determine by LCMS. The reaction mixture was concentrated under reduced
pressure and the resultant TFA salt was used without further purification. The resultant residue
(1.1 eq.), Boc-Gly-OH (1 eq.) and HATU (1.1 eq.) was suspended in DMF (0.3 M). DIPEA (2.5
eq.) was added to the suspension and the resulting solution was stirred at room temperature until
completion, as determined by LCMS. Upon completion, the reaction mixture was diluted with
EtOAc and washed with saturated aqueous NH4ClI (x2), water (x3), saturated aqueous NaHCO3
(x1), and brine (x1). The organics were dried over MgSQs., filtered, and concentrated under
reduced pressure to afford Boc-vi (178 mg, 95%). To a solution of Boc-vi. (1 eq.) in CH2Cl, (0.4
M), TFA (10% v/v) was added. The resulting solution was stirred at room temperature until
completion, as determined by LCMSvto afford 9 (50 mg) which was purified by preparative HPLC
to separate the alkene isomers. HRMS m/z: [M + H]" Calculated for C3,Hs2N509 602.3918; Found
602.3871. Z-9: 'H NMR (500 MHz, MeOD) & 8.35 (d, J = 7.3 Hz, 1H), 7.26 (d, J = 6.6 Hz, 3H),
7.18 (m, 2H), 5.79 (m, 2H), 4.46 (d, J = 2.3 Hz, 1H), 4.38 (m, 1H), 4.17 (d, J = 14.1 Hz, 1H), 4.03
(m, 3H), 3.83 (dd, J= 3.2, 9.8 Hz, 1H), 3.76 (dd, J = 8.1, 14.3 Hz, 1H), 3.54 (dd, J = 5.2, 10.5 Hz,
1H), 3.48 (q, J = 5.2 Hz, 1H), 3.35 (dd, J= 2.2, 10.5 Hz, 1H), 3.19 (dd, J = 2.4, 14.2 Hz, 1H), 2.92
(dd, J = 6.5, 13.0 Hz, 1H), 2.78 (dd, J = 8.7, 13.4 Hz, 1H), 2.20 (m, 2H), 1.93 (m, 2H), 1.85 (m,
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2H), 1.75 (s, 1H), 1.59 (t, J = 6.7 Hz, 2H), 1.42 (d, J = 12.2 Hz, 2H), 1.31 (m, 11H), 0.88 (t, J =
6.7 Hz, 3H). *C NMR (126 MHz, MeOD) & 172.09, 170.08, 166.86, 138.15, 130.16, 129.01,
128.04, 127.50, 126.12, 69.47, 69.22, 69.02, 66.63, 57.29, 57.19, 55.21, 52.59, 41.30, 41.25,
40.60, 36.47, 35.67, 34.96, 34.47, 31.48, 29.01, 28.76, 26.41, 26.32, 25.82 (d, J = 2.9 Hz, 1C),
25.75, 25.65, 22.30. E-9: 'H NMR (500 MHz, DMSO) & 7.35 (d, J = 8.4 Hz, 1H), 7.28 (t, J = 7.4
Hz 2H), 7.24 (t, J = 4.1 Hz, 2H), 7.20 (m, 1H), 5.87 (m, 2H), 4.57 (t, J = 5.4 Hz, 1H), 4.35 (m,

2H), 4.10 (dd, J = 4.7, 12.2 Hz, 2H), 4.01 (dd, J = 5.7, 11.4 Hz, 1H), 3.94 (dd, J = 6.3, 12.7 Hz,

H), 3.77 (m, 2H), 3.72 (s, 2H), 3.47 (m, 2H), 3.37 (dq, J = 3.2, 9.5 Hz, 2H), 2.92 (q, J = 6.5 Hz,
1H) 2.82 (q, J = 7.4 Hz, 1H), 2.19 (m, 2H), 1.89 (m, 1H), 1.59 (m, 2H), 1.42 (m, 1H), 1.31 (s, 9H),
0.89 (t, J = 6.9 Hz, 3H). HPLC/MS MH"* 560.3.
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Scheme S2. Synthesis of starting material towards 17A and 17B.

Boc-D-Ser-OMe (viii, Scheme S2). To a solution of vii (1.0 g, 8.39 mmol) and EtsN (2.51 mL,
18.04 mmol) in THF (22 mL) at 0 °C, a solution of Boc,O was added (1.81 g, 8.31 mmol) in THF
(7 mL) dropwise over 20 min. The resulting solution was warmed to room temperature, stirred at
that temperature overnight, and then stirred at 50 °C for 3 h. The solvent was removed under
reduced pressure and the resultant residue was taken up in ether (15 mL) and saturated aqueous
NaHCOs; (20 mL). The aqueous phase was extracted with ether (x3). The organics were
combined, dried over MgSO;, filtered, and concentrated under a reduced pressure to afford viii
(1.61 g, 87%) as a colorless oil which was used without further purification. '"H NMR (500 MHz,
CDCIls3) 6 5.46 (s, 1H), 4.38 (s, 1H), 3.95 (m, 1H), 3.89 (m, 1H), 3.77 (s, 3H), 2.46 (t, J = 6.2 Hz,
1H), 1.44 (s, 9H).

3-(tert-butyl) 4-methyl (R)-2,2-dimethyloxazolidine-3,4-dicarboxylate (ix): To a solution of viii
(1.67 g, 7.33 mmol) in CH2Cl> (9 mL) at 0 °C, 2,2-dimethoxypropane (4.50 mL, 36.66 mmol) and
pTsOH (140 mg, 0.73 mmol) were added. The resulting mixture was warmed to room temperature
and then stirred at room temperature overnight. The reaction mixture was then poured into
saturated aqueous NaHCO3 (10 mL) and extracted with ether (x3). The organics were combined
and washed with NaHCOs3 and brine, dried over MgSO., filtered, and concentrated under reduced
pressure. The residue was purified by column chromatography using 1:1 Hex:EtOAc as eluents
to afford ix (1.63 g, 86%) as a colorless oil. '"H NMR (500 MHz, CDCl;) & 4.48 (dd, J = 2.4, 6.8
Hz, 0.4H), 4.37 (dd, J = 3.0, 6.8 Hz, 0.6H), 4.13 (m, 1H), 4.03 (m, 1H), 3.75 (s, 3H), 1.66 (s,
1.89H), 1.63 (s, 1.42H), 1.52 (s, 1.77H), 1.49 (s, 5.11H), 1.40 (s, 5.29H).
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tert-butyl(R)-4-(2-hydroxypropan-2-yl)-2,2-dimethyloxazolidine-3-carboxylate (x). To a
solution of ix (1.63 g, 6.29 mmol) in THF (50 mL) at =20 °C MeMgBr (1.95 M in Et,O, 10.8 mL,
21.13 mmol) was added dropwise. The resulting mixture was stirred at 0 °C for 4 h. Saturated,
aqueous NH4Cl was added to the reaction mixture to quench the reaction, and then extracted with
EtOAc (x3). The organics were combined, washed with brine (x2), dried over MgSOQs., filtered,
and concentrated under reduced pressure. The residue was purified by column chromatography
using 3:1 Hex:EtOAc as eluents to afford x (982 mg, 60%). "H NMR (500 MHz, CDCl;) & 4.00 (m,
2H), 3.79 (s, 1H), 1.59 (s, 3H), 1.50 (s, 12H), 1.17 (d, J = 7.0 Hz, 6H). HPLC/MS MH" 186.2 (-Boc
+Na).

tert-butyl (R)-4-(2-(allyloxy)propan-2-yl)-2,2-dimethyloxazolidine-3-carboxylate (xi). To a
solution of x (289 mg, 1.12 mmol) in DMF (5.2 mL) at 0 °C, NaH (60% in mineral oil, 90 mg, 2.24
mmol) was added, followed by allyl bromide (0.11 mL, 1.25 mmol). The resulting solution was
warmed to room temperature, stirred for 1 h, and cooled back to 0 °C. The reaction was quenched
with the addition of saturated aqueous NH4Cl and organics were extracted with EtOAc (x3). The
organics were combined, washed with brine, dried over MgSO., filtered, and concentrated under
reduced pressure. The resultant residue was purified by column chromatography using 3:1 Hex :
EtOAc to afford xi (89 mg). "H NMR (500 MHz, CDCl;) & 5.88 (m, 1H), 5.25 (m,1H), 5.09 (d, 1H),
4.20 (d, J = 7.7 Hz, 1H), 3.94 (m, 2H), 3.87 (m, 1H), 1.60 (s, 3H), 1.49 (s, 3H), 1.48 (s, 9H), 1.22
(s, 3H), 1.17 (s, 3H). *C NMR (126 MHz, CDCl;) & 145.18, 136.00, 115.46, 80.16, 62.87, 29.71,
28.35. HPLC/MS MH* 200.2 (-Boc).

(S)-3-(allyloxy)-2-((tert-butoxycarbonyl)amino)-3-methylbutanoic acid (xii). To a solution of
xi (80 mg, 0.27 mmol) in acetone (3 mL), Jones’ reagent (2.5 M in H20, 0.16 mL, 0.40 mmol) was
added at 0 °C. The resulting mixture was warmed to room temperature, and then stirred at this
temperature overnight. To the reaction mixture, celite (100 mg) and isopropanol (0.5 mL) were
added, and the resulting precipitate was filtered through off through a plug of celite. The filtrate
was adjusted to pH 9 with aqueous NaHCOs3, and then concentrated under reduced pressure.
The aqueous layer was washed with ether (x2) and acidified to pH 3 with citric acid. The resulting
solution was extracted with EtOAc (x3) and the combined extracts were washed with brine (x2),
dried over MgSO., filtered, and concentrated under reduced pressure to afford xii (50 mg, 68%),
which was used without further purification. 'H NMR (500 MHz, CDCl3) & 5.89 (m, J = 5.5 Hz, 1H),
5.30 (q, J=6.2 Hz, 1H), 5.20 (q, J = 3.8 Hz, 1H), 4.38 (s, 1H), 4.04 (m, 2H), 1.44 (s, 9H), 1.35 (s,
3H), 1.24 (s, 3H). *C NMR (126 MHz, CDCl;) & 172.36, 56.00, 133.90, 117.54, 80.37, 78.67,
63.60, 28.26, 22.64, 21.11.

N-(((3S,6S,9S)-9-(2-aminoacetamido)-3-benzyl-10,10-dimethyl-5,8-dioxo-1,11-dioxa-4,7-

diazacyclopentadec-13-en-6-yl)methyl)octanamide (17). Macrocycles 17 were synthesized in
the same manner as 9 with the modified residue substituted in where necessary. Z-17: '"H NMR
(500 MHz, MeOD) 6 8.06 (q, J = 3.7 Hz, 1H), 7.64 (m, 1H), 7.54 (t, J = 4.0 Hz, 1H), 7.27 (t, J =
7.3 Hz, 2H), 7.23 (t, J = 4.1 Hz, 2H), 7.19 (m, 1H), 5.79 (m, 2H), 4.56 (s, 1H), 4.49 (m, 1H), 4.02
(m, 2H), 3.94 (t, J = 5.3 Hz, 2H), 3.90 (t, J = 3.8 Hz, 1H), 3.74 (q, J = 13.5 Hz, 2H), 3.62 (m, 1H),
3.45(q, J=4.2 Hz, 1H), 3.36 (q, J = 4.6 Hz, 1H), 3.34 (s, 1H), 2.97 (9, J = 7.1 Hz, 1H), 2.82 (q, J
=7.0 Hz, 1H), 2.14 (t, J = 7.6 Hz, 2H), 1.57 (m, 2H), 1.43 (s, 2H), 1.29 (m, 9H), 1.27 (s, 3H), 1.24
(s, 3H), 0.89 (t, J = 7.0 Hz, 3H). 3C NMR (126 MHz, MeOD) & 175.69, 170.13, 169.79, 165.86,
138.42, 131.02, 128.93, 128.09, 127.22, 126.12, 77.02, 69.39, 67.88, 60.51, 60.33, 54.35, 53.18,
41.01, 40.15, 35.83, 35.70, 31.51, 29.00, 28.80, 25.47, 22.62, 22.31, 18.77, 13.02. E-17: "H NMR
(500 MHz, MeOD) & 7.25 (m, 5H), 5.82 (m, 2H), 4.50 (s, 1H), 4.41 (t, J = 5.4 Hz, 1H), 4.24 (q, J
=5.6 Hz, 1H), 4.17 (q, J = 6.3 Hz, 1H), 4.05 (m, 2H), 3.96 (q, J = 5.5 Hz, 1H), 3.73 (d, J = 4.3 Hz,
2H), 3.52 (t, J=4.7 Hz, 2H), 3.43 (q, J = 4.4 Hz, 1H), 3.34 (q, J = 4.2 Hz, 1H), 2.97 (m, 1H), 2.78
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(g, J = 7.5 Hz, 1H), 2.18 (m, 2H), 1.60 (t, J = 7.2 Hz, 2H), 1.36 (s, 3H), 1.30 (m, 11H), 0.89 (t, J =
6.9 Hz, 3H). *C NMR (126 MHz, MeOD) & 176.54, 169.93, 138.18, 131.29, 129.02, 128.82,
128.13, 126.14, 77.43, 68.71, 65.98, 60.13, 58.53, 55.14, 51.81, 40.56, 36.52, 35.57, 31.49,
29.04, 28.84, 25.54, 22.47, 22.33, 21.13, 13.03. HPLC/MS MH* 588.3.
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Scheme S3. Synthetic route towards 18.

tert-butyl (S)-(1-oxo-3-phenylpropan-2-yl)carbamate (xiii, Scheme S3). A solution of N-Boc-
(L)-phenylalaninol (1.51 g, 6 mmol) in CH2Cl. (6 mL) was added dropwise over three minutes to
a solution of DMP (2.80 g, 6.6 mmol) in CH2Cl, (18 mL). The reaction was allowed to stir at room
temperature and monitored by TLC. Et,O (12 mL) and a 25% solution of Na,S,0s in saturated aq.
NaHCO3 was added. After stirring for 5 minutes, Et,O (12 mL) was added again. The solution was
partitioned, and the organic phase washed with saturated aq. NaHCO3; (x2), H.O (x2). The
combined organic layers were dried over MgSO, and concentrated in vacuo to afford a white
solid. (1.33 g, 88%) 'H NMR (400 MHz, CDCl3) & 9.63 (s, 1H), 7.33-7.23 (m, 3H), 7.18-7.16 (m
2H), 5.07-5.03 (br s, 1H), 4.51-4.35 (m, 1H), 3.11 (d, J = 6.5 Hz, 2H), 1.43 (s, 9H).

ethyl (S)-4-((tert-butoxycarbonyl)amino)-5-phenylpent-2-enoate (xiv). To an ice cooled
solution of xiii (1.33 g, 5.54 mmol) in dry CH2Cl, (55 mL) was added PhsPCHCOEt (2.51 g, 7.20
mmol). The reaction mixture was stirred at room temperature and monitored by TLC. After
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completion, the solvent was evaporated and the residue was purified by flash chromatography
over silica gel using 8:2 Hex:EtOAc to furnish a white solid as a mixture of E and Z isomers. (1.49
g, 84%) 'H NMR (400 MHz, CDCl3) & 7.32-7.25 (m, 2H), 7.23-7.21 (m, 1H), 7.18-7.16 (m, 2H),
6.90 (dd, J=15.7, 5.0 Hz, 1H), 5.85 (dd, J=15.7, 1.6 Hz, 1H), 4.61 (br s, 1H), 4.51 (br s, 1H), 4.16
(9, J=7.2 Hz, 2H), 2.94-2.83 (m, 2H), 1.39 (s, 9H), 1.28 (t, J = 7.2 Hz, 3H).

tert-butyl (R)-(5-hydroxy-1-phenylpentan-2-yl)carbamate (xv). LiAlH; (0.53 g, 14 mmol) was
added portion wise to a stirred solution of xiv (1.49 g, 4.68 mmol) in anhydrous THF (50 mL) at O
°C. The reaction was allowed to stir at 0 °C and monitored by TLC. The mixture was quenched
by addition of EtOAc followed by water at 0 °C. The aqueous layer was extracted with EtOAc and
the organic layers were dried over anhydrous Na>SOs. After concentration, the crude product was
purified over silica gel using a gradient eluent system of 7:3 to 1:1 Hex:EtOAc to afford a colorless
oil. (0.189 g, 15%). "H NMR (400 MHz, CDCl3) & 7.33-7.24 (m, 2H), 7.24-2.16 (m, 3H), 3.84 (br
s, 1H), 3.63 (t, J = 4.1 Hz, 2H), 2.77 (d, J = 6.5 Hz, 2H), 1.69-1.54 (m, 4H), 1.40 (s, 9H).

(S)-2-((tert-butoxycarbonyl)amino)-3-octanamidopropanoic acid (xvi). To a solution of
octanoic acid (34.7 mmol, 1.0 eq) in CH2Cl> (15 mL) and MeCN (10 mL) is added N-hydroxy
succinimide (1.0 eq) and DCC (1.0 eq). The reaction is allowed to stir at room temperature and
monitored by TLC. After completion, the mixture is concentrated in vacuo. To the NHS ester (8.3
mmol, 1.0 eq) is added a solution of N-Boc-DAP-OH (1.2 eq.) in 65% EtOH and Et:N (2.5 eq).
The reaction is allowed to reflux for 20 hours after which it is concentrated in vacuo, diluted with
EtOAc and washed with 1M HCI (30 mLx2), and saturated aq. NaCl (25 mLx1). The organic layer
is dried over MgSQy, filtered and concentrated in vacuo (2.7 g, 98%).

tert-butyl (1-(((R)-5-hydroxy-1-phenylpentan-2-yl)amino)-3-octanamido-1-oxopropan-2-
yl)carbamate (xvii). xv (190 mg, 0.7 mmol) is subjected to TFA (1.56 mL, 20 mmol) in CH2Cl> (8
mL) and the reaction is stirred until starting material is fully consumed. TFA is removed under
reduced pressure to afford the free amine, which is carried forward without further protection. The
TFA salt of the free amine was combined with xvi (254 mg, 0.77 mmol), HBTU (292 mg, 0.77
mmol) and DIPEA (0.37 mL, 2.1 mmol) in DMF (2.5 mL). After consumption of the starting material
is observed, the reaction is diluted with EtOAc and sequentially washed with saturated aq.
solutions of NH4Cl, NaHCO3; and NaCl. The organic layers are combined, dried and concentrated
in vacuo. The product is obtained as a white solid after purification over silica gel using a gradient
eluent system of 1.25% to 3% MeOH in CHCIs (305 mg, 89%).

di-tert-butyl((11S,14R,19R,22S)-11,22-bis(((R)-5-hydroxy-1-phenylpentan-2-yl)carbamoyl)-
8,13,20,25-tetraoxo-16,17-dithia-9,12,21,24-tetraazadotriacontane-14,19-diyl)dicarbamate
(xviii). xvii (288 mg, 0.6 mmol) is subjected to TFA (1.34 mL, 18 mmol) in CH2Cl. (7 mL) and the
reaction is stirred until starting material is fully consumed. TFA is removed under reduced
pressure to afford the free amine, which is carried forward without further protection. The TFA salt
of the free amine is dissolved in DMF (0.6 mL). To this solution is added (Boc-Cys-OH), (106 mg,
0.24 mmol), HBTU (224 mg, 0.59 mg), and DIPEA (0.32 mL, 1.8 mmol). The reaction is allowed
to stir at room temperature and is monitored by TLC. After consumption of the starting material is
observed, the reaction is diluted with EtOAc and sequentially washed with saturated aq. solutions
of NH4Cl, NaHCOs; and NaCl. The organic layers are combined, dried and concentrated in vacuo.
The product is obtained as a white solid after purification over silica gel using a gradient eluent
system of 1.25% to 3% MeOH in CHCIs (127 mg, 20%).

tert-butyl((2R)-1-((1-(((R)-5-hydroxy-1-phenylpentan-2-yl)amino)-3-octanamido-1-
oxopropan-2-yl)amino)-3-mercapto-1-oxopropan-2-yl)carbamate (xix). TCEP.HCI (27 mg,
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0.093 mmol) followed by DIPEA (78 uL, 0.42 mmol) is added to a solution of xviii (100 mg, 0.084
mmol) in DMF (0.42 mL). The reaction is allowed to stir at room temperature and monitored by
TLC. After consumption of the starting material, the mixture is diluted with EtOAc, washed with
saturated ag. NaHCOs3; and brine. The organic layers are dried over MgSO. and carried forward
to the next step immediately without further purification.

tert-butyl((3R,9R)-9-benzyl-14,14,15,15,16,16-hexafluoro-6-(octanamidomethyl)-4,7-dioxo-
3,4,5,6,7,8,9,10,11,12,15,16-dodecahydro-2H,14H-cyclopenta[b][1]oxa[4]thia[8,11]
diazacyclo pentadecin-3-yl)carbamate (xx). To a solution of xix (47 mg, 0.079 mmol) in DMF
(8 mL) was added PFCP (0.40 mL, 1M in MeCN) at 0 °C, followed by triethylamine (16 pL, 0.12
mmol). The mixture was stirred under argon at 0 °C and the reaction was monitored by TLC. After
consumption of the starting material, excess PFCP was removed by concentrating in vacuo. The
mixture was cooled back down to 0 °C and Cs2COs3 (39 mg, 0.12 mmol) was added. The reaction
was allowed to stir at 0 °C with TLC monitoring. After completion, the reaction was diluted with
EtOAc and washed with brine. The organic layer was dried over Na;SO4 and concentrated in
vacuo. The reaction mixture was purified using flash chromatography over silica gel with an eluent
system of 1 to 5% MeOH in CHCI; to afford diastereomeric compounds having the same desired
product mass (0.029 mmol and 0.013 mmol, 53% combined yield). HRMS (ESI) calculated for
CaoHa9FsN4OsS [M+H]* 767.3272, found 767.3248.

N-(((3R,6S,9R)-9-benzyl-14,14,15,15,16,16-hexafluoro-3-(2-(methylamino)acetamido)-4,7-
dioxo-3,4,5,6,7,8,9,10,11,12,15,16-dodecahydro-2H,14 H-
cyclopenta[b][1]oxa[4]thia[8,11]diazacyclopentadecin-6-yl)methyl)octanamide (18). The
major diastereoisomer xix (10 mg, 0.013 mmol) was subjected to deprotection with TFA (0.05
mL, 0.65 mmol) in CH2Cl, (0.1 mL) until starting material was fully consumed on TLC. TFA was
removed under reduced pressure and the crude product was dissolved in DMF (0.1 mL). Boc-
Sarc-OH (6 mg, 0.032 mmol), HBTU (12 mg, 0.032 mmol) and DIPEA (0.03 mL, 0.15 mmol) were
added and the reaction mixture was stirred until starting material was fully consumed by TLC. The
reaction was diluted with EtOAc, washed with brine, dried over MgSQy, filtered and concentrated.
The final product was obtained by HPLC purification {Sunfire C18 column, 20-80% ACN in H0,
2-8 minutes, 20 mL/min} as two compounds- an orange solid and a white solid having the same
desired product mass. (4mg and 1 mg respectively, 23% combined yield over three steps).
Following NMR data for major diastereomer. 'H NMR (500 MHz, MeOD) & 7.29-7.25 (m, 2H),
7.25-2.16 (m, 3H), 4.72-4.67 (m, 1H), 4.43-4.32 (m, 2H), 4.24-4.17 (m, 1H), 4.08-4.00 (m, 1H),
3.90-3.79 (m, 2H), 3.63-3.54 (m, 1H), 3.46-3.38 (m, 1H), 3.15-3.12 (m, 1H), 3.12-3.09 (m, 1H),
2.89-2.81 (m, 1H), 2.80-2.76 (m, 1H), 2.75 (s, 3H), 2.20-2.13 (m, 2H), 1.85-1.73 (m, 2H), 1.73-
1.62 (m, 2H), 1.62-1.52 (m, 2H), 1.36-1.23 (m, 8H), 0.92-0.85 (m, 3H); "°F NMR (376 MHz, MeOD)
-105.7 (d, J=250 Hz), -106.4 (d, J = 250 Hz) -113.8 (d, J = 259 Hz), —-115.3 (d, J = 259 Hz), —
130.0 (d, J = 239 Hz), —131.0 (d, J = 239 Hz); HRMS (ESI) calculated for Cs3HasFsNsOsS [M+H]":
738.3118, found 738.3149.

N-(((3S,6S,9S)-3-benzyl-13,13,14,14,15,15-hexafluoro-9-(2-(methylamino)acetamido)-5,8-
dioxo-2,3,4,5,6,7,8,9,10,11,14,15-dodecahydro-13H-
cyclopenta[b][1]oxa[4]thia[9,12]diazacyclotetradecin-6-yl)methyl)octanamide (19). 19 was
synthesized using solution phase peptide synthesis analogous to 18 with the appropriately
modified peptidic sequence (L-phenylalaninol and N-Boc-L-homocystine are commercially
available). 'H NMR (500 MHz, MeOD) & 7.34-7.28 (m, 2H), 7.28-7.20 (m, 3H), 5.37-5.28 (m, 1H),
4.52-4.47 (m, 1H), 4.47-4.42 (m, 1H), 4.30-4.19 (m, 2H), 3.84-3.77 (m, 1H), 3.77-3.70 (m, 1H),
3.56-3.46 (m, 1H), 3.43-3.37 (m, 1H), 3.14-3.01 (m, 2H), 3.00-2.89 (m, 2H), 2.70 (s, 3H), 2.22-
2.16 (m, 2H), 2.08-1.99 (m, 2H), 1.64-1.55 (m, 2H), 1.33-1.26 (m, 8H), 0.92-0.87 (m, 3H); °F
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NMR (376 MHz, MeOD) 6 -106.6 (d, J = 250 Hz), —108.1 (d, J = 250 Hz), —108.7 (d, J = 262 Hz),
-110.3 (d, J = 262 Hz); HRMS (ESI) calculated for CssHsF43Ns0sS [M+H]": 724.2961, found
724.2985.

N-(((5S,8S,11S,2)-5-benzyl-23,23,24 24 2° 2%-hexafluoro-11-(2-(methylamino)acetamido)-
7,10-dioxo-1"'H-3-oxa-6,9-diaza-1(1,4)-imidazola-2(1,2)-cyclopentanacyclododecaphan-2'-
en-8-yl)methyl)octanamide (20). 20 was synthesized using solution phase peptide synthesis
analogous to 18 with the appropriately modified peptidic sequence (L-phenylalaninol and Boc-L-
His are commercially available). '"H NMR (500 MHz, MeOD) & 8.00 (s, 1H), 7.44 (s, 1H), 7.37-
7.29 (m, 2H), 7.29-7.20 (m, 3H), 4.78 (dd, J = 11.7, 4.9 Hz, 1H), 4.58-4.48 (m, 1H), 4.42-4.30 (m,
2H), 4.28-4.16 (m,1H), 3.83 (q, J = 15.9 Hz, 2H), 3.44 (d, J = 6.6 Hz, 2H), 3.21 (dd, J= 14.8, 8.4
Hz, 1H), 3.13-3.04 (m, 2H), 2.96 (dd, J = 13.7, 7.8 Hz, 1H), 2.76 (s, 3H), 2.17 (t, J = 7.6 Hz, 2H),
1.63-1.52 (m, 2H), 1.35-1.22 (m, 8 H), 0.88 (t, J = 13.7 Hz, 3H). "°F NMR (376 MHz, MeOD) —
109.1 (d, J = 249 Hz), -110.4 (d, J = 263 Hz), -111.0 (d, J = 253 Hz), -112.7 (d, J = 259 Hz), —
129.2 (d, J = 240 Hz), -130.2 (d, J = 240 Hz).

BocHN Ph BocHN oh
HO —> Ho
o XXi
Scheme S4. Synthesis of starting material towards 22.

tert-butyl (S)-(4-hydroxy-1-phenylbutan-2-yl)carbamate (xxi, Scheme S4). At 0 °C, a solution
of Boc-homo-B-phenylalanine (100 mg, 0.36 mmol), in anhydrous THF (0.75 mL) was treated with
ethylchloroformate (0.04 mL, 0.394) and EtsN (0.05 mL, 0.394 mmol). After 45 min, the cloudy
reaction mixture was filtered over celite and rinsed with THF. In another flask, I> (45 mg, 0.18
mmol) was added to a suspension of NaBH4 (16 mg, 0.43 mmol) in anhydrous THF (0.9 mL), and
the resulting mixture was cooled to 0 °C. After 10 minutes, the filtrate containing the mixed
anhydride was transferred into the NaBH4 solution. The mixture was allowed to warm to room
temperature and stirred for 12 hours. Water was added and the mixture was extracted with EtOAc.
The combined organics were dried over MgSQOs,, filtered and concentrated. The crude oil was
purified over silica with 3:1 Hex:EtOAc to yield the product (70 mg, 67%)."H NMR (400 MHz,
MeOD) & 7.26-7.20 (m, 2H), 7.20-7.10 (m, 3H), 3.88-3.75 (m, 1H), 3.60-3.50 (m, 2H), 2.72 (d, J
= 7.0 Hz, 2H), 1.76-1.66 (m, 1H), 1.59-1.44 (m, 1H), 1.34 (s, 9H).

N-(((5S,8R,11R)-5-benzyl-15,15,16,16,17,17-hexafluoro-11-(2-(methylamino)acetamido)-
7,10-dioxo-2,3,4,5,6,7,8,9,10,11,12,13,16,17-tetradecahydro-15H-
cyclopenta[b][1]oxa[4]thia[9,12]diazacyclohexadecin-8-yl)methyl)octanamide (21). 21 was
synthesized using solution phase peptide synthesis analogous to 18 with the appropriately
modified peptidic sequence (xv was synthesized as described above, and N-Boc-L-homocystine
is commercially available). MS (ESI) m/z calculated for C3aHa7F6NsOsS [M+H]* 752.3, found 752.3.
21 was submitted for testing without further characterization.

N-(((4S,7S,10S)-4-benzyl-14,14,15,15,16,16-hexafluoro-10-(2-(methylamino)acetamido)-
6,9-dioxo-3,4,5,6,7,8,9,10,11,12,15,16-dodecahydro-2H,14 H-
cyclopenta[b][1]oxa[4]thia[9,12]diazacyclopentadecin-7-yl)methyl)octanamide (22). 22 was
synthesized using solution phase peptide synthesis analogous to 18 with the appropriately
modified peptidic sequence (xxi was synthesized as described above, and N-Boc-L-homocystine
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is commercially available). MS (ESI) m/z calculated for C33HasFsN4OsS [M+H]* 738.3, found 738.3.
22 was submitted for testing without further characterization.

tert-butyl 4-((7-amino-5-methyl-[1,2,5]oxadiazolo[3,4-b]pyridin-6-yl)ethynyl)piperi-dine-1-
carboxylate (26): 23, 24 and 25 were prepared using methods described in the literature.>® A
solution of 24 (1.35 g, 4.89 mmol), 25 (1.45 g, 7.15 mmol), (PPh3).PdCl, (687 mg, 0.98 mmol),
and Cul (93 mg, 0.49 mmol) in EtsN (20 mL) was degassed with argon for 15 min and then heated
at 80 °C for 24 h. The mixture was then stirred at room temperature for 2 days, diluted with EtOAc
and filtered through a pad of celite. The filter cake was rinsed with EtOAc. The organics were
washed with brine (x2), dried over MgSOs., filtered, and concentrated under a reduced pressure.
The resultant residue was purified via column chromatography using Hex:EtOAc as eluents to
afford 26 (889 mg, 51%). '"H NMR (500 MHz, DMSO) & 3.63 (m, 2H), 3.15 (s, 2H), 2.94 (m, 1H),
2.53 (s, 3H), 1.83 (m, 2H), 1.61 (m, 2H), 1.38 (s, 9H). HPLC/MS MH" 358.3.

tert-butyl (Z)-4-(2-(7-amino-5-methyl-[1,2,5]oxadiazolo[3,4-b]pyridin-6-yl)vinyl)piperidine-
1-carboxylate (28): To a solution of 26 (250 mg, 0.70 mmol) in EtOH (7 mL) under argon Pd(OH)2
was added (20% on carbon, 150 mg, 0.21 mmol). Argon was removed and reaction was
conducted under an H, atmosphere and stirred at room temperature. Upon completion, as
determined by LCMS, the reaction mixture was diluted with EtOH and filtered through a pad of
celite to remove the catalyst. The filter cake was rinsed with EtOH and the filtrate was
concentrated under reduced pressure to afford 27 and 28 (276 mg crude) which were identified
by HPLC/MS analysis. The crude mixture was used in the next step without further purification.

(Z2)-1-(4-(2-(7-amino-5-methyl-[1,2,5]oxadiazolo[3,4-b]pyridin-6-yl)vinyl)piperidin-1-yl)-2-
butoxyethan-1-one (30) and 1-(4-(2-(7-amino-5-methyl-[1,2,5]oxadiazolo[3,4-b]pyridin-6-
yl)ethyl)piperidin-1-yl)-2-butoxyethan-1-one (10): To the crude mixture of 27 and 28 (252 mg,
0.70 mmol) in CH2Cl> (16 mL) TFA was added (10% v/v, 1.61 mL, 21.0 mmol). The resulting
mixture was stirred at room temperature until completion as determined by LCMS. Upon
completion, the reaction mixture was concentrated under a reduced pressure to afford the TFA
salts, which were immediately suspended with (0.70 mmol), n-butoxyacetic acid (0.10 mL, 0.77
mmol), and HATU (293 mg, 0.77 mmol) in DMF (3 mL). DIPEA (0.37 mL, 2.10 mmol) was added
to the suspension, and the resulting mixture was stirred at room temperature until completion, as
determined by LCMS. Upon completion, the reaction was diluted with EtOAc and washed with
saturated, aqueous NH4ClI (x2), water (x2); saturated, aqueous NaHCO3 (x2); and brine (x2). The
organics were dried over MgSOy, filtered, and concentrated under reduced pressure. The residue
was purified by column chromatography using Hex:EtOAc as eluents to afford 35 (300 mg) and
10 (10 mg) as yellow residues. 30: '"H NMR (500 MHz, MeOD) & 7.89 (s, 2H), 6.15 (d, J = 10.9
Hz, 1H), 5.87 (dd, J=9.7, 10.7 Hz, 1H), 4.39 (d, J = 13.0 Hz, 1H), 4.12 (q, J = 18.1 Hz, 2H), 3.88
(s, 1H), 3.85 (d, J = 12.8 Hz, 1H), 3.51 (t, J = 6.6 Hz, 1H), 3.46 (q, J = 6.7 Hz, 2H), 2.98 (s, 1H),
2.94 (d, J=12.0 Hz, 1H), 2.85 (d, J = 0.6 Hz, 1H), 2.80 (s, 1H), 2.58 (t, J = 11.7 Hz, 1H), 2.44 (s,
3H), 2.26 (m, 1H), 1.57 (m, 4H), 1.38 (m, 5H), 0.92 (t, J = 7.4 Hz, 3H). "*C NMR (126 MHz, MeOD)
6 169.65, 168.58, 158.30, 141.64, 140.78, 139.02, 120.46, 109.81, 78.08, 71.12, 70.88, 69.36,
44.37,41.23, 37.48, 36.17, 31.33, 31.25, 23.91, 18.89, 12.79. HRMS m/z: [M + H]* Calculated for
C19H2sN503 374.2192; Found 374.2159. 10: "H NMR (500 MHz, CDCl;) 8 5.13 (br s, 2H), 4.62 (d,
J=13.2 Hz, 1H), 4.13 (d, J = 12.3 Hz, 2H), 4.00 (d, J = 13.6 Hz, 1H), 3.49 (q, J = 7.1 Hz, 2H),
3.03 (t, J=12.0 Hz, 1H), 2.62 (s, 3H), 2.59 (d, J = 8.5 Hz, 1H), 1.87 (t, J = 12.8 Hz, 2H), 1.66 (m,
1H), 1.58 (m, 2H), 1.49 (m, 2H), 1.37 (m, 2H), 1.24 (s, 2H), 1.21 (s, 1H), 1.20 (s, 1H), 0.91 (t, J =
7.4 Hz, 3H). ®*C NMR (126 MHz, CDCIl;) 5 170.01, 167.86, 157.97, 139.23, 138.21, 114.14,71.29,
70.72,45.33, 42.13, 36.51, 34.10, 32.81, 31.67, 29.71, 25.37, 25.00, 24.02, 19.28, 13.88. HRMS
m/z: [M + H]" Calculated for C1gH30NsO3 376.2349; Found 376.2315.
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tert-butyl 4-(4-oxopentyl)piperidine-1-carboxylate (32): To a flask containing CuCN (1.65 g,
18.42 mmol), dry Et,0O (30 mL) was added. The resulting suspension was cooled to 0 °C and MeLi
(1.6 M in Et20, 23 mL, 36.85 mmol) was added dropwise. After addition, the resulting mixture was
stirred at 0 °C for 5 min before the dropwise addition of a solution of 31 (1.00 g, 3.68 mmol) in
Et2O (18.4 mL). The resulting reaction mixture was warmed to room temperature over an hour
and then stirred at room temperature overnight. The reaction was quenched with saturated
aqueous NH4CI, and then extracted with CH2Cl, (x2). The organics were dried over MgSOs,
filtered, and concentrated under reduced pressure to afford 32 (703 mg, 71%) as a colorless oil.
"H NMR (500 MHz, CDCl3) & 4.05 (d, J = 13.2 Hz, 2H), 2.65 (dt, J = 2.6, 12.8 Hz, 2H), 2.40 (t, J
= 7.4 Hz, 2H), 2.12 (s, 3H), 1.63 (m, 2H), 1.58 (m, 2H), 1.44 (s, 9H), 1.36 (m, 1H), 1.21 (m, 2H),
1.05 (m, 2H). "*C NMR (126 MHz, CDCls) & 208.99, 154.90, 79.20, 43.99, 43.82, 35.98, 35.91,
32.07, 29.93, 28.48, 20.88. HPLC/MS MH™ 170.2 (-Boc).

tert-butyl (S)-(1-oxo-1-(4-(4-oxopentyl)piperidin-1-yl)propan-2-yl)carbamate (33): To a
solution of 32 (200 mg, 0.74 mmol) in CH2Cl, (10 mL) at 0 °C TFA was added (10% v/v, 1.14 mL,
14.85 mmol). The resulting solution was stirred at 0 °C until completion as determined by TLC.
The reaction mixture was concentrated under reduced pressure and the resultant residue was
immediately used. To a solution of the TFA salt (188 mg, 0.74 mmol) and Boc-Ala-OSu (203 mg,
0.71 mmol) in MeCN (3 mL) DIPEA was added (0.39 mL, 2.22 mmol) at 0 °C. The resulting mixture
was stirred at 0 °C for 2 h, diluted with EtOAc and washed with saturated aqueous NH4Cl and
H.O (x3). The organics were dried over MgSOQ., filtered, and concentrated under reduced
pressure. Residue was purified by column chromatography using 1:1 Hex:EtOAc as eluents to
afford 33 (122 mg, 50%) as a colorless oil. '"H NMR (500 MHz, CDCl3) & 5.59 (s, 1H), 4.56 (m,
2H), 3.83 (t, J = 12.4 Hz, 1H), 3.00 (m, 1H), 2.57 (m, 1H), 2.42 (t, J = 6.7 Hz, 2H), 2.13 (s, 3H),
1.77 (m, 2H), 1.59 (t, J = 3.8 Hz, 2H), 1.49 (m, 2H), 1.43 (d, J =4.0 Hz, 9H), 1.28 (dd, J=6.9, 8.5
Hz, 1H), 1.10 (m, 3H).

(S)-1-methyl-N-(1-ox0-1-(4-(4-oxopentyl)piperidin-1-yl)propan-2-yl)-1H-pyrazole-5-
carboxamide (35): To a solution of 33 (122 mg, 0.36 mmol) in CH2>Cl, (5 mL) at 0 °C, TFA was
added (10% v/v, 0.55 mL, 7.16 mmol). The resulting mixture was stirred at 0 °C until completion
as determined by TLC. The reaction mixture was concentrated under a reduced pressure and the
resultant residue was used immediately without purification. The deprotected material (0.36
mmol) and 34 (80 mg, 0.36 mmol) were suspended in MeCN (1.5 mL) at 0 °C. DIPEA was added
(0.19 mL, 1.08 mmol) to the suspension, and the resulting reaction mixture was stirred at 0 °C for
2 h and diluted with EtOAc. Organics were washed with saturated, aqueous NH4Cl and H2O (x3),
dried over MgSOQ., filtered, and concentrated under reduced pressure. The residue was purified
by column chromatography using 1:1 Hex:EtOAc as eluents to afford 35 (90 mg, 72%). (Rotational
isomers present.) '"H NMR (500 MHz, CDCl3) 8 7.44 (d, J = 1.5 Hz, 1H), 7.28 (s, 1H), 6.60 (q, J =
2.6 Hz, 1H), 4.97 (q, J = 6.6 Hz, 1H), 4.56 (t, J = 12.9 Hz, 1H), 4.18 (s, 3H), 3.87 (m, 1H), 3.06
(m, 1H), 2.62 (m, 1H), 2.43 (q, J = 7.1 Hz, 2H), 2.13 (d, J = 3.7 Hz, 3H), 1.81 (m, 2H), 1.58 (m,
2H), 1.52 (m, 1H), 1.40 (q, J = 5.5 Hz, 3H), 1.24 (t, J = 18.2 Hz, 2H), 1.11 (m, 2H). "*C NMR (126
MHz, MeOD) 6 208.73, 170.13, 169.94, 158.81, 137.51, 106.76, 60.41, 45.90, 45.52, 45.41, 43.64
(d, J=5.3Hz, 1C), 42.85, 42.51, 39.26, 36.06, 35.89, 35.69, 35.62, 32.66, 32.47, 31.71 (d, J =
6.5 Hz, 1C), 29.98, 20.74, 19.42, 18.91, 14.21.

(S)-N-(1-(4-(2-(7-amino-5-methyl-[1,2,5]oxadiazolo[3,4-b]pyridin-6-yl)ethyl)pip-eridin-1-yl)-

1-oxopropan-2-yl)-1-methyl-1H-pyrazole-5-carboxamide (11) and (S)-N-(1-(4-(3-(7-amino-
[1,2,5]oxadiazolo[3,4-b]pyridin-5-yl)propyl)pip-eridin-1-yl)-1-oxopropan-2-yl)-1-methyl-1H-
pyrazole-5-carboxamide (38): To a suspension of 35 (90 mg, 0.26 mmol) and 23 (28 mg, 0.26
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mmol) in toluene (0.2M) tin(IV) chloride was added (2 eq). The resulting mixture was stirred at
room temperature for 30 min, and then refluxed for 18 h. The reaction was cooled to room
temperature and concentrated under reduced pressure. The resultant residue was dissolved in
CH2Cl» and washed with saturated aqueous NaHCO3 (x1). The aqueous layer was extracted with
CH2Cl; (x3). The organics were combined, washed with brine (x1), dried over MgSOQs., filtered,
and concentrated under reduced pressure. The residue was purified by column chromatography
using 5% MeOH in CH.CI; as eluents to afford 11 and 38. HRMS m/z: [M + H]" Calculated for
C21H20N506 441.2363; Found 441.2313. 11: 'H NMR (500 MHz, MeOD) & 7.43 (d, J = 2.0 Hz,
1H), 6.83 (s, 1H), 4.97 (m, 1H), 4.47 (m, 1H), 4.06 (d, J = 5.6 Hz, 1H), 4.01 (d, J = 10.5 Hz, 1H),
3.12 (m, 1H), 2.65 (m, 1H), 2.46 (q, J = 7.0 Hz, 2H), 2.10 (d, J = 3.6 Hz, 3H), 1.78 (m, 2H), 1.55
(m, 3H), 1.36 (dd, J = 7.1, 13.9 Hz, 3H), 1.24 (m, 3H), 1.07 (m, 2H). *C NMR (126 MHz, MeOD)
0 210.31, 170.8, 164.8, 137.12, 107.16, 45.69, 45.36, 45.22, 42.74, 42.55, 42.19, 37.73, 35.64,
35.43, 35.35, 35.23, 32.35, 32.21, 31.53, 31.43, 28.29, 20.32, 16.46, 15.98. 38: '"H NMR (500
MHz, MeOD) & 7.42 (q, J = 2.4 Hz, 1H), 6.83 (m, 1H), 6.29 (d, J = 4.5 Hz, 1H), 4.97 (m, 1H), 4.46
(m, 1H), 4.05 (s, 3H), 4.02 (s, 1H), 3.13 (m, 1H), 2.67 (m, 3H), 2.53 (d, J= 9.5 Hz, 1H), 1.88 (q, J
=12.7 Hz, 1H), 1.75 (m, 3H), 1.59 (s, 1H), 1.46 (q, J = 8.0 Hz, 1H), 1.35 (dd, J = 7.1, 13.0 Hz,
3H), 1.25 (s, 2H), 1.08 (m, 2H). *C NMR (126 MHz, MeOD) & 174.48, 159.60, 137.10, 107.15,
100.26, 45.23, 42.56, 38.87, 37.72, 35.53, 35.38, 32.20, 31.53, 31.43, 25.78, 23.05, 16.44, 15.95.
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