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Preface

With great excitement, the past 10 years have witnessed significant advancements
in the broad peptide science field. These include the development of the fundamen-
tally novel peptide ligation and protein modification chemistries, the re-engineering
of automated peptide synthesizers enabling fast and high-quality protein synthesis,
and numerous milestone achievements in peptide drug discovery and development.
On the chemistry front, novel chemical methods have resulted in promising
progress in enhancing the permeability of peptides to reach the targets inside cells
or behind the blood-brain barrier (BBB). Relatedly but differently, new formula-
tion approaches have enabled the oral administration of peptide drugs, where an
incredible milestone was marked by the 2019 approval of Rybelsus®, the oral tablet
formulation of semaglutide, a 31-mer glucagon-like peptide 1 (GLP-1) analog. On
the therapeutics front, the huge success of peptide drugs in metabolic diseases, such
as semaglutide, tirzepatide, liraglutide, and multiple modern insulin analogs, has
now been expanded into oncology and other therapeutic areas. Two notable recent
successes are the approval of Lutathera® in 2018 and Pluvicto® in 2022. Lutathera®
is a peptide-radionuclide conjugate consisting of a somatostatin receptor agonist
as the homing vector and a beta-emitter Lutethium-177 as the warhead to treat
gastroenteropancreatic neuroendocrine tumors. Pluvicto® shares the same mech-
anism of action as Lutathera®, while targeting prostate-specific membrane antigen
for the treatment of metastatic castration-resistant prostate cancer. Further in the
metabolic disease areas, the 2022 approval of tirzepatide (Mounjaro®), a dual-acting
peptide that can activate both GLP-1 receptor and gastric inhibitory polypeptide
receptor, opens the era of clinical application of unimolecular polypharmacy where
numerous promising multi-acting peptides are racing in the late development
phases. Finally, it needs to be noted that there are many other equally exciting suc-
cesses that were also developed within the same time frame. However, these are not
mentioned above, only due to the limited space in this Preface.

These important advancements in general peptide chemistry and broad peptide
therapeutics areas prompted us to assemble this book: Peptide Science: Chemical
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Preface

Ligation, Lead Generation, and Therapeutic Advances. The motivation was to pro-
vide the readers with a collective set of quality reviews and case studies that cover
the representative developments within the past 10 years or so in a logical and
systematic fashion. With a total of five sections, it is intended to offer a highlight
of modern peptide chemistries and comprehensive coverage of peptide therapeu-
tics, including discovery, development, and regulatory.

Section I, New Developments in Peptide Chemistry, highlights recent devel-
opments in chemical and enzymatic peptide ligation technologies and modern
peptide and protein modification chemistries. Please note that this section is not
arranged to provide lecture chapters on the fundamentals of peptide chemistry,
but rather focuses on selected advancements.

Section II, Peptide Drug Hit Identification, aims to review the approaches and
technologies that have been frequently practiced for peptide hit identification, an
important early step of the peptide drug discovery process. The classical source is
naturally existing peptides, which are still one of the most reliable starting places
as these peptides are already well-optimized via evolution to effectively execute
their endogenous biological tasks. In addition to the nature source, artificial
libraries, including phage display library and its chemically modified versions,
and mRNA peptide display libraries, have become increasingly important as
quality hit sources. More recently, computational-based approaches have also
been rapidly developed, and impressive outcomes on peptide hit generation have
been frequently achieved.

Section III, Peptide Drug Lead Generation and Optimization, includes two
chapters focusing on lead generation and lead optimization, respectively. There is
some overlapping between Chapter 6 and the chapters in Section II. The intention
is for Chapter 6 to provide a thorough review of the hit and lead generation while
Section II allows readers to dive deeply into the individual specific approaches.
Chapter 7, contributed by a group of Novo Nordisk scientists, serves as a great
reference for peptide therapeutics lead optimization with a focus on long-acting
peptide hormone analogs, particularly the fatty acid derivatization approach.

Section IV, Peptide Drug Case Studies, dives deeply into the established peptide
therapeutics and emerging developments in selected therapeutic areas. It con-
sists of six chapters covering several therapeutic areas, including diabetes, obe-
sity, NASH, cardiovascular diseases, cancer, inflammation, and autoimmune. It
also involves various peptide drug molecular formats such as insulin (a mini pro-
tein with two chains and three pairs of disulfide bonds), incretin (a linear peptide
with 30-40 residues), peptide-radionuclide conjugate (radioligand therapy, also
called RDC), peptide—cytotoxin conjugate, and finally, peptide-oligonucleotides
conjugates.

Section V, Peptide CMC and Regulatory, discusses peptide CMC processes and
the related regulatory requirements.



Preface

What I hoped to assemble while missing in this book is the alternative formula-
tion approach, such as oral tablet formulation of peptides, the methods enabling
targeting intracellular receptors and targets beyond BBB, and another chapter in
Section V to cover more regulatory side of peptide drug development.

In any case, I expect this book can serve as a valuable resource for the entire
peptide science community, from junior researchers to university professors and
seasoned industrial veterans, whoever is interested in the highlight of recent devel-
opments in peptide chemistry and a deep dive into the discovery and development
of peptide therapeutics.

I thank all chapter authors for their contributions. The time they devoted to
this book is highly appreciated. I also thank all Wiley editors and friends involved
in this project for their long-lasting support. Finally, I thank my daughter Doris
(fifth grade), who designed the cover image for the book.
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1

Chemical Peptide Ligations
Yihui Cao and Xuechen Li

Department of Chemistry, the University of Hong Kong, Hong Kong SAR, P.R. China

1.1 Introduction

Proteins play crucial roles in basic physiological processes and are responsible for
a variety of biochemical functions, including signaling transduction, energy uti-
lization, and immune response. Correlating protein structure with function has
always been a charming topic among researchers. Although recombinant expres-
sion from bacteria or cell lines is a convenient means to produce proteins, it is still
difficult to control specific post-translational modifications such as glycosylations,
incorporate any uncanonical amino acid, or introduce unnatural reporters such as
fluorescent tags, using the natural cellular machinery [1]. Herein, chemical pro-
tein synthesis that assembles protein sequence through atom-by-atom control pro-
vides a solution for generating site-specific natural or unnatural modification(s),
and mirror-image proteins.

The solid-phase peptide synthesis (SPPS) by Merrifield provides an efficient
peptide synthesis approach [2]. Utilization of SPPS methodology, along with
the condensation of protected peptide fragments, has significantly expanded
the range of polypeptide lengths that can be achieved via chemical synthesis.
However, SPPS is limited by the peptide length. Due to the statistical reasons
for linear stepwise coupling, each step during SPPS is incomplete, which causes
byproducts to accumulate with peptide chain elongation. The peptide length
from SPPS mostly remains within 50 amino acids to maintain good synthesis
quality. Besides, the limited solubility of protected peptides in organic solvents
hampers the ability of this method to meet the increasing synthesis demand for
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Figure 1.1 Generic chemical peptide ligation.

complex protein structures [3]. Consequently, novel synthetic approaches that
can be conducted in aqueous buffers for handling unprotected peptide segments
are strongly demanded.

The concept of peptide ligation, which allows condensation of unprotected pep-
tide segments, was first proposed in the 1980s [4,5]. It involves a weakly activated
peptide C-terminus to chemoselectively react with the N-terminus of the second
peptide, resulting in a ligation intermediate that links the two fragments together,
followed by an irreversible rearrangement step to form a natural peptide linkage
(Figure 1.1). In this chapter, the driving forces of ligation, chemoselectivity details,
and their applications in protein synthesis are discussed.

1.2 Ligation Driven by Trans-esterification

1.2.1 Native Chemical Ligation

Native chemical ligation (NCL) (Figure 1.2a), developed by Kent et al. in 1994, is the
most widely applied ligation method [6]. NCL requires one peptide with a C-terminal
thioester and the second peptide with an N-terminal cysteine (Cys). Ligation occurs
when two fragments are mixed in a neutral or slightly basic aqueous buffer. The
thiol group of N-terminal Cys undergoes reversible trans-thioesterification, replac-
ing the thioester at the C-terminal of the first fragment. After that, a rapid [1,4]
S-to-N acyl transfer converts the thioester intermediate into a native Xaa-Cys pep-
tide (Xaa represents any amino acid) and generates the desired ligation product.
Chemoselectivity can be considered to originate from “soft base-soft acid” interac-
tion between the thioester (soft acid) and the thiol group (soft base) from free Cys.
Other nucleophiles present on unprotected peptides, such as amines, are “hard”
bases that do not have the same reactivity as the thiol group. Next, the irrevers-
ible and rapid acyl transfer drives the equilibrium. Even though the internal Cys
could be involved in the reversible trans-thioesterification, the reaction equilibrium
cannot move forward and does not produce a stable product. The ligating C-terminal
residue and the thioester type highly affect the NCL reaction rate. For instance,
B-branched amino acids (Val, Ile, Thr) significantly decrease ligation rates due to
their bulky side chains [7]. Additionally, because of carbonyl oxygen interference,



1.2 Ligation Driven by Trans-esterification

. O‘_ﬁ Qo*\j*oo st Q—O*u%fo’o

(b) (@ L (d) T 5
Hsgﬂ (C} O)kcnd+ HNW 'S Cial

s

initiator ‘ M m O
’/i/ Ri u Auxmary assisted NCL
R ‘ w O : lAs&sted ligation
1 OQ\ |

g R S- |
PR R
° H:C ; o : T
O : l Acyl transfer : o jﬁ]/o,‘i O
ZR 3 R Convert to ‘ O R | OMH
Ala/Xaa | ,O ; O Excised intein
. 0@y 1

}H é/H HS. _R ; S (0] ‘
Thiol from substrate! ; e
' é or additive ; l Auxiliary removal : OHS
‘ - el ee
B | Nl
o i

Removal of
backbone modification

: HS
, % . Q
R O -
2-mercaptoethyl 2-mercaptobenzyl 2mercapto-2- i OM”
o

+ PhSeH 0> l
_ - . B .
Sse PhSeH O Aol
HzNJﬁ(O A
o TCEP
Chemoselective

deselenization
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proline carbonyl is less electrophilic, which restricts trans-esterification [6]. For the
formation of intermolecular thioesters, 4-mercaptophenylacetic acid (MPAA) is
widely used as an additive due to its low pKa, good water solubility in NCL buffer,
and odorless nature. Other thiols with higher pKa values, such as trifluoroethane-
thiol (TFET), can be also used [8].

1.2.1.1 Desulfurization
Even though NCL is a powerful technique, the demand for one N-terminal Cys
restricts its potential applications in protein chemical synthesis due to its low
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natural abundance (1.8%). The situation has changed after the invention of
post-ligation desulfurization. Desulfurization, first reported in 2001 by Dawson,
took advantage of metal-catalyzed reduction under a hydrogen atmosphere [9].
Nevertheless, the requirement of excess metal could occasionally cause side
reactions and result in low yields. In addition, utilization of metal catalysts poten-
tially induced epimerization of secondary alcohols and caused reduction of thiols
and thioesters [10]. Later, the establishment of free radical-based desulfurization
by Danishefsky et al. provided a milder and more reliable means for chemoselec-
tive peptide desulfurization (Figure 1.2b) [10]. Radical-induced desulfurization
requires a radical initiator, phosphine compound, and hydrogen source. The reac-
tion is initiated by water-soluble radical initiator 2,2a’-azobis[2-(2-imidazolin-
2-yl)propane]dihydrochloride (VA-044) at 37 °C. The initiator radical attacks
the Cys on the peptide, generating a thiyl radical. Subsequently, the thiyl radical
rapidly reacts with tris(2-carboxyethyl)phosphine (TCEP) to generate the phos-
phonium radical. After that, the phosphine sulfide TCEP=S is cleaved from the
complex, driving the alkyl radical formation. The desulfurized product is eventu-
ally generated after the application of hydrogen atom transfer (HAT) from thiol
additives such as tert-butylthiol (tBuSH) or glutathione (GSH). Other thiyl radi-
cals generated continue the radical chain reaction until its full conversion.

Based on the radical desulfurization strategy, photon-induced radical initia-
tion has been developed. Pyane’s group designed a flow chemistry system allow-
ing NCL and UV-induced desulfurization to take place sequentially [11]. Later,
visible light-induced metal complexes [12] and peroxide [13] radical initiator
were reported, expanding the scope of radical initiator. Lately, Li et al. applied a
novel radical generator, tetra-organylborate, to peptide desulfurization [14]. This
strategy significantly increases the desulfurization reaction rate. It can be accom-
plished through a simple add-and-done procedure to finish within 30 seconds.
Sodium tetraethylborate effectively serves as a radical initiator in the presence
of atmospheric oxygen, inducing peptide desulfurization. Besides, the byproduct
triethylborane from the initiation step serves as a hydrogen donor, demonstrating
comparable efficiency to thiol additives such as tBuSH. Therefore, odorous thiol
additives are not necessary for this strategy. In addition, the expeditious production
of radicals can surpass the inhibitory impact of traces of MPAA residue (<100 uM),
which allows NCL and desulfurization to perform in one pot. Furthermore, the
mild conditions are compatible with some reductive functional groups, such as
serotonylated substrates.

With the effective desulfurization technique established, the development
of thiolated amino acids has drawn wide attention. The first thiolated amino
acid to be used in NCL-desulfurization was p-thiolated phenylalanine [15].
NCL-desulfurization via both the nickel method and the free radical VA-044
method has been successfully applied to it [16,17]. Remarkably, commercially
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available penicillamine (Pen) has been used as the valine surrogate to expand the
ligation site to one of the most abundant amino acids (6.8%) [18]. So far, a number
of research groups have contributed to developing 13 Fmoc-SPPS-compatible thi-
olated amino acids, including p-thiolated, y-thiolated, and 8-thiolated amino acids
[1,19,20]. Although desulfurization may be difficult to some steric hindrance
residue [18], NCL surrogate has been significantly expanded.

1.2.1.2 Auxiliary-assisted NCL

In parallel with the development of desulfurization, another strategy to overcome
the low Cys abundance problem is the auxiliary-assisted NCL (Figure 1.2c). It
introduces a thiol-containing handle at or near the peptide N-terminus, which
mediates trans-thioesterification and N-to-S acyl transfer in a similar manner
as Cys. After ligation, the auxiliary thiol hand can be removed. For glycopep-
tides, the branching sugar can serve as the handle through a thiol substitution.
Its ligation site can be 1-6 amino acids away from the sugar-substituted amino
acid [21,22]. In such cases, the acyl transfer via a large ring transition state sig-
nificantly affects the reaction rate and efficiency, as compared to NCL. On the
other hand, a variety of N® substitutions, including N®-2-mer-captoethyl type and
N®2-mercaptobenzyl type [23], have been developed. They are designed to allow
for acyl transfer through a five- or six-member ring for a rapid transfer rate.
However, the secondary N-terminal amine carrying an auxiliary has more steric
hindrance than a typical N-terminus. Thus, the N-to-S acyl transfer rate is much
slower than that of NCL and becomes a rate-determining step. Due to the low
ligation rate, the significant hydrolysis of the peptide thioesters and C-terminal
residues epimerization problem may occur. Although this strategy could be
applied to any ligation site in theory, a less hindered ligation site such as Gly-Gly
or Gly-Ala is preferred. Recently, another auxiliary, 2-mercapto-2-(pyridine-2-yl)
ethyl (MPyE), has been reported to have a significant improvement in the acyl
transfer efficiency [24]. Its pyridine structure on auxiliary handle serves as an
internal base catalyst that accepts hydrogen from the amine group, providing an
extra driving force for acyl transfer.

1.2.1.3 Backbone-installed Split Intein-assisted Ligation

NCLs usually require millimolar (mM) concentration to proceed. Otherwise,
their conversion yields could be dramatically low. However, such concentration
cannot be achieved for low-solubility peptides, especially membrane protein frag-
ments, due to their high aggregation potency. Recently, Liu’s group developed
backbone-installed split intein-assisted ligation (BISIAL) to overcome this problem
(Figure 1.2d) [25]. The technique combines NCL and the consensus-fast (Cfa) split
intein, which has a unique sequence allowing condensation and further engaging
fusion of N- and C-extein without the presence of transpeptidases under denaturing
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conditions [26,27]. In this strategy, some short peptide sequences were designed as
“exteins” (Exts) and installed on the desired peptide segment as a branch of remov-
able backbone modification (RBM). Then, Cfas were linked to the extein contain-
ing peptides through NCL. BISIAL occurred once the CfaN-containing peptide and
CfaC-containing peptide are mixed together. The reaction maintained a high reac-
tion rate (within 2 hours) and high conversion yield at low concentration (50 pM).
After NCL, Cfas was automatically split, and only connected Exts remained on
the ligated product through RMB. Finally, RMBs were cleaved by acidic cleavage
cocktails, providing a native peptide structure. Moreover, BISAL showed high
efficiency on a variety of C-terminal amino acids, even those with steric hindrance,
including Val (88% yield) and Pro (79% yield).

1.2.2 Diselenide/Selenoester Ligation

The 21st amino acid selenocysteine (Sec) was also investigated for peptide ligation
with a similar mechanism and chemoselectivity with NCL (Figure 1.2e) [28].
Compared with Cys, Sec is more prone to undergo air oxidation. Thus, reducing
reagents are required under ligation conditions to maintain the existence of sele-
nolate monomer [29]. Due to Sec’s lower pKa [1], the ligation can occur under
slightly lower pH, under which less hydrolysis happens on the thioester. In the
meantime, peptide selenoesters exhibit fast trans-selenoesterification even under
high diluted concentrations due to its liability. Moreover, the removal of a selenol
group is milder and more accessible than desulfurization due to a weaker C—Se
bond. Deselenization does not require a radical initiator, and it can be achieved
with a reducing agent TCEP and hydrogen donor present [30]. The production
of a phosphine selenide, which is highly thermodynamically favorable, further
facilitates the cleavage of the C—Se bond. The produced p-carbon-centered radical
can then abstract a hydrogen atom to form the alanine residue [1]. In-chain native
Cys residues do not participate in the deselenization conditions, so specific Cys
protection is not necessarily required. Similar to NCL, researchers have contrib-
uted to the synthesis of selenylated amino acids, thereby synthesizing five - or
y-substituted selenylated amino acids.

1.3 Ligation Driven by Imine Capture

1.3.1 Serine/Threonine Ligation

Chemoselective imine formation between the N-terminus and a C-terminus alde-
hyde has been also used to realize chemoselective condensation. Kemp et al. first
demonstrated the possibility of applying imine capture and O-to-N acyl transfer to
the amide bond formation with benzaldehyde [31]. Later, unprotected peptides with



