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Abstract
Peptide therapeutics are known to have high selectivity and strong
interactions with their targets of interest. While there is increased interest in
the therapeutic application of peptides, there is a continuous need to
generate peptides with improved stability and cellular internalization
properties. This requires the incorporation of pharmacophores or chemical
fragments onto peptides. Generation of genetically encoded (GE)
macrocyclic peptide libraries containing unnatural fragments can give rise
to libraries of value-added ligands against a plethora of protein targets.
Generally, these fragments are installed at the macrocyclization step,
requiring optimization of different reactions depending on the chemical
fragment. In Derda Research Group, we have employed the potent Knorr-
pyrazole synthesis reaction to develop a robust two-step ligation reaction
for late-stage functionalization of GE-peptide libraries. A readily available
1,5-dichloropentane-2,4-dione linchpin coverts peptide libraries displayed
on phage to 1,3-diketone macrocyclic peptides that provide a handle to be
functionalized by a variety of hydrazines. The phage libraries carry a silent-
DNA barcode that encodes the amino acid sequence and the unnatural
fragment displayed on the peptides. These libraries can be applied for
genetically encoded-fragment-based discovery (GE-FBD) against various
therapeutic targets.
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Insulin to present: the story of peptide therapeutics

Global pharmaceutical market (2019)

Peptide drug approvals

Therapeutic indications

Nature Reviews Drug Discovery
20, 309-325  (2021)
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Chemistry as a tool to design value added ligands
Improving pharmacokinetics by macrocyclization
• Proteolytic stability
• Targeting active sites
• Internalization

Protein & Peptide Letters, 25, 1-25 (2018)
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 Both physical and chemical solutions have been devised 
to increase the bioavailability and resistance of the peptides. 
Examples of physical modifications include coating the pep-
tide drug with polymers to protect the peptide from gastric 
degradation and formulation of the peptide with protease 
inhibitors [11]. Physical protection and peptide formulation 
are beyond the scope of this review and is reviewed else-
where [5, 6, 11, 12]. Examples of chemical modification of 
peptides that improve the pharmacokinetics and pharma-
codynamics include conjugation of peptides with fatty acids 
to increase circulation half-life via interactions with serum 
albumin and pegylation to increase the hydrodynamic radius. 
Both modifications delay renal elimination [8, 13]. An ex-
ample of the first type of modification can be found in 
Levemir®; chemically modified insulin developed by No-
voNordisk, which is an FDA approved form of insulin 
myristoylated at a lysine residue. A seemingly minor modifi-
cation – 17 carbons added to a polypeptide with 250 carbons 
– yields a dramatic increase in half-life from 2.8 h to 8.8 h 
[14]. This increase is even more dramatic in Victoza®, a 37 
amino acid glucagon-like peptide-1 receptor (GLP-1) ago-
nist, also developed by NovoNordisk, which is used for the 
management of Type 2 Diabetes. Palmitoylation of a lysine 
residue in this peptide increased the half-life of the subcuta-
neously injected drug from 1 h to 11-15 h [15]. Examples of 
the second type of modification are two FDA approved drugs 
Pegasys®, pegylated interferon developed by Genentech, and 
Pegintron®, another variant of pegylated interferon distrib-
uted by Schering. These technologies highlight the benefits 
of introducing non-peptide structures, which equip the pep-
tides with beneficial pharmacokinetic properties, while pro-
viding only minor interference with their biological function. 

 Linchpins are an emerging class of chemical modifiers 
that can be defined as molecules that convert a linear peptide 
to a cyclic peptide. Many successful natural or synthetic pep-
tide-based therapeutics have cyclic structure and this cycliza-
tion provides several advantages: (i) proteolytic stability (ii) 

restricted conformation mobility and (iii) increased propen-
sity to permeate through bio-membranes. Cyclization via 
linchpins can be classified as topologically orthogonal to 
three canonical modes of cyclization of peptides (Figure 1): 
(i) head to tail cyclization (or macrolactamization) (ii) head-
to-side chain or tail-to-side chain cyclization, and (iii) cross-
linking of functional groups in side chains, such as the con-
version of thiols of cysteines to disulfide bond(s). Figure 2 
depicts the structure of three FDA approved synthetic drugs 
and three natural peptides highlighting these three types of 
cyclization. Detailed reviews of these cyclizations can be 
found elsewhere [16]. To delineate cyclization assisted by 
linchpins from the canonical approaches of macrocycliza-
tion, we briefly review general cyclization approaches and 
introduce advantages offered by linchpin cyclization. 

2. ENRICHMENT OF THE CONFORMATIONAL EN-
SEMBLES THROUGH MACROCYCLIZATION 

 Preorganization of the structure of peptides by macro-
cyclization can increase the binding affinity by decreasing 
the entropic penalty resulting from binding [17, 18]. A linear 
flexible molecule exists in multiple conformational states 
and the contribution of the conformer necessary to achieve 
the most proper fit for a potent interaction is often small 
(Figure 3A). Constraining the skeleton of the ligand can pre-
organize its structure by maximizing the fraction of con-
formers that exist in the structure optimal for interaction with 
the receptor (Figure 3B). Therefore, macrocyclization can 
result in a higher binding association constant (Ka) often by 
increasing the on-rate of binding. Furthermore, dynamic 
linchpins can change the conformation in response to exter-
nal stimuli. Such conformational change in a small motif of a 
macrocycle can dramatically change its structure, favoring a 
defined set of conformers over the others. When these 
changes are designed or selected for, they can result in a dy-
namic increase or decrease in Ka. (Figure 3C). 

 
Figure 1. Linchpin based cyclization compared to other types of cyclization. 
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Providing a platform to introduce phamacophores

Current opinion in chem. Bio,50, 128-137 (2019)
Org. Biomol. Chem., 14, 5539-5545 (2016)
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Late-stage functionalization of 1,3-diketone macrocycles

JACS ,143, 5497-5507 (2021)

1 2
Knorr pyrazole synthesis
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Macrocyclization of genetically encoded peptides

JACS ,143, 5497-5507 (2021)



Selection of ligands from functionalized macrocyclic
libraries

JACS ,143, 5497-5507 (2021)



Applications of GE-FBD

(Ongoing work)

Electrophilic fragments reactive
towards active site cysteines

Electrophilic fragments reactive
towards allosteric site cysteine

CPP for intracellular targets
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Conclusions and Perspective

• Broad substrate scope of Knorr Pyrazole Synthesis
• Attractive strategy for diversification of macrocycles with built in 1,3-

diketones using a large range of hydrazines
• Robust and straightforward macrocyclization with late-stage 

functionalization
• Ability to generate large number of ligands already containing post 

validation modifications
• Shelf stable linchpin allows storage of intermediate libraries for

immediate modification and application

JACS ,143, 5497-5507 (2021)
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