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Abstract

Phage display libraries bearing natural amino acids are commonly used for
discovering potential therapeutic macrocycles; however, direct application of
those linear peptides often leads to poor pharmacokinetics, including low serum
stability, lower cell membrane permeability, and rapid renal clearance. Chemical
macrocyclization of readily accessible phage display libraries can potentially
improve the pharmacokinetic properties of peptides. In this thesis, I aim to
expand the current chemical space of the phage displaying peptides with
chemical post-translational modifications to discover bioactive ligands for
therapeutically important proteins with modified phage display libraries.

In chapter 1, I briefly review the current state of the art in
macrocyclization for peptide phage-displayed libraries. In Chapter 2, I develop a
two-fold symmetric linchpin (TSL) that converts readily available phage-
displayed peptide libraries made of 20 natural amino acids to genetically encoded
bicyclic libraries. TSL combines an aldehyde-reactive group and two thiol-
reactive groups by bridging two side chains of cysteine C with an N-terminal
aldehyde group derived from an N-terminal serine S, yielding a novel bicyclic
topology that lacks a free N-terminus. Phage display library of SXCXsC
sequences, where X is any amino acid but cysteine, were converted into a library
of bicyclic TSL-SXCXsC peptides in 45 + 15% yield. Using this library and
protein morphogen NODAL as a target, we discovered bicyclic macrocycles that
specifically antagonize NODAL-induced signalling in cancer cells. At 10 uM

concentration, two discovered bicyclic peptides completely suppressed NODAL-
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induced phosphorylation of SMAD2 in P19 embryonic carcinoma cells. The
TSL-SYCKRAHKNC bicycle inhibited NODAL-induced proliferation of
NODAL-TYK-nu ovarian carcinoma cells with an apparent ICso of 1 uM. The
same bicycle at 10 uM concentration did not affect the growth of the control
TYK-nu cells. TSL-bicycles remained stable over the course of the 72 hour-long
assays in a serum-rich cell-culture medium. We further observed general stability
in mouse serum and in a mixture of proteases (Pronase™) for 21 diverse bicyclic
macrocycles of different ring sizes, amino acid sequences, and cross-linker
geometries. TSL-constrained peptides to expand the previously reported
repertoire of phage display bicyclic architectures formed by cross-linking
cysteine side chains. We anticipate that the TSL will aid in the discovery of
proteolytically stable bicyclic inhibitors for a variety of protein targets.

In Chapter 3, I describe discovery of a low molecular-weight, chemically
modified macrocyclic peptide that binds to albumin with low micro-molar
affinity for prolong circulation time. We modified SX,CX,,C phage-displayed
libraries, where X is any amino acid but cysteine, » = 1 and m = 3-5 amino acids,
with decafluoro diphenylsulfone (DFS). Using these macrocyclic libraries and
human serum albumin (HSA) as bait, we identified 8 macrocyclic peptides
through three different discovery campaigns. The peptides were modified with
DFS and a more stable linchpin pentafluorophenyl sulfide (PFS). The poly-
fluorobenzene groups in the DFS and PFS modified peptides made it possible to
a use '’F NMR binding assay to determine and rank their bindings capacities.

PFS-SICRFFC binds the strongest to HSA, and PFS-SICQGEC binds the
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weakest to HSA. I determined the PFS-SICRFFC binds to HSA with an affinity

of Kq =6 uM via fluorescence polarization.
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Chapter 1: Overview of genetically encoded peptides’
architecture on M13 phage display libraries

1.1 Introduction:

Macrocycles derived from peptides have emerged as attractive, simple-to-
synthesize molecular entities that can be employed to solve diverse problems in
molecular recognition. Molecular recognition events can take place between the
macrocyclic ligand and ground state molecular receptors such as: (i) individual
atoms and ions; (ii) small organic and inorganic molecules; (iii) well-defined
soluble macromolecules such as proteins, nucleic acids, and glycans; (iv)
colloidal macromolecular assemblies such as protein aggregates, lipid
membranes, and peptidoglycan polymers at the surface of bacteria cells and (v)
solid interfaces, such as the surfaces of crystalline or amorphous solids and, the
surfaces of organic and inorganic polymers. Interactions can also take place
between macrocyclic ligands and transient receptors; an example of the latter are
(1) macrocycles that interact with the transition state of a reaction and influence
the rate or the outcome of chemical reactions and (ii) macrocycles that interact
with the photoexcited state of a molecule and influence the photophysical
outcome.!

Some molecular recognition problems listed above, such as the
identification of a ligand for a metal ion, can be solved with molecules of both
small (e.g., EDTA) and large molecular areas (e.g., metal-binding proteins).

Other recognition problems mandate the use of molecules of large area; an



example is specific recognition of “hot spots” on the extended surface of a folded
protein. In solving the latter recognition problems, macrocyclic topology is often
quoted as “advantageous” when compared to linear or branched topologies.? The
overarching physicochemical advantage of cyclic molecules is their depleted
ground state conformational ensemble when compared to a conformational
ensemble of linear or branched molecules with a similar number of atoms and of
a similar molecular area. The depleted ensemble is the origin of the biophysical
advantages such as high affinity and specificity of the interaction and the
downstream practical advantages such as proteolytic stability and bioavailability.
The depleted conformational state is one of the privileged properties of molecules
in other fields such as catalysis and the design of macromolecular materials. Not
all molecular recognition problems are suitable for molecules of macrocycles
topology. For example, linear oligomers (e.g., DNA) are nature’s best solution
for the storage and transfer of hereditary information. Hyperbranched topologies,
such as those observed in natural glycans, are employed in all kingdoms of life to
solve self-versus non-self-recognition and other molecular recognition problems
are not yet completely understood.

A general molecular recognition problem can be formulated as “find a
macrocycle of a specific atomic composition that serves as a potent and specific
ligand for a given receptor.” Theoretically, a first-principal approach should be
able to compute what type of atoms should be connected in what sequence to
form a cycle that has the desired molecular shape with the desired properties.

Peptide macrocycles made of well-defined amino acid building blocks make this



problem simpler and chemically tractable. One needs to find what amino acid
building blocks should be connected in what sequence to form a cyclic or multi-
cyclic topology. One of the experimental approaches that allow finding ligands
for well-defined, stable molecular receptors by methods is known as genetically-
encoded macrocyclic peptide libraries. This chapter focuses on a sub-set of such
macrocyclic libraries displayed on bacteriophage particles and encoded in the
genome of the bacteriophage.

1.2  Genetically encoded libraries: linking of genotype and phenotype

Figure 1-1 describes a prototypical phage-displayed, genetically-encoded
macrocyclic peptide library. A particle of the bacterial virus, bacteriophage M13
is composed of a number of “coat” proteins, five plll in the case of M13 (Figure
I-1A). A bacterial genome encodes these and a few additional genes/proteins.
The genome is packaged inside the phage particle and protected by the coat
proteins (Figure 1-1B). Introduction of the foreign DNA into the specific location
of the gene g/I] of the bacteriophage allows the production of phage particles that
contain foreign amino acid sequences added to the sequence of protein plll
(Figure 1-1C). In these phage particles, the foreign peptide is “displayed” on the
surface of the phage particle, and the composition of this peptide is “stored” in
the DNA in the same phage particle. The structure of the peptide (phenotype) is

linked to the sequence of the DNA (genotype) that is encoded.
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Figure 1-1. A typical phage display library. (A) Phage coat protein on the phage.
(B) M 13 phage PIII and PVIII displayed with phagemid. (C) A peptide expressed
on the plllI phage protein with the g//I gene. (D) A structural representation of the
pIII peptide expressed on the phage. (E) Chemical structure of the pllIl peptide
display.
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As the foreign peptide sequence, an in-frame fusion to the sequence of naturally
occurring protein, the structure and location of the peptide is defined
unambiguously by the design of the DNA sequence (Figure 1-1D). I focus on
displayed peptides with cysteine residues; for example, a peptide with one, two
three or more disulfide bridges forming mono-, bi-, and tri-cyclic architectures
(Figure 1E), as well as libraries in which natural disulfide bridges have been

replaced, post-translationally by other linkages.



1.3  Library design

The physical library of DNA molecules is a critical starting point to
generate any phage display library. These libraries have either synthetic or
biological origins. DNA libraries of biological origin are produced by error prone
PCR amplification from natural DNA or mRNA libraries.® In this review, we
focus on peptide libraries that in nearly all cases, originate from synthetic DNA.
Original phage display approaches were built on fully or partially randomized
libraries created as a sequence of a mixture of nucleotides: N (A+T+C+QG), K
(G+T), S (G+C), W (A+T), or R(A+G).*” An uniform mixture of pre-synthesized
trinucleotide codons (TriNuc),® can yield higher quality libraries than those
created by NNK or NNS codons; for example, the amino acids Ser is encoded by
6 NNK combinations and, Pro by 4 NNK combinations, whereas Trp is encoded
by only NNK combination. In NNK-libraries, the ratio of the amino acids for Pro
: Ser : Trp are 6:4:1, but in TriNuc libraries, the ratio is closer to 1:1:1.° The
second critical step in the production of phage libraries is the integration of the
synthetic DNA libraries into the genome of the bacteriophage. Techniques for

% or Kunkel mutagenesis!!.

such integration use ligation of PCR amplification,'
The resulting DNA construct needs to be transformed into bacteria to allow the
bacterial host to transcribe the phage components and package them into the
virion. Although the first phage display vector was reported in 1985,'? efficient

production of diverse libraries was not possible. Chemical transformation of

DNA into bacteria limited diversity of produced libraries to 10°.!*> The invention



of a high-efficiency transformation protocol by electroporation in 1990 enabled
large-scale, diverse phage display libraries.!* Since then, electroporation has been
ubiquitously used in the production of phage display libraries.

1.4  Phage display technology

Phage display library design involves the presentation of the peptides, the
display carrier, the topology of the resulting peptides, the composition of the
peptide libraries, and the diversity of the library. The phage display peptide is
expressed as either the N or C-terminal fusion to the coat protein of the
bacteriophage. Intra-protein presentation is also possible.!”> Genetic engineering
technologies permit display on protein plIL'° truncated plll, the N-terminus of
pVIIL, the C-terminus of pVIIL!'®!® pVII and pIX,!”?! pIX,**?* of phage M13,
protein X of T4,%* protein 10 of T7, the tail protein of T7,>2% bacteriophage
lambda,?’3?  bacteriophage P22,%33° bacteriophage MS22,3¢37  bacillus
thuringiensis spores,’® FliTrx random cyclic dodecapeptide,®® and Novagen’s T7
select phage display system. Phage-displayed peptides that are also displayed as
fusion on constant proteins such as beta-lactamase.** Ligation of synthetic
peptides to phage is also possible*!, and while such a system has no obvious
advantage over the genetic display, such ligation has been used to display
glycans** and protein oligomers.*

Exhaustive comparison of display platforms is beyond the scope of this
chapter but for representative examples of comparison, consult Bradbury and co-

workers who compare the expression of GFP on three different M 13 proteins in



nine different display systems.** Line and co-workers, who compared the T7 and

lambda display systems;**#¢ and as well as Makowski and Mori, who compared

the M13 and T7 phage display system.*’
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Figure 1-2. Types of display system on M 13 phage.

Valency of the display is important: the carrier can display exactly one
copy (monovalent display) or multiple copies (multivalent display). Bonafide
monovalent display is simple to achieve in mRNA and DNA-display
technologies where the information carrier has only one attachment point. In

phage display technologies, the copy number of phage proteins on which the



peptide is displayed is always greater than one. Thus, many phage display
platforms are multivalent displays. Monovalent display on phage carrier can be
achieved by “mosaic display” technology dubbed by Smith and others as “X+X
systems”, where X is the identity of the protein on which the library is displayed
(Figure 1-2).*® In the 3+3, 6+6 or 8+8 systems, the virion contains the plIl, pVI
or pVIII proteins both with and without the fusion polypeptide. For example,
simultaneous expression of the plll protein and the plll-peptide gives rise to a
low copy number display. In a typical display, 90% of the particles contain no
displayed peptide and 10% of the particles display one or more copies.*® Such a
3+3 system is considered monovalent because the probability of displaying two
or more copies is low. Proteolytic cleavage of peptides, either natural or
introduced artificially, also reduces the copy number of the displayed
polypeptides. For example, the copy number in the M13 phage of proteins pllI is
3-5, but the copy number of displayed peptides can be significantly lower than 3.
The proteolysis of peptides depends on the length, the charge and the sequence of
the peptide.*

1.5  Macrocyclic architectures displayed on phage carriers

In 1996 the first comprehensive report of peptide libraries by Burrit et al>°
reported 23 peptide libraries in nine different vectors displayed on plIl: fUSES,
fAFF1, M13LP67, M13KBst, MKTN, m666, M13PL-6 and on pVIII proteins in

vector PC89 and fdH.>° In 1997, a comprehensive review by Smith and Petrenko



quoted the production of 60 peptide libraries and 50 protein display libraries
displayed on phage.*®

After many years, the true number of libraries produced worldwide is
difficult to estimate; however, an estimate can be assessed from the BioPanning
Database: 517 peptide library types, 3000 peptides in 1600 entries. In this
chapter, I am focused on covalently cyclized macrocyclic libraries displayed on
phage. To the best of our knowledge, all cyclic libraries formed spontaneously
during their expression in bacteria are formed through a disulfide bond. Another
class of libraries is diversified after their expression via chemical post-
translational modifications (cPTM) with a synthetic cross-linker called
“linchpin.” Linchpins are commonly used to constrain the secondary structure or
introduce unnatural properties not found in natural amino acids, such as light

responsiveness or additional biorthogonal functionalities.>!

All monocyclic
libraries with two cysteines can be abbreviated as X,CX,,CX;, where n, m and [/
are integers. To date, 48 diverse architectures are represented by 48 unique
combinations of [n, m, [] (section 1.5.3). Libraries with four cysteines
XnCXnCXICXiCX;, are known as well, but the published diversity of the
architectures is limited (sectionl.5.5). Libraries with a larger even number of
cysteines are theoretically possible to produce but are limited (section 1.5.5).
Libraries with odd numbers of cysteines can also form libraries, but one of the
cysteines forms a disulfide bond with external thiols. For example, libraries with

three cysteines, X,CX,,CX/CXyhas been expressed for a diverse number of [n, m,

[, k] combinations (section 1.5.8).



1.5.1 Phage displaying linear peptides: X,

The most widely used phage display library is expressed with linear
peptide: X, where X can be any amino acid and » = 3-30 amino acids. Although
the libraries are often referred to as the library of “linear motifs,” the presence of
cysteine makes it possible to find disulfide macrocycles that are expressed as part
of the library. If selection pressure can enrich disulfide cyclized peptides, such
cyclic peptides can commonly be discovered from a “linear” library.

For example, Ruoslathi and co-workers used a X library and integrin avf33
as bait to identify disulfide constrained peptide sequence: CRGDCA. They
identified a sequence bound to avBs with an ICso of 10 pM.>? Patthy and co-
workers used an Xis library and fibronectin type II modules of matrix
metalloproteinase 2 as bait.>> Panning selected the peptide sequence:
ACGYTYHPPCARLTYV. Unfortunately, Patthy and co-workers were unable to
validate the bio-activity of the peptide due to poor solubility.>* Wang and co-
worker used an Xjs library and monoclonal antibody that recognized the
antimicrotubular phomopsin mycotoxin as bait. They isolated a cyclic motif of
CVALC with the sequences of CTVALCNMYFGAKLD as the strongest
binder.>* Kopecek and co-workers used the X;s library selected against the CD21
receptor, and selected to 2 different ring sizes of disulfide cyclized peptides: One
with 4 amino acids: PNLDFSPTCSFRFGC and one with 8 amino acids

RLAYWCFSGLFLLVC.>?

10



1.5.2 Phage displaying peptides that contain one cysteine: X, CX,

Y e
M= 0 N )
s

Oxidaton

Figure 1-3. A representative example of a peptide with X, CX,, motif expressed
on M13 phage display.

The display of a linear peptide with a single cysteine, X,CX, on the
phage is possible.’® The linear peptide dimerized with a neighboring peptide
resulting in a macrocycle. These peptide architectures are expressed on the pVIII
or pllI of the M 13 phage (Figure 1-3). Scott and co-workers displayed the peptide
libraries with XsCXs, XisCX and XCX;s motif on the phage pVIII protein.>®
Their libraries were shared with other researchers and screened against anti-HIV-
1 gpl20 monoclonal anti-body®’, malarial antigen antibody>®, carbohydrate-

59-60 “anti- T. saginata antibody®!, anti-African horse sickness

binding antibodies
virus serotype 3 antibody® and injured vascular endothelial cells®.

Recently, Kay and co-workers expressed a phage display library with the
architecture of XsCXz and X;0C on the pllI proteins.®* The macrocyclic libraries
were subsequently screened against human factor H® and Streptococcus
pneumoniae’s Ser/Thr kinases.®¢
1.5.3 Phage displaying peptides that contain two cysteines: X,CX,,CX/

The monocyclic, X,CX,CX;, peptide phage displayed libraries are

commonly expressed. As phage proteins assemble in the periplasm, the displayed

cysteines are oxidized and form a disulfide bond. The amino acid is X, where X

11



is any natural amino acid, but cysteine and m is any number of random amino
acids from 1 to 15. Table 1-1 to Table 1-13 highlights phage display libraries
with different ring sizes used in panning. The 48 various motif libraries were
either expressed on the pVIII or pllII protein.

Table 1-1. Table of phage display libraries with X,CXCX;

o Ry O R o]
HZN\_)LN/kg/N\.)LN)TN‘;)LNH 0
ﬁ‘ H é'{ b RS ‘}_&
5 s H
Rgiee
é\,‘.l ’%O
o H Rip © H R, O g jNH
AN A AN NJK./N_{
E& H & H &
1 9 7

e 4

Motifs Length (ref. #)
XXX XXCKCXXXKXX 13 (ref. %)

Table 1-2. Table of phage display libraries with X,CX>CX;

Ry O Ry y O Re ,, O R
HzN)\g’N\z)LH’ﬁ’N:)LH)‘g'N‘.-)LHJYO
R, R Lo S N R

0 <

N
HNJ\( \B/\”J\( \B/\”J\(
12 10 .

Motifs Length (ref. *)
XXCKXXCXX 8 (ref.®®)
XXXKXXCKXCKKXXKK 14 (ref, 6970
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Table 1-3. Table of phage display libraries with X, CX3CX;

\)OL iy H\)cj)\ N
H,N N o
ﬁ\ H/'\g/ _E\S qu R4
L
£y HN
%N
R
3 a3
oﬁ
Motifs Length (ref. #)
XXCXXXCXX 9 (ref. 7> 871
XXXCRGDCXXX 11 (ref. 7?)
DGXXXCRGDCXXX 12 (ref. 7?)
XXX XXCKXXCXXXX 14 (ref. 7%

Table 1-4. Table of phage display libraries with X,CX4sCX;

R,

(e) H O R
HEN\.)LN)\E,N\_)LNJYO
R T 02 T ANR,

Re © 0 HN: ;()
OY\I. )k{ 'lr\r )k[ lf\R
NH 7 6

Motifs Length (ref. #)
CXXXXC 6 (ref. 7374
XCXXXXCX 8 (ref. 7°79)
XXCXXXXCX 9 (ref. 77)
XXCXXXXCXX 10 (ref. 7®)
XXXCKXXKXCXXX 12 (ref. 7°)
XXXXCXXXXCXXKX 14 (ref. 60- 8081y
XXKXKCKXXXCXXXXX 15 (ref. 70-32)
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Table 1-5. Table of phage display libraries with X, CX5CX;

HN_ R,

Ris Ry

4
OTOH'OH\?OHHN
NH 12 10 9

Motifs Length (ref. #)
CXXXXXC 7 (ref. 74 8387y
XCXKXXXKXCX 9 (ref. 88-8%)
AXCXXXXXCX 10 (ref. °9)
XXCXXXXKXCXX 12 (ref. %)
XKXXKXCKXKXXCXKXK 15 (ref. °1%?)
)10.0.0.0.0.40) 0.0:0.0.40)0.0.0.0 4 18 (ref. %)

Table 1-6. Table of phage display libraries with X,CXsCX;

Ri , O
HNJ\B’N\:)LNH
H,N . R-,R }‘..*o
e HN R,
: e
H \E e} H HN
e d SRR e
: ,

Motifs Length (ref. #)
CXXXXXXC 8 (ref. 47,774,717, 83-87,94-112)
XCXXXXKXCX 10 (ref, 60-70.75)
XXCXXXKKXKCKXX 12 (ref. 7 113)
XXKKCXKXXKKCKKXX 16 (ref, 70- 114121y
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Table 1-7. Table of phage display libraries with X, CX;CX;

Motifs Length (ref. *)
CXXXXXXXC 9 (ref, 71: 77-81.122-130)
ACXXXXXXXC 10 (ref. %131
XXCXXXXXXXCXX 13 (ref, 132133
XAXXCXXXXXXXCXXX

15 (ref. 3%

Table 1-8. Table of phage display libraries with X,CXsCX;

N
O H
HNVLNW&

m'

Y
JNH

3
N (o}

Ry

R
NH

Motifs Length (ref. #)
CXXXXXXXXC 10 (ref. 133147y
XCXXXXXXXXCX 12 (ref. 60 148-156)
XXCHKXXKXXXXXCXX 14 (ref. °7)
XA XCHKXXKXXKKCKKX

AAXXXXCXXXXXXXKXCXXXXX

16 (ref. 79, 158-159)
20 (ref. 7)

Table 1-9. Table of phage display libraries with X,CXoCX;

mH

jN)L )\E \)LNH
Rt o8
x o
i d @T o kf
Motifs Length (ref. #)

CXXXXXXKXKKC 11 (ref, 160-164y
XXXXKXCKXXXXKXXXKCXXXX 20 (ref. 7- %)
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Table 1-10. Table of phage display libraries with X, CX;0CX;

4
H

0 Ry
bl
HNZ R, Rg“‘l\fo
HQN\/g0 HN_ _Re
L ny
$ 0
\g/\NH H RHBI
N T
N
m ")T YN
10

Motifs Length (ref. ¥)
CRXXXXKXXXKXC 12 (ref. 110, 147-148, 165-180)
XXCXXXKXXKXKKKCKX 16 (ref. 7)
) 0.0.(0) 0:0.0.0.0.0:0.00(0) 004 18 (ref. 7%)

AAXXXCXXX XXX XXXXCXXXX 20 (ref, 181-182)

Table 1-11. Table of phage display libraries with X,CX;>CX;

Motifs
CX XXX XXXKXXXXXC
KX XCKXAXXXXXXKXXXKXKXCKXX

Length (ref. )
14 (ref. 57, 183-185)
20 (ref. 18%)

16



Table 1-12. Table of phage display libraries with X,CX;3CX;

j/ﬁ‘\ "\B«N\)LN

'\S N Iﬁ\
L ACYVEYES

Motifs Length (ref. #)
CXXXXXXXXXKXXXKXXC 16 (ref. 139)
):9:0.:(6).0.0.0.0:0:0:0:0:0:0:0:0.0.(6).0.0.¢ 22 (ref. 86, 187-188)

Table 1-13. Table of phage display libraries with X,CX;5CX;

G My g D OBy g
R«j)kN)TN\)LNAB,N R,
E
! R, OINH
RO

g

Motifs Length (ref. %)
CXXXXXKKXXKKXKKKC 17 (ref, 136 189-191)

1.5.4 Phage displaying peptides that contain three cysteines: X,CX,,CX,CXy

Phage displayed libraries can express peptides containing 3 cysteines;
however, those libraries were intended for post-translational modification with a
linchpin to from bicycles.!”> More detailed discussion of the modified tri-

cysteines phage displayed libraries can be found in the section: 1.5.8.
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1.5.5 Phage displaying peptides that contain four cysteines or more

Randmozied
&« region

Figure 1-4. A representative model of a peptide with 4 or more cysteine motifs
expressed on M13 phage display. (A) The peptide displayed on the phage is all
randomized except cysteine. (B) A selected region of the displayed peptide is
randomized on the phage.

A phage display library with more than 4 cysteines or disulfide-rich
peptides is typically employed for creating serum stable bioactive peptides and
small proteins. Typically, there are two architectures to display peptides that
contain 4 or more cysteine: 1) all the amino acids in the rings are randomized for
de novo discovery (Figure 1-4A) or ii) only one or two rings’ amino acids are
randomized (Figure 1-4B).

Ruoslathi and co-workers expressed bicycles phage displayed libraries that
contains 4 cysteines. Their phage libraries contain CX3CX3CX3C and
CX3CX4CXoC motif to identify peptide ligands with prostate-specific antigen!®®,
solid breast tumor®® and in vivo vascular endothelium.”” The most noticeable
work from Ruoslathi and co-workers was used the CX3CX3CX3C peptide motif
on the phage and screened against solid tumors. They discovered that the peptide
CNGRCVSGCAGRC showed tumor selectivity and identified the motif CNGRC

for cancer therapeutics.”
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In a recent example, Klok and co-workers displayed bicycles libraries with
XCX,CXCXiCX motif (n + 1 +k=3,4,5, 6,7 or 8 where X indicates random
amino acids expect cysteine) on phage and to identify ice-binding peptides. They
selected a peptide KCCTKNCDSTAHCT that showed to have ice
recrystallization inhibition activities.!'*?

Wu and co-workers displayed CXCXsCXsC peptides on phage’s pllIl
protein. They used the library to screen against Kelch-like ECH-associated
protein 1 and identified GCGCAGWRDCESGERC as the most potent binder.
Through a fluorescence polarization competition assay, one of the isomers
exhibited an inhibition activity with K; of 0.36 puM, and the other isomer
exhibited weak binding affinity with K; of 37.2 uM.'**

One of the drawbacks of expressing a peptide library containing multiple
cysteines in the peptide is multiple regional isomers. The numerous regioisomers
create a laborious follow-up in the validation and increase the difficulty of the
peptide synthesis to isolate the bioactive isomer. Wu and co-workers expressed a
tri-cyclic peptide library with six cysteines on the phage to control the disulfide
crosslinking: CPPCXsCXsCXsCPPC. The expression of the CPPC motif guides
the disulfide pairing to a predictable conformation and reduces the number of
regioisomers displayed on the phage or during synthesis and validations.!®’

Researchers used known small proteins containing four or more cysteines
to engineer and design small proteins. The whole protein or part of the protein
was expressed on the phage surface. Only some of the protein sequences were

randomized to engineer a stronger binder or a better inhibitor.!%
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Hudson and co-workers expressed the Min-23 protein, a small four
cysteine-stabilized peptide scaffold on the phage. Min-23 is included with
random decameric amino acid ring: LMRCKQDSDCLAGSVCX;oFC."7 Later, a
similar approach was wused by Haberkorn and co-worker to express
LMRCKQDSDCLAGSVCXgFC on the phage; they were able to select the delta-
like-ligand 4 binder, LMRCKQDSDCLAGSVCLFHLFIYIFC with a Kq of 22
M. 198
1.5.6 Chemical post-translational modification with peptide displayed on

phage that contains one cysteine: X,CXu

Post-translation medication of

Most linchpins rely on crosslinking two or more cysteines expressed on
the phage. The chemistry was limited to bio-orthogonal and thiol related
chemistry. To cyclize peptide containing a single cysteine, researchers have used
two bio-orthogonal site-specific reactions to cyclize the peptide or displayed the
peptide containing an unnatural amino acid on the phage that consumed the free
thiol to cyclize it (Section 1.5.10).199-200

In a recent example, Mayer and co-workers used linchpins that relied on a
cysteine and the N-terminal amine to create head-to-tail macrocycles (Figure 1-
5). The asymmetric linchpins contain two reactive groups: i) a reactive thiol
group for cysteine and ii) an aldehyde group for the N-terminal amine to create
head-to-tail architecture. The advantage of 2 different bio-orthogonal reactive
groups on the asymmetric linchpins were to avoid creating 2 regioisomers. They

used three different asymmetric linchpins to modify the unprotected sulfide-
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peptide to a head-to-tail macrocyclic peptide. They modified a monoclonal
peptide displayed on phage with the three asymmetric linchpins into the head to

tail macrocycle (Figure 1-5).2%!

Linchpin Product

dol H
\)LN OH
H H
NH
(o] Br »
S

s T o

Figure 1-5. Asymmetric linchpins modified AVSSGGC peptide displayed on
phage.
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1.5.7 Chemical post-translational modification with phage display libraries

that contain two cysteines: X,,CX,,CX;

Lichpins Products

v

M13 phage
display library

Figure 1-6. Type of reactions for modifying disulfide phage displayed library.
The chemical modification of disulfide phage-displayed libraries is an
attractive strategy because reactive thiol linchpins are known for stapling
peptides or proteins.?? Those linchpins are readily available to modified disulfide
peptides phage library to generate billions of unique macrocycles simultaneously
via SN2 reaction, SNAr reaction or Michael addition (Figure 1-6).2°> Most
linchpins mimic disulfide bond to constrain the peptide and are not susceptible to
reduction and exchange. Replacing disulfide bonds with a linchpin can preserve

the activity of the peptides and enhance the peptides’ pharmacokinetics, such as
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by increasing resistance to enzymatic hydrolysis, cell membranes permeability, or
penetration of the blood-brain barrier.?%-2%

A HZN\)LN)\g« \)LNH
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¢ CHEL
%PHN ; N . {R‘,Rh
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Figure 1-7. Linchpins that exploit the Sn2 reaction to staple disulfide peptides
phage-displayed library.

Stapling peptides via SN2 reaction is fast and selective between cysteine
and a halo-acetamide or halo-benzyl linchpin. An example of a linchpin that uses
an Sn2 reaction is DBMB. Initially, DBMB was developed by Timmerman and

co-workers to stabilize proteins and short peptides.?'® Later, Heinis and co-
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workers adopted the same linchpin for installation onto a disulfide peptide
phage-displayed library to generate a-helical peptides (Figure 1-7A).2!!

A linchpin with azobenzene functionalization was used to modify phage
display libraries. Two variants of the azobenzene linchpin have been published.
Heinis and co-workers used the azobenzene with a bromo-acetamide group
(BSBBA) to modify the phage display library and streptavidin as bait. They
identified a ligand that was actively bound to streptavidin as the cis isomer and
had reduced activity as the trans isomer.®® In a similar fashion, Derda and co-
workers used an azobenzene with a chloro-acetamide group (BSBCA) to modify
a ACX7C phage-displayed library and streptavidin as bait to identify a light-
responsive ligand. The identified ligand was active as the frans isomer and
inactive as the cis isomer (Figure 1-7B).2!2

In Chapter 2, I functionalized a disulfide phage displayed library with the
motif SXCXeC and a linchpin containing a chlorobenzyl group to react with
cysteines to bicycles. The library was used to screen an oncogenic morphogen
NODAL and result in a 1-10 uM bicyclic peptide that could disrupt the NODAL
signaling pathway (Figure 1-7C).2!?

Linchpins can cyclize disulfide peptides and add a bio-orthogonal
functional group on a natural express peptide to bypass the need for unnatural

amino acid incorporation. This technique has proven to be a powerful tool for

fragment-based discovery with known pharmacophores.
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Figure 1-8. Late-stage functionalization linchpins on phage display library.

Derda and co-workers described a late-stage functionalization on the
phage display library with the linchpin of 1,3-dichloroacetone.?'* The reaction of
1,3-dichloroacetone with thiol was relatively fast; however, the late-stage
reaction between the aminooxy and the acetone group was relatively slow and
reversible. The reaction only proceeds to completion overnight (Figure 1-8A).2!°
To circumvent the slow reaction of the late-stage functionalization, Derda and co-
workers described another late-stage functionalization method on the phage
display library with the linchpin that used the Knorr pyrazole reaction.?!® The
reaction that uses the 1,5-dichloropentane-2,4-dione linchpin to yield 1,3-
diketone modified macrocyclic peptides phage-displayed library. The 1,3-

diketone macrocycles then react with hydrazine-based pharmacophores to form

pyrazole in 1 hour (Figure 1-8B).2!7
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Figure 1-9. Linchpins that use SxAr to staple disulfide peptide libraries displayed
on phage.

Using SnAr to modify proteins is well described. The most recent example
is from the Pentelute and Buchwald groups who used it to staple proteins. Most
SNAT reagents are highly insoluble in aqueous media.?!® The reaction is done in a
pure organic solvent or a mixture of water and a high percentage of organic
solvent. Due to this limitation, there are limited SnAr reactions used to modify a
phage display library. To circumvent this limitation, the Dedra group identified a
deafluorobiphenlysulfone (DFS) linchpin for cyclizing peptides. DFS was
sufficient to react in primarily aqueous conditions with 5 % DMF. Using a low
percentage of DMF as co-solvent, they modified the phage display library in 0.5
mM DFS at pH 8.5 with 5% DMF for 1-2 hour.?"”

Wu and co-workers further removed the need for organic solvent with the

linchpin:  2,4-difluoro-6-hydroxy-1,3,5-benzenetricarbonitrile ~ (DFB). The
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reaction proceeds in neutral pH with no organic solvent and quantitative
conversion in 5-30 min to modify unprotected peptides. The reaction conditions
were used to modify the ACXoC phage-displayed library in 0.1 mM DFB at

neutral pH for 1 hour.??°

Figure 1-10. Linchpins that use Michael addition to staple disulfide peptide
libraries displayed on phage.

There is currently one linchpin that uses Michael addition to a staple
disulfide peptide on phage display library. Derda and co-workers developed
another azobenzene linchpin to modify the ACX7C phage-displayed library. They
found that the azobenzene with the new allenamide functional group is two or

three times faster than the previous alkyl halide (Figure 1-10).2%!
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1.5.8 Chemical post-translational modification with phage display libraries

that contain three cysteines: X, CX,CX;CXx:

(o] Br
X £
Br,\EN\erBr Bf\/”\N/)\/Br
TATB TBMT
Figure 1-11. Representation of post-translational modification for a phage
display library with 3 cysteines with (A) TBMB and (B) other linchpins.

Heinis, Winter, and co-workers created a tri-cysteine library specifically
for a set of reactive thiol linchpins (Figure 1-11). They were also the first to
introduce a chemical modification to generate millions of bicyclic macrocycles
on a phage display library. The bicyclic phage-displayed library modified with
TBMB was used to discover a plasma kallikrein inhibitor with K; = 1.5 nM.??>-223

The same modification had been applied to the different tri-cysteine
libraries (Table 1-14) to discover binders or inhibitors against the Notchl
receptor,”>* human RNA-decapping enzyme DCP2,’* G-Quadruplex,??® and

serine protease urokinase-type plasminogen activator.??’
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Table 1-14. TBMB post-translational modification for the phage display libraries

Motifs Length (ref. #)
CXXXCXXXC 9 (ref. 222 226)
XCXXXCXXXCX 11(ref. 22%227)
CXXXXCXXXXC 11(ref. 229)
XCOXXXXCXXXKXCX 13(ref. 2?7)
CXXXXXCXXXXXC 13(ref. 22%)
CXXXXXCXXXXXXC 14(ref. 2??)
CXXXXXKCXXKXXXXC 15(ref. 2%9)
ACKXXXXXCXXXXXXCA 16(ref. 228-229)

Other TBMB like linchpins were also developed and modified tri-cysteine
peptide phage-displayed library (Figure 1-11B). However, TBMB is the most
used for identifying bicycles ligands.??”-230-232
1.5.9 Chemical post-translational modification with a phage display library

that contain four cysteines and more

Peptides with four cysteines are displayed on phage that have a bicyclic
architecture and can be further modified with thiol reacting linchpins to increase
protease-resistance or to discover orally available peptide.3

Heinis and co-workers applied a set of 10 thiol-reactive reagents to modify
the XCX,CX/CXiCX phage-displayed library, where m+/+k=3-8 and X
indicates any random natural amino acids but cysteine (Figure 1-12). The
modified library was incubated with porcine pancreatin to mimic protease
pressure in the intestine, then selected against coagulation Factor Xla. They
identified that one of the isomers from the di-bromoacetone modified peptide,
TCVNIMCCRFP, was able to resist porcine pancreatin degradation and inhibit

coagulation Factor Xia with a Ki of 19 nM simultaneously.?*?
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1.5.10 Expressing unnatural amino acid on the phage display libraries:
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Figure 1-13. Unnatural amino acid-bearing macrocycles on phage display
libraries.

It is possible to display a head-to-tail architecture on the phage without
linchpins’ modification; however, this requires incorporating an unnatural amino
acid (UAA),?*235 which has been used to generate a macrocyclic library.!?-2%
(Figure 1-13)

Liu and co-workers displayed a cysteine-reactive unnatural amino acid,
Né-acryloyl-lysine (AcrK), and a proximal cysteine to generate macrocycles on
phage. (Figure 1-13A) This platform produced a phage display library with the

motif CXs.7[AcrK]. The library was screened against TVE protease and HDACS

to identify cyclized peptides with a higher affinity than the linear peptides.'*’

31



Fasan and co-workers displayed a cysteine-reactive unnatural amino acid
O-(2-bromomethyl)-tyrosine (O2beY) and a proximal cysteine residue to
generate a macrocyclic peptide phage-displayed library. (Figure 1-13B) This
platform was used to produce peptides with the motif of [O2beY]Xe.7C, CXe-
7[02beY], X4[O2beY]Xe6-7CX4, and X4CXe-7[O2beY] X4 on the phage’s plll
protein and screened against three different protein targets, resulting in a
macrocycle that bounds to streptavidin with K¢ = 20 nM, to Sonic Hedgehog with
K4 =550 nM and to Kelch-like ECH-associated protein 1 with Kq = 40 nM.?%

1.6  Scope of the thesis

Phage display is a platform that can generate a diverse peptides library of
natural amino acids for discovering macrocyclic ligands. The most common
macrocyclic architecture is a monocyclic peptide which is generated from the
oxidation of disulfide peptide. Chemical post-translational modification and or
incorporation of unnatural amino acids are also used to diversify the architecture
of macrocycles displayed on phage. The incorporation of unnatural amino acids
in phage display is not well established; therefore, researchers have turned to
chemical post-translational modification to bypass the complexity of unnatural
amino acid incorporation. Linchpins for chemical post-translation modification
rely on three primarily thiol specific reactions to diversify disulfide macrocyclic
libraries displayed on phage: Sn2, SxAr, and Michael addition. Introducing bio-
orthogonal chemistry for natural amino acids other than thiol reactions needs to

fulfill two requirements: 1) the reaction must not reduce the diversity of the
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peptide library, and ii) the reaction reagents and solvents must not denature the
phage to converse the genotype and phenotype linkage. Most orthogonal
reactions for natural amino acids cannot meet the requirements above. In this
thesis, I describe a new linchpin that combines a non-thiol bio-orthogonal
reactive group with a thiol-reactive group to generate bicyclic peptides on a
phage display library.

In chapter 2, I describe a method of using TSLs to generate bicycles by
combining a non-thiol bio-orthogonal reaction for N-terminal serine and thiol
reaction to generate a bicyclic motif. The method was compatible with SX,CXnC
peptide phage-displayed libraries. The TSL-6 bicyclic library was used to
elucidate an inhibitor of the NODAL signaling pathway.

In Chapter 3, I describe the discovery a 4 uM binder of human serum
albumin (HSA) with DFS modified macrocycles phage-displayed libraries. We
expect the HSA ligand to enhance the circulation half-life of peptides with known

poor pharmacokinetics.
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Chapter 2: Genetically encoded discovery of proteolytically stable
bicyclic inhibitors for morphogen NODAL

2.1 Introduction
This chapter was published in its’ current form in the Chemical Science:
Wong, J. Y. K.; Mukherjee, R.; Miao, J.; Bilyk, O.; Triana, V.; Miskolzie, M.;
Henninot, A.; Dwyer, J. J.; Kharchenko, S.; lampolska, A.; Volochnyuk, D. M.;
Lin, Y.-S.; Postovit, L.-M.; Derda, R., Genetically-encoded discovery of
proteolytically stable bicyclic inhibitors for morphogen NODAL. Chem. Sci.
2021, 12 (28), 9694-9703., and the text was reformatted into thesis format with
only minor modifications. For consistency, all procedures from the publications
were included in my thesis. The following sections have been performed entirely
by the co-authors:
e Dr. Raja Mukherjee: Sections 2.4.1-2 and 2.4.1-7
e Dr. Jiayuan Miao and Dr. Yu-Shan Lin: Section 2.4.5
e Dr. Olene Bilyk: Sections 2.4.3-11
e Mark Miskolzie, M.Sc.: Appendix A-6.2 and Appendix A-6.3
e Dr. Serhii Kharchenko: Sections 2.4.1-10,2.4.1-11 and 2.4.1-12
Peptide macrocycles constitute a significant fraction of approved peptide
therapeutics, as around 30 out of 80 peptide drugs on the global market;
macrocyclic topologies, and they prevalent among 150 peptides in clinical
development and in the 400—600 peptides undergoing preclinical studies.?3¢2%

Macrocyclization of peptides increases binding affinity, improves permeability
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through the cell membrane, and increases stability towards enzymatic hydrolysis
compared to linear peptides.??*-?” The large surface area of macrocycles has been
critical for identifying molecules that bind extended protein surfaces and inhibit
protein-protein interactions.”? The introduction of a bridgehead into the

macrocyclic topologies to form so-called bicyclic peptides could further decrease

conformational flexibility and increase stability or binding potency.?0® 240

Bioactive bicyclic peptides that have been reported thus far originate from natural

241 242244

products, computational approaches, cyclization of known bioactive

210, 245-247

peptides, or screening of combinatorial libraries.?*2° To fuel the last

method, synthesis on the solid support can yield libraries of 10>°~10° diversity,?**

250 whereas late-stage chemical diversification of biosynthesized peptides

A24O, 251-253 192, 254

displayed on mRN or phage can give rise to bicyclic libraries

with 10°-10'? diversity. DNA-encoded libraries (DELs) have been used

255-258

extensively to synthesize mono-cyclic libraries of 10*~10% members and

recently 10'> members;>>’

although, there are no published examples of bicyclic
DELs, the late-stage chemical diversification used in phage and mRNA display
can be applied to DELs to generate such libraries.?®® Development of new

261-263 make

approaches for late-stage chemical diversification of encoded libraries
it possible to screen and discover new macrocyclic and bicyclic topologies with
value-added properties.

There are currently two strategies for synthesizing chemically-modified

phage-displayed bicyclic libraries. Both employ crosslinking of Cys side chains

with electrophiles (Figure 2-1A). The first approach pioneered by Winter and
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Heinis cross-links three Cys residues with a C3-symmetric electrophile to yield

bicycles displayed on phage (Figure 2-1A).'°2 This approach was developed

227,229 223,232

extensively by Heinis group and researchers at Bicyclic Therapeutics
and employed recently by Slavoff and co-workers’>®> and Wales,
Balasubramanian and co-workers.??® The second approach published recently by
Heinis group employs cross-linking of four Cys residues with Cz-symmetric
electrophiles to yield a mixture of three regioisomeric bicycles displayed on
phage (Figure 2-1A).23% 25% Bicyclic libraries have also been synthesized in
mRNA display libraries using the strategy (i),>>? via incorporation of two pairs of

orthogonal reactive unnatural amino acids (UAAs) into mRNA display

libraries,?>* or via a combination of the two approaches.?*%- 264
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Figure 2-1. Overall view of current bicyclic strategies: (A) Previous reports of
synthesis of bicyclic phage displayed peptide libraries. (B) Synthesis of bicyclic
phage-displayed peptide libraries described in this report.
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Incorporation of UAAs into phage-displayed peptide libraries is possible,?**2%

and UAAs have been used to generate phage-displayed macrocyclic libraries.!**
200

In this manuscript, we sought to devise the modification approach that
uses peptide libraries made of 20 natural amino acids. Bypassing the complexity
of UAA incorporation avoids biases that might result from the incorporation of
such UAAs in the phage library.?®> We combined modifications of N-terminal
Ser and Cys-side chains to generate a novel genetically-encoded bicyclic
topology (Figure 2-1B). Contrast to previous topologies (Figure 2-1A), this
topology does not display a free Cys-side chains to generate a novel genetically-
encoded bicyclic topology (Figure 2-1B). N-terminus and unlike strategies that
modify four Cys residues,??® 2% this cyclization strategy yields a single
regioisomer (Figure 2-1B).

Aldehyde is a versatile bio-orthogonal handle. In proteins, aldehydes can
be incorporated by periodate oxidation of N-terminal Ser.2°62°’ This method has
been used for PEGylation of clinically relevant growth factors,?%® for improving

the stability of cytokines in preclinical studies,?®’

and for the synthesis of
antibody-drug conjugates.?’? Libraries with N-terminal Ser have been previously

converted to peptide-aldehydes and modified by oximes and hydrazines,?”!

2 3

benzamidoxime,?’?> or Wittig reaction,?’®> and used for the selection of diverse
chemically-modified peptide ligands.?’*?’® Our group has previously
demonstrated that the bicyclic topology akin to the one described in Figure 2-1B

can be introduced into synthetic peptides using Cz-symmetric azobenzene linkers
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with an aldehyde reactive oxime functionality and two thiol-reactive

chlorobenzyl functionalities.?”

We demonstrated the feasibility of such
bicyclization in several unprotected synthetic peptides with N-terminal Ser and
two Cys residues in aqueous and organic solvents.?” In this report, we extend the
previously published concept other classes of linkers biocompatible aqueous
environment. We then provide the first example of using this technology for
bicyclization of bacteriophage displayed libraries with N-terminal aldehyde
residues (Figure 2-1B). To demonstrate the value of such a library in discovering
new bioactive bicycles, we employed this library to discover inhibitors of protein
NODAL and antagonists of NODAL-induced signaling.

The extracellular embryonic morphogen NODAL belongs to the
transforming growth factor-beta (TGF-B) superfamily.?®® It is a stem-cell-
associated factor that has emerged as a putative target for the treatment of
cancer.?8!"222 NODAL is normally restricted to embryogenesis, wherein it
maintains pluripotency in the epiblast and governs the formation of the body axis
and left-right asymmetry.?®® After development, NODAL is relatively restricted
to reproductive cell types and is not detectable in most normal adult tissues.?®?
However, NODAL expression re-emerges in a large number of divergent
cancers.?®*2°* It also supports self-renewal in pancreatic and breast cancer stem
cells and is enriched in melanoma and colon cancer cells with stem cell
properties.?®**286 In almost every cancer studied thus far, the acquisition of
NODAL expression is associated with increased tumorigenesis, invasion, and

metastasis. NODAL exerts its function by binding to and activating the cell
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surface receptors Alk4 and Alk7 in cooperation with the co-receptors Cripto-1
(FDGF1) or Cryptic (CFC1) to form a ligand-receptor complex that leads to the
phosphorylation of Smad2/3 and the transcription of target genes, including
NODAL itself.?®® The only available inhibitor of NODAL to date, monoclonal
anti-NODAL antibody 3D1,25-2% has demonstrated success in preclinical models
of melanoma and is currently undergoing further preclinical evaluation. Recently,
Mandomenico and co-workers designed a bicyclic peptide that inhibited the
interaction between ALK4 and Cripto-1.2** In this manuscript, we employed
bicyclic phage libraries to discover the first-in-class bicyclic ligands for NODAL
protein. These ligands antagonize NODAL-induced signaling and specifically
suppress NODAL-promoted proliferation of cancer cells. Evaluation of these
antagonists benefited from the unique topology of the macro-bicycles that
masked the N-terminus and equipped these macro-bicycles with multi-day
stability in serum-rich cell culture media.
2.2  Results and discussion
2.2.1 Optimization of bicyclization on unprotected synthetic peptides

The chemical linkers TSL-1, TSL-3, and TSL-6, containing aminooxy
and benzyl chloride functional groups were synthesized by post-doctoral fellow
in Derda Lab (Dr. Raja Mukherjee) (Figure 2-2 and Figure 2-3A) and tested for
their ability to modify a series of unprotected peptides of structure SX,CX,,C
where X is any amino acids except Cys and n+m ranges from 4 to 11. To mimic

the conditions that would be suitable for modification of phage display library of
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peptides, we used model peptides at a micromolar concentration in aqueous

buffers and treated them with super-stoichiometric reagents (Figure 2-3B).
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Figure 2-2. Synthetic procedures for the linchpins TSL-1, TSL-3 and TSL-6:
Reagents and conditions: i) BocNHOH, DBU, DCM, 3 h; ii) LiCl, DMF, 10 h;
iii) TFA, DCM; iv) 1,6-dibromohexane or 1,3-dibromopropan, K,CO3;, CH3CN,
reflux, 72 h; v) BocNHOH, DBU, DCM, 5 h; vi) LiAlH4, THF, 0 °C to rt, 1 h;
vii) MsCl, EtzN, 0 °C to rt, 5 min; viii) LiCl, DMF, 10 h.(This synthesis was
performed by Dr. Raja Mukherjee.)
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Figure 2-3. Macrocyclization reaction of bicycles with model peptides. (A)
Chemical structure of TSLs. (B) Ligation of disulfide peptides with TSL-6 at pH
3.5 and further macrocyclization into bicyclic peptides at pH 10. (i) 0.06 mM
NalOg4, pH 7.9, 9 min, ice. (ii) 0.5 mM Met, 20 min, r.t. (iii) 1 mM TSL-6, 10%
MeCN, 0.1% TFA, 1 h, r.t. (iv) 1 mM TCEP in 10 mM NaAc buffer, pH 4.6, 30
min. Increase the pH to 10 by adding 1 M NaHCOs and incubate for 3 h, r.t. (C)
Liquid chromatography traces at 220 uM for the reaction between oxidated Sa
and TSL-6. The reaction reaches 95% completion in 1 hour. (D) Kinetic traces of
the reaction between oxdized Sa and TSL-6 at different pH. Reaction rates at pH
2.0, pH 3.5, and pH 4.5 were fit to pseudo first order kinetic equation to
determine k values. (E) Isolated yields of bicyclic peptides with various
sequences and different TSLs. The bicycles modified with TSL-6, TSL-1 and
TSL-3 were denoted as #b, #¢ and #d respectively. (*see Experimental procedure
2.4.1-11 and 2.4.1-12 for details of the modification protocol)
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Figure 2-3C-D describe monitoring of the oxime formation progress. A
representative model peptide SICRFFCGGG (200 uM) and NalO4 (2.4 mM)
reacted to form the N-terminal oxoaldehyde. Quenching the excess of NalO4 with
an excess of methionine, and addition of 1 mM TSL-6 while decreasing the pH,
led to the formation of the oxime (Figure 2-3B). At pH ranging from 2.0 to 3.5,
the rate constant of this ligation was k = 0.81-0.93 M !s™! (Figure 2-3C-D). In
these conditions, oxime ligation went to completion within 1 hour. Increasing the
pH to 4.5 decreased the rate (k = 0.37 M !s™!) and led to partial completion in 1
hour (Figure 2-3D). Little to no oxime was formed at a pH higher than 5.5
(Figure 2-3D). We note that aniline can catalyze oxime reactions®’!:27; however,
we avoided aniline and other nucleophilic catalysts to prevent the formation of
byproducts with TSLs.?”” The addition of 1 mM TCEP to the ligated product
reduced the disulfide linkage. Raising the pH to 10 led to the bicyclization of
peptides in 3 hours. We note that this specific sequence of reactions—oxidation
and aldehyde ligation followed by bicyclization via Sn2 reaction between the
thiols and chlorobenzyl—was based on a previously optimized route to bicyclic
peptides.?’” Switching the order of steps is possible but it should be done with
caution: When oxidation of the N-terminal Ser to aldehyde is performed after
formation of thioether the oxidation of relatively electron rich benzyl thioethers
to sulfoxides may take place.?’® 2 We also observed sluggish linker- and
sequence-dependent bicyclization when oxime ligation was used in place of
thioether formation as the last ring-closing step.?’”? The reaction sequence

described in Figure 2-3B successfully produced 14 unique bicycles of different
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spacing between the Ser and Cys residues with an average isolated yield of 40%
(Figure 2-3E). Monitoring of the step-by-step synthesis for these and other
bicycles are available in Appendix A (Appendix A-Scheme 1-35) and are
summarized in Appendix A-Tablel. We note that bicyclization of peptides can
proceed at pH 10 (Appendix A-Scheme 6-9, 21-31), pH 8.5 (Appendix A-
Scheme 2-6, 10-18, 32-35) as well as pH 8.0 (Appendix A-Scheme 18-Appendix
A-Scheme 19). The model peptides were either chosen at random (1a—3a, 6a—7a)
or selected from the phage-displayed peptide library (4a—Sa, and 10a—11a). Two
peptides (12a—13a) were adapted from a previous publication.?”> Appendix A-
Table2 further highlights the various physicochemical properties of these
peptides. We compared the yields of this reaction to modification of peptides
with other reagents such as pentafluorophenyl-sulfide (PFS),>*° 1,3,5-
tris(bromomethyl)benzene (TBMB)!*? and a,a’-dibromo-m-xylene (DBMB).?!°
PFS cyclized peptides had an average yield of 35.5% (Appendix A-Scheme S36
and Appendix A-Table3). TBMB cyclized peptides had an average yield of 35%
(Appendix A-Schemes S37-S38, Appendix A-Table3). DBMB cyclized peptides
had an average yield of 31% (Appendix A-Table3). In conclusion, the aqueous
biocompatible modification of peptides with TSL effectively produced bicyclic
peptides with comparable yields with other reagents used in peptide cyclization
or bicyclization. Although oxime linker is known to be reversible, we observed
these bicycles to be stable in aqueous ammonium acetate (pH 4.7), in PBS (pH

7.4), and in Tris buffers (pH 8.5) for a month at room temperature (Figure 2-4).
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2.2.2 Modification of phage display libraries

The bicyclization approach described above was compatible with the
modification of the phage-displayed peptide libraries. To quantify the efficiency
of the bicyclization reaction in the phage libraries, we employed biotinylation and
phage capture steps with similar approaches as in previous publications (Figure
2-5).271. 273-275. 300 previously, the formation and reactivity of aldehyde in phage
libraries were quantified by exposing the library to an aldehyde-reactive
aminooxybiotin (AOB) and counting the number of biotinylated particles
captured by streptavidin paramagnetic particles (“AOB capture,” Appendix A-
Figure 1C).?”! Using the reported oxidation conditions, we exposed a phage
displaying SX;CX>X3X4X5XX7C library with a diversity of ~10° peptides to an
ice-cold solution of NalO4 (60 uM in PBS) for 9 min, quenched the oxidation by
0.5 mM methionine for 20 min and used AOB capture to confirm that 93+11% of
the library was converted to aldehyde. Reacting with 1 mM solution of TSL-6 at
pH 3.5 for 1 hour consumed most of the aldehyde functionalities (Appendix A-
Figure 2E). After removing excess TSL-6 by size exclusion spin column, we
exposed the phage to a biotin-thiol reagent (BSH, Figure 2-5E) and captured the
biotinylated clones by streptavidin paramagnetic particles. This “BSH capture”
confirmed that 52+4% of the library contained thiol-reactive benzyl chloride
groups (Figure 2-5B). Exposure of phage to TCEP and then pH 10 buffer

completed bicyclization as evidenced by the decrease in BSH capture.
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Figure 2-5. Modification of the library with a diversity of ~10° peptides
displayed on phage by the TSL-6. (A—B) M13 phage-displayed disulfide library
was oxidized and ligated with TSL-6. Reaction conditions: (i) 0.06 mM NalOa,
pH 7.9, 9 min, ice. 0.5 mM Met, 20 min, r.t.(i1)) 1 mM TSL-6, 10% MeCN, 0.1%
TFA, 1 h, r.t. (iii) Zeba™ column, elute with 10 mM NaOAc buffer, pH 4.6 (iv) 1
mM TCEP in 10 mM NaAc buffer, pH 4.6, 30 min. Increase the pH to 10 by
adding 1 M NaHCOs3 and incubate for 3 h, r.t. (C) The TSL-6 ligated peptides
were further converted into bicyclic peptides. (D) Quantification of the phage
with thiol-reactive groups before and after cyclization. Control incubation of
TSL-6-ligated phages in pH 10 buffer for 3 h did not lead to a significant
decrease of thiol-reactive group content. (E) Chemical structure of the biotin-thiol
(BSH) probe.

In the control condition, incubation of the TSL-6 ligated library at pH 10 in the
absence of TCEP did not lead to any decrease in BSH capture, indicating that the
number of benzyl chloride groups on phage remained unchanged in the absence
of TCEP. We estimated 41+13% of the library to be converted to the TSL6-

bicyclic library (Figure 2-5D). Detailed calculation of the conversion percentage
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can be found in Appendix A-Figure 2. Similar monitoring the modification of the
SX1CX2X3X4Xs5XeX7C library with TSL-1 and TSL-3 (Appendix A-Figure 3)
and the SX1CX>X3X4C phage with TSL-6 (Appendix A-Figure 4) demonstrated a
generality of this approach. Although modification of synthetic peptide proceeds
effectively in pH 8.0-10.0 range, we observed that modification of libraries at pH
10 was more reliable. The ligation condition showed minor effects on the
infectivity of the phage (Appendix A-Figure 1F). To confirm the chemical
modification did not compromise the integrity of the phage DNA; we performed
PCR (Appendix A-Figure 5 and Appendix A-Figure 6) of the library and deep
sequenced the PCR amplicons to monitor the sequence diversity of the library
before and after chemical modification. If chemical modification significantly
damaged the DNA, we anticipated observing a change in the library composition.
As the composition of the library before and after the modification remained the
same (Appendix A-Figure 7-10), we concluded that the modification did not
impact the diversity of the phage library and did not impact the integrity of the
phage DNA. These studies collectively demonstrate the construction of a bicyclic
library that offers the potential for discovering bicyclic ligands for any target
using canonical selection approaches.
2.2.3 Selection of bicycles that bind to NODAL

We applied a TSL-6-modified phage-displayed SX;jCX>X3X4X5XeX7C
library to discover a ligand for the morphogen NODAL. We performed three
rounds of phage selection using Hiss-tagged NODAL protein as bait. In between

rounds of selection, we raised the stringency by increasing the number of washes
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and reducing the amount of immobilized NODAL protein (Figure 2-6A). In
round 3, we also performed two control selections; in the first control, we panned
the unmodified R3 library against the NODAL protein (R3-UN) and in the
second control, we panned the TSL-6- modified R3 library against unrelated
Hise-tagged protein (R3-TG). Phage recovery increased by 4-fold in R3 when
compared to R1 and R2. This recovery was ablated by 20-fold when the
unmodified round 3 library was panned against NODAL (R3-UN) and when the
TSL-6-modified library was panned against an unrelated protein (R3-TG) (Figure
2-6C). Deep sequencing the output of all selection rounds and the control
experiments identified families of sequences that exhibited high normalized
abundance in R3 and low normalized abundance in R1, R2, and control
experiments R3-UN, and R3-TG (Figure 2-6B and Appendix A-Figure 10). From
these families, we selected six representative sequences for further validation
(14a—19a; Figure 2-6B and Appendix A-Figure 10).
2.2.4 Validation of NODAL bicyclic inhibitors

The bicycles 14b—19b were chemically synthesized and tested for their
ability to antagonize NODAL-induced signaling in the P19 cells: a model cell
line known to respond to NODAL.®! Stimulations of the P19 cells with
rhNODAL at 100 ng/mL for 1 hour led to the phosphorylation of SMAD?2
(Figure 2-6D, column 3). This phosphorylation was inhibited by ALK4/7 kinase

inhibitor SB431542 (Figure 2-6D, column 4), as previously reported.>"!
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Figure 2-6. Bio-panning against the NODAL protein. (A) A scheme of three-
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treated with 19b at various peptide concentrations for 72 hours.
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Bicyclic peptides 14b—19b at 100 uM were able to inhibit thNODAL-induced
phosphorylation of SMAD2 (Appendix A-Figure 11A). At the concentration of
10 uM, bicyclic peptides 18b and 19b inhibited phosphorylation of SMAD?2
(Figure 2-6D, columns 9 and 10), whereas bicyclic peptides 14b—17b exhibited
no inhibition (Figure 2-6D, columns 5-8 and Appendix A-Figure 11B). As 19b
exhibited robust and reproducible inhibition of phosphorylation (Appendix A-
Figure 11B), we further tested the ability of 19b to suppress the NODAL-induced
proliferation of ovarian cancer cells. We transfected ovarian cancer cells (TYK-
nu) with a plasmid vector containing human NODAL and used a GFP transfected
TYK-nu cell line as an isotype control. TYK-nu-NODAL and TYK-nu-GFP cell
lines were cultured in the presence and absence of 19b for 72 hours (Appendix
A-Figure 12-14). Treatment of TYK-nu-GFP cell with 19b at 10 uM had no
effect on the proliferation, whereas the viability of TYK-nu-NODAL cells was
reduced to 23% compared to untreated TYK-nu-NODAL cells (Figure 2-6E). The
response to 19b was dose-dependent with apparent 1Cso between 0.1 and 1 uM
19b (Figure 2-6E and Appendix A-Figure 12). The discovery of 19b served as a
promising starting point for developing more potent NODAL antagonists.
2.2.5 Proteolytic stability of bicycles

Intrinsic proteolytic stability of the bicyclic scaffold was critical to the
evaluation of the NODAL antagonist in the aforementioned cell-based assays.
Specifically, we found that 64% of the bicyclic peptide antagonist 19b remained
intact after 72 hours of incubation at 37 °C in a serum-rich culture medium

(Figure 2-7).
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Figure 2-7. Peptide stability in active P19 cell culture for 72 hours of 19b.

We followed up on this observation and tested the stability of a panel of bicyclic
scaffolds in two proteolytic degradation conditions (Figure 2-8). In the first
condition, we exposed the bicycles for 5 hours at 37 °C to Pronase™: a mixture
of endo- and exo-proteases known to cleave proteins into individual amino acids.
The analysis of 21 other TSLs bicycles (Figure 2-8A) highlighted that 25-90% of
the bicycles remained intact after 5 hours of exposure to Pronase™ (Appendix A-
Figure 14-26). In these conditions, all the tested linear and monocyclic disulfides
degraded to <1%. In the second condition, nine of these bicycles were exposed to
fresh mouse serum at 37 °C. On average, 72% of the starting peptide amount was
intact after 5 hours (Figure 2-8A, and Appendix A-Figure 23—Appendix A-Figure
B,210, 302

27). Monocyclic peptides formed by modifying peptides with DBM

which have the same topology as one of the rings in TSL-modified bicycles.
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Figure 2-8. Proteolytic stability of bicycles and controls. (A) Stability of TSLs
bicycles, disulfide constrained peptides, and linear peptides in the presence of
Pronase™ and mouse serum for 5 hours at 37 °C. (B) Stability of peptides
modified with TSLs, DBMB and PFS in the presence of Pronase™ for 5 hours at
37 °C. (C) Stability of 6a (disulfide-bonded), 6¢ (bicycled with TSL-1), and 6g
(macro-cyclized with DBMB) in the presence of Pronase™
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We observed that on average, 13% of the DBMB macrocycles remained intact
after 5-hour treatment by Pronase™, compared to 62% from the TSLs-modified
set (Figure 2-8B and Appendix A-Figure 28—Appendix A-Figure 33, the values
represent average from the set of n = 14 sequences modified by both DBMB and
TSLs). Figure 2-8C represents an example of bicycle 6b that remained 83+6.9%
intact after 5 h of incubation in Pronase™; the DBMB macrocycle 6g and the
disulfide precursor 6a degraded to <1% under the same conditions. We tested the
stability of two sequences modified with the PFS cross-linker developed by the
Pentelute Lab.?*® In Pronase™, macrocycle PFS-STCQGECGGG and bicycle
TSL-3-STCQGECGGG exhibited similar stabilities, whereas macrocycle PFS-
SICRFFCGGG exhibited lower stability than bicycle TSL-3-SICRFFCGGG
(Figure 2-8B, Appendix A-Figure 34 and Appendix A-Figure 35). Due to
differences in the shape of the cross-linkers resulting in different conformations
of peptides, the results were difficult to interpret, and we did not expand on this
comparison further. In general, it is not trivial to quantify the advantages of a
peptide cross-linkers in comparison to the other available cross-linkers to-date;
however, a comparison of a set, n = 14, peptides modified with closely related
DBMB and TSL linkers indeed suggests that the bicyclization yields a significant
improvement in stability.
2.2.6 Molecular dynamics simulation of bicycle structures.

In testing the stability of a large, diverse set of bicycles, we observed
preliminary linker-dependent and sequence dependent trends in degradation. For

example, Pronase™ degradation of peptide SWDYRECYLEC modified with
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TSL-1, or TSL-6 linker yielded minor but statistically significant differences:
82+13% and 68+14% intact bicycles after 5 hours (Figure 2-8A). To explore
these differences, we employed molecular dynamics (MD) simulation of the
conformational ensemble of these bicycles by Dr. Jiayuan Miao and Dr. Yu-Shan
Lin at Tufts University. The penultimate amino acids in TSL-1-
SWDYRECYLEC and TSL-6-SWDYRECYLEC bicycles yielded different
Ramachandran plots describing the dihedral angles for -WDYR- sequences in the
first ring. On the other hand, the dihedral angle populations for the -CYLEC-
sequence in the second ring were similar (Figure 2-9). The MD simulation
suggested that conformations of two rings are decoupled from one another. Thus,
differences in degradation for two bicycles, might originate from the enhanced
flexibility in one of the rings. Similar decoupling was observed in TSL-1-
SHCVWWDC and TSL-6-SHCVWWDC bicycles. The penultimate amino acid,
His, exhibited different clustering of the dihedral angles. On the other hand, -
VWWD- sequence in the second ring had similar backbone conformations in
both bicycles (Figure 2-9). These studies provide an important starting point for

understanding the ground-state conformational ensemble of these molecules.
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Figure 2-9. Ramachandran plot of the cyclic peptide backbone for 8c, 8b, 7¢ and
7b: Green lines indicate the binning boundaries used in the cluster analysis. The
numbers shown between the Ramachandran plots of 8¢ and 8b, and between
those of 7¢ and 7b are the normalized integrated product (NIP) calculated as
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indicating no overlap between the two distributions and 1 indicating the two
distributions are identical. The molecular dynamic was performed by Dr. Jiayuan
Miao and Dr. Yu-Shan Lin at Tufts University.
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2.3  Conclusions

In conclusion, two-fold symmetric tridentate linchpins that contain
aldehyde and two thiol-reactive groups enable a robust one-pot bicyclization of
peptides SXnCXmC. Such libraries can be used to discover productive antagonists
of protein—protein interactions. The bicycles show good stability in digestive
conditions. Although the 21 bicyclic peptide sequences tested do not exhaustively
sample all possible combinations, the tested peptides included all the potentially
problematic amino acids (Lys, Arg, His, Tyr, Trp, Asp/Glu, Ser/Thr). Proteolytic
stability of bicyclic architecture sans a free N-terminus is significantly improved
when compared to closely-related DBMB-cross-linked monocycles. As the
strategy is compatible with phage display libraries containing the SX,CX,,C
motif, we anticipate that other peptide libraries that contain this motif will be
amenable to such late-stage functionalization. We noted that many genetically-
encoded libraries do not contain N-terminal Ser and instead have an N-terminal
Met or Met analogs encoded by AUC starting codon. However, it is possible to
introduce an N-terminal Ser into these systems by expressing a library with N-
terminal TEV-cleavable sequence: H-MENLYFQ\S (where \ denoted as the
cleavage site). A conceptually similar approach has been recently demonstrated
by Jianmin Gao and co-workers who expressed ENLYFQ\C in phage displayed
peptide libraries and used TEV cleavage to expose the N-terminal Cys.>* Finally,
the lower symmetry of the TSL-style linkers allows their diversification with any

9

chemotype of Ca-symmetry.?’”? It offers a significant expansion of the
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bicyclization repertoire beyond traditional architectures produced from three-fold
symmetric cross-linkers.
2.4 Experimental procedures
2.4.1 Chemistry methods
2.4.1-1 General chemistry information

Chemical reagents and solvents were purchased from Sigma-Aldrich or
Fisher Scientific unless noted otherwise. 5-hydroxydimethyl isophthalate, 1,6-
dibromohexane and 1,3-dibromopropane were purchased from TCI America.
1,3,5-Trisbromomethyl benzene was purchased from Synthonix. TCEP was
purchased from Soltech Ventures. Pronase was purchased from Roche
Diagnostics GmbH. Reagents for peptide synthesis were purchased from
ChemPep. Reactions were monitored by TLC which was carried out on silica gel
60 F2s4 (Merck) plates and visualized by UV-light (A = 254 nm) and/or by
spraying potassium permanganate, anisaldehyde followed by heating. Flash
column chromatography was performed using silica gel 60 (40-63 pum). The
subsequent evaporation of solvents in vacuo was performed using IKA RV10
rotary evaporator. Analytical and preparative HPLC was conducted using Waters
1525 Binary pump equipped with a Waters Symmetry prep 19x50 mm CI18
Columns and Waters 2489 UV detector. Removal of aqueous solvents was
performed using Labconco Freezone 2.5w system.

Proton (‘"H NMR) and Carbon ('*C NMR) nuclear magnetic resonance

spectra were recorded on an Agilent/Varian VNMRS two channel 500 MHz or
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Agilent/Varian Inova two-channel 400 MHz spectrometer. The chemical shifts
are given in part per million (ppm) on the delta scale. The solvent peak was used
as reference values. For 'H NMR: CDCl3= 7.26 ppm and for '*C NMR: CDCl3=
77.16 ppm. The following abbreviations have been used: s, singlet; d, doublet; t,
triplet; m, multiplet. LC-MS analysis of peptide modifications was obtained on
Agilent Technologies 6130 LC-MS. A gradient of solvent A (MQ water) and
solvent B (MeCN/H>0 95/5) was run at a flow rate of 0.5 mL/min (0-4.0 min 5%
B; 4.0-5.0 min 5%-2>60% B; 5.0-5.5 min 60%->100% B; 5.5-7.5 100% B, 7.5-11
min 100%—2>5% B). LC-MS studies of stability of peptides in proteases and
serum were performed in Hewlett Packard 1100 series instrument using a
Phenomenex Jupiter C4 protein column (300 A, 2x50 mm, 0.3 mL/min, A: 0.1%
formic acid in water, B: 0.1% formic acid in acetonitrile (0 min 2% B, 010 min
2%—2>70% B, 10215 min 70% B, 15220 min 70%—>2% B). The amount of
peptide remaining was calculated with the area under the curve of SIM (Selected
Ion Monitoring) peak in LC—MS. All the sequencing results will able available on
48 Hour Discovery cloud: https://48hd.cloud/. All the 20%20 plots were generated

on the 48 Hour Discovery cloud: https://48hd.cloud/.
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2.4.1-2 Synthetic procedures for the linchpins TSL-1, TSL-3 and TSL-6
This section was performed entirely by Dr. Raja Mukherjee.

tert-Butyl ((3,5-bis(bromomethyl)benzyl)oxy)carbamate S1

(@)
o, MK
H

To a solution of 1,3,5-Trisbromobenzylbenzene (TBMB) (2.5 g, 7 mmol)
in DCM (30 mL), an equimolar solution of N-Boc-hydroxylamine (306 mg, 2.3
eq.) and DBU (0.3 mL, 2.3 eq.) in DCM (5 mL) was added over the course of 30
min and the resulting solution was stirred for 3 h. The solvent was removed on a
rotary evaporator and the crude residue was purified over silica gel
chromatography using ethyl acetate-hexanes (1:4) as eluent producing the title
compound S1 as a white solid (707 mg, 25%): '"H NMR (500 MHz, CDCI3) § =
7.37 (s, 1 H), 7.34 (s, 1 H), 7.33 (s, 2 H), 4.82 (s, 2 H), 4.44 (s, 4 H), 1.47 (s, 9
H). '*C NMR (125 MHz, CDCI3) & = 156.73, 138.65, 137.18, 129.59, 129.38,
81.89, 77.58, 32.48, 28.20. HRMS (ESI) calculated for Ci4Hi9BroNO3Na

[M+Na]+ m/z=429.9629, found 429.9226.
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tert-Butyl ((3,5-bis(chloromethyl)benzyl)oxy)carbamate S2

(@]
0, Mo <
H

Lithium chloride (196 mg, 3 eq.) was added to a solution of S1 (707 mg,
1.72 mmol) in DMF (10 mL) and the solution was stirred for 10 h. The reaction
mixture was partitioned between ethyl acetate and water. The combined organic
layers were washed with water and brine. The organic layer was dried over
anhydrous sodium sulfate. After removing the solvent on a rotary evaporator, the
crude residue was purified over silica gel chromatography using ethyl acetate-
hexanes (1:4) as eluent producing the title compound S2 as colorless oil (457 mg,
83%). '"H NMR (400 MHz, CDCl3) § = 7.46 (s, 1 H), 7.37 (s, 1 H), 7.36 (s, 2 H),
4.82 (s, 2 H), 4.53 (s, 4 H), 1.46 (s, 9 H). 3C NMR (100 MHz, CDCls) § =
156.99, 138.51, 137.29, 129.14, 128.86, 82.04, 77.85, 45.70, 28.39. HRMS (ESI)

calculated for C14H19CoNO3Na [M+Na]" m/z=342.0640, found 342.0632.
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O-(3,5-bis(chloromethyl)benzyl)hydroxylammonium 2,2,2-trifluoroacetate
TSL-1

@
ONH, cF,c00°

To a solution of S2 (450 mg, 1.4 mmol) in DCM (10 mL), TFA (0.5 mL, 5
eq.) was added and the mixture was stirred for 1 h. The volatiles were removed
on a rotary evaporator. Residual TFA was azeotropically removed by repeatedly
dissolving the resulting oil in toluene and evaporation on a rotary evaporator to
produce the title compound TSL-1 as white viscous liquid (416 mg, 89%). To
obtain product of higher purity 300 mg of crude TSL-1 was purified by semi
preparative RP-HPLC and lyophilized to yield TSL-1 as light-yellow powder
(212 mg, 71%). '"H NMR (400 MHz, CD30D) & = 7.56 (s, 1 H), 7.49 (d,2 H, J =
1.6 Hz), 5.06 (s, 2 H), 4.70 (s, 4 H). 3*C NMR (100 MHz, CD;0D) & = 141.5,
136.7, 131.7, 131.1, 78.3, 46.49. HRMS (ESI) calculated for CoHi2CLLNO

[M+H]" m/z=220.0290, found 220.0289.
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Dimethyl 5-((6-bromohexyl)oxy)isophthalate S4

Br
10

MeO OMe

To a solution of 5-hydroxydimethylisophthalate (Sigma-Aldrich Cat#
371785-10G) (4.2 g, 20 mmol) and 1,6-dibromohexane (Sigma-Aldrich Cat#
D41007-25G) (9.2 mL, 3 eq.) in CH3CN (50 mL), potassium carbonate (8.3 g, 3
eq.) was added and the mixture was refluxed for 12 h. The reaction mixture was
cooled to room temperature, diluted with water (50 mL) and extracted with ethyl
acetate (3x20 mL). The combined organic layer was washed with water (50 mL)
and brine (50 mL). Ethyl acetate was removed by rotary evaporator.
Chromatography of the residue on silica gel using ethyl acetate-hexanes (7:1) as
eluent produced the title compound S4 as white solid (5.3 g, 70%): 'H NMR (500
MHz, CDCl3) 6 =8.23 (s, 1 H), 7.71 (s, 2 H), 4.02 (t, 2 H, J= 6.5 Hz), 3.92 (s, 6
H), 3.40 (t, 2 H, J = 6.5 Hz), 1.89-1.80 (m, 4 H), 1.51-1.48 (m, 4 H). '*C NMR
(125 MHz, CDCl3) & = 166.43, 159.40, 132.00, 123.09, 120.07, 68.60, 33.95,
32.91, 29.18, 28.13, 25.48. HRMS (ESI) calculated for Ci6H21BrOsNa [M+Na]"

m/z=395.0465, found 395.0472.
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Dimethyl 5-((6-(((tert-butoxycarbonyl)amino)oxy)hexyl)oxy)isophthalate S5
o
O/\/\/\/O‘H)J\Ok

MeO OMe

To a mixture of S4 (5.3 g, 14 mmol) and N-Boc hydroxylamine (1.8 g, 1.2
eq.) in DCM (30 mL), DBU (1.7 mL, 1.2 eq.) was added drop wise and the
solution stirred for 5 h. DCM was evaporated on a rotary evaporator and the
crude residue was subjected to chromatography over silica gel with ethyl acetate-
hexanes (4:1) produced the title compound S5 as colorless oil (2.6 g, 43%). 'H
NMR (500 MHz, CDCI3) 6 = 8.24 (s, 1 H), 7.71 (s, 2 H), 7.15 (s, 1 H), 4.02 (t, 2
H, J= 6.5 Hz), 3.92 (s, 6 H), 3.85 (t, 2 H, J = 6.5 Hz), 1.80-1.64 (m, 4 H), 1.50-
1.44 (m, 17 H). '*C NMR (125 MHz, CDCl3) § = 166.50, 159.49, 157.22, 132.07,
123.11, 120.13, 81.86, 68.75, 29.27, 28.53, 28.49, 28.26, 26.13, 25.97. HRMS

(ESI) calculated for C21H31NOsNa [M+Na]" m/z=448.1942, found 448.1940.
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tert-Butyl ((6-(3,5-bis(hydroxymethyl)phenoxy)hexyl)oxy)carbamate S6

(@]
O/\/\/\/O‘HJ\OJ<

A solution of lithium aluminum hydride (713 mg, 18.3 mmol) in THF (10
mL) was added to an ice cold solution of S7 (2.6 g, 6.1 mmol) in THF (25 mL)
drop wise via cannula and the mixture was stirred for 3 h. Water was added very
carefully until the evolution of hydrogen ceased. The white precipitate was
filtered off and the solution was partitioned between ethyl acetate (3x30 mL) and
water. The combined organic layers were washed with water, brine and dried
over anhydrous sodium sulfate. Ethyl acetate was evaporated on a rotary
evaporator and chromatography over silica gel of the crude residue with ethyl
acetate-hexanes (1:1) produced the title compound Sé6 as a colorless gum (1.5 g,
66 %): 'H NMR (500 MHz, CDCl3) § = 7.15 (s, 1 H), 6.92 (s, 1 H), 6.84 (s, 1 H),
4.65 (s, 4 H),3.98 (t, 2 H, J= 6.5 Hz), 3.86 (t, 2 H, J = 6.5 Hz), 2.03 (bs, 2 H),
1.82-1.76 (m, 2 H), 1.69-1.64 (m, 2 H), 1.52-1.43 (m, 13 H). *C NMR (125
MHz, CDCl3) 6 = 159.61, 156.96, 142.81, 117.36, 112.17, 81.63, 76.70, 67.87,
65.13, 29.05, 28.23, 27.92, 25.83, 25.61. HRMS (ESI) calculated for

Ci9H31NOgNa [M+Na]" m/z=392.2044, found 392.2046.
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tert-Butyl ((6-(3,5-bis(chloromethyl)phenoxy)hexyl)oxy)carbamate S7

(0]
o/\/\/\/O\HJ\ok

To an ice-cold solution of S6 (1.5 g, 4 mmol) and triethylamine (1.7 mL, 3 eq.) in
DCM (20 mL), methane sulfonyl chloride (0.8 mL, 2.5 eq.) was added dropwise
and the solution was stirred for 30 min. Without further purification THF (10
mL) and lithium chloride (500 mg, 3 eq.) was added subsequently. The ice bath
was removed, and the reaction stirred for 12 h. The solvent was removed in a
rotary evaporator and the crude residue was purified by chromatography over
silica gel using ethyl acetate-hexanes (7:1) as eluent to produce the title
compound S7 was as colorless oil (1.2 g, 74%). 'H NMR (500 MHz, CDCl3) & =
7.15 (s, 1 H), 6.97 (s, 1 H), 6.87 (s, 2 H), 4.53 (s, 4 H), 3.96 (t, 2 H, J = 6.5 Hz),
3.86 (t,2 H, J=6.5 Hz), 3.92 (s, 6 H), 3.40 (t, 2 H, /= 7.0 Hz), 1.89-1.63 (m, 4
H), 1.51-1.48 (m, 4 H). >*C NMR (125 MHz, CDCls) § = 159.61, 156.91, 139.29,
120.69, 114.72, 81.60, 68.04, 52.57, 45.86, 29.02, 28.25, 27.97, 25.88, 25.69.
HRMS (ESI) calculated for Ci9H20Cl,NOsNa [M+Na]"™ m/z=428.1366, found

428.1372.
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0O-(6-(3,5-bis(chloromethyl)phenoxy)hexyl)hydroxylammonium 2,2,2-
trifluoroacetate

TSL-6

o® )
O "~""NHj, CF;CO,

TFA (1.1 mL, 5 eq.) was added to a solution of S7 (1.2 g, 2.9 mmol) in
DCM (15 mL) and stirred for 1 h. TFA and DCM was removed on a rotary
evaporator. Residual TFA was azeotropically removed by repeatedly dissolving
the resulting oil in toluene and evaporation on the rotary evaporator to produce
the title compound TSL-6 as white viscous liquid (1.1 g, 89%). To yield a
product of higher purity 100 mg of this compound was purified by RP-HPLC and
lyophilized to produce the title compound TSL-6 as white powder (62 mg, 62%).
'"H NMR (500 MHz, CDs0D) & = 7.05 (s, 1 H), 6.95 (s, 2 H), 4.61 (s, 4 H), 4.08-
4.01 (m, 4 H), 1.82-1.68 (m, 4 H), 1.57-1.46 (m, 4 H). 3C NMR (125 MHz,
CD3:0OD) 6 = 161.81, 141.94, 122.82, 116.44, 77.12, 69.81, 47.29, 30.94, 29.48,
27.56, 27.23. HRMS (ESI) calculated for Ci4H22CI,NO> [M+H]" m/z=306.1028,

found 306.1026.
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Dimethyl 5-(3-bromopropoxy)isophthalate S8
O N"Br

MeO OMe

To a solution of 5-hydroxydimethylisophthalate (900 mg, 2.3 mmol) and 1,3-
dibromopropane (0.31 mL, 1.5 eq.) in CH3CN (20 mL), potassium carbonate was
added and the mixture was refluxed for 12 h. The reaction mixture was allowed
to cool down to room temperature, diluted with water (60 mL) and extracted with
ethyl acetate (3x20 mL). The combined organic layer was washed with brine (50
mL). Ethyl acetate was removed on a rotary evaporator. Chromatography of the
residue on silica gel in ethyl acetate-hexanes (7:1) produced the title compound
S8 as white solid (980 mg, 85%): '"H NMR (500 MHz, CDCl3) § = 8.27 (s, 1 H),
7.74 (s, 2 H), 4.18 (t, 2 H, J = 6.0 Hz), 3.92 (s, 6 H), 3.60 (t, 2 H, J = 6.0 Hz),
2.33 (p, 2 H, J = 6.0 Hz). 3C NMR (125 MHz, CDCls) é = 166.43, 159.13,
132.20, 123.56, 120.17, 66.23, 52.78, 32.48, 29.96. HRMS (ESI) calculated for

Ci3HisBrOsNa [M+Na]" m/z=353.9995, found 353.0002.
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Dimethyl 5-(3-(((tert-butoxycarbonyl)amino)oxy)propoxy)isophthalate S9

H
O/N\//\O,N1f0\+/

MeO OMe

To a mixture of S8 (3 g, 9 mmol) and N-Boc hydroxylamine (1.4 g, 1.2 eq.) in
DCM (20 mL), DBU (1.6 mL, 1.2 eq.) was added dropwise and the solution
stirred for 5 h. DCM was evaporated on a rotary evaporator and the crude was
subjected to chromatography over silica gel with ethyl acetate-hexanes (4:1)
produced the title compound S9 as colorless oil (1.25 g, 36%). 'H NMR (500
MHz, CDCl3) 6 = 8.26 (s, 1 H), 7.74 (s, 2 H), 7.21 (s, 1 H) 4.18 (t, 2 H, J = 6.0
Hz), 4.04 (t, 2 H, J = 6.0 Hz), 3.93 (s, 6 H), 2.14 (p, 2 H, J = 6.0 Hz), 1.47 (s, 9
H). '3C NMR (125 MHz, CDCls) § = 166.19, 159.03, 157.04, 131.81, 123.06,
11991, 81.87, 73.14, 65.29, 52.44, 28.25, 28.05. HRMS (ESI) calculated for

C1sH2sNOsgNa [M+Na]" m/z=406.1472, found 406.1468.
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tert-Butyl (3-(3,5-bis(hydroxymethyl)phenoxy)propoxy)carbamate S10
H
o~ \g/o\k

H H

A solution lithium aluminium hydride (129 mg, 3 eq.) in THF (2 mL) was
added to an ice cold solution of S9 (1.25 g, 3.2 mmol) in THF (10 mL) via
cannula drop wise and the mixture was stirred for 3 h. Water was added carefully
until the evolution of hydrogen ceased. The white precipitate was filtered off and
the filtrate was extracted with ethyl acetate (3x30 mL). The combined organic
layer was washed with water, brine and dried over anhydrous sodium sulfate.
Ethyl acetate was evaporated on a rotary evaporator and purification of the crude
residue by chromatography over silica gel with ethyl acetate-hexanes (1:1) as
eluent produced the title compound S10 as a colorless gum (1.23 g, 86 %). 'H
NMR (500 MHz, CDCl3) 6 = 7.39 (s, 1 H), 6.87 (s, 1 H), 4.59 (s, 4 H), 4.18 (t, 2
H, J=6.0 Hz), 4.04 (t, 2 H, J= 6.0 Hz), 3.93 (s, 6 H), 2.14 (t, 2 H, J = 6.5 Hz),
1.47 (s, 9 H). >C NMR (125 MHz, CDCI3) § = 159.63, 157.36, 143.14, 117.89,
112.48, 82.10, 73.61, 65.28, 65.01, 28.54, 28.42. HRMS (ESI) calculated for

CisH2sNOgNa [M+Na]" m/z=350.1574, found 350.1569.
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tert-Butyl (3-(3,5-bis(chloromethyl)phenoxy)propoxy)carbamate S11
H
oo N\g/o\k

To an ice-cold solution of S10 (1.2 g, 3.7 mmol) and trimethylamine (1.5 mL, 3
eq.) in DCM (15 mL), methane sulfonyl chloride (0.7 mL, 2.5 eq.) was added
dropwise and the solution was stirred for 30 minutes. Without further purification
THF (5 mL) and lithium chloride (421 mg, 3 eq.) was added subsequently. The
ice bath was removed and the reaction mixture was stirred for 12 h. The volatiles
were evaporated on a rotary evaporator and the crude residue was subjected to
chromatography over silica gel using ethyl acetate-hexanes (1:6) as eluent to
produce the title compound S11 as colorless oil (900 mg, 65%). '"H NMR (500
MHz, CDCl3) 6 = 6.99 (s, 1 H), 6.90 (s, 2 H), 4.54 (s, 4 H), 431 (t, 2 H, J=6.0
Hz), 4.13 (t, 2 H, J = 6.0 Hz), 2.15 (p, 2 H, J = 6.0 Hz), 1.48 (s, 9 H). '*C NMR
(125 MHz, CDCl3) & = 159.49, 151.69, 139.51, 121.14, 114.92, 86.19, 76.23,
45.97, 38.76, 28.27. HRMS (ESI) calculated for CisH23C1.NOsNa [M+Na]*

m/z=386.0896, found 386.0902.
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0O-(3-(3,5-bis(chloromethyl)phenoxy)propyl)hydroxylammonium 2,2,2-
trifluoroacetate TSL-3

CI?H CF C(g
Io 2 o A

TFA (0.9 mL, 5 eq.) was added to a solution of S11 (900 mg, 2.4 mmol) in
DCM (10 mL) and stirred for 1 h. TFA and DCM was removed on a rotary
evaporator. Residual TFA was azeotropically removed by repeatedly dissolving
the resulting oil in toluene and evaporation, which produced the title compound
TSL-3 as white gummy liquid (725 mg, 80%). To obtain a product of higher
purity, 300 mg of the title compound was purified in RP-HPLC and lyophilized
to get a white powder (202 mg, 67%). 'H NMR (400 MHz, CDs0D) § = 7.08 (s,
1 H), 6.98 (s, 2 H), 4.63 (s, 4 H), 427 (t, 2 H, J= 6.0 Hz), 4.14 (t, 2 H, J= 6.0
Hz), 2.20 (p, 2 H, J = 6.0 Hz).!3C NMR (100 MHz, CDsOD) § = 161.3, 142.1,
123.3, 116.5, 73.9, 65.9, 29.7. HRMS (ESI) calculated for Ci1HisCoNO2

[M+Na]" m/z=264.0553, found 264.0551.
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2.4.1-3 General procedure for peptide synthesis

Peptides were synthesized on an automated peptide synthesizer
(Prelude®X; Gyros Protein Technology) using standard solid phase amide
coupling. After synthesis the resin was transferred to a Poly-Prep column
(Biorad) and washed with DCM (10 mL) and dried in vacuum. The resin was
then treated with a cleavage cocktail (7 mL) containing TFA/H>O/TIPS/EDT,
90/2.5/5/2.5 (v/v/v/v) for the global deprotection and cleavage of the peptide
from the resin. After 4 h the flow through from the column was collected and the
resin was rinsed with TFA (1 mL). The combined cleavage mixture reduced in
volume to 2 mL by means of gently bubbling nitrogen through it and was added
drop-wise to cold diethyl ether (10 mL) in a 15 mL polypropylene centrifuge tube
(Falcon, Thermo Fisher). The precipitate formed was separated by centrifugation
(5 min, 3000 rpm). Supernatant was decanted and the precipitates were washed
with cold diethyl ether (10 mL). The centrifugation and washing steps were
repeated for two more cycles. The precipitates were air-dried. For HPLC
purification, crude peptide powder was dissolved in MeCN and water; addition of
acetic acid was necessary in some cases to dissolve the peptide. The solution was
injected into a semi preparative RP-HPLC system. The fractions corresponding to
the main peak were collected. CH3CN was removed in Speed Vac (Savant
SPD111V). The aqueous solution was lyophilized to yield the peptide as white

powder.
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2.4.1-4 Protocol 1: bicyclization of peptides SX,CX,C with TSL using C18

spin column.

Procedure (analytical scale: 25 nanomole or 25 pg of 1000 Da
peptide):

Vol. (uL):

1. In a 0.6 mL Eppendorf tube, combine peptide (5 uL
from 5 mM stock) and 45 uLL PBS to a final concentration of
peptide 0.5 mM.

45+5=50

2. Take 1 pL out to check the purity of the starting material
and serve as reference (mix 1 pL with 9 pL 0.1% TFA and
inject 5 uL in the LC-MY)

50-1=49

3. Add sodium periodate (1.2 eq., 0.6 mM, 1 pL from 30
mM stock) and incubate for 5 min in the dark.

49+1=50

4. Load the resulting solution onto an equilibrated C18
desalting spin column. Wash the column with 2x50 pL of 20%
acetonitrile containing 0.1% TFA and elute the peptide with
2x20 pL of 70% acetonitrile. A typical volume collected at this
step is 40 pL

40

5. Remove excess of acetonitrile in the speed-vac. A
typical volume after this step is 12 pL. Then add 28 pL mQ
water.

12+28=40

6. To solution from 5, add (in this order!): 8 uL
acetonitrile, then 1 uL of 5% TFA (final TFA concentration =
0.1%) and then 1 puL of 30 mM stock solution of TSL (1.2 eq.,
final concentration 0.6 mM). Incubate for 1 h.

40+1+8+1=50

7. If necessary, monitor the progress of the reaction by
withdrawing 1 pL and quenching is with 9 uL of 0.1% TFA
and injecting 5 puL in the LC-MS.

50-1=49

8. To the resulting oxime, add TCEP (5 eq., 1 pL from 125
mM stock solution, final concentration 2.5 mM) and incubate
for 30 minutes.

49+1=50

9. Add 30 uL mQ water followed by addition of 20 uLL. 500
mM Tris of pH 8.5 (final Tris concentration 100 mM) and
incubate for an hour.

50+30+20=100

10. To confirm the formation of the product, withdraw 1 pL
of reaction mixture, quenching with 9 uL 0.1% TFA and
injecting 5 uL in the LC-MS

100-1=99
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Materials:

Solution of 5 mM peptide (SX,,CX,C) in water

30 mM stock of TSL in water: acetonitrile (1:1)

30 mM stock of NalO4 solution in water

125 uM stock solution of TCEP in water

C18-desalting spin column (Thermo Scientific ,#89870 Pierce C-18 spin

column)

MiliQ (mQ) water and HPLC grade acetonitrile

500 mM Tris, pH 8.5

5% TFA solution in mQ water.

PBS (50 mM K2HPO4, 150 mM NaCl, pH 7.4)

0.6 mL Eppendorf tubes, pipettes and tips

LC-MS instrument and auto-sampler vials for LC-MS
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2.4.1-5 Protocol 2: bicyclization of peptides SX,CX,,C with TSL using

methionine as quencher

Procedure (analytical scale: 25 nanomole or 25 pg of 1000 Da | Vol. (uL):
peptide):

1. In a 0.6 mL epi, combine peptide (1 uL from 25 mM 1+39+10=50
stock) 39 uLL PBS pH 7.4 and 10 uL acetonitrile to a final

concentration of 0.5 mM.

2. Take 1 uL out to check the purity of the starting material | 50-1=49
and serve as reference point (mix 1 pL with 9 pLL 0.1% TFA and

injecting 5 uL in the LC—MYS)

3. Add sodium periodate (1.0 eq., 0.5 mM, 1 uL from 25 49+1=50
mM stock) and incubate for 5 min in the dark.

4. Take 1 uL out to check LC—MS 50-1 =49
5. To the resulting solution add methionine (5.0 eq., 2.5 mM, | 49+1 =50
from 125 mM stock) and incubate for 15 min

6. To the solution then add 1 pL of 5% TFA (final TFA 50+2 =52
concentration = 0.1%) and 1 pL of 30 mM stock solution of TSL

(1.2 eq., final concentration 0.6 mM). Incubate for 1 h.

7. Monitor the progress of the reaction by withdrawing 2 pLL | 52-2 = 50
in 18 uL of 0.1% TFA and injecting 5 pL in the LC-MS.

8. To the resulting oxime, add TCEP (5 eq., 1 uL from 125 50+1=51
mM stock solution, final concentration 2.5 mM) and incubate for

30 minutes.

9. Add 10 puL acetonitrile, 29 uL. mQ water, followed by 51+10+29+10
addition of 10 uL. 1000 mM Tris of pH 8.5 (final Tris =100
concentration 100 mM) and incubate for an hour.

10.  To confirm the formation of the product, withdraw 1 pL 100-1=99

of reaction mixture, quenching with 9 uLL 0.1% TFA and
injecting 5 uL in the LC-MS.

Materials:

Solution of 25 mM peptide (SX,,CX,C) in water
25 mM stock of NalOy4 solution in water

125 mM methionine in water

30 mM stock of TSL in water: acetonitrile (1:1)
125 uM stock solution of TCEP in water

MiliQ (mQ) water and HPLC grade acetonitrile

1000 mM TRIS of pH 8.5
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5% TFA solution in mQ water.

1xPBS, (50 mM phosphates, 150 mM NaCl, pH 7.4)
0.6 mL epi tubes, pipettes and tips

LC-MS instrument and auto-sampler vials for LC—MS
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2.4.1-6 General procedure for one-pot bicyclization on semi-preparative
scale

In a 50 mL poly-propylene falcon tube, 10 mg of peptide (NH:-
SYCKPFC-CONH2, MW = 846 Da, 12 pmol) was dissolved in 20.8 mL PBS (pH
7.4) containing 2.36 mL of acetonitrile. To the resulting solution, sodium
periodate (1.2 eq., 236 pL of 500 mM in water) was added and mixed on a rocker
for 5 minutes in the dark. A solution of methionine in water (5 eq., 9 mg, 0.06
mmol) was added to quench the residual oxidizing agent (periodate/iodate). After
15 minutes, neat TFA was added to the reaction (23.6 pL to a final concentration
of 0.1%) followed by the addition of TSL-1 in acetonitrile (2 eq., 26.6 pL from 1
M stock). As oxo-aldehyde and formaldehyde are generated simultaneously, an
excess of TSL was needed in this step (Appendix A-Scheme 1). After incubation
for 1 h, solution of TCEP in water (5 eq., 15 mg, 0.06 mmol) was added and
rocked for 30 minutes to reduce the disulfide bond. The reaction mixture was
diluted by 16.5 mL of water and 2.36 mL of acetonitrile followed by the addition
of sodium bicarbonate at pH 10 (4.7 mL from 1 M stock to a final concentration
of 100 mM) and rocked for 3 h. Completion of bicyclization can be confirmed by
sampling an aliquot and analyzing it by LC—MS. The reaction was purified in
semi preparative RP-HPLC to yield a bicyclic peptide TSL-1-SYCKPFC (5

pmol, 4.6 mg, 42%).
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2.4.1-7 General protocol for bicyclization with TBMB
This section was performed entirely by Dr. Raja Mukherjee.

Peptide 12a (10 mg, 5.4 umol) was dissolved in 5.4 mL bicarbonate buffer
(100 mM, pH 10) containing 10% acetonitrile. A solution of TCEP (2.5 eq, 27 uL
of 500 mM stock, to a final concentration 2.5 mM) was added, follow with a
solution of TBMB was added (1 eq, 11 pL of 500 mM in acetonitrile) and the
reaction mixture was mixed on a rocker for 20 h. Upon consumption of all the
starting material (as confirmed by LC-MS) the reaction mixture was directly
purified on RP-HPLC and freeze-dried to yield 12f as light yellow powder (4.3

mg, 41%).

2.4.1-8 General protocol for cyclization with pentafluorophenylsulfide (PFS)

Peptide 5a (10 mg, 10 umol) was dissolved in 5.0 mL DMF in a glass vial
and a solution of perflurodiphenylsulfide (4 eq, 14 mg, 40 umol) was added to
this solution. 560 pL of 50 mM Tris base (final concentration of Tris is 5
mM/DMF) were added into the vial. The mixture was vortexed for 30 sec and
incubated at rt for 1 h. After 1 h, the reaction was quenched by diluting 10 times
with 50% aq. acetonitrile containing 0.1% TFA. The product was purified with

RP-HPLC, freeze dried to obtain 5e as white powder (5 mg, 40%).2!°
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2.4.1-9 General protocol for cyclization with a,a’-dibromo-m-xylene
(DBMB)

Peptide 5a (10 mg, 10 umol) was dissolved in 5.0 mL H>O/ACN 50% in a
glass vial and a solution of a,a’-Dibromo-m-xylene in acetonitrile (1.2 eq) was
added to this solution. 500 pL of 500 mM Tris-HCI buffer at pH 8.5 (final
concentration of Tris-HCI buffer 50 mM) were added into the vial. The mixture
was vortexed for 30 sec and incubated at rt for 1 hour. After 1 hour, the reaction
was purified with RP-HPLC, freeze dried to obtain 5g as white powder (5.1 mg,

46%).
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2.4.1-10 General bicyclization analytical procedure for 10b and 11b

Materials

Procedure (analytical scale: 25 nanomole or 25 pg of 1000 Da
peptide):

Vol. (uL):

1.

In a 0.6 mL Eppendorf tube, combine peptide (5 pL from
5 mM stock) and 45 pL. PBS to a final concentration of
peptide 0.5 mM.

45+5=50

Take 1 pL out to check the purity of the starting material
and serve as reference (mix 1 pL with 9 pLL. 0.1% TFA
and inject 5 uL in the LC-—MYS)

50-1=49

Add sodium periodate (1.2 eq., 0.6 mM, 1 pL from 30
mM stock) and incubate for 5 min in the dark. Add
methionine (12 eq., 6 mM, 1 pL from 300 mM stock) and
incubate for an hour

49+2=51

Load the resulting solution onto an equilibrated C18
desalting spin column. Wash the column with 2 x 50 uL
of 20% acetonitrile containing 0.1% TFA and elute the
peptide with 2x20 pL of 70% acetonitrile. A typical
volume collected at this step is 40 puL

40

Remove excess of acetonitrile in the speed-vac. A typical
volume after this step is 12 pL. Then add 28 pL miliQ
water.

12+28=40

To solution from 5, add (in this order): 8 puL acetonitrile,
then 1 pL of 5% TFA (final TFA concentration = 0.1%)
and then 1 pL of 30 mM stock solution of TSL (1.2 eq.,

final concentration 0.6 mM). Incubated for 1 h.

40+1+8+1=50

If necessary, monitor the progress of the reaction by
withdrawing 1 pL and quenching is with 9 pL of 0.1%
TFA and injecting 5 pL in the LC-MS.

50-1=49

To the resulting oxime, add TCEP (5 eq., 1 pL from 125
mM stock solution, final concentration 2.5 mM) and
incubate for 30 minutes.

49+1=50

Add 30 pL mQ water followed by addition of 20 pL 500
mM KHCO3; of pH 8.0 (final KHCO3 concentration 100
mM) and incubate for an hour.

50+30+20
=100

10.

To confirm the formation of the product, withdraw 1 pL
of reaction mixture, quenching with 9 pL 0.1% TFA and
injecting 5 uL in the LC-MS

100-1=99
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2.4.1-11 Protocol for 10b scale up synthesis
This section was performed entirely by Dr. Serhii Kharchenko

Peptide 10a (10 mg, 0.0084 mmol) was dissolved in water: acetonitrile
(1.67 mL, v/v 7:3) and buffered with PBS (14.98 mL, 50 mM KoHPO4, 150 mM
NaCl, pH 7.4). 1 pL of the solution was sampled for LC-MS (mixed 1 pL with 9
pL of 0.1% TFA and injected 5 pL in the LC—MS). A solution of NalO4 in water
(336 uL, 1.2 eq, 2.16 mg, 0.01 mmol) was added to the reaction and incubated at
20 °C in the dark for 5 min. To quench the oxidation, a solution of methionine in
water (336 pL, 12 eq, 14.86 mg, 0.01 mmol) was added to the reaction and
incubated for 1 h. The resulting solution was loaded onto an equilibrated C18
desalting spin column (pre-washed the column with 2x2.5 mL of 20%
acetonitrile containing 0.1% TFA) and eluted the peptide with 2x500 pL of 70%
acetonitrile without TFA. A typical volume collected at this step is 13.4 mL. The
excess acetonitrile was removed in the speed-vac and the typical volume after
this step was ~4 mL. MiliQ water was added to a final volume of 13.4 mL and 1
pL of the solution was sampled to check the purity of the eluent to serve as a
reference (mix 1 pL with 9 pL. 0.1% TFA and inject 5 pL in the LC-MS). To the
eluent, we added acetonitrile in water:acetonitrile v/v 1:1 (2.67 mL), 5% TFA
(336 puL) and then a solution of TSL-6 (336 uL, 1.2 eq, 4.2 mg, 0.01 mmol,) was
added. The reaction mixture stirred for 2 h at 30 °C. The progresses of the
reaction were monitored by withdrawing 1 pL, quenching with 9 pL of 0.1%
TFA and injecting 5 pL in the LC—MS. When the reaction was completed, a

solution of TCEP in water (336 uL, 5 eq, 12.02 mg, 0.043 mmol) was added to
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the reaction and stirred for 1 h (1 pL of the reaction was sampled, mixed with 9
puL of 0.1% TFA and injected 5 pL in the LC-MS as a reference). The reaction
mixture was then supplemented with mQ water (10.05 mL), adjusted the KHCO3
buffer to a final concentration of 100 mM (6.6 mL from 500 mM KHCO3 of pH
8.0 stock) and incubated for 3 h. The progress of the reaction was monitored by
withdrawing 1 pL, quenching with 9 pL of 0.1% TFA and injecting 5 pL in the
LC-MS. Then, the reaction mixture was concentrated by lyophilization and was
purified by LC-MS. The yield of the bicyclization is 3.5 mg, 32% from 10 mg
starting material.
2.4.1-12 Protocol for 11b scale up synthesis
This section was performed entirely by Dr. Serhii Kharchenko

Peptide 11a (10 mg, 0.0066 mmol) was dissolved in water:acetonitrile
(1.32 mL, v/v 7:3) and buffered with PBS (11.88 mL, 50 mM K>HPO4, 150 mM
NaCl, pH 7.4). 1 uL of the solution was sampled for LC—MS (mixed 1 pL with 9
pL of 0.1% TFA and injected 5 pL in the LC-MS). A solution of NalO4 in water
(264 uL, 1.2 eq, 1.7 mg, 0.0079 mmol) was added and the reaction was incubated
at 20 °C in the dark for 5 min. To quench the oxidation, a solution of methionine
in water (264 uL, 12 eq, 11.7 mg, 0.079 mmol) was added and the reaction was
incubated for 1 h. The resulting solution was loaded onto an equilibrated C18
desalting spin column (pre-washed the column with 2x2.5 mL of 20%
acetonitrile containing 0.1% TFA). The peptide was eluted with 2x500 puL of
70% acetonitrile. A typical volume collected at this step is 10.5 mL. The excess

acetonitrile was removed in the speed-vac and the typical volume after this step
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was ~ 3 mL. MiliQ water was added to a final volume of 10.5 mL. 1 pL of the
solution was sampled to check the purity of the eluent and to serve as a reference
(mixed 1 pL with 9 uLL of 0.1% TFA and injected 5 pL in the LC—MS). To the
reaction mixture, we added acetonitrile (2.1 mL), 5% TFA (336 uL) and then a
solution of TSL-6 in water:acetonitrile v/v 1:1 (264 uL, 1.2 eq, 3.18 mg, 0.0079
mmol,) was added to the reaction. The reaction mixture was stirred for 2 h at 30
°C. The progresses of the reaction were monitored by withdrawing 1 puL,
quenching with 9 pL of 0.1% TFA and injecting 5 pL in the LC-MS. When the
reaction was completed, a solution of TCEP in water (264 puL, 5 eq, 9.47 mg,
0.0339 mmol) was added to the solution, and stirred for 1 h (1 puL of the reaction
was sampled, mixed with 9 pL of 0.1% TFA and injected 5 pL in the LC-MS as
a reference). Reaction mixture was then supplemented with miliQ water (7.92
mL), adjusted the KHCOs3 buffer to a final concentration of 100 mM (5.2 mL
from 500 mM KHCO3; of pH 8.0 stock) and incubated for 3 h. The progress of the
reaction was monitored by withdrawing 1 pL, quenching with 9 pL of 0.1% TFA
and injecting 5 pL in the LC—MS. Then, the reaction mixture was concentrated
by lyophilization and was purified by LC—MS. The yield of the bicyclization was

2.9 mg, 28% from 10 mg starting material.
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2.4.2 Phage modification methods
2.4.2-1 Preparation of SXCXeC phage libraries

The procedures have been adopted and modified from previously
described in two publications that produced the M13-displayed SXCXXXC
library®®> and M13-SDB vector.?%® In short, the vector SB4 QFT*LHQ was
digested with Kpn I HF (NEB cat# R3142S) and Eag I HF (NEB cat# R3505S).
A primer/template pair consisting of primer 5'-CAT GGC GCC CGG CCG AAC
CTC CAC C-3' and template 5'-CC CGG GTA CCT TTC TAT TCT CAC TCT
TCT X TGT XXXXXX TGT GGT GGA GGT TCG GCC GGG CGC TTG ATT
-3' with the 'X' representing a trinucleotide was formed by annealing. The
primer/template was then extended using Klenow DNA polymerase (NEB)
according to the manufacturer’s instructions. The insert fragment was then
digested with Kpnl HF and Eagl HF, gel purified and ligated into the cut vector.
The ligation products were then transformed into electrocompetent E.coli cells
and the transformants were grown overnight on E.coli TGI1 to allow for phage
production. Phage cultures were then centrifuged to remove cells and debris and
then the phage was precipitated by PEG precipitation (5% PEG 0.5 M NaCl). We
sequenced the naive libraries by Illumina sequencing and the naive library of
SB4-SXCXXXXXXC composition are publicly available at the following links:

https://48hd.cloud/file/1470
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https://48hd.cloud/file/1470

2.4.2-2 General protocol for modification of SXCXeC phage library

SXCXeC phage displayed peptide library was used. We observed that the
further cleanup of phage-associate lipopolysaccharide (LPS) improved the
chemical modification. To remove the LPS, the phage solution (10'* PFU/mL)
was combined with Triton X-100 to 10% final amount and incubated for 1 hour
at room temperature. The phage was then re-purified using PEG-NaCl
precipitation and resuspended to original volume with PBS (50 mM, pH 7.4). The
resuspended phage then dialyzed at 4 °C against 4 L of PBS (50 mM, pH 7.4) for
12 hours using 10K MWCO membrane. All the incubation in the chemical
modification were performed by gentle agitation with a rotator, as prolonged
vortex-shaking of phage is detrimental to infectivity of phage.

Oxime Ligation: To a cleaned phage library (100 pL, ~3x10'3 pfu/mL),

we added sodium periodate (1 pL of 6 mM NalOs in water to a final
concentration of 60 puM) and incubated on ice in the dark for 9 min. The
oxidation was quenched with methionine (1 pL of 500 mM methionine in water
to a final concentration of 0.5 mM) and incubated for 20 minutes at rt. To the
oxidized library, we added TSL-6 linchpin (100 pL. of 2 mM TSL-6 in 20% aq.
CH3CN containing 0.2% TFA; final concentrations: 2 mM of TSL-6, 10%
CH3CN, 0.1% TFA) and incubated for 1 h at rt. To monitor the oxidation and
oxime ligation reactions, we used previously described biotin capture assay.?’!
Briefly, 5 pL of the oxidized or 5 uL of the oxime-ligated phage solutions were

combined with 1 mM (5 uL of 2 mM AOB in 200 mM anilinum acetate buffer,
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pH 4.6) for 1 h. AOB modified phage was diluted 10° fold, captured with
streptavidin magnetic beads; supernatant was tittered before and after capture.

Reduction and bicyclization: The TSL-ligated library was purified using

Zeba™ Spin Desalting Columns (7K MWCO, 0.5 mL, cat# 89882) using sodium
acetate (50 mM NaAc, pH 5) as eluent. To 100 pL of the purified library, we
added TCEP (2 puL of 50 mM TECP in water, final concentration 0.5 mM) and
incubated for 30 mins. Increase of the pH to 10 by addition of bicarbonate buffer
(25 uL of 1 M bicarbonate buffer, pH 10) and incubation for 3 h led to
cyclization. The modified library supplemented with PBS (20 puL of 500 mM
PBS, pH 7.4) and purified using Zeba column prior to storage or panning. To
monitor the cyclization reaction, 5 pL of the reaction mixture was sampled at
various steps (before and after addition of TCEP, control experiments with
TCEP) and combined thiol-biotin (BSH) at pH 8.5 (2 pL of 4 mM BSH in MiliQ
water), supplemented with 5 uL of 500 mM Tris-HCI] pH 8.5 and 38 uL water
and incubated for 3 hours. The phage treated with BSH was captured with biotin-
capture assay as described above. Typically, over 40% of the phage library was

successfully bicyclized.
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2.4.3 General selection and validation methods
2.4.3-1 General setting for panning on KingFisher Sample Purification
System

The protein immobilized beads suspension and other reagents were added
to a 96 Deepwell Plate (Thermo Fisher, #95040450) as follows:
Row A: Protein coated magnetic beads (1 mL in in PBS Buffer)
Row B: Reserved for 12-tip Deepwell magnetic comb (Thermo Fisher,
#97003500)
Row C: Wash Buffer (1 mL, PBS buffer)
Row D: Blocking Buffer (1 mL, 2% BSA (w/v) in PBS Buffer)
Row E: Solution of TSL-6-SXCX,C libraries (1 mL, 10° PFU/mL in PBS Buffer)
Row F: Wash Buffer (1 mL, 0.1% Tween-20 (v/v) in PBS Buffer)
Row G: Wash Buffer (1 mL, 0.1% Tween-20 (v/v) in PBS Buffer)

Row H: Wash Buffer (1 mL, 0.1% Tween-20 (v/v) in PBS Buffer)

Following steps were performed using a KingFisher™ Duo Prime
Purification System with a magnetic comb to transfer the beads. The program is
as follows: a) collect comb from row B b) Collect beads from row A on comb, ¢)
Wash beads in row C — 30 s, d) Block in row D — 1 h, e) Phage binding in row E
— 1.5 h, f) Wash beads in row F — 1 min, g) Wash beads in row G — 1 min, h)
Wash beads in row H — 1 min. At the end of the program, the protein coated
beads with phage bound were in wells in the Row H. The content of each well

from row H was transferred to individual Eppendorf™ tube, and process for next
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round panning described in 2.4.3-2 and for Illumina deep sequencing described in
2.4.3-3.
2.4.3-2 Bio panning of NODAL protein

First round of selection: (Denoted as R1-NT) In a 1.7 mL centrifuge

tube, 20 puL of Ni-NTA magnetic beads (Thermo Fisher Scientific cat # 10104D)
were incubated with 5 pg of His-tagged NODAL (Proteintech cat # Ag21882)
overnight in 100 pL of 1xPBS at 4 °C. In parallel, TSL-6 modified library was
incubated with 20 pL of empty Ni-NTA magnetic beads over at 4 °C to remove
beads specific binding. After immobilizing, the beads were wash with 1xPBS 3
times and blocked with blocking solution (1 % BSA in 1xPBS) at rt for 1 hour. In
parallel, TSL-6 modified library was incubated with 20 pL of empty Ni-NTA
magnetic beads in the present of blocking solution (1 % BSA in 1xPBS) at rt for
1 hour. After blocking the NODAL immobilized beads, pre-selected TSL-6
modified library was incubated with NODAL immobilized beads for 2 hours at rt.
The beads were captured with magnetic rack and washed once with 1xPBS with
0.1% (v/v) Tween-20 to remove unbound phage. Phage remaining on the beads
were eluted with 200 puL of glycine elution buffer (Glycine-HCI1 pH 2.2, 0.1%
BSA) for 9 min. The elution buffer was transferred into a new 1.7 mL
microcentrifuge tube and neutralized with 20 uL of 1 M Tris-HCI (pH 9.1). The
recovered phage solution was amplified for next round of bio panning and for

deep sequencing.
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Second round of selection: (R2-NT) Amplified phage recovered from

R1-NT was modified with TSL-6 as described in section 2.4.2-2. In a 1.7 mL
centrifuge tube, 20 pL of Ni-NTA magnetic beads were incubated with 5 pg of
His-tagged NODAL overnight in 100 pL of 1xPBS at 4 °C. In parallel, TSL-6
modified library was incubated with 20 pL of empty Ni-NTA magnetic beads
over at 4 °C to remove beads-specific binders. The blocking, panning and
washing were performed in Kingfisher Instrument. The NODAL immobilized
beads, phage library, blocking buffer and washing buffer were added into King
Fisher Plate in the corresponding well. The panning solution after Kingfisher
Instrument were transfer into 1.7 mL centrifuge tube. Phage remaining on the
beads were eluted with 200 uL of glycine elution buffer (Glycine-HCIl pH 2.2,
0.1% BSA) for 9 min. The elution buffer was transferred into a new 1.7 mL
microcentrifuge tube and neutralized with 20 pL. of 1 M Tris-HCI (pH 9.1). The
recovered phage solution was amplified for next round of bio panning and for
deep sequencing.

Third round of selection: Amplified phage recovered from R2-NT was

modified with TSL-6. In each 1.7 mL centrifuge tube, 20 puL of Ni-NTA
magnetic beads were incubated with 2.5 pg of His-tagged NODAL and His-
tagged T4-GP overnight in 100 pL of 1xPBS at 4 °C. In parallel, of second round
selected TSL-6 modified library and second round selected un-modified library
was incubated with 20 pL of empty Ni-NTA magnetic beads over at 4 °C to
remove beads specific binding. The panning against NODAL were performed in

Kingfisher Instrument. (R3-NT) In control panning, TSL-6 library against T4-GP
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(R3-TG) and unmodified library that amplified phage from R2-NT against
NODAL (R3-UN) were also performed in parallel. The proteins immobilized
beads, phage library, blocking buffer and washing buffer were added into
KingFisher Plate in the corresponding well. The panning solution after
KingFisher Instrument were transfer into 1.7 mL centrifuge tube. Phage
remaining on the beads were eluted with 200 pL of glycine elution buffer
(Glycine-HCI pH 2.2, 0.1% BSA) for 9 min. The elution buffer was transferred
into a new 1.7 mL microcentrifuge tube and neutralized with 20 pL of 1 M Tris-
HCI (pH 9.1). The recovered phage solution was amplified for next round of bio

panning and for deep sequencing.
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2.4.3-3 General PCR amplification protocol for Illumina deep sequencing

Take 25 pL of eluted or amplified phage solution was used as a template for PCR

with total volume of 50 pL. (Appendix A-Figure 5).

A Typical 50 pLL PCR mixture contained:

1.

2.

6.

7.

5xPhusion buffer
10 mM dNTPs

Phusion®  High-Fidelity ¥ DNA  Polymerase (NEB,
catfMO0530S)

Forward primer (3’-CAAGCAGAAGACGGCATACGAGATC
GGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATCTXX
XXCCTTTCTATTCTCACTCT-5", 10 uM)

Reverse primer (3~ AATGATACGGCGACCACCGAGATCTA
CACTCTTTCCCTACACGACGCTCTTCCGATCTXXXXAC
AGTTTCGGCCGA-5’, 10 uM)

Template solution

Nuclease free water

Thermocycler was preformed using the following setting:

a)

b)

c)
d)
e)
f)

2)

95 °C for 30 sec

95 °C for 30 sec

60.5 °C for 15 sec

72 °C for 30 sec

Repeat step b) to d) 25 times
72 °C for 5 min

hold at 4°C

10 uL
10 uL

0.5 uL

2.5l

2.5uL

25 uL

8.5 uL
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2.4.3-4 Illumina sequencing of samples before and after panning

The PCR products were produced by PCR as described in Section 2.4.3-3
with one exception: in amplification of libraries before panning (input), volume
of template (phage solution) was 2 pL. All products were quantified by 2% (w/v)
agarose gel in Tris-Borate-EDTA buffer at 100 volts for ~35 min using a low
molecular weight DNA ladder as standard (NEB, #N3233S). PCR products that
contain different indexing barcodes were pooled allowing 10 ng of each product
in the mixture. The mixture was purified by eGel, quantified by quBit and
sequenced using the Illumina NextSeq paired-end 500/550 High Output Kit v2.5
(2%x75 cycles). Data was automatically uploaded to BaseSpace™ Sequence Hub.
Processing of the data is described in section “2.4.3-6 Processing of Illumina
data”.
2.4.3-5 General data processing methods

Data analysis of Illumina data at Appendix A-Figure 10 was performed in
Microsoft Excel. All the 20%x20 plots were generated on the 48 Hour Discovery

cloud: https://48hd.cloud/. Linear regression analysis of Appendix A-Figure 12

and Appendix A-Figure 13 were performed in Studio R script.
2.4.3-6 Processing of Illumina data

The Gzip compressed FASTQ files were downloaded from BaseSpace™
Sequence Hub. The files were converted into tables of DNA sequences and their
counts per experiment. Briefly, FASTQ files were parsed based on unique
multiplexing barcodes within the reads discarding any reads that contained a low-

quality score. Mapping the forward (F) and reverse (R) barcoding regions,
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https://48hd.cloud/

mapping F and R priming regions allowing no more than one base substitution
each, and F-R read alignment allowing no mismatches between F and R reads
yielded DNA sequences located between the priming regions. The files with
DNA reads, raw counts, and mapped peptide modifications were uploaded to
http://48hd.cloud/

server. Each experiment has a unique alphanumeric name

(e.g., 20181108-16TS0ooPA-YW) and a unique static URL.:

R1 R2 R3

Un- http://48hd.cloud/file | https://48hd.cloud/fil | https://48hd.cloud/fil
Modified |/2363 e/2326 e/2600
TSL-6 https://48hd.cloud/fil | https://48hd.cloud/fil | https://48hd.cloud/fil
Modified | /2320 e/2602 e/2609
Elution https://48hd.cloud/fil | https://48hd.cloud/fil | https://48hd.cloud/fil

e/2322 e/2601 e/2608
Amplificat | https://48hd.cloud/fil | https://48hd.cloud/fil | https://48hd.cloud/fil
ion e/2326 e/2600 e/2607
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2.4.3-7 General protocol for protein extraction

All samples in the protein extraction protocol were done on ice. All cell
samples were scrapped and treated with M-PER™ Mammalian Protein
Extraction Reagent (Thermo Scientific, cat# 78501). Then, the treated sample
sonicated for 4 sec and centrifuging with ~15,000%g for 10 mins at 4 °C to
remove cell debris. The supernatant then transferred to a new tube and store at -
20 °C for further analysis
2.4.3-8 Western blotting protocol for detecting pSMAD2 protein level

All cell lysate samples were mixed with 4xLaemmli sample buffer
(Biorad, cat# 1610747) and 5% (v/v) 2-mercaptoethanol (Sigma-Aldrich, cat#
M6250). All sample were boiled for five minutes at 95 °C. SDS-PAGE were run
with 10% Acrylamide gels with 4 % staking layer. Proteins were transfer to
nitrocellulose membrane, 0.45 um (Biorad, cat# 1620115) with setting of 80 V
for 75 mins in 4 °C. After western blot transfer, all the membranes were blocked
with 6% milk in 1xTBS with 0.1% Tween 20 in room temperature for 1 h. All
membranes were incubated with primary antibodies in 1xTBS, 0.1% Tween 20
and 3% BSA at 4 °C O/N. For detecting pSMAD?2, rabbit anti-smad2 (phospho
S423 + S425) antibody (Cell signaling Technology, cat# 3108) was used at the
dilution of 1/1000. For detecting SMAD?2/3, Anti-Smad2 + Smad3 antibody (Cell
signaling Technology, cat# 8685) was used at the dilution of 1/1000. For
detecting Nodal, Human Nodal Antibody (R&D system, cat# MAB3218) was
used at the dilution of 1/1000. After O/N primary antibody incubation, all

membranes were washed 3 times with 1xTBS and 0.1% Tween 20 in room
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temperature for 5 mins. All the membranes then incubated with corresponding
seconding antibody anti-Mouse or anti-Rabbit that conjugate with HRP at the
dilution of 1:7000. For imaging, the membranes were treated with Clarity™
Western ECL Substrate (Biorad, cat# 1705060) for 1 min and then exposed to X-
ray film (Fuji Super RX) accordingly.
2.4.3-9 General protocol P19 cell culture

P19 Cell were obtained from ATCC cell bank and culture in alpha
minimum essential medium with ribonucleotide and deoxyribonuclease with
7.5% bovine calf serum and 2.5% fetal bovine serum at 37 °C with 5% CO:
supplementation.
2.4.3-10 Inhibition of pSMAD assay with P19 cell

P19 Cells were seeded in 6 wells plate with 200,000 cells/well and were
grew in full media contain 10 uM of SB341542 to suppress pSMAD signals O/N.
Then, the cells were washed with warm serum free Alpha Minimum Essential
medium 3 times and were co-treated the cells with peptides at 10 uM and
rhNODAL 100 ng/mL (R&D system, cat# 3218-ND/CF) in serum free Alpha
Minimum Essential medium for 1 hour at 37 °C with 5% CO> supplementation.
After 1 hour of treatment, cells washed and lysed (2.4.3-7 General protocol for
protein extraction). All the samples were stored at -20 °C for further western
blotting analysis (2.4.3-8 Western blotting protocol for detecting pSMAD?2

protein level).
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2.4.3-11 Transfection of TYK-nu cell with constitutive NODAL and GFP
This section was performed entirely by Dr. Olene Bilyk

TYK-nu ovarian cancer cells were obtained from JCRB cell bank and
cultured in Eagle’s minimal essential medium with 10% fetal calf serum
(Gibco/Thermo Fisher; Waltham, Massachusetts, USA) at 37 °C with 5% CO>
supplementation. To express the constitutive NODAL, a plasmid vector for
human NODAL open reading frame (not including the stop codon) was cloned
into pCMV6-Entry vector in frame with a tandem MYCDYK (FLAGQG) tag
(Origene, cat# RC211302). The pCMV6 plasmid containing a GFP insert was
used as a negative control. TYK-nu cells were transfected with desired plasmids
using Geneln (GlobalStem) following the manufacturer’s protocol. Cells were
stably selected with G418 (Thermo Fisher) at 250 pg/mL starting 48 hours after
transfection for 10 days, and then maintained at 100 pg/mL. Nodal

overexpression in TYK-nu cells was confirmed by Western blotting.

2.4.3-12 Cell Viability assay with TYK-nu-NODAL and TYK-nu-GFP

Cells were seeded in three 96 wells plates with 600 cells/well or 6000
cells/well and grow in full media with G418 at 100 pg/mL O/N. The next day the
media was changed to contain 19d peptide (10 uM, 1 pM and 0.1 uM) and
without G418. Cells viability was measured every 24 hours with CellTiter-Glo®

Luminescent Cell Viability Assay (Promega cat# G7572) over the course of 72h.
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2.4.4 Proteolytic stability methods
2.4.4-1 Protocol for measurement of proteolytic stability in cell assay

10 pL of the solution was sampled from the cell media and quenched with
190 uL of 50% aq. CH3CN. The mixture was vortexed and centrifuged in a bench
top centrifuge at max speed to precipitate any proteins. The supernatant was
maintained at 4 °C until analysis by LC-MS.
2.4.4-2 Protocol for measurement of proteolytic stability in Pronase™

In a 600 uL Eppendorf tube, we combined 196 ul. PBS (pH 7.4), 2 pL of
corresponding peptide solution (from 10 mM stock) and 2 pL of 0.1 mg/mL
Pronase™. The mixture was vortexed and incubated at 37 °C. At indicated time
points, 10 uL of the solution was sampled, quenched with 190 pL of 50% agq.
CH3CN and maintained at 4 °C until analysis by LC-MS.
2.4.4-3 Protocol for measurement of proteolytic stability in fresh mouse

serum

In a 600 uLL Eppendorf tube, we combined 198 uL fresh mouse serum, 2
uL of corresponding peptide solution (from 10 mM stock). The mixture was
vortexed and incubated at 37 °C. At indicated time points, 10 uL of the solution
was sampled, quenched with 190 pL of 50% aq. CH3CN. The mixture was
vortexed and centrifuged in a bench top centrifuge at 14000 RPM to precipitate

the serum protein. The supernatant was maintained at 4 °C until analysis by LC—

MS.
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2.4.5 Molecular dynamics simulation
This section was performed entirely by Dr. Jiayuan Miao and Dr. Yu-Shan Lin at
the Tufts University

Molecular dynamics (MD) simulations were performed for four bicyclic
peptides (8c, 8b, 7¢c, and 7b; Figure 2-9). The initial structure of each peptide was
built using the Maestro 11.7 software of Schrddinger.??” The topology file for
each peptide was generated using the Schrodinger utility ffld server and
converted to the GROMACS format using the ffconv.py script.>® All MD
simulations in this study were performed using the GROMACS 4.6.7 suite®”
with the OPLS 2005 force field and the TIP4P water model.?!%3!! The initial
structure was first energy minimized for 1000 steps and then solvated in a cubic
box of water molecules. The box size was chosen such that the distance between
the peptide and the box wall was at least 1.5 nm. Minimal explicit counter ions
were also added to neutralize the net charge of the system. With all heavy atoms
of the linker restrained, the solvated system was further energy minimized for
5000 steps. Each initial structure was subjected to 1000 independent runs starting
from different initial velocities. With all the heavy atoms of the linker remained
restrained to their initial coordinates, a 50 ps NVT (isochoric-isothermal)
equilibration at 300 K was performed for each of the 1000 runs, followed by a
50-ps NPT (isobaric-isothermal) equilibration at 300 K and 1 bar to adjust the
solvent density. The equilibrated system then underwent a simulated annealing
process in the NVT ensemble. The system temperature was first increased to 600

K in 500 ps and maintained at 600 K for additional 500 ps. The temperature was
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then decreased gradually to 300 K in 1 ns. During the simulated annealing, the
position restraints for the linker were removed. In all the simulations, the
temperature was regulated using the v-rescale thermostat®!? with a coupling time
constant of 0.1 ps. To avoid the “hot solvent/cold solute” artifacts,?!33!* two
separated thermostats were applied to the solvent (water and ions) and the peptide.
Then, the system underwent a 1 ns equilibration process at 300 K and 1 bar
without position restraints, followed by a 5 ns production simulation also at
300 K and 1 bar. For the NPT simulations, the pressure was maintained using the
isotropic Berendsen barostat®'® with a coupling time of 2.0 ps and compressibility
of 4.5x1075 bar!. For all the MD simulations, bonds involving hydrogen were
constrained using the LINCS algorithm.?!® A 2-fs time step was used with the
leapfrog integrator.’!” The nonbonded interactions (Lennard-Jones and
electrostatic) were truncated at 1.0 nm. Long-range electrostatic interactions were
treated using the Particle Mesh Ewald summation method.?!®3!® A long-range
analytic dispersion correction was applied to both the energy and pressure to
account for the truncation of Lennard-Jones interactions. The last frame of each
production run was used for further analysis. The 1000 final structures for each
system could be found in the MD movies.zip provided in the Supporting
Information.

Cluster analysis was performed for the peptide backbone by binning the
torsional angles within the ring structures; however, the ® dihedrals describing

the peptide amide bonds were not included as they were all in the trans
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conformation. The bicyclic peptides had two cycles in each molecule. Cycle 1
was defined as the cycle containing the N-terminal residues up to the first Cys
(orange circles in Figure 2-9). Cycle 2 was defined as the cycle containing the
residues between the first and the second Cys’s (blue circles in Figure 2-9). The
cluster analysis was performed on each of the two cycles. The populations of the
top 10 clusters for the two cycles for 8¢, 8b, 7¢, and 7b are shown in the Table 2-
1 and Table 2-2 below. In Figure 2-9, the binning boundaries for each residue are
shown as green lines.

In general, the bicyclic peptides linked with TSL-1 were better structured
than its counterpart linked with TSL-6 in cycle 1 (orange circles in Figure 2-9).
As observed in the Table 2-1 below, when clustering based on the conformations
of cycle 1, 8c (bicyclized with TSL-1) showed two clusters that have significant
populations (> 20%), while the populations of the top clusters of 8b (bicyclized
with TSL-6) were all relatively small (~2%). Similarly, when clustering based on
the conformations of cycle 1, the top cluster of 7¢ (bicyclized with TSL-1) had a
population of 16.3%, but the population of the top cluster of 7b (bicyclized with
TSL-6) was only 1.2%. Overall, bicyclic peptides linked by TSL-6 seemed to be
quite flexible in cycle 1, as there were no structures with significant populations.
However, the difference in cycle 2 (the cycle containing residues between the two
Cys’s; blue circles in Figure 2-9) was much smaller between bicyclic peptides
linked with TSL-1 and that linked with TSL-6, as shown in the Table 2-2 below,
likely because cycle 2 of both the TSL-1-linked and the TSL-6-linked

compounds shared the same molecular topology. It was also found that when
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comparing the Ramachandran plots between 8c and 8b, and similarly between 7¢
and 7b, the residue(s) near the N-terminus exhibited different distributions of
backbone dihedral angles when the peptide was linked by TSL-1 vs. TSL-6, as
indicated by smaller normalized integrated products®®® between the two sets of
Ramachandran plots (Figure 2-9). Specifically, compared to the other resides, the
His residue showed a larger difference in the (¢, y) distribution between 8¢ and
8b; similarly, compared to the other resides, the Trp and Asp residues showed a

larger difference in the (¢, ) distribution between 7¢ and 7b.
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Table 2-1. Populations of the top 10 clusters of 8¢, 8b, 7¢, and 7b using the

torsional angles in cycle 1 in the cluster analysis.

Cluster # 8c 8b Tc 7b
1 21.8% 2.3% 16.3% 1.2%
2 21.5% 2.1% 7.0% 0.4%
3 9.5% 1.8% 3.1% 0.4%
4 9.4% 1.8% 2.6% 0.3%
5 6.3% 1.7% 2.2% 0.3%
6 4.9% 1.7% 1.5% 0.3%
7 4.1% 1.0% 1.3% 0.3%
8 3.6% 1.0% 1.2% 0.3%
9 2.1% 1.0% 1.2% 0.3%
10 2.0% 0.7% 1.0% 0.3%
Table 2-2. Populations of the top 10 clusters of 8¢, 8b, 7¢, and 7b using the
torsional angles in cycle 2 in the cluster analysis.
Cluster # 8c 8b Tc 7b
1 7.6% 12.7% 7.3% 9.9%
2 5.4% 3.7% 5.4% 3.9%
3 4.4% 2.2% 4.7% 2.6%
4 4.1% 2.2% 3.9% 2.2%
5 2.6% 2.1% 3.9% 2.2%
6 2.5% 2.0% 3.6% 2.0%
7 2.5% 1.9% 3.0% 1.9%
8 2.1% 1.7% 3.0% 1.8%
9 2.0% 1.7% 2.8% 1.6%
10 1.6% 1.5% 2.0% 1.3%
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Chapter 3: Genetically encoded discovery of albumin-binding

pentafluorophenyl-sulfide peptide macrocycle

3.1 Introduction

There are around 80 peptide drugs on the global market; more than 150
peptides are in clinical development and another 400-600 peptides undergoing
preclinical studies.?’® The large surface area of peptides (900 Da to 60 kDa),
compared to a typical small molecule drug (< 900 Da) equip peptide ligands with
advantageous properties such as high affinity binding due to the extended areas
of proteins and other biomolecules. Such extended binding interfaces are
commonly found in protein-protein interactions (PPI), in the shallow binding
pockets of protein-carbohydrate interactions, protein-DNA interactions. These
extended binding areas are a hallmark of “undruggable targets” because they are
significantly more challenging to target using conventional small therapeutic
molecules when compared to traditional “druggable targets.” Examples of the
latter are enzymes that possess a small-volume, deep binding pockets and
receptors that naturally evolve to bind small-molecule metabolites or other low
molecular weight mediators (e.g., GPCR). When compared to traditional
antibody drugs, peptides are significantly smaller: 2 kDa to 10 kDa for peptides
versus 150 kDa for full-sized antibodies. Due to the decrease in size, the bio-
distribution inside tumors and other non-vascularized tissues for peptide
therapeutics, peptide-drug conjugates (examples of peptide-drug conjugates in

clinical trials are TH1902, TH1904, BT5528, BT8009, BT1718, and MMP-14)
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and peptide radionuclide delivery agents (e.g., Lurathera™) is significantly
improved when compared to analogous antibody therapeutics, antibody-drug
conjugates or antibody radionuclide conjugates.>2%-322

Unmodified peptides are cleared within minutes from plasma by renal
filtration. Rapid clearance is beneficial in several modalities, such as imaging
agents and radionuclide delivery agents.>?* For other classes of therapeutics based
on peptides and small protein domains, rapid renal clearance is considered a poor
pharmacokinetics trait because it mandates frequent administration of the
therapeutics. In contrast, antibody drugs remain in circulation for 1-3 weeks due
to the association of the Fc domain of antibodies with the neonatal Fc-receptor
(FcRn) on the surface of immune cells.>?* This predictable prolonged circulation
time is one of the most advantageous built-in properties of antibody therapeutic
and possibly the most important reason for exponential growth in the
development and approval of antibody therapeutics over the last 3 decades.

Few unmodified peptides exhibit a long circulation lifetime; however, a
therapeutically relevant example is the 39-residue peptide ‘exendin 4’ (53%
identical to GLP1(7-37aa)) isolated from the venom of the Gila monster that has
low renal clearance in humans (5-7 h).’*® This peptide was developed into the
FDA-approved drug exenatide administered twice daily by subcutaneous
injection for the treatment of type 2 diabetes.>?6-2” Most peptides that do not have
a naturally long circulation time; thus, they mandate even more frequent
administration and high dosages. Even the aforementioned, exendin 4 has been

subject to modifications that improve its pharmacokinetics resulting in several
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modified derivatives such as liraglutide, albiglutide, dulaglutide, lixisenatide and
semaglutide.?*¢

Size-dependent renal clearance is a well-known problem. Over the
decades, these strategies have evolved into standalone research areas that aim to
enhance the pharmacokinetic properties of peptides and small proteins. They

could be conceptually divided into two chemical classes: i) covalent linkage

either via chemical bonds or genetic-fusion to macromolecules such as a long-

328-330 331-332

living serum protein, polyethylene glycol (PEG) derivatives, and

polyglycerol®*? ; or ii) incorporation of moieties that lead to non-covalent binding

334-337 338-339

to proteins with long circulation, such as albumin, immunoglobulin,
FcRn,** transthyretin,®*! and transferrin.***-%} One example of i) is conjugation
to PEG, which is used in multiple FDA-approved therapeutics (e.g., PEG-bovine
adenosine deaminase and PEG—a-interferon) and the pegylated form of exenatide
(phase II trials), or the pegylated analog of the gut hormone oxyntomodulin
(phase I trials). Interestingly, steric hindrance by these size-increasing moieties
also protects against proteolytic degradation.>**3*¢ Another strategy to increase
the size was developed by Trimeris Inc. and is based on a well-designed
mechanism of oligomerization of helical peptides into triple-helical bundles or
higher-order oligomers.**’ Again, such oligomers have 8-20 hours of circulation
life in primates and humans.**’ Examples of ii) are the FDA-approved drugs

albiglutide and dulaglutide, exanatide that conjugated to albumin and the 1fG4 Fc

domain, which binds to Fc-receptor and prolongs circulation.

105



Albumin can improve the half-life of therapeutic peptides and proteins by
employing either of two strategies 1) fusing the molecule of interest to albumin’s
N- or C- terminal end,*° or ii) conjugating the molecule of interest to albumin
binding moieties such as fatty acids. Albumin is the most abundant protein in
plasma with an average concentration of 600 uM and has an average half-life of
19 days.>*® It mainly acts as a versatile carrier of essential fatty acids and
increases the solubility of small organic molecules.**® Among all the long-
circulating serum proteins, albumin is considered to be one of the most important
targets in the pharmaceutical industry because of its ability to interact with
hydrophobic small molecule drugs and enhance the pharmacokinetic properties of
many small molecule drugs.

The size of albumin is above the renal filtration threshold, but the main
mechanism leading to the long half-life of albumin is similar to that of an
antibody: both proteins interact with FcRn on the surface of immune cells. This
binding results in transient endocytosis of these proteins, and as a result, they are
frequently sequestered from circulation and protected from clearance. At
physiological pH, the binding affinity between albumin and FcRn is low;
however, the interaction under acidic conditions in the endosome is strong to
avoid lysosomal degradations and recycling of albumin to the extracellular
space.’?*

There are four FDA approved drugs: insulin degludec (Tresiba™), insulin
detemir (Levemir™) and Liraglutide (Victozoa™) and semaglutide that contain

albumin binding fatty acids to prolong their circulation time and efficacy in
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vivo.**° Building on this success, albumins binding peptides have been identified
in addition to fatty acids. Such “lipidation” not only increases the size but also
reduces renal clearance of these drugs due to binding to serum albumin.330352
Lipidation can also delay the release from the subcutaneous injection site due to
local aggregation of peptides into an insoluble nanoparticle refer as “depo,” and
subsequent gradual release of soluble peptides from such “depo.” A Both
mechanisms can overcome the problem of renal clearance and increase plasma
circulation times.*>?
3.1.1 Albumin as a drug carrier

The goal of using albumin as a drug carrier is to produce a tandem
sequence of an albumin binding domain and a therapeutic peptide or protein with
predictably enhanced pharmacokinetic properties. Examples include DX-236
(Ac-AEGTGDFWFCDRIAWYPQHLCEFLDPEGGGK-NH2), identified by
researcher from Dyax Corp., with a binding affinity of 1.9 uM at pH 6.1 to HSA,
which used it to purifying albumin (Figure 3-1A).”” Researchers at Genentech
identified an 18 amino acids macrocyclic peptide, SA-21 (Ac-

RLIEDICLPRWGCLWEDD-NH>), with a binding affinity of 467 nM to HSA

(Figure 3-1B).”?
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genetically modified library for discovering a small label-free macrocycle
albumin binder.
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Conjugation of SA-21 to bicyclic peptide ligands for urokinase-type plasminogen

355-356 and small proteins®>’ significantly

activator,>** 3% Fab antibody fragments
prolonged their circulation half-life. Heinis and co-workers developed a short
palmitoylated, fluorescently labeled heptapeptide (FITC-EYEYK;,amESE-NH>)
determined to have a K4 = 39 nM to HSA (Figure 3-1C).3% The linear
heptapeptide was fused to two different bicyclic peptides to boost the half-life
from minutes to hours.**> Interestingly, the authors found that the presence of
fluorescein was critical for the binding of this peptide. An unlabeled
palmitoylated heptapeptide EYEYK,amESE-NH> has a significantly lower
albumin binding and circulation time. Both SA-21 and the acylated heptapeptide
successfully demonstrated the possibility of using HSA binding peptides for
extending circulation half-life in peptides and proteins; however, SA-21 suffered
from low solubility due to a high percentage of hydrophobic amino acid residues
and a relatively high molecular weight.”®: 33> While the acylated heptapeptide
required a fluorescein molecule for efficient binding towards albumin.?3?

Many FDA-approved small molecule drugs have intrinsic affinity to
albumin in addition to binding their therapeutic target. The development of small
molecules with a specific, high affinity for albumin has been a topic of research
over the last 15 years. Additionally, anti-albumin antibodies, nanobodies, %
DARPins,*? and other protein domains have been developed to conjugate with
proteins and extend their circulation in vivo. A recent review by Angelini and co-

workers summarized development in this area.’3” Examples of small peptides or

small macrocycles with intrinsic binding to albumin are still scarce. The goal of
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this manuscript is to employ genetically encoded libraries chemically modified
macrocycles to develop new classes of albumin binding mini-scaffolds.

To discover a low molecular weight, label-free, a macrocyclic peptide that
binds to albumin with low micro-molar affinity, we employed a phage-displayed
library SX,CX,,C, modified with decafluoro diphenylsulfone (DFS) where X is
any amino acid with the exception of cysteine, » = 1 and m = 3-5 amino acids
(Figure 3-1C).2" We hypothesized cyclization with a perfluorinated aromatic
linchpin would provide an amphiphilic scaffold (hydrophobic in one region and
hydrophilic or charged in another) that would be recognized by one of the
binding sites of HSA?!%- 3% Perfluorinated linchpins have been shown to reduce
the proteolytic degradation of peptides*®, and the hydrophobicity of this linchpin
could aid the peptide binding to HSA similarly to the binding of a fatty acid in
lipidated peptides.

3.2 Results and discussion:

3.2.1 Selection of albumin binders

We devised and conducted three discovery campaigns that used different
library architecture and selection strategies. In the first discovery campaign, we
modified the phage libraries of structure SXCX4.5C (where X = any amino acid
but cysteine) with DFS following a previously published protocol and confirmed
that 85% of the phage library had been modified with DFS (Figure 3-2, Figure 3-
3A).2"° We performed three rounds of phage selection using HSA coated to the

surface of 96 well polystyrene plates as bait. In parallel, we also panned the same
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library on polystyrene wells coated with Protein A (negative control) to make it
possible to distinguish specific HSA-binding sequences from poly-specific
protein binding sequences (Figure 3-3A). In round 3, the phage recovery of the
DFS modified library selection against HSA exhibited a minor increase
compared to selection against Protein A and at least a two-fold increase

compared to round 1 and round 2 (Figure 3-3D).
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Figure 3-2. Modification of the library with a diversity of 10'° displayed on
phage by DFS. A-C) M13 phage-displayed disulfide library was reduced and
macro-cyclized with DFS. D) Quantification of the phage with the thiol-reactive
group before and after macrocyclization. E) Chemical structure of the biotin-
iodoacetamide probe (BIA).

111



A Round 1

&
SXCX, C library ‘Q'S
.
!

l

vt o] L L] [ e
Elution l l l l
PCR,  [FU[Wo] [PD] [FU] [FD][PD] [FU] [Ho][PD]

Selection l

sequence
H: Human
| | serum
albumin
B l l l [ l ; P: Protein A
U: Un-modified
Stcuprre § libraries
STCEDITC | D: DFS modified
libaraies
STCHDITC
STCHDMTC
SACHDITC I
STCHVITC e
SSCHSISC || =
STCHYISC ==
STCHSLAC
STCHYIGC I
T L E ‘ D DFS Un-modified
SSCrvrac 0.24%, Py | Lbrary E
B B 07 i
Sichyras ; Hit Sequences
STCHYIGL [ 1 mHSA seletions
0.16% o Protein A 1a STCHDITCGGG

2a STCHYIGCGGG

SochoImg = - 3a STCHANCGGG

SSREDIWC i 0.08% -

0.00% - A-_ii_i[

R1 R2 R3/R1 R2 R3

Figure 3-3. Bio-panning of DFS-modified phage-displayed library of peptides
against the HSA proteins. (A) A scheme of three-rounds panning against HSA
and negative controls. (B) The top 39 sequences from differential enrichment
results. (C) LOGO analysis plot of the enriched sequences. (D) Percentage of the
phage recovery after each round of bio-panning. (E) Selected sequences for
chemical synthesis of the macrocycles.
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The recovery of unmodified round 3-library panned against HSA was 17-fold
lower than the recovery of the DFS-modified library, indicating the importance
of the DFS-modification for protein binding (Figure 3-3D). Bioinformatic
analysis of the deep sequencing the output of the campaign and the control
experiments identified several families of peptide macrocycles that had
statistically significantly higher (p < 0.05) enrichment in binding to HSA when
compared to binding to Protein A (Figure 3-3 B-C). The analysis yielded three
consensus motifs: STCHYIGC (1a), STCHTIYC (2a) and STCHANC (3a)
(Figure 3-3E).

Since the degree of phage recovery of panning against HSA and Protein A
was similar, we devised an improved selection strategy in the second discovery
campaign which involved changing the presentation of the protein between the
rounds. In rounds 1 and 3, the proteins were immobilized on a 96 well plate, and
in round 2, biotinylated HSA was immobilized onto streptavidin beads. The
negative control, Protein A, was handled similarly (Figure 3-4A). In round 3, the
phage recovery of the DFS modified library selection against HSA was higher by
a factor of two when compared to selection against Protein A and by a factor of
200 when compared to round 1 and round 2. The recovery of the unmodified

library panned against HSA was insignificant (Figure 3-4D).
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To confirm the specificity of the selection of the second campaign, we
tested the binding of the DFS-modified phage library recovered from round 3 to
Protein A, ConA and Casein. Under the same binding conditions, the recovery
was two-fold lower in binding to Protein A, 14-fold lower in binding to ConA
and 300-fold lower in binding to casein-coated wells when compared to recovery
on HSA-coated wells. Recovery of the unmodified phage library from round 3 in
binding to HSA decreased 400-fold (Figure 3-5). These observations suggested
that (1) specific albumin-binding sequences had been selected, and (ii) the binding

of these sequences to albumin required modification by DFS (Figure 3-5).
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Figure 3-5. Phage recovered from the second selection campaign of round 3
were bound to different proteins on protein coated plates.

We deep sequenced the output of this second campaign and the control
experiments. A differential enrichment analysis identified a new set of sequences

that were significantly (p < 0.05) enriched by three-fold in the screen against
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HSA but not against Protein A. The LOGO analysis yielded an overall consensus

motif: STCHDITC (4a) (Figure 3-4E).
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Figure 3-6. The third bio-panning campaign against the HSA proteins.(A) DFS
modification of SXCX3C phage-displayed library (B) In tube 1, DFS modified
phage-displayed library panned against two targets (biotinylated HSA and His-
tag expressed T4-GP) parallel in solution and pull down with avidin beads and
Ni-NTA beads affinity beads. (C) In the negative control, DFS modified phage-
displayed library was panned against biotinylated ConA and pulled down with
avidin beads.
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We noted the selection of SXCX3;C motifs in the first campaigns.
Although the original libraries were designed as SXCXa.sC, they contained a
small fraction of SXCX;3C libraries due to deletions during the synthesis of the
DNA oligonucleotides used to generate these libraries.?*> To explore the apparent
preference for smaller macrocycles, we devised a third selection campaign that
employed only SXCX;3C libraries modified with DFS (Figure 3-6A). The small
diversity of the library made it possible to employ a single round panning and
next-generation sequencing and to identify the binders. To mimic the complex

serum environment, the panning environment was composed of a mixture of
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biotinylated HSA (Bio-HSA), His-tag fusion T4-PG protein (His-T4-PG) and
unlabeled milk proteins. In a control selection, we used the same mixture with
biotinylated ConA (Bio-ConA) in place of Bio-HSA (Figure 3-6B). Proteins were
captured with streptavidin or Ni-NTA affinity beads, respectively. The captured
phage DNA was liberated from beads by treatment with hexane and the released
DNA was amplified by PCR and sequenced with Illumina deep sequencing

(Figure 3-6B).
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Figure 3-7. Student’s ¢-test analysis of the third screening campaign: (A) A
volcano plot visualizing the sequences from the DFS-SXCX;C phage-displayed
library that were significantly enriched in the HSA screen when compared to the
naive library or selection against the T4-GP, ConA. (B) A heat map display of the
top 25 of 85 hits sequences from differential enrichment results. (D) Dipeptide
motif analysis of all 85 hits. (B) Selected sequences for chemical synthesis of
macrocycles for validation.
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A differential enrichment analysis identified a set of 85 sequences that were
significantly enriched (p < 0.05, >3-fold) in the screen against Bio-HSA when
compared to the screen against Hise-T4-GP and Bio-ConA (Figure 3-7A-B). We
applied a pairwise amino acid clustering to identify the 85 hit sequences (Figure
3-7C) and observed 8 motifs: FF, MF, MG, TK, GM, PV, VY and KR associated
with these enriched sequences (Figure 3-7D). Based on this analysis, we
nominated sequences SICRFFC (5c¢), STCQGEC (6¢), SLCKREC (7¢) and

SFCPMFC (8c¢) for chemical synthesis (Figure 3-7E).

Campaign # Sequences DFS Yield PFS  Yield
1a STCHDITC 1b 5% 1c 30%

1 2a STCHYIGC 2b 64% 2c 27%

3a STCHANC 3b 24% 3c 40%

2 4a STCHTIYC 4b 36% 4c 11%

6a SICRFFC 5b 59% 5c 44%

3 6a SFCPMFC 6b 16% 6¢c 37%

7a SLCKREC 7b 39% 7c 28%

8a STCQGEC 8b 67% 8c 38%

Figure 3-8. Summary of the selected peptide sequences nominated from three
panning campaigns. The nominated peptides were chemically synthesized and
modified with DFS and PFS for validation.

3.2.2 Validation of albumin binders

Synthesis of peptides identified in the three selection campaigns faced
numerous solubility problems. Peptides 1a-8a were poorly soluble in water, and
evaluation of their binding to HSA was difficult. Peptides 1a-8a were chemically
synthesized with a Lys-Lys-Lys or Gly-Gly-Gly linker at the C-terminus to
increase solubility. Once modified with DFS or pentafluorophenyl sulfide (PFS),
1b-8b and 1c-8c exhibited sufficient solubility for downstream analyses (Figure
3-8).

A second observation was the non-specific reactivity of DFS-modified

peptides with thiol nucleophiles such as GSH over several hours in basic pH
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(Figure 3-9). Replacing DFS with a less reactive PFS linchpin abolished the
undesired reactivity. The PFS-macrocycles were unreactive to 2-mercaptoethanol
over three weeks and unreactive towards free thiol on HSA (Figure 3-10).
Molecular dynamics simulation suggested the DFS modified peptide and the PFS
modified peptide exhibit identical ground state conformational landscape and

maintained the overall conformation and binding to the peptide (Figure 3-11).
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Figure 3-9. DFS stapled peptide reacted with GSH over 3 hours. The DFS-
SWCRC peptide was added with one equivalent of GSH in 60% acetonitrile in 50
mM Tris-HCI at pH 8.5. The reaction was monitored by LC—MS.
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Figure 3-10. Stability of the PFS stapled peptides (A) Results of the PFS-
SWCRC mixed with 2-mercaptoethanol and analyzed by LC-MS after 1 hour
and 3 weeks. The PFS-SWCRC macrocycle was combined with 1 equivalent of
2-mercaptoethanol in 60% acetonitrile and 50 mM Tris-HCI at pH 8.5. The
mixture was monitored by LC-MS. (B) A spectrum of 1 mg of PFS-
STCHANCGGKKK mixed with 1 mg of HSA over 19 days in 1xPBS. The
mixture was monitored by '°F NMR in 1xPBS, 10% D,O.
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Figure 3-11. Ramachandran plot of the cyclic peptide backbone for Sb and Sec:
Green lines indicate the binning boundaries used in the cluster analysis. The
molecular dynamic simulation was performed by Dr. Jiayuan Miao and Dr. Yu-
Shan Lin at Tufts University.
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Figure 3-12. '’F NMR binding assay 3b and 5c-8c held at 20 pM and titrated
against various concentrations of HSA. The "F NMR binding assay was
performed by Dr. Steven Kirberger at the University of Minnesota.

The unique fluorine handle in PFS-modified peptides made it possible to
determine their binding to HSA using '°F NMR (Figure 3-12). In a typical
experiment, we maintained peptide concentration at 20 uM, added HSA at
several different concentrations (10 puM, 20 uM, 80 uM, and 160 uM). Upon
increasing the concentration of HSA, we observed broadening of and
disappearance of '°F signals that correspond to PFS, which indicated the slow
tumbling resulting from the binding of the peptide to HSA. We could not fit a
definitive Kq4 value to the binding response due to the complex binding behavior
and quality of the NMR signal. However, in an albumin titration series, one can
use qualitative estimates such as the concentration of albumin necessary to
suppress 50% of the initial fluorine signal. Based on these qualitative analyses, it
was apparent that some peptides (e.g., 5¢) have stronger binding to HSA, whereas

other macrocycles (e.g., 8¢) have weaker binding towards HSA (Figure 3-12).
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Figure 3-13. Summary of the '"F NMR binding measurement of the HSA
titration spectra of 50 uM of 1b-8b and 1l¢-8c¢ against 100 uM of HSA. The
percentage represents the peak intensity remaining after the addition of HSA.

Another estimate can be performed, for example, by measuring the decrease in

the signal at a fixed concentration of peptide and HSA. Using this single-

concentration scan, we evaluated all 16 peptides found in all discovery

campaigns (Figure 3-13, Appendix B-Figure 3).
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As a result of the '°F profiling, we nominated SICRFFCGGG (5a) as the lead
sequence and SICQGECGG (8a) as the control sequence for further
investigation. The 'F NMR assay is conveniently agnostic in its targeting, and it
can be used with any protein or even a complex mixture of proteins. We titrated
PFS-SICRFFCGGG against rat serum albumin in the '°F binding assay and

observed identical peak decay as in binding to HSA (Figure 3-14).

20 uM 20 pM
A PFS-SICREFCGGG PFS-STCQGECGGG

i e ,”,J i,, UL , .m-ﬁ-m
Human Serum Albumin

+20 pM (] n ﬂ

Rat Serum Albumin Wm

+ 20 uM
Human Serum Albumin AN

T
ppm -131 433 431 133 135

Figure 3-14. The '°F NMR titration spectra of 5c¢ and 8C against rat serum
albumin.

We also evaluated whether binding pockets of PFS-SICRFFCGGG are similar to
known albumin binders: carbamazepine, diclofenac and ibuprofen (Figure 3-15).
We observed that the binding of the PFS-macrocycle did not decrease in the
presence of any of these drugs; thus, PFS-SICRFFCGGG did not share the same

binding pocket as carbamazepine, diclofenac, or ibuprofen (Figure 3-15B).
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Figure 3-15. The '’F NMR HSA binding and competitive binding assay
comparison. (A) X-ray crystal structure of diclofenac bound HSA (pbd: 4Z69)
and ibuprofen bound HSA (pbd: 2BXG). (B) '’F NMR competitive inhibition
assay with 5S¢ against carbamazepine, diclofenac and ibuprofen. The '’F NMR
HSA binding and competitive binding assay comparison was performed by Dr.
Steven Kirberger at the University of Minnesota.

We attempted to quantify the binding affinity of 1b-Sb by ITC using the
known albumin binder SA-21 as a control.”® Analysis of the binding affinities of
the DFS-modified peptides by ITC on HSA was optimized using peptide
concentration at 400 uM and 40 uM for HSA. We found complex multi-location
binding behavior for all peptides, which obscured the accurate evaluation of

binding affinity by ITC (Figure 3-16A, Appendix B-Figure 4-5).
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Figure 3-16. Summary of ITC binding assay SA-21 and 1b-5b titrated against
HSA.

We employed a fluorescence polarization binding assay (FP) to measure
the binding affinities of the macrocycles with the fluorophore BODIPY at the C-
or N-terminus. In a typical experiment, we used 5S¢ or 6¢ at 1 uM concentration
and titrated HSA from 0.1 pM to 100 uM. The dose-response curve could be fit
to a single-state binding model with binding affinity of Kq¢= 4-6 uM for Sc and at
least 100 times weaker affinity for 6¢. (Figure 3-18A). BODIPY alone bound
weakly to HSA with > 300 uM binding affinity (Figure 3-18A). The FP-assay
made it possible to measure binding to other proteins or even complex mixtures
(serum). A titration of the serum yielded a similar binding profile to that observed
in binding to pure albumin (Figure 3-18A). Replacing HSA with lysozyme and
RNAase A detected no binding response, confirming that S¢ binding was specific

to HSA (Figure 3-18B).
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Figure 3-18. Binding assay data other than HSA: (A) FP assay measured the Kq
of the Sc and 8¢ against various albumins. (B) The FP assay for BODIPY labelled
Sc titrated against HSA (black), lysozyme (red), and RNAse A (blue).
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Figure 3-19. The FP binding assaying of conjugate Sc with BODIPY installed at
N-terminus and C-terminus

Switching location of the fluorescent probe from the N-terminus to C-terminus
did not significantly change the affinity of 5c¢ (Kq = 4-6 uM, Figure 3-19). The
switching from DFS to PFS also exhibited a minimal binding effect on the
peptide between Sb and Sc. (Figure 3-20A) The results were in the same order of

magnitude as semi-qualitative estimates acquired for BODIPY-free peptides by
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the !F NMR binding assay, indicating that the presence of a fluorophore did not

significantly increase the binding.

A _ B 50 M 50 M
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Figure 3-20. HSA binding between 5b and 5S¢ (A) FP binding assay of Sb and Sc.
(B) F NMR binding assay of 5b and S¢

Heinis and co-workers recently observed that fluorophores could
dramatically increase binding affinity to albumin, and removing the fluorophore
is detrimental to the binding of the albumin binder. To exclude this possibility,
we conducted an NMR-binding assay of N-terminally-labelled PFS-
SICRFFCGG and BODIPY-free peptides. We observed that the binding affinity
was similar (Figure 3-21A). In addition, we observed that binding peptide
modified with either KKK or GGG have similar binding affinities (Figure 3-

21B).
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Figure 3-21. ’F NMR assay of different labels. (A) comparison of BODIPY
labeled Sc. (B) Comparison of 3¢ with the KKK and GGG solubility tag.

3.2.3 Stability of albumin peptides in mice

We compared Sc¢ with a bicycle P5 that binds to Siglec-7 (Unpublished
results) with SA-21 as control. We injected the peptide mixture into mice and
monitored the remaining peptide level by LC-—MS (Figure 3-22A). We observed
5¢ had decreased 10-fold and SA-21 had decreased 5-fold after 2 hours. On the

contrary, P5 was undetectable after 5 min (Figure 3-22B).
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Figure 3-22. Pharmacokinetic studies for 5S¢, P5 and SA-21.(A) Chromatography
of selected ion monitoring (SIM) for SA-21 ([M+2H]"? = 1136.4) to monitor in
vivo stability in mice. (B) Blood samples were collected at time points 1, 5, 60
and 120 mins and analyzed by LC-MS. (n=1).
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3.3 Conclusion

In conclusion, we devised three different selection campaigns for
discovering small perfluoro-stapled macrocyclic peptides that bind to human
albumin. Macrocycle Sc¢ was the best among the selected candidates. We showed
the linchpin DFS and PFS did not play an important role in binding and could be
used interchangeably. We demonstrated the ability to discover macrocycles with
a more reactive linchpin DFS and validate with a more stable linchpin PFS.

3.4 Materials and methods

3.4.1 General biochemistry information

HSA was purchased from Sigma-Aldrich (cat# A4327-1G), as were
Protein A from Sigma-Aldrich (cat# P6031-1MGQG), and Concanavalin A (cat#
C2010-100MG). The proteins were immobilized on a high binding plate
(Corning, ref# 3369) with 100 pL. of HSA or Protein A (100 pg/mL). The wells
were washed 6 times with 200 pL of 1xPBS-T+0.1% tween 20, at pH 7.4 prior to
phage incubation. The proteins were biotinylated in section 3.4.6. Prior to capture
proteins, the magnetic streptavidin beads (Promega, cat# Z5482) were washed
with 1 x PBS. All proteins were captures with 20 uLL magnetic streptavidin beads.
3.4.2 Preparation of SXCX3C phage-displayed library

The procedures have been adopted and modified as previously described
in two publications that produced the M13-displayed SXCXXXC library** and
M13-SDB vector*?. In short, the vector SB4 QFT*LHQ was digested with Kpn I

HF (NEB cat# R3142S) and Eag I HF (NEB cat# R3505S). A primer/template
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pair consisting of primer 5’-AT GGC GCC CGG CCG AAC CTC CAC C-3’ and
template 5’-CC CGG GTA CCT TTC TAT TCT CAC TCT TCT X TGT XXX
TGT GGT GGA GGT TCG GCC GGG CGC TTG ATT-3" with ‘X’ representing
a trinucleotide formed by annealing. The primer/template was then extended
using Klenow DNA polymerase (NEB) according to the manufacturer’s
instructions. The insert fragment was then digested with Kpnl HF and Eagl HF,
gel purified and ligated into the cut vector. The ligation products were then
transformed into electrocompetent E. coli cells and the transformants were grown
overnight on E. coli TG1 to allow for phage production. Phage cultures were then
centrifuged to remove cells and debris and then the phage was precipitated by
PEG precipitation (5% PEG 0.5 M NaCl). Other SD vectors have been processed
identically. We sequenced the naive libraries by Illumina sequencing and the
naive library of SXCX,C (n=3-5) composition are publicly available at the
following links: https://48hd.cloud/file/1470

3.4.3 Panning strategy 1: panning on plate

SXCX4C and SXCX;sC libraries were prepared as the described previous
reports protocol.?’®
Round 1-3: The following protocol was repeated 3 times.

In Protein A coated wells, 100 uL of 2x10° PFU/mL DFS modified library
or unmodified library was incubated for O/N at 4 °C to remove unspecific
bindings. The DFS modified library supernatant was then transferred to wells
with HSA and incubated for 1.5 h at RT. In parallel, DFS modified library

supernatants were also incubated with Protein A, and unmodified libraries were
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incubated with HSA and protein as a negative control. After panning, all wells
were washed 10 times with 1xPBST. The phage remaining in the wells were
eluted with 200 pL of glycine elution buffer (Glycine-HCI1 pH 2.2, 0.1% BSA)
for 9 min. The elution buffer was transferred into a new 1.7 mL microcentrifuge
tube and neutralized with 20 pL of 1 M Tris-HCI (pH 9.1). The recovered phage
solution was amplified for the next round of bio panning and for deep
sequencing.

3.4.4 Panning strategy 2: panning on plate and in solution

Round 1:

In Protein A coated wells, 100 uL of 2x10° PFU/mL DFS modified library
or unmodified library was incubated for O/N h at 4 °C to remove unspecific
bindings. The DFS modified library supernatant was then transferred to wells
with HSA and incubated for 1.5 h at RT. In parallel, DFS modified library
supernatants were also incubated with Protein A, and unmodified libraries were
incubated with HSA and protein A as a negative control. After panning, all wells
were washed 10 times with 1xPBST. The phage remaining in the wells were
eluted with 200 pL of glycine elution buffer (Glycine-HCI1 pH 2.2, 0.1% BSA)
for 9 min. The elution buffer was transferred into a new 1.7 mL microcentrifuge
tube and neutralized with 20 pL of 1 M Tris-HCI (pH 9.1). The recovered phage
solution was amplified for the next round of bio-panning and for deep

sequencing.
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Round 2:

50 puL of magnetic streptavidin beads transferred to a 1.7 mL centrifuge
tube. 1 mL of PBS+0.1% Tween was added to wash the beads. The beads then
responded in 1 mL of blocking buffer (PBS+2% milk) for 1 hour at 4 °C. In
parallel, 200 puL (2x10° PFU/mL) of DFS modified phage and unmodified phage
library were incubated for 1 hour at RT with pre-block beads to delete beads
binders. The beads were captured with a magnetic rack and the supernatant was
transferred to a new 1.7 mL centrifuge tube for panning. 100 pL of depleted DFS
modified phage was combined with 10 pg of biotinylated HSA, increased the
volume to 200 pLL with 1xPBS and incubated for 1 hour at RT. In parallel, 100
L of the depleted DFS modified phage was combined with 10 pg of biotinylated
protein A, increased the volume to 200 pL with 1xPBS and incubated for 1 hour
at RT, and 100 puL of depleted bead binder unmodified phage was combined with
10 pg of biotinylated protein A and HSA, increased the volume to 200 pL with
I1xPBS and incubated for 1 hour at RT. After incubation, 50 pL of blocked
streptavidin beads were added to the samples. Then, the beads were captured with
a magnetic rack and washed 10 times with 1 mL of 1xPBST. The phage
remaining on the beads were eluted with 200 uL of glycine elution buffer
(Glycine-HCI pH 2.2, 0.1% BSA) for 9 min. The elution buffer was transferred
into a new 1.7 mL microcentrifuge tube and neutralized with 20 pL of 1 M Tris-
HCI (pH 9.1). The recovered phage solution was amplified for the next round of

biopanning and for deep sequencing.
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Round 3:

In Protein A coated wells, 100 uL of 2x10° PFU/mL DFS modified library
or unmodified library was incubated for 1 h at 4 °C to remove unspecific
bindings. The DFS modified library supernatant was then transferred to wells
with HSA and incubated for 1.5 h at RT. In parallel, DFS modified library
supernatants were also incubated with Protein A, and unmodified libraries were
incubated with HSA and protein as a negative control. After panning, all wells
were washed 10 times with 1xPBST. The phage remaining in the wells were
eluted with 200 pL of glycine elution buffer (Glycine-HCI1 pH 2.2, 0.1% BSA)
for 9 min. The elution buffer was transferred into a new 1.7 mL microcentrifuge
tube and neutralized with 20 pL of 1 M Tris-HCI (pH 9.1). The recovered phage
solution was amplified for the next round of biopanning and for deep sequencing.
3.4.5 Panning strategy 3: panning in solution
Round 1: This strategy is 1 round of panning.

Magnetic streptavidin beads were blocked with blocking phage (phage
were not able to PCR) overnight and washed 3 times with 1 mL of 1xPBS. DFS
modified phage library (2x10'! pfu/mL) and blocking phage (2x10'? pfu/mL)
were mixed in a 1:10 ratio and incubated with blocked streptavidin beads for 30
mins to depleted beads binders. The depleted DFS modified phages were
incubated with 5 mg of biotinylated HSA and T4GP-Hiss in a total volume 100
pL in 1xPBS with 2% milk for 30 min at RT. In parallel, the depleted DFS
modified phages were incubated with 5 mg of ConA-Bio in a total volume 100

pL in 1xPBS with 2% milk for 30 min at RT. After incubation, 25 pL of blocked
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magnetic streptavidin beads were added to each mixture and incubated for 20
mins at RT. Pelleted by magnetic and remove supernatant. The beads were
captured with a magnetic rack and were washed 9 times with 1 mL of 1xPBS. At
last, the beads were resuspended in 1 mL 1xPBS and incubated for 30 mins. The
beads were captured with a magnetic rack, discarded the supernatant, and
resuspended with 30 pl of hexane and 30 pl of water (DNAase free water) and
shaken for 15 mins (1500 rmp). The samples were heated to 55 °C for 10 mins or
until hexane completely evaporated. The reminding water was collected, further
converted to [llumina compatible DNA for deep sequencing by Illumina Next seq
by PCR.
3.4.6 General protocol for proteins biotinylation

Protein was dissolved to 1 mg/mL in 1xPBS at pH 7.4. 5 molar fold
excess of EZ-Link Sulfo-NHS-Biotin (Thermofisher, cat# 21217) were added to
the protein solution. The reaction mixture was incubated O/N at 4 °C. The next
day, the protein was dialysis 3 times in 4 L of 1xPBS at pH 7.4. The biotinylated
protein was captured with magnetic streptavidin beads to confirm biotinylation.

The final concentration was determined with Nano-drop.
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3.4.7 PCR amplification protocol for Illumina deep sequencing

Take 25 pL of eluted or amplified phage solution was used as a template

for PCR with a total volume of 50 pL.

A Typical 50 pL PCR mixture contained:

8.

9.

10.

11.

12.

13.

14.

5% Phusion buffer
10 mM dNTPs

Phusion® High-Fidelity DNA Polymerase (NEB, cat#
MO0530S)

Forward primer (3’-CAAGCAGAAGACGGCATACGAGATC
GGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATCTXX
XXCCTTTCTATTCTCACTCT-5", 10 uM)

Reverse primer (3’-AATGATACGGCGACCACCGAGATCTA
CACTCTTTCCCTACACGACGCTCTTCCGATCTXXXXAC
AGTTTCGGCCGA-5’, 10 uM)

Template solution

Nuclease free water

Thermocycler was preformed using the following setting:

h) 95 °C for 30 sec

1) 95 °C for 30 sec

j) 60.5 °C for 15 sec

k) 72 °C for 30 sec

1) Repeat step b) to d) 25 times
m) 72 °C for 5 min

n) hold at 4°C

10 uL
10 uL

0.5 uL

2.5uL

2.5l

25 uL

8.5 uL
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3.4.8 Illumina sequencing of samples before and after panning.

The PCR products were produced by PCR as described in general PCR
amplification protocol for Illumina deep sequencing with one exception: in
amplification of libraries before panning (input), the volume of the template
(phage solution) was 2 pL. All products were quantified by 2% (w/v) agarose gel
in Tris-Borate-EDTA buffer at 100 volts for ~35 min using a low molecular
weight DNA ladder as standard (NEB, cat# N3233S). PCR products that contain
different indexing barcodes were pooled, allowing 10 ng of each product in the
mixture. The mixture was purified by eGel, quantified by quBit and sequenced
using the Illumina NextSeq paired-end 500/550 High Output Kit v2.5 (2x75
Cycles). Data were automatically uploaded to BaseSpace™ Sequence Hub.
Processing of the data is described in section processing of Illumina data.

3.4.9 Processing of Illumina data

The Gzip compressed FASTQ files were downloaded from BaseSpace™
Sequence Hub. The files were converted into tables of DNA sequences and their
counts per experiment. Briefly, FASTQ files were parsed based on unique
multiplexing barcodes within the reads discarding any reads that contained a low-
quality score. Mapping the forward (F) and reverse (R) barcoding regions,
mapping of F and R priming regions allowing no more than one base substitution
each and F-R read alignment allowing no mismatches between F and R reads
yielded DNA sequences located between the priming regions. The files with

DNA reads, raw counts, and mapped peptide modifications were uploaded to
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http://48hd.cloud/ server. Each experiment has a unique alphanumeric name and

unique static URL in Table 3-1-3-3

Table 3-1. URL for 1* panning campaign deep sequencing results

Modification HSA Protein A
R1 DFS https://48hd.cloud/file/213 https://48hd.cloud/file/214
none https://48hd.cloud/file/217 https://48hd.cloud/file/218
R2 DFS https://48hd.cloud/file/213 https://48hd.cloud/file/214
none https://48hd.cloud/file/217 https://48hd.cloud/file/218
R3 DFS https://48hd.cloud/file/213 https://48hd.cloud/file/214
none https://48hd.cloud/file/217 https://48hd.cloud/file/218

Table 3-2. URL for 2" panning campaign deep sequencing results

Modification HSA Protein A
R1 DFS https://48hd.cloud/file/236 https://48hd.cloud/file/237
none https://48hd.cloud/file/421 N/A
R2 DFS https://48hd.cloud/file/236 https://48hd.cloud/file/237
none https://48hd.cloud/file/421 N/A
R3 DFS https://48hd.cloud/file/236 https://48hd.cloud/file/237
none https://48hd.cloud/file/421 N/A

Table 3-3. URL for 3" panning campaign deep sequencing results

HSA

T4-GP

ConA

R1

Input +
Modific
ation

https://48hd.cloud/fi
le/799

https://48hd.cloud/fi
le/799

https://48hd.cloud/fi
le/799

Elution

https://48hd.cloud/fi
le/798

https://48hd.cloud/fi
le/797

https://48hd.cloud/fi
le/796
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http://48hd.cloud/
https://48hd.cloud/file/213
https://48hd.cloud/file/214
https://48hd.cloud/file/217
https://48hd.cloud/file/218
https://48hd.cloud/file/213
https://48hd.cloud/file/214
https://48hd.cloud/file/217
https://48hd.cloud/file/218
https://48hd.cloud/file/213
https://48hd.cloud/file/214
https://48hd.cloud/file/217
https://48hd.cloud/file/218
https://48hd.cloud/file/236
https://48hd.cloud/file/237
https://48hd.cloud/file/421
https://48hd.cloud/file/236
https://48hd.cloud/file/237
https://48hd.cloud/file/421
https://48hd.cloud/file/236
https://48hd.cloud/file/237
https://48hd.cloud/file/421
https://48hd.cloud/file/799
https://48hd.cloud/file/799
https://48hd.cloud/file/799
https://48hd.cloud/file/799
https://48hd.cloud/file/799
https://48hd.cloud/file/799
https://48hd.cloud/file/798
https://48hd.cloud/file/798
https://48hd.cloud/file/797
https://48hd.cloud/file/797
https://48hd.cloud/file/796
https://48hd.cloud/file/796

3.4.10 General chemistry method

LC-MS analysis of peptide modifications was obtained on Agilent
Technologies 6130 LC—MS. A gradient of solvent A (MQ water) and solvent B
(MeCN/H20 95/5) was run at a flow rate of 0.5 mL/min (0-4.0 min 5% B; 4.0-5.0
min 5%—260% B; 5.0-5.5 min 60%—2>100% B; 5.5-7.5 100% B, 7.5-11 min
100%->5% B).

3.4.11 Peptide synthesis:

Peptides were synthesized on a PreludeX peptide synthesizer (Gyros
Protein Technolgoes) by standard Fmoc solid chemistry using Rink Amide AM
resin. Fmoc-protected amino acids, HBTU, Rink Amide AM resin were
purchased from ChemPrep, Wellington FL. USA. Peptides were cleaved from the
resin by using a TFA/EDT/TIPS/Water (89.9/2.28/4.54/2.28 v/v) then
precipitated and washed with ice-cold diethyl ether, and further purified by
HPLC and lyophilized into the product.

3.4.12 General protocol for cyclization with decafluorodiphenylsulfone

Linear peptide (10 mM) was dissolved in 50% acetonitrile and Tris buffer
(50 mM Tris-HCI, pH 8.5), then 2 equivalents of DFS in 50% acetonitrile and
Tris buffer (50 mM Tris-HCI, pH 8.5) was added to the mixture. The mixture was
vortex for 30 sec and let to proceed for 2 hours at room temperature. Then, the

reaction mixture was purified by HPLC and further lyophilized into the product.
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3.4.13 General protocol for cyclization with pentaflurophenyl-sulfide

Linear peptide (10 mM) was dissolved in 50mM Tris in DMF, then 2
equivalents of PFS was added to the mixture. The mixture was vortex for 30 sec
and allow to react for 1 hour at RT. The reaction mixture was purified by HPLC
and further lyophilized into the product.

3.4.14 BODIPY fluorescence C-terminus labeling of Sc and 8¢

N-terminal Fmoc-protected PFS stapled peptides were dissolved in
1xPBS, 50% acetonitrile, then 1.5 equivalents of BODIPY-NHS ester (100
mg/mL DMSO, Anaspec) was added to the solution. The mixture was incubated
for O/N at room temperature. Peperdine were add to a final concentration of 20%
v/v for 30 mins to deportect the N-terminus Fmoc protecting group. The reaction
mixture was purified by HPLC and further lyophilized into the product.

3.4.15 F NMR binding experiment
This entire section was developed by Dr. Steven Kirberger at the University of
Minnesota.

All NMR experiments were performed on a Bruker Avance III HD with a
Prodigy TCI cryoprobe (2100:1 S/N for '°F). PFS-peptides were tested as 20 uM
solutions in experiments were performed with a fluorinated peptide concentration
of 20 pM in 50 mM phosphate, 100 mM NaCl and 26.5 uM 2,22-
trifluoroethanol, pH 7.4 with varying concentrations of rat or human serum
albumin (from 0-160 uM). Parameters used for each experiment are as follows:
750 scans, acquisition time of 0.05 s, relaxation delay of 0.7 s, spectrum centered

at -135 ppm with a sweep width of 20 ppm. A reference spectrum observing
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2,2,2-trifluoroethanol was acquired for each sample with the following
parameters: 16 scans, acquisition time of 0.5 s, relaxation delay of 1 s, spectrum
centered at -75 with a sweep width of 10 ppm. The observed chemical shift of the
reference was deducted from -77.75 ppm, and this difference was applied to the
peptide spectrum.

Table 3-4. A typical experiment involving titration of HSA was setup as

displayed in the table below

Component HSA PFS- TFE D>O PBS
peptide
Stock (uM) 2000 200 26.5 n.a n.a
0 20 2 25 423
2.5 20 2 25 420.5
5 20 2 25 418
10 20 2 25 413
20 20 2 25 403
40 20 2 25 383

n.a: Not applicable

This series would produce a titration with 20 uM PFS-peptide held
constant and the HSA varying in a two-fold fashion: 0, 10, 20, 40, 80,160 uM.
TFE refers to 2,2,2-trifluoroethanol as a 1/1000 dilution (approx. 26.5 uM), and
PBS components were 50 mM phosphate, 100 mM NaCl, pH 7.4.

3.4.16 Fluorescence polarization binding assay

384 black well plates (PerkinElmer, cat# 6007270) were used to measure

all binding assays. The fluorescent-labeled peptides were dissolved to 10 mM in

DMSO and diluted to 20 uM in DMSO for use. Each well added with 19 pL of
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HSA in 1xPBS with the range of final concentration from 190 pM to 15 nM. 1
pL of 20 uM of fluorescence landed peptide added to the wells to a final
concentration of 1 uM. Each measuring point was made in duplicate. Before
measuring, the plate was spun down with 500x%g for 5 mins at RT, incubated for
10 mins, and shake for 5 mins in the dark. The measurement was performed in
Cytation5 Cell Imaging Multi-Mode Reader from BioTek. The data were
analyzed and processed in OrginLab.
3.4.17 Isothermal titration calorimetry (ITC) binding assay

Titration experiments were performed using a Microcal VP-ITC
instrument. Pepties were discoved in 1xPBS at pH 7.4 to a final concentration of
400 uM . In the case, where ligands have poor solubility in the prepared buffer,
up to 5% (v/v) DMF was used. The HAS solution was prepared with the identical
buffer as the peptides to a final concentration of 40 uM. All solutions were
degassed with MicroCal ThermoVac. All the titration in this studiy carried out at
37 °C and stirring at 300 rpm. An initial injection of 2 puL follwed by a total of 41
injection of 10 uL peptide solution were added at the interal of 4 mins into the
HSA solution. The data were evaluated using the MicroCal™ Origin™ Version
5.0, and the heat signals were fitted to “one set of sites” or “two sets of sites”
models to obtain the binding enthalpy, affinity, and stoichiometry estimates.
3.4.18 In vivo pharmacokinetic experiment

All the procedures and experiments involving animals were carried out using

a protocol approved by the Health Sciences Laboratory Animal Services (HSLAS),

University of Alberta. The protocol was approved as per the Canadian Council on
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Animal Care (CCAC) guidelines. All mice were maintained in pathogen-free
conditions at the University of Alberta breeding facility. 50-100 uM of peptides
mixture were dissolved in 1xPBS. Mice were administered 200 pL of the peptide
mixture solution with tail veil injection. 6 blood samples were collected at serial
time points from 1 min to 240 mins. Samples were collected in tubes that
contained sodium citrate as an anticoagulant and then centrifuged at 5 min at
2,000xg to collect the blood plasma. 10 pL of plasma portion were transferred
into a tube containing 40 pL of 8:2 acetonitrile/water to precipitate proteins. The
sample was centrifuged at max speed for 10 min at 4 °C. Supernatant then
transferred to a clean tube and stored at -20 °C for further LC—MS analysis.
3.4.19 LC-MS analysis for pharmacokinetics

LC-MS studies of the stability of peptides in mice were performed in
Hewlett Packard 1100 series instrument using a Phenomenex Jupiter C4 protein
column (300 A, 2x50 mm, 0.3 mL/min, A: 0.1% formic acid in water, B: 0.1%
formic acid in acetonitrile (0 min 2% B, 010 min 2%—>70% B, 10>15 min
70% B, 15220 min 70%—>2% B). The amount of peptide remaining was
calculated with the area under the curve of SIM (Selected Ion Monitoring) peak

in LC-MS.
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Chapter 4: Conclusion and future directions

4.1 Conclusion

This thesis presented a novel post-translational modification of
macrocyclic disulfide peptide phage-displayed libraries. These libraries were
used to discover bioactive ligands against the NODAL signaling pathway and the
human serum albumin protein. Macrocyclization of peptides with a linchpin
provides two advantages compared to their linear counterparts: i) linchpin
diversification of the peptide library’s chemical space, and ii) improvement of
pharmacokinetic properties of the peptides, including increased binding affinity,
penetration of cell membrane, penetration of the blood-brain barrier, and the
resistance against enzymatic hydrolysis.??*2% Hence, developing a linchpin
compatible with phage display libraries is an attractive strategy to enhance
readily available disulfide peptide phage-displayed libraries.

In chapter 2, I developed TSLs that convert a readily available disulfide
phage-displayed library made of natural amino acid to bicycles. The TSLs were
functionalized with an aminooxy group to react with the N-terminal aldehyde
group derived from the N-terminal serine and two chloro-reactive groups to react
with the disulfthydryl side chain. The TSLs successfully modified a series of
peptides with the SX,CX,C motif. The modification enabled successful
conversion of 50% of the library into bicycles. The TLS-6 modified bicycles
phage-displayed library was used to discover an antagonist against the NODAL

signaling pathway with a potency of ICso= 1-10 uM. We then demonstrated that
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TSL-constrained peptides were more stable in mouse serum and a mixture of
proteases than linear and DBMB modified macrocyclic peptides. In chapter 3, I
employed DFS modified phage-displayed libraries to discover an HSA binder.
After screening, I replaced DFS with PFS modification to abolish the undesired
reactivity from the DFS modification. Based on MD simulations, the PFS
modified peptide retained the same ground-state conformation as the DFS
modified peptide. Using the 'F NMR binding assay, 1 determined that the
sequences, PFS-SICRFFCGGG, had the highest affinity binding towards HSA
out of the validated peptides. Following up the results of the '°F NMR binding
assay, the PFS-SICRFFCGGG binding affinity of K¢ = 4-6 uM was determined
using fluorescence polarization assay.

4.2 Future direction

Chemical post-translational modification of a phage display library with a
linchpin is a powerful method for unearthing proteolytically stable macrocyclic
peptides. It is essential that the linchpin is able to modify a broad range of phage
displaying peptide sequences. The linchpin should not be limited to thiol-specific
bioconjugate chemistry but should combine with other methodologies that are
already used to modify peptides of proteins.

In Chapter 2, the TLS modification relied on the phage display library
with a serine N-terminus to generate aldehydes (Figure 4-1A). I envision the next
generation linchpin for converting the disulfide macrocycle to a bicycle is

accessible to the majority of phage displaying architectures, especially for
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commercially available phage display libraries such as ACX;C from New
England Biolabs. As a proof of concept, the aminooxy group on the TSLs can be
replaced with a benzaldehyde group (Figure 4-1B). The condensation at neutral
pH between the benzaldehyde group and the proximity of N-terminal amine
would lead to iminium ion formation, which NaBH3CN can chemoselectively
reduce to an amine linkage.?’! The benzaldehyde group would bypass the need to
aldehydes that oxidize from the N-terminal serine and allow the linchpin to

modify a broader range of phage display libraries.

A N R
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Figure 4-1. Next generation bicyclic linchpin. (A) Current TSLs linchpin design.
(B) Future bicycle linchpin design.

The TSLs and PFS modified peptides have proven to be more proteolytic
resistant than their linear counterpart; however, those modifications do not

address a known drawback: poor in vivo circulation time. I hypothesized that
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creating a bifunctional molecule, Small Molecular Antibody Like Scaffold

(SMALS), will address the poor pharmacokinetics of those peptides. SMALS

will contain two domains: i) a warhead for targeting therapeutic targets and ii) a

albumin-binding domain for elongation. As a proof of concept, the first

generation of SMALS will conjugate the HSA binding peptide from chapter 3

with the NODAL inhibiting bicycles from Chapter 2 (Figure 4-2). I envision that

SMALS will not be limited to inhibiting the NODAL signaling pathway but will

pave a universal elongation strategy, improving macrocycles’ pharmacokinetic

properties.

Small Macrocyclic Antibody-Like Scaffolds (SMALS)

cofee

GE Discovery =
—_—
5 s 3 PDX
X Albumin Binding domain
Genetlc_:ally—enco_ded (1.2 kDalton)
phage-displayed library

of perfluoro-stapled Pharmacological
macrocycles l inhibition of Nodal

Ligation of T

GE Discovery Albumin Binding
Domain

Genetically-encoded ) .
Nodal-binding d .
phage-displayed library ° a(<énkg‘a?|toﬁ;wm anti-Nodal SMALS
of bicyclic scaffolds

Figure 4-2. Overview of Small Macrocyclic Antibody-Like Scaffold (SMALS).
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Appendix A-Scheme 1. One-pot bicyclization of Sa (0.2 mmol) with TSL-6: Reagents
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Appendix A-Scheme 2. One-pot bicyclization of 1a (0.5 mM) with TSL-1. Reagents
and conditions: (i) 0.6 mM NalO4, PBS (pH 7.4), 5 min. (ii) 0.1% TFA, 0.6 mM
TSL-1 (pH 4), 1 h; (ii1) 2.5 mM TCEP, 30 min; 100 mM TRIS (pH 8.5), 1 h.
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Appendix A-Scheme 4. One-pot bicyclization of 3a (0.5 mM) with TSL-1. Reagents
and conditions: (i) 0.6 mM NalO4, PBS (pH 7.4), 5 min, 1 mM Met, 15 min (ii)
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Appendix A-Scheme 5. One-pot bicyclization of 3a (0.5 mM) with TSL-3. Reagents
and conditions: (i) 0.6 mM NalO4, PBS (pH 7.4), 5 min, 1 mM Met, 15 min (ii)
0.1% TFA, 0.6 mM TSL-3 (pH 4), 1 h; (ii1) 2.5 mM TCEP, 30 min; 100 mM
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Appendix A-Scheme 6. One-pot bicyclization of 4a with TSL-3: Reagents and
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Appendix A-Scheme 7. One-pot bicyclization of Sa with TSL-1: Reagents and
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Appendix A-Scheme 8. One-pot bicyclization of Sa with TSL-3: Reagents and
conditions: (1) 0.6 mM NalOg4, PBS (pH 7.4), 5 min, 1 mM Met, 15 min (i1) 0.1%
TFA, 0.6 mM TSL-3 (pH 4), 1 h; (iii) 2.5 mM TCEP, 30 min; 100 mM NaHCO3

(pH 10), 30 min.
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Appendix A-Scheme 9. One pot bicyclization of 6a (0.5 mM) with TSL-6. Reagents
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TSL-6 (pH 4), 1 h; (iii) 2.5 mM TCEP, 30 min; 100 mM TRIS (pH 8.5), 1 h.
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Appendix A-Scheme 11. One-pot bicyclization of 6a (0.5 mM) with TSL-6. Reagents
and conditions: (i) 0.6 mM NalO4, PBS (pH 7.4), 5 min, 1 mM Met, 15 min (ii)
0.1% TFA, 0.6 mM TSL-6 (pH 4), 1 h; (ii1) 2.5 mM TCEP, 30 min; 100 mM
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Appendix A-Scheme 12. One-pot bicyclization of 7a (0.5 mM) with TSL-1.Reagents
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Appendix A-Scheme 13. One-pot bicyclization of 7a (0.5 mM) with TSL-1.Reagents
and conditions: (i) 0.6 mM NalOg4, PBS (pH 7.4), 5 min. (ii) 0.1% TFA, 0.6 mM
TSL-1 (pH 4), 1 h; (ii1) 2.5 mM TCEP, 30 min; 100 mM TRIS (pH 8.5), 1 h.
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Appendix A-Scheme 14. One-pot bicyclization of 8a (0.5 mM) with TSL-6.Reagents
and conditions: (i) 0.6 mM NalO4, PBS (pH 7.4), 5 min. (ii) 0.1% TFA, 0.6 mM
TSL-6 (pH 4), 1 h; (ii1) 2.5 mM TCEP, 30 min; 100 mM TRIS (pH 8.5), 1 h.
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Appendix A-Scheme 15. One-pot bicyclization of 8a (0.5 mM) with TSL-3. Reagents
and conditions: (i) 0.6 mM NalOg4, PBS (pH 7.4), 5 min. (ii) 0.1% TFA, 0.6 mM

TSL-3 (pH 4), 1 h; (ii1) 2.5 mM TCEP, 30 min; 100 mM TRIS (pH 8.5), 1 h.
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Appendix A-Scheme 16. One-pot bicyclization of 8a (0.5 mM) with TSL-1. Reagents
and conditions: (i) 0.6 mM NalO4, PBS (pH 7.4), 5 min. (ii) 0.1% TFA, 0.6 mM
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Appendix A-Scheme 17. One-pot bicyclization of 9a (0.5 mM) with TSL-1. Reagents
and conditions: (i) 0.6 mM NalO4, PBS (pH 7.4), 5 min. (ii) 0.1% TFA, 0.6 mM

TSL-1 (pH 4), 1 h; (iii) 2.5 mM TCEP, 30 min; 100 mM TRIS (pH 8.5), 1 h.
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Appendix A-Scheme 18. Bicyclization of 10a (10 mg, 84 nmol) with TSL-6:
Reagents and conditions: (i) NalO4 (1.2 eq.), PBS (pH 7.4), 5 min. Met (12 eq.), 1
h. Desalting with C18 spin column (ii) 0.1% TFA, TSL-6 (1.2 eq.), 2 h at 30 °C;
(i11) TCEP (5 eq.), 1 h; 100 mM KHCOs; buffer (pH 8.0), 3 h; purify w/ RP-

HPLC.
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Appendix A-Scheme 19. Bicyclization of 11a (10 mg, 66 nmol) with TSL-6:
Reagents and conditions: (i) NalO4 (1.2 eq.), PBS (pH 7.4), 5 min, dark. Met (12
eq.), 1 h. Desalting with C18 spin column (ii) 0.1% TFA, TSL-6 (1.2 eq.), 2 h at
30 °C; (ii1) TCEP (5 eq.), 1 h; 100 mM KHCO3 buffer (pH 8.0), 3 h; purify w/

RP-HPLC.
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Appendix A-Scheme 20. One-pot bicyclization of 12a with TSL-1: Reagents and
conditions: (1) 0.6 mM NalOg4, PBS (pH 7.4), 5 min, 1 mM Met, 15 min (i1) 0.1%
TFA, 0.6 mM TSL-1 (pH 4), 1 h; (iii) 2.5 mM TCEP, 30 min; 100 mM NaHCO3

(pH 10), 30 min.
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Appendix A-Scheme 21. One-pot bicyclization of 13a with TSL-1: Reagents and
conditions: (i) 0.6 mM NalOg4, PBS (pH 7.4), 5 min, 1 mM Met, 15 min (ii) 0.1%
TFA, 0.6 mM TSL-1 (pH 4), 1 h; (ii1) 2.5 mM TCEP, 30 min; 100 mM NaHCO3

(pH 10), 1 h.
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Appendix A-Scheme 22. Bicyclization of 14a with TSL-6 : Reagents and conditions:

(1) 2.4 mM NalOg4, PBS (pH 7.4), 5 min, 1 mM Met, 15 min (i1) 0.1% TFA, 2.4
mM TSL-6, 1 h; (iii) 2.5 mM TCEP, 30 min; 100 mM NaHCOs (pH 10), O/N;
purify w/ RP-HPLC.
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Appendix A-Scheme 23. Bicyclization of 15a with TSL-6: Reagents and conditions:
(1) 2.4 mM NalO4, PBS (pH 7.4), 5 min, 1 mM Met, 15 min, 15 min (ii) 0.1%
TFA, 2.4 mM TSL-6, 1 h; (iii) 2.5 mM TCEP, 30 min; 100 mM NaHCO3 (pH

10), O/N; Purify w/ RP-HPLC.

200



HNYNHQ
NH
N
H HN O;\
(;J\[N \/go " 0
’% . 7N 5
N 16a is too polar to be retained in C18 column
$ HN_%
~ O | HN
16a HQN\g/Z\N N
Ca4H70N20012S; HA AN
Exact Mass: 1134.49 _/
| l
NH,
HN.__NH,
NH

: 2
HN_%/
= I H il 16h is too polar to be retained in C18 column
16h HEN\Q\ ~N
Ca3HesN19012S2 HR 2 SNH
Exact Mass: 1103.45 —/
i
NH,
HN___NH,
TH uv214
HN H \°60
H c;\ 710 A A
N [e]
/i."?\g \/go ] o f mn00 10" 20 30 40 50 60 70
e 1: MS(+
o-N X - Hthf? 199 2440 465.1
= HN_ - N <39 [M+4H]\r SR tene 1391.4
16i al HZH 28 | [M+2H]? [MI+H]‘1
C57Hg4ClaN2g013S; il m/z0 200 400 600 800 1000 1200 1400 1600
Exact Mass: 1390.53
i
NH,
uv214
o 60
H H X
ql\ng\:)LH i il
Co;“\/&o s oJ\NH HNT””E min 00 10 20 30 40 50 60 70
& 2 a 10041: MS(+)
” é‘é’ a3 [#413
[M+3H]"® 661.4 1321.4
N [M+2H]'2 [MI+H]v1

0
miz 0 200 400 600 800 1000 1200 1400 1600

GO B e
NH

: Oy
HN_ 2 N
16b : \g/\ﬁ
Cs7HgaN20013S; o z
Exact Mass: 1320.60 H, =/

Appendix A-Scheme 24. Bicyclization of 16a with TSL-6 : Reagents and conditions:
(1) 2.4 mM NalOg4, PBS (pH 7.4), 5 min, ]| mM Met, 15 min (ii) 0.1% TFA, 2.4
mM TSL-6, 1 h; (ii1) 2.5 mM TCEP, 30 min; 100 mM NaHCOs (pH 10), O/N;
purify w/ RP-HPLC.
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Appendix A-Scheme 25. Bicyclization of 17a with TSL-6 : Reagents and conditions:
(1) 2.4 mM NalOg4, PBS (pH 7.4), 5 min, | mM Met, 15 min (ii) 0.1% TFA, 2.4
mM TSL-6, 1 h; (iii) 2.5 mM TCEP, 30 min; 100 mM NaHCOs3 (pH 10), O/N.

202



HN_ 18a is too polar to be retained in C18 column

HN_
NH
18a \E/\ i P
Cu7H71N17045S; g

Exact Mass: 1161.46

y HN
o (Nj\gN\/&o NH
/\% :\S (o] 18his too polar to be retained in C18 column
: 8. HN .

HN_

NH
1SS ON
CagHiaNigO12S3 f\AS

Exact Mass: 1130.42

n
l NH, uv214

0. _NH, L .
HN-SNH
60
R
i 10

min 0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

S
o=N 5L HN m 60 710.7
H N 40 M+2H]2
N\g/\NHHHN o4 28 | : []
N s” miz 0 200 400 600 800 1000 1200 1400 1600
18i
CeoHgsCloN17043S3
Exact Mass: 1417.51
iii
uv2i4

O__NH, 60 *
X
10
NH

H :
(;Lgn\z)l\ HJLNHQ min00 10 20 30 40 80 60 70
oMo O s-

1: MS(+
S 100, 1: MS(+) 674.9
o OT) s Lt 1348.4
R40 4
) mNH 3 L [M+1H]1
- A,
HN =~ P 200 400 600 800 1000 1200 1400 1600

% 8 g
18b HN,_ 2 N -
N?r s
CeoHasN170135; \B/\H \Q/K/\

=
2L
=
I
W
o

Exact Mass: 1347.57

Appendix A-Scheme 26. Bicyclization of 18a with TSL-6: Reagents and conditions:
(1) 2.4 mM NalO4, PBS (pH 7.4), 10 sec on ice, ] mM Met, 15 min (ii) 0.1%
TFA, 2.4 mM TSL-6, 1 h; (iii) 2.5 mM TCEP, 30 min; 100 mM NaHCOs; (pH

10), O/N; purify w/ RP-HPLC.
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Appendix A-Scheme 27. Bicyclization of 19a with TSL-6: Reagents and conditions:
(1) 2.4 mM NalOg4, PBS (pH 7.4), 5 min, | mM Met, 15 min (ii) 0.1% TFA, 2.4

mM TSL-6, 1 h; (iii) 2.5 mM TCEP, 30 min; 100 mM NaHCOs (pH 10), O/N;
purify w/ RP-HPLC.
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Appendix A-Scheme 28. Bicyclization of 20a with TSL-6: Reagents and conditions:
(1) 2.4 mM NalOg4, PBS (pH 7.4), 5 min, ]| mM Met, 15 min (ii) 0.1% TFA, 2.4
mM TSL-6, 1 h; (iii) 2.5 mM TCEP, 30 min; 100 mM NaHCOs; (pH 10), O/N;

Purity w/ RP-HPLC.
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Appendix A-Scheme 29. Bicyclization of 21a with TSL-6: Reagents and conditions:
(1) 2.4 mM NalOg4, PBS (pH 7.4), 5 min, 1 mM Met, 15 min (i1) 0.1% TFA, 2.4
mM TSL-6, 1 h; (iii) 2.5 mM TCEP, 30 min; 100 mM NaHCOs (pH 10), O/N.
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Appendix A-Scheme 30. Bicyclization of 22a with TSL-6: Reagents and conditions:
(1) 2.4 mM NalOg4, PBS (pH 7.4), 5 min, 1 mM Met, 15 min (i1) 0.1% TFA, 2.4
mM TSL-6, 1 h; 2.5 mM TCEP, 30 min; (iii) 100 mM NaHCOs (pH 10), O/N.
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Appendix A-Scheme 31. One-pot bicyclization of 23a (0.5 mM) with TSL-6.
Reagents and conditions: (i) 0.6 mM NalO4, PBS (pH 7.4), 5 min. (ii) 0.1% TFA,
0.6 mM TSL-6 (pH 4), 1 h; (ii1) 2.5 mM TCEP, 30 min; 100 mM TRIS (pH 8.5),

1 h.
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Appendix A-Scheme 32. One-pot bicyclization of 24a (0.5 mM) with TSL-6.
Reagents and conditions: (i) 0.6 mM NalO4, PBS (pH 7.4), 5 min. (ii) 0.1% TFA,
0.6 mM TSL-6 (pH 4), 1 h; (ii1) 2.5 mM TCEP, 30 min; 100 mM TRIS (pH 8.5),
1 h.
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Appendix A-Scheme 33. One-pot bicyclization of 25a (0.5 mM) with TSL-6.
Reagents and conditions: (i) 0.6 mM NalO4, PBS (pH 7.4), 5 min. (ii) 0.1% TFA,
0.6 mM TSL-6 (pH 4), 1 h; (ii1) 2.5 mM TCEP, 30 min; 100 mM TRIS (pH 8.5),

1 h.
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Appendix A-Scheme 34. One-pot bicyclization of 26a (0.5 mM) with TSL-3.
Reagents and conditions: (1) 0.6 mM NalO4, PBS (pH 7.4), 5 min. (i1) 0.1% TFA,
0.6 mM TSL-3 (pH 4), 1 h; (ii1) 2.5 mM TCEP, 30 min; 100 mM TRIS (pH 8.5),

1 h.
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Appendix A-Scheme 35. Cyclization of 4a and 5a with PFS

For reagents and

conditions see General Protocol for cyclization with pentaflurophenyl-sulfide

(PFS).
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Appendix A-Scheme 36. Bicyclization of 23a with TBMB: Reagents and conditions:
2.5 mM TCEP, 100 mM NaHCO3 (pH 10), 20 h. For details, see: General
Protocol for bicyclization with TBMB
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Appendix A-Scheme 37. Bicyclization of 24a with TBMB: Reagents and conditions:
2.5 mM TCEP, 100 mM NaHCO3 (pH 10), 20 h. For details, see: General

Protocol for bicyclization with TBMB
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Appendix A-Scheme 38. Comparison between bicyclization of 8a with TSL-1 in two
different protocols (Protocol 1: Bicyclization of Peptides SXmCXnC with TSL
using C18 spin column and Protocol 2: Bicyclization of Peptides SXmCXinC with
TSL using Met as quencher)
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Appendix A-Tablel. List of peptide sequences, TSLs and resulting bicyclic products.

S.M. Pr Sequence %Y TSL #R mmn #8S
la lc HCDYYC-NH> 22%  TSL-1 7 1,3 2
2a 2¢ YCKADC-NH> 37%  TSL-1 7 1,3 3
3a 3d YCKPFC-NH> N.D. TSL-3 7 1,3 4
3a 3¢ YCKPFC-NH; 41%  TSL-1 7 1,3 5
4a 4d STCQGECGGG-NH> 47%  TSL-3 10 1,3 6
S5a 5b ICRFF -NH> N.D. TSL-6 10 1,3 1
S5a 5c ICRFF -NH> N.D. TSL-1 10 1,3 7
S5a 5d ICRFF -NH> 55%  TSL-3 10 1,3 8
6a 6b HDCYIL.EC-NH> N.D. TSL-6 8 2,3 9
6a 6¢C HDCYI.EC-NH> 43%  TSL-1 8 2,3 10
6a 6d HDCYIL.EC-NH» N.D. TSL-3 8 2,3 11
7a 7b WDYRECYILEC-NH> 42%  TSL-6 11 5,3 12
Ta 7c WDYRECYLEC-NH> 54%  TSL-1 8 5,3 13
8a 8b HCVWWDC-NH» N.D. TSL-6 8 1,4 14
8a 8d HCVWWDC-NH> N.D. TSL-3 8 1,4 15
8a 8c HCVWWDC-NH» 48%  TSL-1 8 1,4 16
9a 9b FCDWYGC-NH>2 20%  TSL-6 8 1,4 17
10a 10b YCPY -NH> 32% TSL-6 10 1,6 18
l1la 11b FSOHHDC-NH, 28%  TSL-6 10 1,6 19
12a 12¢ WPARCLHQDI.C-NH> 29%  TSL-1 13 5,5 20
13a 13c WNPWCPWDAPI -cam 41%  TSL-1 14 6,5 21
14a 14b PCKA -NH> 30% TSL-6 10 1,6 22
15a 15b PCKGPSATC-NH> 9% TSL-6 10 1,6 23
l16a 16b PCKGRHHNC-NH; 51% TSL-6 10 1,6 24
172 17b PCKKAHGAC-NH; 9% TSL-6 10 1,6 25
18a 18b PCORGH -NH> 8.6% TSL-6 10 1,6 26
19a 19> YCKRAHKNC-NH; 14%  TSL-6 10 1,6 27
20a  20b KRAHAEC-NH> 31% TSL-6 10 1,6 28
2la  21b WCRGHDRTC-NH> 6% TSL-6 10 1,6 29
22a  22b PCAK Y C-NH» 59% TSL-6 10 1,6 30
23a  23b WCDYRC-NH2 N.D. TSL-6 7 1,3 31
24a  24c WCFYRC-NH> N.D. TSL-1 7 1,3 32
25a  25b LCFD -NH> N.D. TSL-6 8 1,3 33
26a  26d DCGFVSC-NH» N.D. TSL-3 8 1,4 34

%Y =isolated % yield.

N.D = Not determined or reaction were carried out in analytical scale

#R = Number of residues

#S = Scheme number in appendix A
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Appendix A-Table2. Peptide sequence used in the study and their properties.

Sequence (SXmCXiC) # m,n Ch GH BI 2s
R

la SHCDYYC-NH» 7 1,3 -0.75 -072 207 L
2a  SYCKADC-NH» 7 1,3 0 -039 192 L
3a  SYCKPFC-NH, 7 1,3 1 003 05 L
4a  STCQGECGGG-NH, 10 1,3 | -1  -051 211 L
5a  SICRFFCGGG-NHz 10 1,3 1 0.69 «
6a  SHDCYLEC-NH; 8 2,3 043 203 L
7a  SWDYRECYLEC-NH 11 5,3 -0.95 283 o«
8a  SHCVWWDC-NH: 8 1,4 -0.75 -001 069 L
9a  SFCDWYGC-NHa 8 1,4 -1 011 043 L
10a  SYCPYSGTNC-NHz 10 1,6 0 -054 127 B
1la SLCFSQHHDC-NH, 10 1,6 -05 -034 199 «
12a  SSWPARCLHQDLC-NH; 13 5,5 1 -034 185 o«
13 SNTWNPWCPWDAPI-cam 15 6,5 -1  -081 092 L
l4a SPCKAGTGQC-NH; 10 1,6 1 -045 1.08 L
15a  SPCKGPSATC-NH, 10 1,6 1 03 096 L
16a  SPCKGRHHNC-NH:» 10 1,6 | 25 BEN6IN 363 L
17a  SPCKKAHGAC-NH» 10 1,6 225 -052 12 «
18a SPCORGHMFC-NH, 10 1,6 125 -043 196 L
19a SYCKRAHKNC-NH, 10 1,6 325 =143 364 «
20a  SQCKRAHAEC-NH; 10 1,6 125 -1.08 347 o«
2la  SWCRGHDRTC-NHa 10 1,6 125 [ =135 433 L
22a SPCAKGMNYC-NH; 10 1,6 1 -028 08 o«
23a  CNTWNPWCPWDAPLC-NH>» 15 6,5 025 -037 046 L
24a  CSWPARCLHODLC-NH; 13 55 025 -0.08 149 «
25a SWCDYRC-NH, 7 1,3 0 -085 318 «
26a  SWCFYRC-NHa 7 1,3 1 004 151 «
27a  SLCFDNGC-NHa 8 1,4 -1 042 092 L
28a SDCGFVSC-NH, 8 1,4 -1 081 062 L

Ch= Charge (pH 7)

GH = GRAVY Hydrophobicity*®!
BI= Boman Index>¢!

2s = 2" structure prediction?®?-364

L= loop, B = B-sheet, o = a-helix
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Appendix A-Table3. Modifiers other than TSL and resulting bicyclic/monocyclic
products.

SM Pr Sequence % Linker #R m,n #S/#
. Y F
4a 4e STCQGECGGG-NH» 31 PFS 10 1,3 S35
S5a Se ICRFF -NH> 40 PFS 10 1,3 S35
23a  23f  Ac-CNTWNPWCPWDAPLCam 38 TBMB 14 6,5 S36
24a 24f Ac-CSWPARCLHQDI.C-NH> 33 TBMB 13 5,5 S37
la g HCDYYC-NH2 47 DBMB 7 1,3 F 56
2a 2g YCKADC-NH>2 47 DBMB 7 1,3 F57
3a 3g YCKPFC-NH>2 62 DBMB 7 1,3 F58
4a 4o STCQGECGGG-NH:» 19 DBMB 7 1,3 F59
S5a 5¢g ICRFF -NH> 46 DBMB 7 1,3 F 60
6a 6g HDCYLEC-NH; 27 DBMB 8 2,3 Fé6l
Ta g WDYRECYLEC-NH> 12 DBMB 11 5,3 F 62
8a 8g HCVWWDC-NH; 16 DBMB 8 1,4 F®63
Oa 9¢g FCDWYGC-NH»2 10 DBMB 8 1,4 Fo64
12a  12g WPARCLHQDLC-NH2> 46 DBMB 14 6,5 F65
14a 14g PCKA -NH> 12 DBMB 10 1,6 F66
15a 15g PCKGPSATC-NH> 10 DBMB 10 1,6 F67
16a 16g PCKGRHHNC-NH> 63 DBMB 10 1,6 F68
19a 19¢g YCKRAHKNC-NH> 32 DBMB 10 1,6 F69
20a 20g KRAHAEC-NH> 10 DBMB 10 1,6 F70
22a 22¢g PCAK YC-NH> 25 DBMB 10 1,6 F71
%Y =isolated % yield.

N.D = Not determined or reaction were carried out in analytical scale

#R = Number of residues

#S = Scheme number in appendix A

#F = Figure number in appendix A
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Appendix A-2: Phage modifications

i) 1 mM TSL-6,

i) 0.06 mM NalQ, (1)01{1,;,"";"%%’\‘
pH74 9 min, ice lhrt
n) 0.5 mM Met, Zeba”column

20 min, r.t. ' elute with

i) 1 mM TCEP
pH 4.6, 30 min
. o

" i) 50 mM NaHCO, |

H10,3h, rt !
’ © 1 mmAOB Qﬁ.ﬁ”éfe' . ¢ !’ §
phage library of \ 200 mM An ‘ =)
pepude-d|sulf|des pH4.7,1 h
library of bicyclic pephdes
B O NH: c D F
cl o~ < AOB BSH BSHl
TSL-6 / \ / \ / \
; & BC2 AC2 BC3 AC3 BC4 AC4
1
HR A R caplure W'th f,: residual f,: reactive f,: residual
" H titer avidin beads aldehyde chlorides chlorides
Ho
\N A h
T o e o T e "‘h‘” thnotste, G 3h: no TCEP
-4 5 & phage 0.1% TFA pH 10 buffer
12 12
AOB 1,=93+11% — ligation: control 1 f,=52+4%| cyclization:]| |control 2
o — i 05
" _ 80% _ 50+11%
HN’lNH before aﬂer 5114 83:19% ° S11 41413% °
HHH " o capture capture f [ b |
< = 0, = - 0,
A, NVTO/\#LN,\,SH (BC1)  (AC1) E f,=10£5% B f,=10+10%,
H ¢ - BC1-ACt 10
BSH T Bet
fraction of library 9 o
with reactive aldehyde input BC1 AC1 BC2 AC2 BC AC BC3 AC3 BC4 AC4 BC AC

Appendix A-Figure 1. Modification of the library of 10® peptides displayed on phage
by the TSL-6. (A) Scheme of the modification. (B) Reagents for synthesis or
monitoring of the reactions. (C-D) Exposure of the aldehyde-peptide library to
AOB and counting the number of phage particles before and after the capture
with streptavidin-agarose measured the fraction of library with aldehyde. (E)
Reaction of aldehyde-phage with TSL-6 decreased the fraction of library with
aldehyde from 73+11 to 10+£5%. Control incubation in TFA in the absence of
TSL-6 did not decrease the fraction of aldehydes. (F) Ligation of TSL-6
introduced thiol-reactive chlorobenzyl groups on phage that were detected by
BSH. (G) Reduction with TCEP at pH 4.6 and increase of the pH to 10 induced
bicyclization and decreased the fraction of library with thiol reactive groups from
52+4 to 10£10%. Control incubation of TSL-6-modified phage in pH 10 buffer
for 3 h in the absence of TCEP did not lead to a significant decrease of thiol-
reactive groups: phage remained reactive to BSH (E-F)
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Appendix A-Figure 2. Composition of SXCX¢C library during modification with TSL-
6 (A) Overall step-by-step modification of SXCXsC displyed peptide library by
TSL-6. (1) 0.06 mM NalO4, pH 7.9, 9 min, ice. 0.5 mM Met, 20 min, r.t.(ii) 1
mM TSL-6, 10% MeCN, 0.1% TFA, 1 h, r.t. (iii) Zeba™ column, elute with 10
mM NaAc buffer, pH 4.6 (iv) 1 mM TCEP in 10 mM NaAc buffer, pH 4.6, 30
min. Increase the pH to 10 by adding 1 M NaHCO3; and incubate for 3 h, r.t. (B)
The efficiency of oxidation was measured by exposure of the phage to
aminooxybiotin (AOB) and measuring the biotinylation by counting the number
of phage particles before and after the capture of the modified phage with
streptavidin paramagnetic particles. (C) The percentage of different chemical
species in the different steps of the modification of SXCXsC displyed peptide
library. (D) Thiol and aldehyde reactive compound for generating bicyclic phage
(TSL-6). Biotinylating compounds to monitor reaction progress for oxime
ligation (AOB) and cyclization (BSH). (E-F)
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Appendix A-Figure 3. Modification of the SXCXC library by the TSL-1 and TSL-3.
(A-B) Overall step-by-step modification of SXCXsC displyed peptide library by
TSL-1 and TSL-6. (C) The efficiency of oxidation was measured by exposure of
the library to aminooxybiotin (AOB) and measuring the biotinylation by counting
the number of phage particles before and after the capture of the library with
streptavidin paramagnetic particles. (D) “AOB-capture” after ligation of TSL
detects disappearance of aldehydes; similar “BSH-capture” detects concurrent
appearance of thiol-reactive chlorobenzyl groups and (E) their disappearance
after bicyclization. (F) “AOB capture” shows that 84% of library was oxidized,
and TSL-1 or 3 consumed all aldehyde groups. (G-H) BSH-capture confirms
appearance thiol-reactive groups on phage and their disappearance after
bicyclization. In control conditions, incubation of TSL-1 or 3 ligated phage in pH
10 buffer for 3 h in the absence of TCEP did not lead to a significant decrease of
chlorobenzyl groups: phage remained reactive to BSH.
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Appendix A-Figure 4. Modification of monoclonal phage displaying SICNQFC with
TSL-6.(A) Overall step-by-step modification of the peptide, SICNQFC displayed
on MI13KE phage by the linchpin TSL-6. (B) Thiol and aldehyde reactive
compound for generating bicyclic phage (TSL-6). Biotinylating compounds to
monitor reaction progress for oxime ligation (AOB) and cyclization (BSH). (C)
The efficiency of oxidation was measured by exposure of the phage to
aminooxybiotin (AOB) and measuring the biotinylation by counting the number
of phage particles before and after the capture of the modified phage with
streptavidin paramagnetic particles. (D-E) Reaction with TSL-6 in 0.1% TFA for
1 hour led to the disappearance of aldehyde functionality and loss of biotinylation
after exposure to AOB and concurrent appearance of thiol-reactive chlorobenzyl
groups: their presence was detected by exposure of phage to biotin-thiol (BSH).
After purification by size-exclusion Zeba™ column, to remove excess of the
linchpin TSL-6, and elution with acetate buffer (pH 4.6), exposure to TCEP at
pH 4.6 for 30 minutes for reducing the disulfides. The increase of the pH to 10
induced bicyclization. Exposure of the bicyclized product to BSH did not
produce visible biotinylating, indicating the disappearance of reactive thiol
groups.
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A Mumina Adapter Barcode priming region

F-primer 5’ —E&GCAGA‘AGACGGC‘ATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC@CTTTCTATTCTCACTCT—3’
R-primer 5’ ﬁTGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCWACAGTTTCGGCCGA*3'

B

5

F-barcode M13KE vector R-barcode 0

- forward primer ] ) reverse primer e
umina CCTTTCTATTCTCACTCT-3" variable region 3/ -AGCCGGCTTTGACA L Hiumina
Adapter UiCCTTTCTATTCTCACTCT

Adapter

* PCR [

5/ {caaG. . . ATCTIOEICCTTTCTATTCTCACTCT _chcccmmre’:ﬁnmdmm. . .CATT}-3’

3" HGTTC. . . TA TAAGAGTGAGA AGCCGGCTTTGA CTA...GT 5'
Appendix A-Figure 5. DNA sequences of PCR amplification protocol for Illumina
deep sequencing (A) Primers used for amplifying ligated or naive oligonucleotide
DNA. XXXX denotes 4-nucleotide-long barcodes used to trace multiple samples
in an Illumina sequencing experiment. (B) Generation of PCR product.
Alignment of forward and reverse primers to 18-bp and 14-bp sequences flanking

the variable region at the N-terminus of the plll gene in MI3KE vector,
respectively.

(A2)
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General NODAL selection and validation

Appendix A-3
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Appendix A-Figure 6. PCR product of TSL-6 modification and 3 rounds of the

NODAL panning.
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Appendix A-Figure 7. 20 x 20 plot comparison before and after TSL-6 modification in
input library. (20181108-160000PA-Y W) example of names from deep
sequencing files.) 20x20 plot are produce as previous publications.
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Appendix A-Figure 8. 20 x 20 plot comparison before and after TSL-6 modification
after R1 selection.
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Appendix A-Figure 9. 20 x 20 plot comparison before and after TSL-6 modification
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Appendix A-Figure 10. Scheme of selection of NODAL bicycles and post-selection
analysis of selection samples . (A) A detail flow-chart of 3 rounds of panning
against Nodal protein. (B) Heat map of top 22 sequences after amplification
(right) and acid elution. (left) Sequences were rank from high to low in the TN.
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Appendix A-Figure 11. Western blot analysis of p-SMAD?2 in response to treatment
with thNODAL and bicycles inhibitors at 100 uM (A) and 10 uM (B) in P19

cells. Total SMAD?2/3 used as controls.
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Appendix A-Figure 12. CellTiter-Glo® Luminescent Cell Viability 600
cells/wellAssay with TYK-nu-Nodal and TYK-nu-GFP treated with 19b peptide
inhibitor at 10 uM, 1 uM and 0.1 uM over 72 hours.
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Appendix A-Figure 13. CellTiter-Glo® Luminescent Cell Viability 6000
cells/wellAssay with TYK-nu-Nodal treated with 19b peptides inhibitors at 10
uM, 1 uM, 0.1 uM, 0.01 uM and 0.001 uM over 72 hours.
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Appendix A-4: Peptide stability data
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Appendix A-Figure 14. Proteolytic stability of 7a, 7b and 7c¢ in Pronase™: 7a
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Appendix A-Figure 15. Proteolytic stability of 8a, and 8¢ in Pronase™
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Appendix A-Figure 16. Proteolytic stability of 6a and 6¢ in Pronase™.
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Appendix A-Figure 19. Proteolytic stability of 15b, and 16b in Pronase™.
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238



10{J§i° 5 ~ 4
° H H
5 oo © o*Nﬁ/lLN N\_)LN N
2 < H L H
£ 10 NH HN \
8 O 7.4% o M
g HN O
£
5 1 UH
B H2N HYNH
21b NH,
0.1
0 100 200 300
time (min)

100 ¢
2 <
=
é_ <

10
8
°
]
E
s 1
ES

0.1 >0.1%

0 100 200 300
time (min)

Appendix A-Figure 22. Proteolytic stability of 21b and 22b in Pronase™

239



100

10

% of intact compound

0.1

100

»

* 81.244.4%

100

200
time (min)

300

10

% of intact compound

0.1

Appendix A-Figure 23. Proteolytic stability of 1¢, and 2¢ in fresh mouse serum.

# 30.342.23%

100

200
time (min)

300

OH

OH

240



1 v P 83.4+11.3% NH,
2

2 X

=% o]

& _}—NHH \.)LN
9 40 N= = R

C
% 3c S—, H HN 0
- ?

HaN
“
0 100 200 300
time (min)
o

100 . o 956:243% ) -
E ANyt

3 og Nt 0 A 5

£ j/ H H
S 10 HO HN” S I-“'HrN\)LN’YN\)LNHZ
T /‘Yg s o Hoo
B (¢}
£
“ HN._O 4d
ES N ¢

0.1 N\O_/—/

0 100 200 300
time (min)
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Appendix A-Figure 25. Proteolytic stability of Sd and 6¢ in fresh mouse serum.
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Appendix A-Figure 29. Proteolytic stability of 3g and 4g in Pronase™.
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Appendix A-Figure 30. Proteolytic stability of 5g and 6g in Pronase™.
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Appendix A-Figure 32. Proteolytic stability of 9g and 13g in Pronase™.
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Appendix A-Figure 33. Proteolytic stability of 14g, 16g and 22g in Pronase™.
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Appendix A-Figure 34. Proteolytic stability of 4d and 4e in Pronase™.
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Appendix A-5: Summary of synthesis
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Appendix A-Figure 36. Synthesis summary of 1c.
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Appendix A-Figure 37. Synthesis summary of 2c.
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Appendix A-Figure 38. Synthesis summary of 3c.
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Appendix A-Figure 39. Synthesis summary of 4d.

256



SICRFFCGGG-TSL3

Hz

HN

&HN\)& 0

Nosi

S

HN

(o}

L0
«C, D

Chemical Formula: Cg5H74N14012S2
Exact Mass: 1186.5052

o © j_,NH2
\/[(N
Starting material mass = 5.9 mg H
Final product mass = 3.7 mg
uv214
2.00+ - 100
] Product —»
2 1.00: - 50 %B
0.00- -0
— T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Minutes
Gradient Table
Time | Solvent B
(min) (%) Flow rate: 8 mL/min
0 2 Symmetry C18 prep column
2 2 (100 A, 5 um, 19 mm X 50 mm)
18 50
21 100 Solvent A: HyO + 0.1% (viv) TFA
24 100 Solvent B: CHCN + 0.1% (v/v) TFA
26 2
30 2
100 , UV214
N ]
0 . : v
0.0 1.0 20 3.0 4.0 5.0 6.0 7.0 8.0
min
100 (6.396 min) 1187.4
80 [M+H]*
.60 594.4
s 40 [M+2H]
20
0 .
m/z 0 200 400 600 800 1000 1200 1400 1600

Appendix A-Figure 40. Synthesis summary of 5d.
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Y
Kn/“‘\)'\ Exact Mass: 1562.60

Ho’koo H NHy
Starting material mass: 7 mg \©\0H
Final product mass: 3 mg
uv 214
] 1 100
1.004 Product
50.50 - 50 %B
<< ]
0.00-] 0
L B e I L I B o e e I L e e o e e B B LA R R S
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Minutes
Gradient Table
Time | Solvent B
(min) | (%) Flow rate: 8 mL/min
0 2 Symmetry C18 prep column
2 2 (100 A, 5 um, 19 mm X 50 mm)
18 50
s 100 Solvent A: HyO + 0.1% (v/v) TFA
24 100 Solvent B: CH5CN + 0.1% (viv) TFA
26 2
30 2
1007 UV 214
X
01+—
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
min
(5.691 min)
100
7824/
80 [M+2H]*
.60
x
40
20
0+ T T by Lt T - r )
miz 0 200 400 600 800 1000 1200 1400 1600

Appendix A-Figure 41. Synthesis summary of 7c.

258



SWDYRECYLEC-TSL6

H 2N

\)’\
ﬂ Q T

Formula: C77H19gN16021S2

XN 'u,
o J/: \©\ Chemical :
NH o? Exact Mass:

LY JL £

Starting material mass: 19 mg
Final product mass: 8 mg

1648.6690

uv 214
1 L 100
: -
5 1.00] Product - 50 %B
< 4
0.00 -0
eSEEL o ———— e —— S ———————
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Minutes
Gradient Table
Time | Solvent B
(min) (%) Flow rate: 8 mL/min
Y 2 Symmetry C18 prep column
2 2 (100 A, 5 um, 19 mm X 50 mm)
18 50
. 100 Solvent A: H,0 + 0.1% (v/v) TFA
24 100 Solvent B: CHCN + 0.1% (v/v) TFA
26 2
30 2
100 3 uv 214
=
0
0.0 1.0 2.0 3.0 40 5.0 6.0 7.0 8.0
min
(5.178 min)
1% 8255(
20 M+2H]
_ 60
=
40
20
(! 1 | | PN
miz 0 200 400 600 800 1000 1200 1400 1600

Appendix A-Figure 42. Synthesis summary of 7b.
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SHCVWWDC-TSLA1

HN’\\N
o X o HN
N X
)Lu N\:)J\”Ifo Chemical Formula:
No o 957 N Cs4Hp1N13011S2
(o) Exact Mass: 1131.41
O  NH

H
o, Nj@\ N\ NH
Starting material mass = 9.1 mg HZNLO © 0P on

Final product mass =4.2 mg

uv214
1 1100
27
] Product —» .
S 1] 150 %B
<
04 0
e I
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Minutes
Gradient Table
Time | Solvent B
(min) (%) Flow rate: 8 mL/min
0 2 Symmetry C18 prep column
2 2 (100 A, 5 um, 19 mm X 50 mm)
18 50
21 100 Solvent A: HyO + 0.1% (v/v) TFA
24 100 Solvent B: CH5CN + 0.1% (v/v) TFA
26 2
30 2
100 1 uyv214
3 i
0.0 1.0 2.0 30 4.0 5.0 6.0 7.0 8.0
min
(4.194 min)
1004
E 11323
803 566.8 +
60 M+2H]* [M+H]
\0 =
404
203
E . . L. . - . . .
miz 0 200 400 600 800 1000 1200 1400 1600

Appendix A-Figure 43. Synthesis summary of 8c.
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SFCDWYGC-TSL6

OH NH,

HN H :/ oy &
HO N ‘N ~ N”
TN

4 o]

Chemical Formula: C57HggN10013S2
Exact Mass: 1162.4252
Starting material mass = 20 mg
Final product mass = 5 mg
] 1 100
‘: Product —=
D A - 50 %B
< 4
-0
I I e e B B B e L B o e e T B B e L e
0 2 4 6 8 10 12 14 16 18 20 22 24 26
Gradient Table
Time | Solvent B
(min)| (%) Flow rate: 8 mL/min
0 2 Symmetry C18 prep column
2 2 (100 A, 5 pm, 19 mm X 50 mm)
18 50
£ 200 Solvent A: HyO + 0.1% (v/v) TFA
e 190 Solvent B: CHACN + 0.1% (viv) TFA
26 2
30 2
1001 yvazo
R
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
min
100 (6.219 min)
80 . 1163.3/
= [M+2H] [M+H])"
= 582.3
40
20
03 1 e ooy i " i . A ; ,
miz 0 200 400 600 800 1000 1200 1400 1600

Appendix A-Figure 44. Synthesis summary of 9b.
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SSWPARCLHQDLC-TSLA1

Starting material mass = 15 mg

HN

HN NHz

H o H 9
N\)LN N\)LN o
H H
0 o / NH

N—/ Chemical
E )\HN

LY\”

HoN

Formula: C72HgiN2101852
Exact Mass: 1611.71

Z-0

Final product mass = 4.6 mg

2.00 4 o
2 1007 L 50 %B
] <«— Product
0.00 )
T T T T T T T T T T T
0 2 4 6 8 0 12 14 16 18 20 22 24 26 28 30
Minutes
Gradient Table
Time | SolventB
(min) (%) Flow rate: 8 mL/min
0 2 Symmetry C18 prep column
2 2 (100 A, 5 um, 19 mm X 50 mm)
18 50
| 100 Solvent A: HyO + 0.1% (v/v) TFA
24 2 Solvent B: CH,CN + 0.1% (viv) TFA
26 2
30 2
100) uv214
®
O T T T T T T T T T T T T T T T T 1
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
min
(3.896 min)
100 806.9
80 [M+2H]*
.60
a~
40
20
E ; ‘ | E— -‘ — ; , :
mz 0 200 400 600 800 1000 1200 1400 1600

Appendix A-Figure 45. Synthesis summary of 13c.
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SNTWNPWCPWDAPLCam-TSLA1

H
H
o OHN N\'/&ooo NH
/E\(k o R0 \\“'KrrN
HO (o} |
HN O NHy Sy 0 g u
NJ\MO/_Cg ﬁ
Y s un-Xp © Chemical Formula: CggH11gN20050S 2
HaN" o

\L Kfo Exact Mass: 1842.76

N

ojP/ U
Starting material mass = 3 mg
Final product mass = 1.3 mg

uv 214
2.00
p Product — - 100
2 1004 - 50 %B
0.003 0
T T T T T T T T T e T
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Minutes
Gradient Table
Time | SolventB
(min) (%) Flow rate: 8 mL/min
0 2 Symmetry C18 prep column
2 2 (100 A, 5 um, 19 mm X 50 mm)
18 50
21 100 Solvent A: HyO + 0.1% (v/v) TFA
24 100 Solvent B: CH4CN + 0.1% (v/v) TFA
26 2
30 2
100, uv 214
1
0 l./
0.0 1.0 2.0 3.0 4.0 min 5.0 6.0 7.0 8.0
100 3 (7.341 min)
80 3 922.4+
60; [M+2H]
403
20 3
0 r r r T A T T \
m/z 0 200 400 600 800 1000 1200 1400 1600

Appendix A-Figure 46. Synthesis summary of 12c.
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SPCKGPSATC-TSL6

NH,

H H
QFN\AN ¥
I H
N s~

CO'_\ i g;\N Chemical Formula: CggH7gN12014S2
0 Exact Mass: 1132.5045
HNL\OH
i \: o “ HN
2 N
Starting material mass: 10 mg ﬂ/\HH E)\
Final product mass: 1 mg
uv214
] - 100
2.00 =
] : 50 %B
2 1.00 ] E_ 9
0.001 ‘_— = 0
v T 7 v T T T T T T T T v
0 2 4 8 10 12 14 16 18 20 22 24 26 28 30
Time |SolventB
(min) (%)
0 2 Flow Rate: 8 mL/min
5 5 Symmetry C18 Prep Column
(100 A, 5 um, 10 mm X 50 mm)
21 50
23 100 Slovent A: H + 0.1% (v/v) TFA
26 100 Slovent B: MeCN + 0.1% (v/v) TFA
295 2
30 2
100 yv214
=S
e
0
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
min
100 i+
+
o 2
60 ’ 1133.3
O-\O
40
20
0 1 L . . s . . . . ’
miz 0 200 400 600 800 1000 1200 1400 1600

Appendix A-Figure 47. Synthesis summary of 15b.
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SPCKGRHHNC-TSL6

he: f#
oy {m

Chemical Formula: Cs7Hg4N2g013S2
N Exact Mass: 1320.5968
: ]
HENLO NH, \ E
Starting material mass: 6.0 mg
Final product mass: 10.0 mg
uv 214
] — 100
2.00 4 Product —— =
5 1.00 ] E 50 %B
< ] 5
0.00 - - 0
— G
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Time | Solvent B
(min) (%)
0 2 Flow Rate: 8 mL/min
5 5 Symmetry C18 Prep Column
(100 A, 5 um, 10 mm X 50 mm)
21 50
2 190 Slovent A: HLO +0.1% (viv) TFA
26 100 Slovent B: MeCN + 0.1% (v/v) TFA
29.5 2
30 2
100q uv 214
X
04
0.0 1.0 20 3.0 4.0 5.0 6.0 7.0 8.0
min
100 [M+3H]+ (2.836 min)
:g (M+4H]" A3 e
° 331.3 661.4 ¥
>~
25 [M+H]
1321.4
20 l
0 . T r r T r T T W
miz 0 200 400 600 800 1000 1200 1400 1600

Appendix A-Figure 48. Synthesis summary of 16b.
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SPCQRGHMFC-TSL6

o s
'“f
\.s NH o NH
NH HN)K& hemical
H2N

Starting material mass: 10 mg
Final product mass: 1 mg

Formula: CggHgsN17013S3

Exact Mass: 1347.57

uva14
] - 100
2.00 T —
5 1.00 4 FRosict = - 50 %B
< A =
0.00 . T T T T T T T T T T T T T T T T T T T T T T T T T 2 0
0 2 4 8 10 12 14 16 18 20 22 24 26 28 30
Time |SolventB
(min) (%)
0 2 Flow Rate: 8 mL/min
5 5 Symmetry C18 Prep Column
(100 A, 5 ym, 10 mm X 50 mm)
21 50
23 100 Slovent A: H0 + 0.1% (v/v) TFA
26 100 Slovent B: MeCN + 0.1% (v/v) TFA
29.5 2
30 2
1007 uv214
°
0+
0.0 1.0 2.0 3.0 4.0 50 6.0 7.0 8.0
min
100 (Mi2H]"| (4096 min)
o 674.8
. 60
ES
40 M+H]
20 1348.4
RE| . — L . . . I ,
miz 0 200 400 600 800 1000 1200 1400 1600

Appendix A-Figure 49. Synthesis summary of 18b.

266



SYCKRAHKNC-TSL6

OH

Oﬁ’)\ Chemical Formula: CgyHg3N1g014S2
HN N Exact Mass: 1391.66

B Molecular Weight: 1392.67
Y O 4 HN N
H.,.N\g/'\N N
H
o
H, NH,
Starting material mass :10 mg
Final product mass: 1.6 mg
uv214 HPLC Purification Trace — 100
= - 50 %B
— 0
S S By B B T e B S e e
0 10 20 30
Time |Solvent B|
(min) (%)
0 2 Flow Rate: 8 mL/min
2 5 Symmetry C18 Prep Column
(100 A, 5 ym, 10 mm X 50 mm)
21 50
23 100 Slovent A: H,0 + 0.1% (viv) TFA
26 100 Slovent B: MeCN + 0.1% (v/v) TFA
29.5 2
30 2
uv214
60
104
mnoo 10 20 30 40 50 60 70
100 3us(+) 349.1 465.0
80 [M+4H]* [M+3H]
60 697.0
40 [M+2H]* 13924
20 [M+H]*
03 L . ! :
m/z 0 200 400 600 800 1000 1200 1400 1600

Appendix A-Figure 50. Synthesis summary of 19b.
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SWCRGHDRTC-TSL6

N>~ 0o HN
NH o
H
mn— H(N /
HN:’\ 2
NHp OF(
NH
X

Starting material mass: 10 mg
Final product mass: 0.7 mg

s NH,
[e) HoN
C/j i N 1 i
. NH
o HN _/_

Chemical

Formula: Cg4HggN2gO15S2
Exact Mass: 1402.6023

] - 100
2.00] =
2 1.00] 50 %B
Product ——» -
0=~ S N N~ F
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Time |Solvent B
(min) (%)
0 2 Flow Rate: 8 mL/min
5 5 Symmetry C18 Prep Column
(100 A, 5 ym, 10 mm X 50 mm)
21 50
23 100 Slovent A: HyD + 0.1% (viv) TFA
26 100 Slovent B: MeCN + 0.1% (v/v) TFA
29.5 2
30 2
100, UV 214
X
0
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
min
100
80
M+3H]"
60 N
S 468.7 [M+2H]
40 702.3 M+HTF
20 | 1403.4
0~ - peket - ' : ' ' '
m/z 0 200 400 600 800 1000 1200 1400 1600

Appendix A-Figure 51. Synthesis summary of 21b.
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SPCAKGMNYC-TSL6

o}

H H
" N\)L ,LgN NH,
NoAo® s NH
Cj OE) Chemical Formula: CsgHg1N13014S3
H S Exact Mass: 1255.5188
Py
oy
H
NH,
Starting material mass: 10 mg H
Final product mass: 0.7 mg
' = 100
2.00 =
5 1.00 - = 50 %B
Ee ] =
0_00_-""I .‘....“‘.*_‘.'.Dm(.jum....‘,..:_0
0 2 4 8 10 12 14 16 18 20 22 24 26 28 30
Time |SolventB
(min) (%)
0 2 Flow Rate: 8 mL/min
5 5 Symmetry C18 Prep Column
(100 A, 5 ym, 10 mm X 50 mm)
21 50
2 100 Slovent A: HyO + 0.1% (v/v) TFA
26 100 Slovent B: MeCN + 0.1% (v/v) TFA
29.5 2
30 2
100, UV214
3
0
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
min
(4.439 min)
100 628.8
s
o [M+H]
A0 [M+2H] 1256.3
. 60
=S
40
20
O | I 'I . A . I . l . . r .
miz 0 200 400 600 800 1000 1200 1400 1600

Appendix A-Figure 52. Synthesis summary of 22b.
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STCQGECGGG-PFS

HZN\)LN §
DOH

uny
Q
N
Q
I
: :-n
@ 4

Chemical Formula: Cy3Hs0FgN;,0455;5
Exact Mass: 1222,26
Molecular Weight: 1223.11
Starting material mass : 9.7 mg
Final product mass: 5.0 mg

uv214 HPLC Purification Trace — 100
2 - 50 %B
i o
— 1 T T T T
0 10 20 30
Time |Solvent B
(min) %
0 2 Flow Rate: 8 mL/min
2 2 Symmetry C18 Prep Column
18 s (100 A, 5 ym, 10 mm X 50 mm)
21 100 Slovent A: H,0 +0.1% (v/v) TFA
24 100 Slovent B: MeCN + 0.1% (v/v) TFA
26 0
30 0
uv220 Purity: 100%
80 -
X
30
mngo 10 = 20 30 40 50 80 710 '
100 MS(+) 1223.1
80 [M+H]*
50 612.1
40 [M+2HP>*
20 l
O } Iy L
miz 0 200 400 600 800 1000 1200 1400 1600

Appendix A-Figure 53. Synthesis summary of 4e.
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SICRFFCGGG-PFS

Chemical Formula: Cs7;HggFgN14041S3

Exact Mass: 1370.41
Molecular Weight: 1371.41

Starting material mass : 5.5 mg
Final product mass: 3.2 mg

uv220 HPLC Purification Trace 100
2 - 50 %B
o 0
Y 1 X ¥ T ) ) T Y T Y y y T T L) . d ¥ ¥ ¥ L 2 X L Y ¥
0 10 20 30 min
Time [Solvent B
(min) (%)
0 2 Flow Rate: 8 mL/min
2 2 Symmetry C18 Prep Column
18 70 (100 A, 5 ym, 10 mm X 50 mm)
21 100 .
24 100 g:ovent A.. H,0 +0.1% (viv) TFA
ovent B: MeCN + 0.1% (v/v) TFA
26 0
30 0
Uv220 Purity:98.2%
604
ES
104
00 10 20 30 40 50 &0 70 " min
1003 ms(+) 686.3
80 [M+2HP
60
40 1371.3
20 [M+H]*
RE! ' : ’ |
0 200 400 600 800 1000 1200 1400 1600 m/z

Appendix A-Figure 54. Synthesis summary of Se.
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SHCDYYC-DBMB

OH

=
=
2

e}

ZI/

Al

OH
Chemical Formula: Cy5Hs4N1042S, ES""

Exact Mass: 990.34

N
H

Molecular Weight: 991.11 HoN
H
Starting material mass :10 mg
Final product mass: 5.2 mg
HPLC Purification Trace
uv214 . — 100
= — 50 %B
| AN I
T e e B S Sy ey B B S I [ R e e L A
0 10 20 30
Time |SolventB
(min) (%)
0 2
2 2 Flow Rate: 13 mL/min
18 70 Phenomenex Kinetex EVO C18 Prep Column
21 100 (100 A, 5 ym, 21.5 mm X 250 mm)
24 100 Slovent A: H,0 +0.1% (v/v) TFA
26 2 Slovent B: MeCN + 0.1% (v/v) TFA
295 2
30 2
LC-MS Trace
uvaz20
80
*
ES
30
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 min
496.3
M+2H]"
100 5 ms(+) [ 1
80
= 991.2
1.
40 [M+H]+1
20
3 ey N
m/iz 0 200 400 600 800 1000 1200 1400 1600

Appendix A-Figure 55. Synthesis summary of 1g.



SYCKADC-DBMB

HoN
OH
o H o o)
HaN L N}” ;
m..lL

Chemical Formula: C3gHs5Ng0 1S,
Exact Mass: 889.35
Molecular Weight: 890.04

Iz
N

53
HN ©
H
N
S/““L OH
HoN 2

HPLC Purification Trace

Starting material mass: 10 mg
Final product mass: 5.3 mg

uv214 100
*
= — 50 %B
,————/—_—)
-0
I T T By Ea R E E S T R R S T I
0 10 20 30
Time [ Solvent B
(min) (%)
0 2
2 2 Flow Rate: 13 mL / min
Phenomenex Kinetex EVO C18 Prep Column
21 50 (100 A, 5 um, 21.5 mm X 250 mm)
23 100
26 100 Slovent A: H,0 + 0.1% (v/v) TFA
Slovent B: MeCN + 0.1% (v/v) TFA
29.5 2
30 2
LCMS Trace
uv220
60
X
10
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 min
100 3 MS(+) 44558
80 [M+2H]*?
60 890.2
40 [M+H]"
20
0 = - - - , : , - )
m/z 0 200 400 600 800 1000 1200 1400 1600

Appendix A-Figure 56. Synthesis summary of 2g.

273



SYCKRFC-DBMB -

NH
R Chemical Formula: C4gHgqNgOgS5

= NH;
| Or/\’ Exact Mass: 947.40
@ Molecular Weight: 948.17
:E [o)
HN
| %
1, N
H7NL0

HPLC Purification Trace
- 100

uv214 *
\ - 50 %B
1 - |,
0 I T T P TE e N T T

Starting material mass :10 mg
Final product mass: 7.0 mg

=
<
0 10 20 30
Time |Solvent B
(min) | (%)
0 2
2 2 Flow Rate: 13 mL/min
18 70 Phenomenex Kinetex EVO C18 Prep Column
21 100 (100 A,Spm, 21.5 mm X 250 mm)
24 100 Slovent A: H,0 +0.1% (viv) TFA
26 2 Slovent B: MeCN + 0.1% (v/v) TFA
295 2
30 2
LCMS Trace
80
ES
30
0.0 1.0 2.0 3.0 40 5.0 6.0 7.0 min
100 474.9
MS(+) 2
80 [M+2H]
60 948.3
40 [M*‘H]‘1
20
e = il _— ; . .
m/z 0 200 400 600 800 1000 1200 1400 1600

Appendix A-Figure 57. Synthesis summary of 3g.

274



STCQGECGGG-DBMB

o} Q
HZNWNH
O, _NH 0 o
L & .
1 B j HY . Chemical Formula: C35HsgN12045S5
i \gf N l Exact Mass: 998.36
OH HN Molecular Weight: 999.08
w" 0 o] H o]
& HN\)LN’\EN\)LNHz
H

Starting material mass :10 mg
Final product mass: 1.7 mg

HPLC Purification Trace
*

uv214 - 100
2 - 50 %B
Ek -0
1 [ [ | [ 1 [ | [ [ 0 | 1 [ | 1 0 [ [ | [ [ 1
0 10 20 30
Time |SolventB
(min) (%)
0 2
2 2 Flow Rate: 13 mL / min
18 70 Phenomenex Kinetex EVO C18 Prep Column
21 100 (100 A, 5 ym, 21.5 mm X 250 mm)
24 100 Slovent A: H,0 +0.1% (viv) TFA
26 2 Slovent B: MeCN + 0.1% (v/v) TFA
295 2
30 2
LCMS Trace
194 UV220
* 50
*
0.0 1.0 2.0 3.0 4.0 5.0 8.0 7.0 min
e MS(+) 3108
80 [M4H] S
60 [ ]
40 620.4 1239.4
20 [M+2H] [M+H]
E ‘ . i i . . | . ,
miz 0 200 400 800 800 1000 1200 1400 1600

Appendix A-Figure 58. Synthesis summary of 4g.
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SICRFFCGGG-DBMB

R

o]
Ay
H

HN
m Chemical Formula: C53H74N;4044S,

o Exact Mass: 1146.51

tH Molecular Weight: 1147.38

5
o . HN/LO
S ¢

HPLC Purification Trace

Starting material mass: 10 mg
Final product mass: 5.1 mg

uv214 x - 100
0
— — T ; TR — 7 T
0 10 20 30
Time |SolventB
(min) (%)
0 2
2 2 Flow Rate: 13 mL/min
18 70 Phenomenex Kinetex EVO C18 Prep Column
21 100 (100 A, 5 ym, 21.5 mm X 250 mm)
24 100 Slovent A: H,0 + 0.1% (v/v) TFA
26 2 Slovent B: MeCN + 0.1% (v/v) TFA
29.5 2
30 2
LCMS Trace
Uv220
80
RS
" 30
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 min
100 s )
a0 1147.4
60 574.4 [M+1H]"!
40 [M+2H]*2
20
miz 0 200 400 600 800 1000 1200 1400 1600

Appendix A-Figure 59. Synthesis summary of 5g.
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SHDCYLEC-DBMB

OH

NH
OJ\OI-T \)LN o) Chemical Formula: C47Hg3N11 01452
EY

Exact Mass: 1069.40

- NH
S’m Molecular Weight: 1070.20
H HN
5 N
HZN"LO 0

Starting material mass :10 mg H

Final product mass: 3.0 mg

HPLC Purification Trace
*

uv214 ~ 100
2 M J\\ B
-0
I N TR o N N N N I T I N S N R T S T T
0 10 20 30
Time | Solvent B
(min) | (%)
0 2
2 2 Flow Rate: 13 mL/min
18 70 Phenomenex Kinetex EVO C18 Prep Column
21 100 (100 A, 5 ym, 21.5 mm X 250 mm)
24 100 Slovent A: H,0 +0.1% (viv) TFA
26 2 Slovent B: MeCN + 0.1% (v/v) TFA
295 2
30 2
LCMS Trace
uv220
80
30
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 min
535.8
100 — MS(+) [M+2H]=
1070.3
80 [M+H]
60
40
20
NE —
m/z Q 200 400 600 800 1000 1200 1400 1600

Appendix A-Figure 60. Synthesis summary of 6g.
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SWDYRECYLEC-DBMB

OH
o
HN, Chemical Formula: C7,HgyN1605,S,
OI\r Exact Mass: 1566.63
NH Molecular Weight: 1567.76
0,
NH o

S/':._
HZNLO i

Starting material mass:10 mg
Final product mass: 1.3 mg

HPLC Purification Trace
*

uv214 ~ 100
= - 50 %B
-0
— T T T T T T T T T T T T T T T T
0 10 20 30
Time |Solvent B
(min) (%)
0 2
2 2 Flow Rate: 13 mL/min
18 70 Phenomenex Kinetex EVO C18 Prep Column
21 100 (100 A, 5 ym, 21.5 mm X 250 mm)
24 100 Slovent A: H,0 + 0.1% (v/v) TFA
26 2 Slovent B: MeCN + 0.1% (v/v) TFA
29.5 2
30 2
LCMS Trace
uv220
60
B
10
0.0 10 2.0 3.0 4.0 5.0 6.0 70 min
190 3 s+ 784.4
80 [M+2H]*2
60
40
20
0 , ' ] — . - . . X
miz 0 200 400 600 800 1000 1200 1400 1600

Appendix A-Figure 61. Synthesis summary of 7g.
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SHCVWWDC-DBMB

H Exact Mass: 1135.44

Starting material mass: 20.0 mg

Final product mass: 3.6 mg
HPLC Purification Trace

o
o o HN
Ao \)LH oYy
. HN Chemical Formula: Cs4HgsN13011S2

Molecular Weight: 1136.31

uv214 ~ 100
*
2 - 50 %B
T T 1 1 l 1 1 T l [l T T I i T [ 1 l T [l 0 I & 0
0 10 20 30
Time |Solvent B
(min) (%)
0 2
2 2 Flow Rate: 13 mL/min
18 70 Phenomenex Kinetex EVO C18 Prep Column
21 100 (100 A, 5 pm, 21.5 mm X 250 mm)
24 100 Slovent A: H,O +0.1% (v/v) TFA
26 2 Slovent B: MeCN + 0.1% (v/v) TFA
29.5 2
30 2
LCMS Trace
uv220
80
ES
30
0.0 10 20 3.0 40 5.0 6.0 7.0 min
100
MS(+) 568.9
80 [M+2H]"2
60
1136.3
40 (MeH]
20
O T leds 1
miz 0 200 400 600 800 1000 1200 1400 1600

Appendix A-Figure 62. Synthesis summary of 8g.
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SFCDWYGC-DBMB

Chemical Formula: CsyHggN 104252
Exact Mass: 1080.38
Molecular Weight: 1081.23

Starting material mass :10 mg
Final product mass: 1.1 mg

HPLC Purification Trace
uv214 * ~ 100

= — 50 %B
— 0
— T T T T T T T T T T T T T T T T T
0 10 20 30
Time |Solvent B
(min) | (%)
0 2
2 ) Flow Rate: 13 mL/min
18 70 Phenomenex Kinetex EVO C18 Prep Column
21 100 (100A,5pm, 21.5 mm X 250 mm)
24 100 Slovent A: H,0 + 0.1% (viv) TFA
26 2 Slovent B: MeCN + 0.1% (v/v) TFA
29.5 2
30 2
LCMS Trace
100 7 yyaz20
2 50
0.0 1.0 2.0 3.0 4.0 5.0 min
1081.3
100 5 ms(+) [M+H]"
a8 541.3
o0 [M+2H]?
40
20
0 . . Ll . = :
m/iz 0 200 400 600 800 1000 1600

Appendix A-Figure 63. Synthesis summary of 9g.
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SSWPARCLHQDLC-DBMB

H2N NH

%hg oy

W
m"? Chemical Formula: C72H105N21015S2

O
HNI,,,OH Exact Mass: 1615.74
Molecular Weight: 1616.88

b ,Lo? I;f

H,N

Starting material mass :10 mg
Final product mass: 4.9 mg
HPLC Purification Trace

uv214 * - 100
2 - 50 %B
-0
e O e e e ey B ey e e e e e S A ey ey ey e
0 10 20 30
Time |Solvent B
(min) (%)
0 2
2 2 Flow Rate: 13 mL / min
18 70 Phenomenex Kinetex EVO C18 Prep Column
21 100 (100 A, 5 pm, 21.5 mm X 250 mm)
24 100 Slovent A: H,0 +0.1% (viv) TFA
26 2 Slovent B: MeCN + 0.1% (v/v) TFA
29.5 2
30 2
LCMS Trace
uvaz20
80
S 30
0.0 1.0 20 3.0 4.0 5.0 6.0 7.0 min
100 3 MS(+) 539 8
80 [M+3H]* 808.9
60 [M+2H]
40
20
043 : —te Ll ey . ; : :
miz 0 200 400 600 800 1000 1200 1400 1600

Appendix A-Figure 64. Synthesis summary of 12g.
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SPCKAGTGQC-DBMB

NH,
o]
N, Q HN N o
\—< \,_% H \/« OH
~\ N o
H 'S H

Starting material mass: 10.0 mg
Final product mass: 1.3 mg

HPLC Purification Trace

Chemical Formula: C44HggN13043S5
Exact Mass: 10561.46
Molecular Weight: 1052.23

uv214 — 100
2 * - 50 %B
0
— o e By S S Sy ey S Ry
0 10 20 30
Time |Solvent B
(min) | (%)
0 2
2 2 Flow Rate: 13 mL/min
18 70 Phenomenex Kinetex EVO C18 Prep Column
. Tiit (100 A, 5 ym, 21.5 mm X 250 mm)
24 100 Slovent A: H,0 + 0.1% (viv) TFA
26 2 Slovent B: MeCN + 0.1% (v/v) TFA
29.5 2
30 2
LCMS Trace
uv220
*
60
=
10
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 min
1993 ms() 5268
80 [M+2H]*2
60 469.1
. 1052.3
40 MR [M+H]"
20 \
I b L I
miz 0 200 400 600 800 1000 1200 1400 1600

Appendix A-Figure 65. Synthesis summary of 14g.
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SPCKGPSATC-DBMB

H
W N
é NH
?,N Chemical Formula: C4sH7oN12013S5
A Exact Mass: 1050.46

Molecular Weight: 1051.25

Starting material mass: 5 mg
Final product mass: 0.5 mg

uva14
- |
<
-
_—
[ [ ] l [ 1 [ 1 | [] [ 1 ‘ [ [ [] 1 l [ 1 [ ‘ [ 1 [ 1 - 0
0 10 20 30
Time |SolventB
(min) (%)
0 2
2 2 Flow Rate: 13 mL/min
18 70 Phenomenex Kinetex EVO C18 Prep Column
21 100 (100 A, 5 pm, 21.5 mm X 250 mm)
2 144 Slovent A: H,0 +0.1% (v/v) TFA
26 2 Slovent B: MeCN + 0.1% (v/v) TFA
29.5 2
30 2
LCMS Trace
uv220
60
ES
10
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 min
526.3
+2
100 MS(+) [M+2H]
80
60 1051.3
40 (M+H]"!
20
o - + T T T T J
m/z 0 200 400 600 800 1000 1200 1400 1600

Appendix A-Figure 66. Synthesis summary of 15g.
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SPCKGRHHNC-DBMB ,,

NH,

\

H
) HN H
g 0 g Chemical Formula: Cs3H7gN20012S;
H

NN
N
¢
N
oH Exact Mass: 1238.55
Molecular Weight: 1239.44
S—,
HZN{ NP

H,N
Starting material mass :10 mg
Final product mass: 6.8 mg
HPLC Purification Tra::e

uva214 — 100
= — 50 %B
jg - 0
B e e e e e e L B e By iy e
0 10 20 30
Time |SolventB
(min) (%)
0 2
2 2 Flow Rate: 13 mL / min
18 70 Phenomenex Kinetex EVO C18 Prep Column
21 100 (100 A, 5 ym, 21.5 mm X 250 mm)
24 100 Slovent A: H,0 + 0.1% (viv) TFA
26 2 Slovent B: MeCN + 0.1% (v/v) TFA
29.5 2
30 2
LCMS Trace
0e UV220
e 50
*
- ﬁ—,’//
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 min
1 MS(+) 310.8 414.0
80 [M+4H]* M +3"_|]‘3
60
40 620.4 1239.4
20 [M+2H]2 [M+H]
04 : . - : : i : :
miz 0 200 400 600 800 1000 1200 1400 1600

Appendix A-Figure 67. Synthesis summary of 16g.
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SYCKRAHKNC-DBMB

NH,
HN=.§sl
NH, H
HO
e LY
e H
HN HH \)LN 2 : ;
Chemical Formula: C57Hg7zN19043S,

o
; H I H
H; )LH N\__/I§O : HN Exact Mass: 1309.62
= x

Molecular Weight: 1310.56
H
O
H.N“ 0 HNS0

HPLC Purification Trace

Starting material mass : 4 mg
Final product mass: 2.3 mg

uv214 — 100
*
= — 50 %B
-0
O e B By B S B
0 10 20 30
Time |Solvent B
(min) | (%)
0 2
2 2 Flow Rate: 13 mL / min
18 70 Phenomenex Kinetex EVO C18 Prep Column
21 100 (100A,5pm, 21.5 mm X 250 mm)
24 100 Slovent A: H,0 + 0.1% (v/v) TFA
28 2 Slovent B: MeCN + 0.1% (v/v) TFA
295 2
30 2
LCMS Trace
100 - UV220
R { k k
0.0 1.0 20 3.0 4.0 5.0 6.0 7.0 min
100 3 s+ 3286 4378
80 [M+4H]* [M+3H]®  655.9
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e 2] 13104
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Appendix A-Figure 68. Synthesis summary of 19g.
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SQCKRAHAEC-DBMB

H,N_ O

N
H

W

Exact Mass: 1232.55
Molecular Weight: 1233.43

~
S y HN
oL
H.N" 0

HPLC Purification Trace

HNI Chemical Formula: C54HggN10,4S,
0O

O

H

Starting material mass: 5.0 mg
Final product mass: 0.5 mg

uva14 - 100
2 - 50 %B
__.{ -0
[ I T T T T 1 [ l T T 0 T T T T T T [ | T T T
0 10 20 30
Time |SolventB
(min) (%)
0 2
2 2 Flow Rate: 13 mL/min
18 50 Phenomenex Kinetex EVO C18 Prep Column
21 100 (100 A, 5 pm, 21.5 mm X 250 mm)
24 160 Slovent A: H,0 +0.1% (v/v) TFA
26 2 Slovent B: MeCN + 0.1% (v/v) TFA
29.5 2
30 2
LCMS Trace
uv220
60
<
10
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 min
412.0
[M+3H]*
100 MS(+)
80
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Appendix A-Figure 69. Synthesis summary of 20g.
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SPCAKGMNYC-DBMB

HoN
5/
Q
o
(Nj\fOHN LE HH \)LH o
. HN HN o
.vﬁgo \é/go Chemical Formula: Cg1H75N1304355
~g Exact Mass: 1173 .48
4, Molecular Weight: 1174.42
HZN’EO
Starting material mass: 5 mg
Final product mass: 1.4 mg
HPLC Purification Trace
uv214 — 100
=, * - 50 %B
A 0
O e e B e e o e B B By S B
0 10 20 30
Time |Solvent B
(min) | (%)
0 2
2 2 Flow Rate: 13 mL / min
Phenomenex Kinetex EVO C18 Prep Column
21 50 (100 A, 5 pm, 21.5 mm X 250 mm)
23 100
26 100 Slovent A: H,0 + 0.1% (v/v) TFA
Slovent B: MeCN + 0.1% (v/v) TFA
295 2
30 2
LCMS Trace
80 uv220
® 30
0:0 1.0 20 3.0 4.0 5.0 6.0 7.0 min
MS(+)
200 587.9
80 [M+2H]*?
60 1174.3
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40
20
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Appendix A-Figure 70. Synthesis summary of 22g.
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Appendix A-6: NMR spectra
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Appendix A-Figure 71. 'H and '*C NMR spectra of S1
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Appendix A-Figure 72. 'H and 1°C NMR spectra of S2
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Appendix A-Figure 73. 'H and 1*C NMR spectra of TSL-1
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Appendix A-Figure 74. 'H and '*C NMR spectra of S4
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Appendix A-Figure 75. 'H and '*C NMR spectra of S5
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Appendix A-Figure 76. 'H and '*C NMR spectra of S6
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Appendix A-Figure 77. 'H and '*C NMR spectra of S7
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Appendix A-Figure 78. 'H and 1°C NMR spectra of TSL-6
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Appendix A-Figure 79. 'H and '*C NMR spectra of S8
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Appendix A-Figure 80. 'H and '*C NMR spectra of S9
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Appendix A-Figure 81. 'H and '°C NMR spectra of S10
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Appendix A-Figure 82. 'H and 1°C NMR spectra of S11
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Appendix A-Figure 83. 'H and '°C NMR spectra of TSL-3
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Appendix A-6.2. Proton NMR assignment and corresponding NMR spectra
of 7¢ (1H, COSY, TOCSY, NOESY and ROESY)

Res. |NH |ppm |Hs |ppm |Hp- |ppm | H, |ppm | Hs | ppm | He | ppm
Trp 45 | 7.54 |87 |4.52 |46, |3.16
47
Asp 57 |7.50 |56 |4.54 |54, | 2.66,
55 |2.48
Tyr 58 |7.79 |59 |4.32]|60, |2.90
61
Arg 66 |8.12 |67 |3.83]5, 1.69 |1, 1.47 |80 |3.05|77-|7.15
6 2 80
Glu 7 7.58 |68 |4.12 |69, |2.00, |72, |2.36 |-
70 | 1.87 |73
Cys 71 7.53 | 88 |4.06 | 38, | 2.64,
39 12.40
Tyr 82 |7.59 |81 [4.02]|12, |2.77
13
Leu 85 | 7.36 22 139620, |1.55 (90 |1.34
21 |1.39
Glu 86 | 7.63 |27 |4.19 |25, |2.09, |23, |243, |-
26 | 199 |24 |2.38
Cys 31 7.63 |30 |4.46 | 32, | 3.00, - -
33 | 2.72
Other signals
Cys 28 |7.04 129 |6.71
Trp 52 1996 |53 |7.02|50 [7.13 |51 [|7.56 |48 |7.36|49 |7.05
(Ar)
Tyr 62, 1692 |64, | 6.60
(Ar) |63 65
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Tyr |11, | 6928, |6.64
(Ar) |10 9

TSL- |89 |7.12[40 [7.04 |41 |6.95 |42, |4.95 |34, |3.66]36, |3.51
1 43 35 37
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Appendix A-Figure 84. 'H NMR of 7¢
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Appendix A-Figure 85. 1H NMR of 7¢ (expanded)
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Appendix A-Figure 86. 1H NMR of 7¢ (expanded)
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Appendix A-Figure 87. COSY NMR of 7¢
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Appendix A-Figure 88. COSY NMR (expanded) of 7¢
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Appendix A-Figure 89. COSY NMR (expanded) of 7¢
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Appendix A-Figure 90. COSY NMR (expanded) of 7¢
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Appendix A-Figure 91. TOCSY NMR of 7¢
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Appendix A-Figure 92. TOCSY NMR (expanded) of 7¢
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Appendix A-Figure 93. TOCSY NMR (expanded) of 7¢

311



'35 30 25 20 15 10
F2 (ppm)

——
5.0 45

Appendix A-Figure 94. TOCSY NMR (expanded) of 7¢
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Appendix A-Figure 95. NOESY NMR of 7¢
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Appendix A-Figure 96. NOESY NMR (expanded) of 7c
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Appendix A-Figure 97. NOESY NMR (expanded) of 7¢
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Appendix A-Figure 98. ROESY NMR of 7¢
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Appendix A-Figure 99. ROESY NMR (expanded) of 7¢
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Appendix A-Figure 100. ROESY NMR (expanded) of 7¢
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Appendix A-6.3. Proton NMR assignment and corresponding NMR spectra
of 3¢ (1H, COSY, TOCSY, NOESY and ROESY)

3 O/|'|1
H
H2
4H Hs
6H9 H7 (|)-|8 B 46 4
o) H 0
\\IiN \%
N—/ H11 10H16§1|'9| {
d H13/—47 S/<H 20
H1s 18
A S—§H2212 0 NZ 0%
H 26 N 24
1uH |
p N S R e
2 ';'8 037H H33
36 i H34
35
Res |NH |ppm |Ho | ppm |Hp- |ppm |Hy |ppm | Hs | ppm | He | ppm
Tyr |9 7.27 |10 [4.86 | 6,7 |3.05
Cys |8 7.07 |45 | 4.50 |18, |3.14
19 2.02
Lys |20 |7.47 |44 |3.88 |46, |1.54 |48 |1.28 |50 |1.45 |52 |2.75
47 1.49 149 |1.16 |51 53
Pro 25 |4.26 |42, |2.03 |40 [1.53 |18 |3.12
43 1.84 |41 [0.70 |39 |2.84
Phe |24 |7.95 |30 |4.25 31, |3.20
32 3.00
Cys [23 |7.36 |66 [4.44 |21, |229
22
Other signal
Cys |28 [7.32 |29 |6.64
Lys |54, |7.29
55
Phe (33 |7.28 |34-]7.21
(Ar) |37 36 |1
Tyr |2 7.04 | 4 6.77
(Ar) |3 5
TSL- |11 |7.18 |14 |7.17 | 15 6.92 |12 | 5.08 |21 |3.64 |18 |3.55
1 13 [4.97 |22 19
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Appendix A-Figure 101. 'H NMR of 3¢
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Appendix A-Figure 102. 'H NMR (expended) of 3¢
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Appendix A-Figure 103. 'H NMR (expended) of 3¢
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Appendix A-Figure 104. COSY NMR of 3¢
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Appendix A-Figure 105. COSY NMR (expended) of 3¢
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Appendix A-Figure 106. COSY NMR (expanded) of 3¢
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Appendix A-Figure 107. COSY NMR (expanded) of 3¢
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Appendix A-Figure 109. TOCSY NMR (expanded) of 3¢
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Appendix A-Figure 110. ROESY NMR of 3¢
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Appendix B: Supporting information for chapter 3

Appendix B-1: General screening and validation

Illumina Adapter Barcode priming region
A  F-primer 5’ GAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATC CTTTCTATTCTCACTCT-3"
R-primer 5’-AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATC CAGTTTCGGCCGA-3’
5
B F-barcode M13KE vector R-barcode — 5
i forward primer : ’ reverse primer 3
umina CCTTTCTATTCTCACTCT-3' variable region 3’ ~AGCCGGCTTTGACH - lllumina
?\AGSPW SlcCTTTCTATTCTCACTCT TCGGCCGAAACTGTRN Adapler
Al
¢ PCR w1
57 JcAAG. . .ATCT] CTTTCTATTCTCACTCT TCGGCCGAAACTG' ; ...CATT}-37

3 -fGTTC « «  TA( AGATAAGAGTGAGA AGCCGGCTTTGA!

.. .GTAAF5’

Appendix B-Figure 1. DNA sequences of PCR amplification protocol for Illumina
deep sequencing (A) Primers used for amplifying ligated or naive oligonucleotide
DNA. XXXX denotes 4-nucleotide-long barcodes used to trace multiple samples
in an Illumina sequencing experiment. (B) Generation of PCR product.
Alignment of forward and reverse primers to 18-bp and 14-bp sequences flanking
the variable region at the N-terminus of the plll gene in M13KE vector,
respectively.
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SYCPMFCGGG
SFCPMFCGGG
SKCGFFCGGG
SICRFFCGGG
SDCHAFCGGG
SACLFHCGGG
SSCYAHCGGG
SSCMPHCGGG
SICFTHCGGG
SPCVKHCGGG
SYCVYSCGGG
SGCVKSCGGG
SYCVRIFCGGG
SDCVYFCGGG
STCVFQCGGG
SFCGYYCGGG
SFCEYYCGGG
SFCVQYCGGG
SFCGTLCGGG
SFCDSECGGG
SFCKHDCGGG
SFCYGKCGGG
STCGPVCGGG
SICHPVCGGG
SQCKPYCGGG
SQCMTYCGGG
SPCFFTCGGG
SPCYFRCGGG
SACAMMCGGG
SICQYDCGGG
SNCTYDCGGG
SDCQFDCGGG
SKCAEGCGGG
SQCLVGCGGG
SFCFVNCGGG
STCFFNCGGG
SRCTLDCGGG
SFCTKRCGGG
SACTKRCGGG
STCRSYCGGG
STCKDNCGGG
STCGMKCGGG
STCIMGCGGG
STCPVSCGGG
STCQGECGGG
STCGLTCGGG
SLCKRECGGG
SICDRKCGGG
SSCFHQCGGG
SICLNQCGGG
SKCMYKCGGG
SKCIYECGGG
SKCIRACGGG
SHCTMGCGGG
SHCKFRCGGG

SHCSFLCGGG —
SHCAPECGGG —

SHCDQICGGG
SHCRITCGGG
SHCKIACGGG
SMCAFYCGGG
SMCMGMCGGG
SMCMRWCGGG
SMCFKFCGGG
SGCTVACGGG
SGCNHACGGG
SQCWSACGGG
SMCDMACGGG
SVCSKACGGG

SVCHGACGGG —

SVCNRTCGGG
SYCNISCGGG
SYCRIDCGGG
SYCPRNCGGG
SYCSHNCGGG
SYCNWYCGGG
SYCYVYCGGG
SECHIMCGGG
SECGMSCGGG
SECHVSCGGG
SECQANCGGG

SGCMFCGGG

SECLACGGG
SWCTSHVCGG
ACHPYTKSYC

1 T e

[ L1l

HSA

T4-GP |ConA|Input |Ratio

1.2

— 08

— 06

04

0.2

Appendix B-Figure 2. A heat map is showing of 85 putative hits discovered from the

third campaign panning. The sequences were enriched greater or equal to 4-fold

(R>3, p=0.05) when compared to T4-GP and ConA.
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Appendix B-Figure 3. Summary all 16 peptides of '°’F NMR binding assay peaks
decrease ratios. Ratios were calculated by peptide peak intensity after addition of

HSA / original peptide peak intensity.
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Appendix B-Figure 4. The first round of equilibrium dissociation constants of the
selected peptides on HSA determined by ITC. The ITC traces and binding isotherms
for peptides (A) SA-21 (4 mM), HSA (0.4 mM), (B) DFS-STCHANCGGKKK
(4 mM), and HSA (0.4 mM), (C) DFS-STCHTIYCGGKKK (4 mM), HSA (0.4

mM), (D) DFS-STCHYIGCGGKKK (4mM), HSA (0.4 mM) and DFS-
STCHDITCGGKKK (4 mM), HSA (0.4 mM) in 1xPBS.
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Appendix B-Figure 5. Second round of equilibrium dissociation constants of the
selected peptides on HSA determined by ITC. The ITC traces and binding isotherms
for peptides (A) SA-21 (1 mM), HSA (0.1 mM), (B) DFS-STCHANCGGKKK
(I mM), and HSA (0.1 mM), (C) DFS-STCHTIYCGGKKK (1 mM), HSA (0.1
mM), (D) DFS-STCHYIGCGGKKK (ImM), HSA (0.1 mM) and DFS-
STCHDITCGGKKK (1mM), HSA (0.1 mM) in 1xPBS.
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Appendix B-Figure 6. FP assay for BODIPY labeled 5d titrated against HSA Sd

found to have 6 uM binding affinity, 8d (Black) found to have >82 uM and
BODIPY-OH (grey) found to have >320 uM binding affinity.
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Appendix B-Figure 7. FP assay for BODIPY labeled 5d (red) titrated against fatty acid
free HAS. 5d found to have 4 uM binding affinity, 8d (Black) found to have >112
uM and BODIPY-OH (grey) found to have >196 uM binding affinity.
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Appendix B-Figure 8. FP assay for Bodipy labeled RFF-PFS(red) titrated against

whole mouse serum found to have 4 uM binding affinity, QGE-PGS(Black) found to
have >100 uM and Bodipy -OH (grey) found to have >80 uM binding affinity.
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Appendix B-2: MATLAB script for DE analysis

clear;

Dir="";

File = 'YW unfiltered 20170829 ed.txt';
SET{1} = 1:3; $ HSA

SET3® = 4:9; % T4-GP1

SET{3} = 10:12; % ConA

SET{4} = 13:15; % Input

TEST_SET = 1;
TARGET = 'HSA';
CONTROL SETS = [2 3 4];

REREAD=1; % change to zero if you don’t want to wait for -re-reading of data

close all

OUTPUT='"normalized'; % other output type: 'normalized' 'normalized+1l' 'raw'
if REREAD

disp('reading..."');

[Nuc, AA, Fr] = readMulticolumn ('Dir', Dir, 'File', File, ...

'column', l:max(cell2mat (SET)), ...
'skip', 2, 'output', OUTPUT);

end
$%% To plot Figure S1D chage the variables above to the variables below
% TEST SET = 9;

% CONTROL_SETS = [10 11];

HITS2DISPLAY = 50; % maximum numer of hits to display

SHOWaminoACIDS = [18 19 20 21 22 23 24 25 26 271];

CLUSTERbyH = 1; % 1 if you want your hits to be clustered by Hamming dist.
PLOT VOLCANO = 1; $ set to 1 if you want to see the actual volcano plot
Sort CXC file = 1; % set to 1 if you want to sort the reslt into different
CXC files

AA AXA Analysis = 1; % set to 1 if you want to see the actual AA AXA Analysis
$%%%%%% volcano plot parameters here $%%%5%%%%%5%%5%%%5%%5%%5%5%%5%%5%5%5%5%5%5%5%%5%5%5%5%5%%%
p_cutoff = 0.05; % p-value cutoff

R cutoff = 3; $ ratio cutoff

MaxX=6; % maximum on the X-scale (if plotting volcano)

vert cutoff = 0.00001; % maximum on the Y-scale (if plotting volcano)

55955559 %%%5%5%%%%%%%% do not change things beyond this point $%%%%$%%%%%%%%
3%%%%%5%%%5%%5%%%5%%5%%5%5%%% unless you know what you are doing $%%%%%%%%%%%%%%%%

if CLUSTERbyH == 1
disp('Culster on')
else
disp('Culster off')
end

if PLOT_ VOLCANO == 1
disp('Volcano Plot on')
else
disp('Volcano plot off'")
end
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if Sort CXC_file == 1
disp('Sort CXC on')

else
disp('Sort CXC off'")
end
if AA AXA Analysis == 1
disp ('AA AXA Analysis on')
else
disp ('AA AXA Analysis off')
end
SAVEto = [File(l:end-4) TARGET ' '...

OUTPUT. . .

'CONTR ' num2str (CONTROL_SETS) ' '...

' P' num2str(p_cutoff)...

' R'" num2str (R _cutoff)...

'.CSV']l; % keep blank if don't want to save

o

$ select only the aminocacids you want to see
cAA = char (AA) ;
sAA=cellstr (cAA(:, SHOWaminoACIDS)) ;
SQUARE=zeros (size (Fr,1),1);

i=0;
disp('calculating p and R...");
IX=zeros (size (Fr, 1), numel (CONTROL SETS)) ;

disp('calculating p and R...");

i=0;

for j=CONTROL_SETS
i=i+1;
ratio(:,1) = mean(Fr(:,SET{TEST SET}), 2) ./ mean(Fr(:,SET{j}), 2);
[~,confi(:,1)] = ttest2(Fr(:,SET{TEST SET})"',Fr(:,SET{j})"',....

p_cutoff, 'both', "unequal');

IX(:,1) = (confi(:,1) <= p_cutoff) & (ratio(:,i) >= R cutoff);

SQUARE = SQUARE + ratio(:,1i).72;

if PLOT_VOLCANO
subplot (1, numel (CONTROL_ SETS),1i);

plot (log2 (ratio(:,i)),...
-logl0(confi(:,1i)),'d", ...
'MarkerSize',4, ...
'MarkerFaceColor',0.5*[1 1 1]

yoee
'MarkerEdgeColor',0.5*[1 1 1]); hold on;

plot ( log2 (ratio(find(IX(:,i)),1i)),...
)

-logl0O(confi (find (IX(:,1)),1i)),'d", ...
'MarkerSize',4, ...
'MarkerFaceColor','r', ...
'MarkerEdgeColor','r'); hold on;

line ([log2 (R _cutoff) MaxX], [-1loglO(p cutoff) -loglO(p cutoff)]);
line([log2 (R _cutoff) log2 (R _cutoff)], ...
[-1ogl0(p_cutoff) -loglO(vert cutoff)]);

x1lim ([-MaxX MaxX]) ;

341



end
end

R2 = sqgrt (SQUARE) ;

IXall = find( (sum(IX,2)==size(IX,2)) ); % hits that satisfy all criteria
% you can loosen the stringency if necessary

% IXall = find( (sum(IX,2)>=2) ); %hits that satisfy two or more criteria
hits = char (sAA (IXall,:));

Rhits = ratio(IXall, :);
= R2(IXall);

)
N
o
s
o+
0]
|

$%%%%%%%%%%% this is part where hits are clustered by H-dist $%%%%%%%%%%%%%

if CLUSTERbyH
disp('clustering...");
if numel (hits)>3
figure (2)
Y = pdist (hits, "hamming') ;
Z = linkage (Y, 'complete');
[H, T,perm] = dendrogram(Z,0, 'colorthreshold',20);
set (H, '"LineWidth', 2)

for 1 =l:size(hits, 1)
label{i} = i;
end
set (gca, 'XTick', 1l:1l:size(hits,1l), 'XTickLabel',label);

hits = hits(perm, :);
Rhits = Rhits (perm, :);
R2hits = R2(perm);
IXall = IXall (perm) ;
end
end
559955559 %5%%%%%%%%display all results as heat map%$$%$3%%%%599%%%5%%%5%5%5%5%%5%%%%
figure (3)

if size (IXall,1l)>=HITS2DISPLAY

N=HITS2DISPLAY; % display only the first or defined number of hits
else

N=size (IXall,1l); %display all

end

FrPPM = round(10"6*Fr) ; % convert normalized fraction frequency to PPM
imagesc( loglO ([FrPPM(IXall(1:N),:) ratio(IXall(l:N),:) 1+1) );

set(gca, 'YTick', 1:1:N, 'YTickLabel',cellstr (hits(1l:N,:)), "'TickDir','out',...

'FontName', 'Courier New', 'FontSize',14);
set (gca, 'XTick', 1l:1l:size(Fr,2)+4, 'TickDir','out');

jetl=jet;

jetl(1l,:)=[0.4 0.4 0.47];
colormap (jetl) ;
colorbar;

$ generate a plain text table for saving or copy from command line

S = char (32*ones (size (hits,1),2));
COM = char (', "*ones (size (hits,1),1));
L = [ S(:,1) char(l24*ones(size(hits,1),1)) S(:,1)]1;
if strcmp (OUTPUT, 'raw')
F = Fr(IXall,:); % display frequency raw

342



else

F = FrPPM(IXall,:); % display frequency in ppm
end
toDisp = [hits s 1;
toSave = [hits coM  1;

for i=1:numel (SET)
for j=l:numel (SET{i})

toDisp = [toDisp num2str(F(:,SET{i}(3j))) SI1:
toSave = [toSave num2str(F(:,SET{i}(j))) COM];
end
toDisp = [toDisp L];
end
toDisp = [toDisp S num2str (round(Rhits)) LI1;
for i=1l:size (Rhits,2)
toSave = [toSave num2str (round(Rhits(:,i))) COM ];
end

disp(toSave) ;
disp (toDisp) ;

if ~isempty (SAVEto)

fs = fopen(fullfile(Dir, SAVEto), 'w');

RET = char (10*ones (size (toSave,1),1));

fprintf( fs, '$s\r\n', [toSave(:,l:end-1) RET]'");
fclose all;

disp('file saved');

0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/0/(:3(: S t 90000000000000000000900000909000000
3555555555555 %%%5%5%5%555%55%5%5%5%%%% Oorting%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

if Sort CXC file
disp('sorting..."') ;
$Sorting conditions
CZX o [ISI I\wl ICI I\wl l\wl ICI I\wl I\wl l\wl]

C3X = ['S! I\wl el I\wl l\wl l\wl el I\wl l\wl l\ ]

C4xX = ['S! N\w' 'C' "\w' "\w' "\w' "\w' 'C' "\w' l\wl] ;
\w']
'C']

B

C5X = [lS' '\w' 'Cl '\Wl l\wl l\wl l\wl l\w' 'C' A}
C7X = [lA' 'Cl l\wl I\Wl l\wl l\wl l\wl l\wl I\Wl
% Creat sorting array

C2XHits = [];

C3XHits = [];

C4XHits = [];

C5XHits = ;

C7XHits = [];

indexs=[1]; $for data puposes not really useful for now
3=0;

% sort C2C
disp('Sorting C2C...")
C2s = regexp (cellstr (hits),C2X);
for i=1:numel (C2s)
if ~isempty(C2s{i})

Jj=j+1;
C2XHits = [C2XHits; hits (i, :)]1;
indexs (j) = i;
end
end
$C2Cfound(s) = numel (indexs) ;

$Sort C3C
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disp('Sorting C3C...")
indexs=[];
J=0;
C3s = regexp(cellstr (hits),C3X);
for i=1:numel (C3s)

if ~isempty (C3s{i})

j=3+1;
C3XHits = [C3XHits; hits (i, :)]1;
indexs (j) = i;
end
end
$C3Cfound(s) = numel (indexs);

$Sort C4cC
disp('Sorting C4C...")
indexs=[];
J=0;
Cd4s = regexp(cellstr (hits),bC4X);
for i=1:numel (C4ds)

if ~isempty(C4s{i})

j=3+1;
C4XHits = [C4XHits; hits(i,:)1;
indexs (j) = i;
end
end
%C4Cfound(s) = numel (indexs) ;

%$Sort C5C
disp('Sorting C5C...")
indexs=[1];
3=0;
C5s = regexp(cellstr (hits),C5X);
for i=1:numel (C5s)

if ~isempty(C5s{i})

j=j+1;
C5XHits = [C5XHits; hits(i,:)1;
indexs (j) = i;
end
end
$C5Cfound(s) = numel (indexs);

% Sort C7C
disp('Sorting C7C...")
indexs=[];
3=0;
C7s = regexp(cellstr (hits),C7X);
for i=1:numel (C7s)

if ~isempty(C7s{i})

j=3+1;
C7XHits = [CT7XHits; hits(i,:)1;
indexs (j) = 1i;
end
end
%C7Cfound(s) = numel (indexs) ;

end

if ~isempty (C2XHits)
C2 = fopen(fullfile(Dir, ['C2C',SAVEto]), 'w');
RET = char(l10*ones (size (C2XHits,1),1));
fprintf (C2, '%s\r\n', [C2XHits(:,l:end-1) RET]"');
fclose all;
disp('C2C saved');

end

if ~isempty (C3XHits)
C3 = fopen(fullfile(Dir, ['C3C',SAVEto]), 'w');
RET = char (10*ones (size (C3XHits,1),1));
fprintf (C2, '%s\r\n', [C3XHits(:,l:end-1) RET]"');
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fclose all;
disp('C3C saved');
end

if ~isempty (C4XHits)
C4 = fopen(fullfile(Dir, ['C4C',SAVEto]), 'w');
RET = char (10*ones (size (C4XHits,1),1));
fprintf (C2, '%$s\r\n', [C4XHits(:,l:end-1) RET]"')
fclose all;
disp('C4C saved');

end

if ~isempty (C5XHits)
C5 = fopen(fullfile (Dir, ['C5C',SAVEto]), 'w');
RET = char(l10*ones (size (C5XHits,1),1));
fprintf (C2, '%s\r\n', [C5XHits(:,l:end-1) RET]"')
fclose all;
disp('C5C saved');

end

if ~isempty (C7XHits)
C7 = fopen(fullfile(Dir, ['C7C',SAVEto]), 'w');
RET = char (10*ones (size (C7XHits,1),1));
fprintf (C2, '%s\r\n', [C7XHits(:,l:end-1) RET]"')
fclose all;
disp('C7C saved');

end

sooo . 400 0000000000000000
5555555535555 SAA & AXA analysis%s$%9%%5%%5%%5%5%%5%%5%%%%

if AA AXA Analysis
disp('Start AA AXA Analysis...')
figure (100) ;
AAA = '"ADEFHIKLMNPQRSTVWY';
Y = [1;

for i=1:numel (AAA)
Y(i) = numel (find(hits==AAA(1i)));
xlabel{i} = AAA(1);

end

plot (1l:numel (AAA), Y, 'ok'):;

’

’

’

set (gca, 'xTick', 1l:numel (AAA), 'xTickLabel', xlabel,

o°
o°

Nfound = [1:
NfoundS = [];
toSavelIX = []
toSaveIXS = [

fs = fopen(fullfile(Dir, ['AA"' SAVEtol]), 'w');
fsS = fopen(fullfile(Dir, ['AxA' SAVEtol]), 'w');
fclose all;

fs = fopen(fullfile(Dir, ['"AA' SAVEtol]),'a+'");
fsS = fopen(fullfile(Dir, ['AxA' SAVEto]), 'a+t');

for ii = 1l:numel (AAA)
%disp (num2str (ii)) ;

'TickDir"', 'out');
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for jj= 1l:numel (AAA)

phrase = [ AAA(ii) AAA(F3) 1 »
phraseS = [ AAA(ii) '"\w' AAA(33) 1

phraseHits = [];
spacedHits = [];
index=[];

3=0;

IX = regexp(cellstr (hits),phrase);
for i=1:numel (IX)
if ~isempty (IX{i})
$check whether his is S**** or A****, {if it is, discard

if (phrase(l) =='S' || phrase(l) =='A")
if (numel (IX{i})==1 && IX{i}==1)
continue
end
end
j=j+1;
phraseHits = [phraseHits; hits(i,:)]1;
index(j) = i;

S1 = char (32*ones (1, M-IX{i}(1))):

S2 = char (32*ones (1, IX{i} (1) )) ;
spacedHits = [spacedHits; S1 hits(i,:) S21;
end
end
Nfound(ii, jj) = numel (index) ;

o

% lets save this with offsets
RET = char (10*ones (size (index,2),1));
fprintf( fs, '$s\r\n', [spacedHits toSave (index,:) RET]");

phraseHits
index=1[];
spacedHits
j=0;

clear IX

[1:

[1:

IX = regexp(cellstr (hits),phraseS);
for i=1:numel (IX)
if ~isempty (IX{i})
$check whether his is S**** or A****, {if it is, discard

if (phraseS(l) =='S' || phraseS(l) =='A")
if (numel (IX{i})==1 && IX{i}==1)
continue
end
end
j=3+1;
phraseHits = [phraseHits; hits(i,:)]1;
index(j) = i;

S1 = char (32*ones (1, M-IX{i}(1l)));

S2 = char (32*ones (1, IX{i} (1) ))
spacedHits = [spacedHits; S1 hits(i,:) S21;
end
end
NfoundS(ii, jj) = numel (index) ;
toSavelIXS = [toSavelIXS index];

o

% lets save this with offsets
RET = char (10*ones (size(index,2),1));
fprintf( £sS, '%s\r\n', [spacedHits toSave(index,:) RET]');
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end

end
end

figure (200) ;
subplot(1l,2,1);
imagesc (Nfound); colorbar;

set (gca, 'xTick', l:numel (AAA), 'xTickLabel', xlabel, 'TickDir','out',...

'yTick', 1l:numel (AAA), 'yTickLabel', xlabel);

subplot (1,2,2);
imagesc (NfoundS); colorbar;

set (gca, 'xTick', l:numel (AAA), 'xTickLabel', xlabel, 'TickDir','out',...

'yTick', 1l:numel (AAA), 'yTickLabel', xlabel);

fclose all;

fs = fopen(fullfile(Dir, ['"AA' SAVEto]), 'w')
fsS = fopen(fullfile(Dir, ['AxA' SAVEto]),'w
RET = char (10*ones (size (toSavelX,2),1));
fprintf( fs, '%$s\r\n', [toSave(toSavelIX,:) RET]');
disp ('AA Saved')

’
v

) ;

RET = char (10*ones (size (toSavelIXS,2),1));
fprintf( £sS, '%s\r\n', [toSave (toSavelIXS,:) RET]');
disp ('AxA Saved')
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Appendix B-3: Summary of synthesis
STCHDITCGGKKK-DFS

0.0

F
F. W F
F
OH F
: J@
HZN\_)LIQ, N\)L ,{\)}\ NH,
HO/- " NH o /X

D~ *g
H
Ho-<7 _/—% H2
/
Chemical Formula: Cg7HgsFgN1gO20S3
Exact Mass: 1733.60
Molecular Weight: 1734.78

Starting material mass: 8.8 mg

Final product mass: 0.5 mg
HPLC Purification Trace

uv214 - 100
2 - 50 %B
*
<ij -0
L e e e e ey B B Y ey ey ey By B
0 10 20 30
Time |Solvent B
(min) (%)
0 2
5 30 Flow Rate: 13 mL / min
Phenomenex Kinetex EVO C18 Prep Column
24 95 (100 A, 5 ym, 21.5 mm X 250 mm)
25 100
27 100 Slovent A: H,0 + 0.1% (v/iv) TFA
Slovent B: MeCN + 0.1% (v/v) TFA
28 2
30 2
LCMS Trace
uva20
60
&
10
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 min
1003 Ms(+) 4346
80 [M+4H]
° [l\ﬂ??'.'a” 867.8
40 [M+2H]2
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03 | JI 1 . 1 || |
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Appendix B-Figure 9. Synthesis summary of 1b
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STCHDITCGGKKK-PFS

F
E s F NH, NH,
: F
o o 5 FF S 0 ‘{
H o] o]
HN \)L N H H
H E&Dr %H/jN\)Lﬂ N\:)LN NH,
HO~ " N, o O i H
Ay L 1
H H <
Ho-g _/—§) H,
/
Chemical Formula: Cg;Hg;FgNg0,7S;
Exact Mass: 1687.63
Molecular Weight: 1688.80
Starting material mass: 9.2 mg
Final product mass: 3.3 mg
HPLC Purification Trace
uv214 — 100
*
2 - 50 %B
=0
(R — O e e S e A S By B R e
0 10 20 30 min
Time |[Solvent B
(min) (%)
0 2
2 5 Flow Rate: 13 mL / min
Phenomenex Kinetex EVO C18 Prep Column
21 50 (100 A, 5 pm, 21.5 mm X 250 mm)
23 100
26 100 SolventA: H,O + 0.1% (v/v) TFA
Solvent B: MeCN + 0.1% (v/v) TFA
295 2
30 2
LCMS Trace
so] uv2z2o
L
30
I
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 min
1009 Msi) 849.8
- [M+2H]2
60 850.2
40 [M+2H]'2
20
m/iz 0 200 400 600 800 1000 1200 1400 1600

Appendix B-Figure 10. Synthesis summary of 1c.
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STCHTIYCGGG-PFS

NH,

H,N\)L \I\EOr F ,\EN\)LN{ \)LN NH,

L—>\ l\EN\)LNH HNj, NH

. QD/ J Chemical Formula: CrgHssFaMN1301555

Exact Mass: 1737.61

Molecular Weight: 1738.81
Starting material mass: 20 mg

Final product mass: 15 mg
HPLC Purification Trace

uv214 * - 100
2 - 50 %B
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T B B e e B S By By ey B ey R
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Time |[SolventB
(min) | (%)

0 2

2 5 Flow Rate: 13 mL / min

Phenomenex Kinetex EVO C18 Prep Column

21 50 (100 A, 5 pm, 21.5 mm X 250 mm)

23 100

26 100 SolventA: H,O + 0.1% (v/v) TFA

Solvent B: MeCN + 0.1% (v/v) TFA
295 2
30 2
LCMS Trace
8o] Uv220
°\°20
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 min
10073 Ms(+) 4356
S0 aqg7  |M+4HI"
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40 [M+3H]*ﬁ 8699
2
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Appendix B-Figure 11. Synthesis summary of 2b.
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STCHYIGCGGKKK-PFS

s F NH, NH,
F
FF
; S 0 o] o)
H,N ; H
\)L :%, Kru\ N A AN N
0 I H
AL \
« % NH,
'7 Chemical Formula: G7gHgsFgN19046S3
i Exact Mass: 1705.62

X i Molecular Weight: 1706.81
Starting material mass: 10 mg

Final product mass: 3.4 mg
HPLC Purification Trace

uv214 - - 100
2 - 50 %B
=" &
e e e o e e e e Sy Sy ey Sy B S R
0 10 20 30 min
Time [SolventB
(min) | (%)
0 2
2 5 Flow Rate: 13 mL / min
Phenomenex Kinetex EVO C18 Prep Column
21 50 (100 A, 5 pm, 21.5 mm X 250 mm)
23 100
26 100 SolventA: H,O + 0.1% (v/v) TFA
Solvent B: MeCN + 0.1% (v/v) TFA
295 2
30 2
LCMS Trace
uv220
1.0 2.0 3.0 4.0 5.0 6.0 7.0 min
100 3 Ms(+) 427.6
80 [M+4H]"* 569.7
60 [M+3H]=
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= 3423 [M+2H]
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Appendix B-Figure 12. Synthesis summary of 2c.
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STCHANCGGKKK-DFS

s G
kf I, N\)LNA? M M,
At ey S

NH, NHZ

Chemical Formula: CggHgsFgN1g047S3
) ) Exact Mass: 1589.52
Starting material mass: 10.5 mg Molecular Weight: 1590.61

Final product mass: 3.3 mg
HPLC Purification Trace

uv214 _ 100
2 * - 50 %B
-0
0 1 i | [ [ [ ] 1 [ [ 1 | [ [ [ [ ] [ 1 0 1 [
0 10 20 30
Time |[Solvent B
(min) (%)
0 2
2 5 Flow Rate: 13 mL / min
Phenomenex Kinetex EVO C18 Prep Column
21 50 (100 A, 5 pm, 21.5 mm X 250 mm)
23 100
26 100 Slovent A: H,0 + 0.1% (v/v) TFA
Slovent B: MeCN + 0.1% (v/v) TFA
29.5 2
30 2
LCMS Trace
uv220
b3
€ 30
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 min
398.6
100 | MS(+) [M+4H]"
80
ol 3191 531.0
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Appendix B-Figure 13. Synthesis summary of 3b.
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STCHANCGGKKK-PFS

3‘ N} %“JW

NH2
HQ NH;

Chemical Formula: Cﬁan3FgN1gO15Sa
Exact Mass: 1557.54
Starting material mass: 11.4 mg Molecular Weight: 1558.61
Final product mass: 2.0 mg
HPLC Purification Trace

uv214 - 100
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(min) (%)
0 2
2 5 Flow Rate: 13 mL / min
Phenomenex Kinetex EVO C18 Prep Column
21 50 (100 A, 5 pm, 21.5 mm X 250 mm)
23 100
26 100 Solvent A: H,0 + 0.1% (viv) TFA
Solvent B: MeCN + 0.1% (v/v) TFA
29.5 2
30 2
LCMS Trace
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o
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0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 min
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80
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Appendix B-Figure 14. Synthesis summary of 3c.
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STCHANCGGG-PFS
HO/: O

N. 2 (o} o

Ql\-“*oo 2 H “

At EBiaaa st
TN

H,N
Chemical Formula: Cyg4HsgFgN14043S3
Exact Mass: 1230.27
Molecular Weight: 1231.14

Starting material mass: 8.8mg
Final product mass: 3.3 mg

HPLC Purification Trace
uv214 * - 100
2 - 50 %B
4 B
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0 10 20 30
Time |[Solvent B
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0 2
2 5 Flow Rate: 13 mL / min
Phenomenex Kinetex EVO C18 Prep Column
18 70 (100 A, 5 ym, 21.5 mm X 250 mm)
21 100
24 100 Solvent A: H,0 + 0.1% (v/v) TFA
Solvent B: MeCN + 0.1% (v/v) TFA
26 2
30 2
LCMS Trace
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80
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0.0 1.0 2.0 3.0 4.0 50 min
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Appendix B-Figure 15. Synthesis summary of 3ec.

354



STCHTIYGGKKK-DFS

F
Ok NH,
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”OH NH2

\...

\‘\.

Chemical Formula: C7oHggFgN1g049S5
Exact Mass: 1781.64
Molecular Weight: 1782.87

Starting material mass: 9.0 mg

Final product mass: 1.0 mg
HPLC Purification Trace
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Phenomenex Kinetex EVO C18 Prep Column

21 50 (100 A, 5 pm, 21.5 mm X 250 mm)
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27 100 Slovent A: H,O + 0.1% (v/v) TFA

Slovent B: MeCN + 0.1% (v/v) TFA
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30 2
LCMS Trace
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Appendix B-Figure 16. Synthesis summary of 4b.
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STCHTIYCGGG-PFS
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Exact Mass: 1749.65
Molecular Weight: 1750.87
Starting material mass: 10 mg

Final product mass: 1.4 mg
HPLC Purification Trace

Chemical Formula: C72HggFgN1g047S3
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2 5 Flow Rate: 13 mL / min

Phenomenex Kinetex EVO C18 Prep Column

21 70 (100 A, 5 pm, 21.5 mm X 250 mm)

23 100

26 100 SolventA: H,O + 0.1% (v/v) TFA

Solvent B: MeCN + 0.1% (v/v) TFA
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Appendix B-Figure 17. Synthesis summary of 4c.
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SICRFFCGGG-DFS

2 H 7
Chemical Formula: C57HggFgN14043S3 ©/ é

Exact Mass: 1402.40
Molecular Weight: 1403.41

Starting material mass: 10 mg

Final product mass: 7.9 mg
HPLC Purification Trace
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Phenomenex Kinetex EVO C18 Prep Column
21 50 (100 A, 5 pm, 21.5 mm X 250 mm)
23 100
26 100 SolventA: H,O + 0.1% (v/v) TFA
Solvent B: MeCN + 0.1% (v/v) TFA
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Appendix B-Figure 18. Synthesis summary of 5b.
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SICRFFCGGG-PFS Fg ;F

Chemical Formula: Cs7HggFgN14044S3
Exact Mass: 1370.41
Molecular Weight: 1371.41
Starting material mass : 5.5 mg
Final product mass: 3.2 mg

uv220 HPLC Purification Trace - 100
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24 100 SloventA: H,O + 0.1% (v/v) TFA
Slovent B: MeCN + 0.1% (v/v) TFA
26 0
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Appendix B-Figure 19. Synthesis summary of Sc.
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SFCPMFGGG-DFS

Chemical Formula: CsgHsgFgN14043S, é/-
Exact Mass: 1361.30 -
Molecular Weight: 1362.37
Starting material mass: 4.7 mg

Final product mass: 2.1 mg
HPLC Purification Trace
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Slovent B: MeCN + 0.1% (v/v) TFA
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Appendix B-Figure 20. Synthesis summary of 6b.
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SFCPMFCGGG-PFS

: H
Chemical Formula: CsgHsgFgN11041S, 2
Exact Mass: 1329.32 /(

Molecular Weight: 1330.37

Starting material mass: 10 mg

Final product mass: 5.1 mg
HPLC Purification Trace
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Solvent B: MeCN + 0.1% (v/v) TFA
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Appendix B-Figure 21. Synthesis summary of 6c.
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SLCKRECGGG-DFS . =

I H "’),ou
HN/r

HQNJ*NH

Chemical Formula: C51 H53F5N1401553
Exact Mas;: 1364.40
Starting material mass: 10.6 mg Molecular Weight. 1365.38
Final product mass: 5.6 mg
HPLC Purification Trace
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Appendix B-Figure 22. Synthesis summary of 7b.
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SLCKRECGGG-PFS

T
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HoN“NH
Chemical Formula: C,;H,,F;N,. O .S,
Exact Mass: 1333.41
Starting material mass : 10 mg Molecular Weight: 1334.35
Final product mass: 2.8 mg
HPLC Purification Trace ™ 100
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18 70 (100 A, 5 ym, 10 mm X 50 mm)
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24 100 SloventA: H,0 + 0.1% (v/v) TFA
Slovent B: MeCN + 0.1% (v/v) TFA
26 0
30 0
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Appendix B-Figure 23. Synthesis summary of 7¢
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STCQGECGGG-DFS
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Chemical Formula: C43HsgFgN4504755
Exact Mass: 1254.25
Molecular Weight: 1255.11
HPLC Purification Trace
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Final product mass: 9.4 mg
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Appendix B-Figure 24. Synthesis summary of 8b.
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STCQGECGGG-PFS
Ay 5 3t

S ek

NH; Chemical Formula: C43H50FgN{,01553

° Exact Mass: 1222.26
N Molecular Weight: 1223.11

Starting material mass : 9.7 mg
Final product mass: 5.0 mg

HPLC Purification Trace - 100
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Appendix B-Figure 25. Synthesis summary of 8c.
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SICRFFCGGK-PFS-Bodipy

Chemical Formula: C;5HggBF1gN17012S3
Exact Mass: 1715.59
Molecular Weight: 1716.61

Starting material mass : 1.2 mg
Final product mass: 0.1 mg

uvzso HPLC Purification Trace
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55 2
60 2
g0 | UV4BE
O\O
30 1
—
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 min
uv254
60
=X
10 1
0.0 1.0 20 3.0 4.0 5.0 6.0 7.0 8.0 min
100 858.9
80 83.2 [M+2H]*
60
849.3
40 566.4 [M-F+2H]?" 1716.2
= [3+ :
20 [M-F+3H] l [M+H]"
V! L . i 4 L & n
0 200 400 600 800 1000 1200 1400 1600 1800 miz

Synthesis summary of C-terminus labeled S5¢-BODIPY.
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SICRFFCGGG-PFS-BODIPY

g
NS I\ STIEN

Chemical Formula: C74H7gBFgN1504,S;3 ©/ @

Exact Mass: 1644.52
Molecular Weight: 1645.49

Starting material mass: 1.6 mg
Final product mass: 1 mg
HPLC Purification Trace

uv2i4

\ - 100
*
= - 50 %B
e = I -0
e T S By Sy Sy p [ e S S By B S R R
0 10 20 30
Time |SolventB
(min) (%)
0 98
2 95 Flow Rate: 8 mL/ min
XBridge BEH Amide OBD Prep Column
21 40 (130 A, 5 pm, 19 mm X 250 mm)
23
26 0 Slovent A: H,O + 0.1% (v/v) TFA
Slovent B: MeCN + 0.1% (v/v) TFA
28 98
30 98
LCMS Trace
uv220
A
2.0 3.0 4.0 5.0 6.0 7.0 min
100 3 MS(+) 824 3
80 [M+2H]2
° 60
40
20
m/iz 0 200 400 600 800 1000 1200 1400 1600

Appendix B-Figure 26. Synthesis summary of N-terminus labeled Sd-BODIPY
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SICRFFCGGG-DFS-BODIPY

Chemical Formula: C74H7gBF;gN;6044S5

H,N H o o B9 oD
z SN
\ﬂ’ 0 N N\)LN N\)LNH2
H HN N, H H
3 H %

Exact Mass: 1676.51 i
Molecular Weight: 1677.49 @’ é

Starting material mass: 2 mg
Final product mass: 1.2 mg

HPLC Purification Trace
*

uv214 - 100
2 - 50 %B
=0
0 T e e e B I N S e e e T
0 20 40 60
Time |SolventB
(min) (%)
0 2
2 2 Flow Rate: 8 mL/ min
Symmetrey C18 Prep Column
49 80 (100 A, 5 pm, 10 mm X 50 mm)
50 100
54 100 Slovent A: H,0 + 0.1% (v/v) TFA
Slovent B: MeCN + 0.1% (v/v) TFA
55 2
55 2
LCMS Trace
100 UV220
X 50
__A.
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 min
1003 MS(+) 840 6
80 [M+2H]"?
° 60
40
20
VE I . . L Ll , . . .
m/z 0 200 400 600 800 1000 1200 1400 1600

Appendix B-Figure 27. Synthesis summary of N-terminus labeled Sb-BODIPY
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STCQGECGGK-PFS- Bodlpy

o
Pig
l/\ Hl L NH,
NH
Chemical Formula: C;, H,,BF,/N,.O,, S, 5
Exact Mass: 1567.44
Molecular Weight: 1568.31
Starting material mass : 1.2 mg
Final product mass: >0.1 mg
uv2so HPLC Purification Trace
*
- 100
2 - 50 %B
L0
—r T — " — "1 T— 71—
0 10 20 30 40 50 60
Time |Solvent B
(min) %
0 2 Flow Rate: 8 mL/min
2 2 Symmetry C18 Prep Column
49 80 (100 A, 5 ym, 10 mm X 50 mm)
=0 100 Slovent A: H,0 + 0.1% (viv) TFA
54 100 Slovent B: MeCN + 0.1% (v/v) TFA
55 2
60 2
uv4ss Purity: 100%
80
L
304
| "
0.0 1.0 20 3.0 40 5.0 6.0 7.0 8.0 min
uv254 Purity: 100%
60 -
®10 4
- ]
0.0 1.0 20 3.0 4.0 50 6.0 7.0 8.0 min
100 774.9
807 M+2H*
60
;g 1568.2
Ll L ! [MHT
0 200 400 600 800 1000 1200 1400 1600 1800 m/z

Appendix B-Figure 28. Synthesis summary of C-terminus labeled 8c-BODIPY.
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Appendix B-Figure 29. STCHANCGGKKK 'H NMR Spectra in D0, 600

369



NH,

NH,
0
OH
Ho " e L O gH © Lo G O G 0
N N

N7V SN N\,)LN N A N\,)I\N Ay ‘:)I\N S

H :H H : H H : H

"’OH \f\N \SH
HN_

NH,

Appendix B-Figure 30. STCHDITCGGKKK 'H NMR Spectra in D>0O, 600
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Appendix B-Figure 31. STCHYIGCGGKKK 'H NMR Spectra in D0, 600
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NH,

Appendix B-Figure 32. STCHTIYCGGKKK 'H NMR Spectra in D,0O, 600
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Appendix B-Figure 33. DFS-STCHANCGGKKK '"H NMR Spectra in D>0, 600

373



NH;

I L A e e e e e L e e e e A FEL S B e e e B e e e e e e e IS e e s e e
10 9 8 7 6 5 4 3 2 1 ppm

Appendix B-Figure 34. DFS-STCHDITCGGKKK '"H NMR Spectra in D>0, 600
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Appendix B-Figure 35. DFS-STCHYIGCGGKKK '"H NMR Spectra in D0, 600
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Appendix B-Figure 36. DFS-STCHTIYCGGKKK '"H NMR Spectra in D,0, 600

376



HE—L '\f } J\ﬁ' \/"\N N\:)OLH{H\;LNHQ

2

g s

L e e L e e e L e s A e s s LA s e e o s B B s s s B |
10 9 8 7 6 5 4 3 2 1 ppm

Appendix B-Figure 37. PFS stapled STCHANCGGKKK '"H NMR Spectra in D-0,
600
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Appendix B-Figure 38. PFS-STCHDITCGGKKK '"H NMR Spectra in D>0, 600
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Appendix B-Figure 39. PFS-STCHTIYCGGKKK '"H NMR Spectra in D>0, 600
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Appendix B-Figure 40. PFS stapled STCHYIGCGGKKK 'H NMR Spectra in D0,

600
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Appendix B-Figure 41. SFCPMFCGGG 'H NMR Spectra in D,0, 600
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Appendix B-Figure 42. SLCKRECGGG 'H NMR Spectra in D0, 600
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Appendix B-Figure 43. SICRFFCGGG 'H NMR Spectra in D20, 600
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Appendix B-Figure 44. STCQGECGGG 'H NMR Spectra in D,0, 600
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Appendix B-Figure 45. PFS stapled SFCPMFCGGG 'H NMR Spectra in DMSO, 700
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Appendix B-Figure 46. PFS stapled SLCKRECGGG 'H NMR Spectra in DMSO, 700
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Appendix B-Figure 47. PFS stapled SICRFFCGGG 'H NMR Spectra in DMSO, 700
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