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In the modern age of proteomics, vast numbers of protein–protein interactions (PPIs) 
are being identified as causative agents in pathogenesis, and are thus attractive 
therapeutic targets for intervention. Although traditionally regarded unfavorably 
as druggable agents relative to small molecules, peptides in recent years have 
gained considerable attention. Their previous dismissal had been largely due to the 
susceptibility of unmodified peptides to the barriers and pressures exerted by the 
circulation, immune system, proteases, membranes and other stresses. However, 
recent advances in high-throughput peptide isolation techniques, as well as a huge 
variety of direct modification options and approaches to allow targeted delivery, 
mean that peptides and their mimetics can now be designed to circumvent many of 
these traditional barriers. As a result, an increasing number of peptide-based drugs 
are reaching clinical trials and patients beyond.

Peptides as therapeutic  
protein–protein interaction inhibitors
Modulation of protein–protein inter-
actions (PPIs) is a rapidly expanding area 
of interest to the scientific community. It is 
currently thought that there are in excess of 
320,000 PPIs, with approximately 39,000 
already experimentally confirmed [1,2] in 
humans. Many of these interactions are cru-
cially involved in pathogenesis, and are there-
fore attractive targets for therapeutic agents. 
A large proportion of PPIs also share com-
mon structural features that are important in 
the design of such agents [3]; large, often flat, 
hydrophobic surfaces with hydrophilic points 
to confer specificity. These surfaces are far 
removed from ideal small molecule binding 
sites (typically solvent-accessible cavernous 
pockets), with small molecules often being 
too small to interfere significantly since they 
form too few specific interactions for selec-
tive targeting. As a result, whole families of 
potential therapeutic targets are virtually 
intractable to small molecule targeting. As 
a pertinent example, the helical secondary 
structure of proteins participating in helix-
surface and coiled coil PPIs – which feature 

in transcription factor, signaling and cell 
cycle protein families involved in a broad 
range of diseases – cannot be mimicked for 
inhibition of these PPIs by traditional small 
molecules of <500 Da [4,5]. Thus for the inhi-
bition of many PPIs, alternative therapeutic 
agents are required.

To meet this need, peptides are increas-
ingly providing excellent starting templates 
for PPI-interfering biomolecules. Their larger 
size and range of geometries allows formation 
of more points of interaction with the target 
to increase specificity and reduce poten-
tially toxic off-target interactions. In addi-
tion, amino acid side chain interactions and 
their energies, torsion angles, and entropic 
and enthalpic contributions are increasingly 
well understood, meaning that it is possible 
to improve peptide properties predictively. 
This greatly improves the efficiency with 
which novel peptides can be isolated using 
high-throughput library selection tech-
niques from semi-rational libraries that are 
tailored toward favorable properties. Finally, 
recent development of peptide modifications 
can significantly improve bioavailability and 
systemic stability while retaining bioactivity, 
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such that peptides and their derivatives can represent 
therapeutically attractive molecules [6] that increasingly 
are reaching the clinic [7].

Expressed peptide libraries as a source of 
PPI inhibitors
Peptide-encoding genetic material, utilizing either 
full or desired subsets of amino acids at each or select 
residue positions, can be expressed either in vivo or in 
vitro to generate a library of peptides to be ‘selected’ 
(panned) against the target. This permits the iden-
tification of peptide ligands with affinities exceed-
ing that of natural binding partners, with or without 
prior knowledge of natural target binding molecules. 
Furthermore, non-/weakly interacting peptides are 
removed rapidly during rounds of selection to enrich 
target binders from the library pool by as much as 
≈1000-fold per round [8]. Thus library selections pro-
vide a much higher throughput alternative to indi-
vidual peptide characterization using biophysical 
techniques, or even in silico modelling of target-library 
interactions where lack of structural information and/
or difficulties in accurate molecular dynamics simula-
tions can be problematic.

Designing peptide libraries
Peptide sequence randomization generates diversity in 
biophysical properties displayed by encoded peptides. 
Traditionally, library screening efforts have focused on 
maximizing diversity (number of positions random-
ized and/or randomization extent at each position) to 
increase the likelihood that a target binder will be iso-
lated [9]. However, a major difficulty is that for highly 
diverse libraries, the quantity of encoded material 
that can be practically presented to the target, in the 

range of 107–1014 library molecules [8,10] (the equivalent 
of 5–11 fully randomized residue positions), leads to 
incomplete library sampling. This can be partially 
circumvented by intelligent library design that incor-
porates predefined amino acids that are predicted or 
known to be functionally viable. These smaller and 
more focused libraries can be sampled with greater cov-
erage and efficiency, as screening effort is not wasted 
through searching non-functional space. Libraries can 
also be designed to avoid peptide sequences that are 
known or predicted to be problematic for further devel-
opment toward a therapeutic agent, for example, in the 
case of highly immunogenic or aggregation-promoting 
sequences [11]. The downside to focused libraries is 
that selection of serendipitous peptides with previously 
unpredicted binding modes might be excluded [12].

The source of this problem stems from the redun-
dancy of the genetic code (Figure 1). This is a conse-
quence of ‘wobble’ base pairing in the third nucleotide 
of a codon triplet [13], and the resulting degeneracy of 
nucleic acid codons in coding for the translation of 
amino acids. Techniques that do not actively avoid this 
phenomenon result in library redundancy; libraries 
contain multiple copies of identical peptides, and pep-
tides are biased toward over-represented amino acids 
and against those encoded by single codons.

Library construction
Choice of library construction technique should attempt 
to avoid the issue of codon degeneracy to maximize 
selection efficiency. Traditional PCR methods such as 
megaprimer [14] and overlap extension [15] using NNN/
NNK/NNS codons therefore are not ideal as they do 
not avoid these issues. Traditional ‘split-pool’ phos-
phoramidite synthesis approaches, featuring coupling 
of monomer nucleotides by phosphite triester chemis-
try [16], can be used for the construction of libraries; 
however, differential reactivity of monomers leads to 
unavoidable codon bias and stop codon incorporation, 
both of which reduce functional diversity, and achiev-
ing high degrees of randomization is expensive, time 
consuming and technically challenging [16,17].

Recently, a number of novel techniques avoiding the 
problem of codon redundancy have been developed. 
These include modifications to PCR-based mutagen-
esis (such as the ‘small-intelligent design’ approach), 
optimization of trinucleotide phosphoramidite syn-
thesis components, and exploitation of enzymatic liga-
tion to perform sequential addition of single codons 
(‘Slonomics™’ and ‘ProxiMAX’ technologies).

‘Small-intelligent design’ [18] is an example of a modi-
fied PCR mutagenesis approach which features the care-
ful choice of certain degenerate codons (one per amino 
acid) and mixing at non-equivalent ratios. This avoids 

Key terms

Protein–protein interaction: The interaction (generally 
noncovalent) between two identical, similar or dissimilar 
proteins often with a biological consequence, which can 
be targeted by interfering molecules in the case of disease 
involvement for therapeutic benefit.

Library selection: The isolation of high-affinity target-
binding library members, and the efficient removal of 
non-/weak binders from the library, by the application of 
manipulable selection pressures.

Library redundancy: Encoding of peptides with the 
same amino acid sequence (and thus biological activity) 
by multiple different DNA/RNA sequences as a result of 
some amino acids being encoded by multiple nucleic acid 
codons.

Library display: The expression of library member 
peptides such that the peptide is able to fold and interact 
with a target, while being linked to its genotype to allow 
peptide identification.



Figure 1. Redundancy of the genetic code. Shown are 
all possible mRNA codons from which peptides are 
expressed, using the four nucleobases uracil, cytosine, 
adenine and guanine (standard single letter code). 
Displayed are each triplet codon and its corresponding 
encoded amino acid (standard three letter code). 
Color of boxes denotes severity of redundancy: green 
denotes single encoding of an amino acid, pale pink 
encoding by two codons, pale orange encoding 
by three codons, orange encoding by four codons 
and finally red encoding by six codons. In library 
construction, use of degenerate codons results in bias 
in expressed peptides toward amino acids encoded by 
multiple codons. 

U C A G

U

UUU Phe UCU Ser UAU Tyr UGU Cys

UUC Phe UCC Ser UAC Tyr UGC Cys

UUA Leu UCA Ser UAA Stop UGA Stop

UUG Leu UCG Ser UAG Stop UGG Trp

C

CUU Leu CCU Pro CAU His CGU Arg

CUC Leu CCC Pro CAC His CGC Arg

CUA Leu CCA Pro CAA Gln CGA Arg

CUG Leu CCG Pro CAG Gln CGG Arg

A

AUU Ile ACU Thr AAU Asn AGU Ser

AUC Ile ACC Thr AAC Asn AGC Ser

AUA Ile ACA Thr AAA Lys AGA Arg

AUG Met ACG Thr AAG Lys AGG Arg

G

GUU Val GCU Ala GAU Asp GGU Gly

GUC Val GCC Ala GAC Asp GGC Gly

GUA Val GCA Ala GAA Glu GGA Gly

GUG Val GCG Ala GAG Glu GGG Gly
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both redundancy and stop codons, while dismissing 
rare codons aids near-equivalent amino acid expression 
levels in host systems. The main advantages of PCR-
based techniques such as this are their conceptual sim-
plicity; however, as extent of library randomization and 
peptide length increase, the number of mutagenic prim-
ers needed exponentially increases, quickly becoming 
inhibitory for libraries of reasonable diversity [17].

Alternatively, mutant libraries can be directly syn-
thesized. Developments in solution-phase, and more 
recently solid-phase [19], synthesis have advanced the 
generation of trinucleotide phosphoramidite build-
ing blocks (‘trimers’) encoding all 20 amino acids on 
single codons where mixtures of amino acids can be 
specifically defined at each randomized position in a 
growing oligonucleotide. However, the coupling rates 
of different trimers are still sequence dependent and 
reactivity factors have to be applied in order to reduce 
bias toward particular codons [12,20].

Other alternatives include approaches such as Slo-
nomics [21] and ProxiMAX [17], which feature the 
enzymatic ligation of codons. In Slonomics, ‘Anchor’ 
(codon-bearing) molecules are ligated via compatible 
single strand overhangs to acceptor framework hairpin 
oligonucleotides (known as ‘Splinkers’). This is fol-
lowed by Type IIS restriction endonuclease digestion 
to remove the donor framework and leave the acceptor 
bearing the new codon. The Type IIS enzyme cleaves 
outside of its recognition site and thus can be used to 
cleave at the same position within different library 
sequences. A disadvantage is that the cleavage results 
in a ‘sticky-ended’ overhang, meaning that the sub-
sequent codon needs to be anticipated, resulting in 
a requirement for large numbers of oligonucleotides. 
An alternative process, ProxiMAX randomization [17], 
instead features ‘blunt-end’ ligation of codons carried 
on hairpin donor frameworks to growing acceptors to 
avoid this issue and reduce oligonucleotide require-
ment. Ligation is followed by PCR amplification, and 
double-strand digestion by Type IIS restriction enzyme 
MlyI to remove the donor framework that is then ready 
for addition of the next codon.

These novel techniques thus provide more precise 
and facile control of amino acid incorporation fre-
quencies than traditional PCR approaches. Further, 
through use of single codons for each amino acid these 
approaches maximize sampling of the functional space 
within the margins of the selection systems used. A 
summary of these approaches is given in Table 1.

Library selection systems for peptide 
identification
Novel peptide sequences can be isolated from large 
repertoires by peptide library display and selection. 

Peptides (phenotype) are expressed in linkage with 
their encoding genetic material (genotype) and are 
incubated with the desired target (peptide ‘display’), 
while selective pressures are applied in enrichment 
cycles to preferentially ‘select’ peptides with desired 
properties [22]. Sequencing of the genotypes of pep-
tides remaining after selection then identifies these 
‘hits’ for further development. High-affinity ligands 
can be isolated by increasing the stringency of selec-
tive pressures sequentially to isolate only the tightest 
binders. Additionally, libraries can be pre-selected 
against non-desirable targets/competitors to improve 
efficiency of selection of target-specific peptides [23]. A 
few notable examples of the numerous systems in the 
literature are illustrated in Figure 2. Display systems 
have been grouped here according to whether there 
is a cellular requirement to display library members 
or whether this can occur using the cell’s transcrip-
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tion/translation machinery in a cell-free environment 
that maintains a ‘genotype–phenotype’ linkage, as 
opposed to grouping according to whether panning 
of library against target occurs in vitro or in vivo (in 
cells/tissues).

In vitro cell-free display systems
In vitro cell-free systems [25,26] feature noncovalent (such 
as binding of proteins to the nucleic acid) or covalent 
chemical genotype–phenotype linkages to tether the 
expressed peptides to DNA or RNA. Typically, the 
nucleic acid libraries are translated either with cell lysate 
extract or recombinantly expressed and purified transla-
tion components (the ‘PURE’ system [27]). The expressed 
peptide is subsequently linked to its template so that the 
complex can survive intact through a panning cycle.

Cell-free noncovalent linkages
Noncovalent library systems include CIS display [8] 
and streptavidin-biotin (i.e., ‘STA [streptavidin]-biotin 
linkage in emulsions’; ‘STABLE’) display [28] for DNA 
libraries, and ribosome display [29] for RNA libraries. In 
CIS display [8], genotype–phenotype linkage is provided 
by bacterial plasmid replication initiation protein RepA, 
specifically by taking advantage of its cis-activity, the 
high-fidelity binding of RepA to an origin of replica-
tion on the same DNA molecule from which the RepA 
is expressed [30]. Transcribed/translated library–RepA–
DNA complexes are incubated with immobilized target 
and non-/low affinity binders are removed by stringent 
washing solutions. As with other in vitro screening plat-
forms, selection pressure can be applied and manipu-
lated easily, by altering incubation temperature, washing 
regimes, pH, competitive pressure (such as heterologous 
targets or previously selected target-binders) and/or 
supplementing with proteases [31].

STABLE display [28] requires each library DNA 
template to be terminally biotinylated and the peptides 
expressed in fusion with streptavidin, whose extremely 
high affinity for biotin directs the linkage of genotype 
and phenotype. Elution of DNA of selected peptide–
DNA complexes for sequencing can be aided by pho-
tocleavage of a 2-nitro benzyl linker inserted between 
DNA and biotin.

RNA noncovalent display includes ribosome dis-
play  [29]. In this system, library DNA is transcribed 
and translated by a cell-free expression system up to the 
DNA 3′ terminus, where the absence of a necessary stop 
codon to allow ribosome release results in the ribosome 
with nascent library peptide remaining bound to the 
encoding mRNA. The major limitation of ribosome 
display is the stability of this mRNA–ribosome–pep-
tide complex; conditions featuring low temperatures, 
high magnesium concentration and ribosome halting 
factors such as chloramphenicol [29] increase complex 
stability but also limit the range of selection pressures 
that can be applied to libraries.

Cell-free covalent linkages
Covalent display systems include the P2A [32] and 
M.HaeIII [33] systems for DNA libraries, and mRNA 
display [34] for RNA libraries. In the P2A system [32], 
expression of the P2A bacteriophage replication initia-
tion protein is followed by covalent linkage of its cata-
lytic tyrosine to a 5′ DNA phosphate created by single 
strand nicking. Though a seemingly robust technique, 
reported inappropriate linkage to a different geno-
type can confuse the panning outcome. In the similar 
M.HaeIII system [33], library members are expressed in 
fusion with DNA-methyl transferase M.HaeIII, which 
forms a covalent bond with a fluorinated GGFC rec-
ognition sequence on the library DNA molecule. As 

Table 1. Comparison of library construction techniques for the generation of genetic libraries of high diversity.

Attributes NNN/NNK/NNS  Trinucleotide 
phosphoramidites 
(codon subset)

Small-intelligent 
design

Slonomics ProxiMAX

Diversity (3–12 saturated codons) 45–10% 100% 100% 100% 100%

Premature truncation (3–12 saturated 
codons)

11–38% 0% 0% 0% 0%

Optimization of codons to limit 
expression bias

× × × +++ +++

Limitation of amino acid encoding bias × ++ + +++ +++

Codon ratio control × + × +++ +++

Codon subsets × +++ +++ +++ +++

Cost for 12 saturated codons + +++ ++  + +

Oligonucleotides synthesized by trinucleotide phosphoramidite chemistry can either be used to randomize peptides with ‘NNN/NNK/NNS’ randomized triplet codons 
(used in traditional PCR approaches), or with a subset of codons.  
Adapted from [17].



Figure 2. Library display for selection against a target in commonly used library display systems which make use 
of cellular expression of libraries (top panel) or in vitro cell-free expression (bottom panel). Target of interest, 
against which libraries are screened, is shown in pink. For the majority of display systems shown, the target is 
immobilized on a solid support (black dashed lines) via linker (green) and libraries are panned against it in vitro. 
Library-encoding DNA is shown as a yellow ribbon, or mRNA as a red ribbon, displayed peptide is shown as a light 
blue oval, with its target-binding site shown as a dark blue triangle. Linker molecules between displayed peptide 
and the molecule on which it is displayed are shown in gray. Cell walls are shown as yellow rectangles. See text for 
a more detailed explanation of display systems. 
Adapted with permission from [24] © Elsevier (2006).
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for P2A, this technique suffers from free M.HaeIII 
peptide production, which can bind non-fluorinated 
recognition sequences on other DNA molecules, as 
well as the expense of production of fluorinated library 
molecules.

RNA covalent display includes mRNA display [34] as 
a modification of ribosome display. In mRNA display, 
a DNA-puromycin linker is added to mRNA library 
members (generated from a DNA library by transcrip-
tion) by enzymatic ligation. Upon translation, the 
ribosome stalls at the DNA linker, allowing puromy-
cin to enter the A site of the ribosome, whose peptidyl 
transferase activity moves the nascent library peptide 
onto the O-methyl tyrosine of puromycin to covalently 
link library mRNA to its peptide. In both ribosome 
and mRNA display, RNA susceptibility to degrada-
tion is a limiting factor, but library sizes achievable 
are much higher than techniques involving host cell 
transformation.

As a modification of some cell-free in vitro display 
systems, or as a stand-alone system, in vitro compart-
mentalization can be used [35], whereby femtolitre 1 
μm diameter water droplets created in an oil emul-
sion house a single library nucleic acid molecule which 
is transcribed and translated by lysate/PURE system 
components. Peptide–nucleic acid complexes similarly 
can be subjected to affinity selection in water droplets 
(for example displaying peptides on microbeads [36] ) or 
as for other in vitro systems. These compartments help 
to improve the fidelity of genotype–phenotype link-
ages (especially noncovalent linkages, or where nonco-
valent interaction is followed by covalent linking) by 
localizing library nucleic acid molecule and expressed 
peptide, though compartment fusion during peptide 
expression is a limitation [33].

In vivo cell-dependent display systems
In vivo display systems are reliant on translation of 
libraries by cellular expression machinery. The major-
ity of these systems make use of DNA library-encod-
ing, and noncovalent linkage of genotype and pheno-
type. Examples include phage display [37], cell surface 
display [38], baculovirus display [39], protein-fragment 
complementation assays (PCAs) [40], yeast two-hybrid 
display [10] and lambda repressor displays [41]. Librar-
ies are generated in vitro, individual library members 
transformed/transfected into individual host cells, 
and then peptides expressed by the cell’s translational 
machinery. Libraries displayed on bacteriophage, 
cell surfaces and baculoviruses are generally panned 
against an immobilized target in vitro, while for 
PCAs, yeast two-hybrid and lambda repressor systems, 
library members that interact with a co-expressed tar-
get within the cell generate a measurable readout. For 

example in PCAs, library–target interaction allows an 
essential enzyme/protein that is split into two frag-
ments to refold and be activated. This may confer a 
competitive growth advantage [42], or generate fluores-
cence from re-assembly of split fluorescent proteins [43].

Phage display [37,44–45] exploits the infectivity and 
hijacking of host cell machinery by bacteriophage for 
replication, along with the packaging of bacteriophage 
genomic DNA within phage virions, to display pep-
tides for affinity panning and link genotype with phe-
notype. In this technique, peptide display occurs in 
cells (in vivo), while affinity panning occurs in vitro. 
Phage can be split into two classes, filamentous (such 
as M13 phage) or lytic bacteriophages (such as lambda 
phage [46]), that infect a bacterial host cell and using 
host cell transcription/translation machinery display 
library peptides on phage capsids (typically also requir-
ing provision of other necessary replication factors by 
helper phage infection). Capsids are either assembled 
in the host cell periplasmic space and secreted, or 
assembled in the host cell cytoplasm before cell lysis, 
respectively. Library peptides whose genotype is engi-
neered into phagemid vectors are displayed as fusions 
with pVIII or pIII capsid coat proteins for M13 fila-
mentous phage or gpV/gpD for lambda phage. Fila-
mentous phage display is routinely used for small pep-
tides, while lytic phage may be used for larger proteins 
whose folding is sensitive to periplasmic translocation. 
With both classes of phage, phage particles are then 
purified from bacterial cells and subjected to pan-
ning in vitro against an immobilized target. A major 
limitation to phage display relates to library sizes, and 
is common to all cell-reliant display systems. Librar-
ies genetically engineered into vectors must be trans-
formed into host cells before peptide expression, such 
that transformation efficiencies limit library diversities 
to 1010–1011 members. Despite this, phage display ben-
efits from robustness of selection strategy, stability of 
phage virions and flexibility to adaptation, making it 
one of the most widely used selection strategies.

In addition to traditional phage in vitro panning, 
the extraordinary stability of phage also allows pan-
ning against whole cells from a tissue biopsy or even 
in vivo by means of intravenous injection [45,47]. This 
allows selection of peptides against extracellular, 
membrane and even intracellular targets (if peptides 
capable of carrying phage across cell membranes are 
displayed in tandem [48]) accessible to phage admin-
istration. The advantage of this technique is that pep-
tides are selected in a real, relevant biological context 
that is quite different to idealized in vitro conditions 
[23]; not only is target interaction selected for under 
systemic pressures applied by the circulation, immune 
system, organs, tissues and cells, but also peptides are 
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selected for favorable pharmacokinetic properties such 
as blood retention, low immunogenicity and resistance 
to biological degradation.

Cell surface display technologies [38] generally com-
prise genetic fusion of a DNA library to the coding 
sequence of a protein expressed and incorporated 
into the cell wall, such that the fused library peptide 
is presented to the extracellular media. For example, 
in yeast surface display, library members can be fused 
with α-agglutinin or flocculin membrane proteins. 
Different cell types require different choices of cell 
membrane proteins, but otherwise these technologies 
are very similar. Once a library has been displayed on 
the cell surface, panning against immobilized target or 
other cells can be performed as for other display sys-
tems but also with the advantage of gating for high-
affinity target binders using a cell sorter. These systems 
are advantageous where peptide library members are 
long and fold in a more complex way, such that natu-
ral folding can be replicated efficiently by whole-cell 
machineries. Other advantages are more specific to the 
cell type used; for example, yeast cell mating can lead 
to increased library diversity and library evolution by 
genetic recombination [49].

Baculovirus display [39] exploits Baculoviridae fam-
ily invertebrate viruses to infect mammalian or other 
eukaryotic host cells and display peptide libraries 
both on host cell surfaces (thus constituting a form of 
cell surface display), and/or on budding virions. For 
budding virions, fusion proteins between library and 
major baculovirus envelope protein gp67 are gener-
ated by library insertion into baculoviral genomes 
under the strong transcriptional control of the non-
essential polyhedron gene promoter. As for cell sur-
face display, baculovirus display particularly benefits 
panning of libraries where peptides require eukaryotic 
folding/post-translational modifications.

In DHFR-PCA [40], library members are geneti-
cally fused to a rationally designed fragment of murine 
DHFR. Similarly, the target is fused to the comple-
mentary fragment. Library–target interaction recon-
stitutes DHFR which proceeds to metabolize nucleo-
tide precursor dihydrofolate in minimally nutritious 
growth media to allow detectable cell growth, other-
wise inhibited by the absence of available nucleotides 
and suppression of genomic DHFR by trimethoprim.

Yeast two-hybrid assays [10] feature splitting of the 
Gal4 transcriptional activator protein between its 
DNA binding and activation domains, and fusion of 
library or target to each domain. Only library–target 
interaction reconstitutes Gal4 to initiate transcrip-
tion of a reporter gene such as a fluorescent protein, 
β-galactosidase for blue-white colony screening or an 
antibiotic-metabolizing enzyme.

Finally, in lambda repressor display [41], library 
peptides are expressed as fusions with the lambda 
repressor of transcription monomer within a host 
cell, with the target likewise fused to another lambda 
repressor monomer. Library–target interaction pro-
motes lambda repressor dimerization, which represses 
transcription of tof immediate-early gene to inhibit 
lambda phage lysis of host cells such that target-
interacting library members are identified by host cell 
survival.

In addition to selection for high affinity, display 
systems featuring selection in cells have the addi-
tional advantages of simultaneously selecting for 
target specificity, solubility in the cell environment, 
non-aggregation, non-toxicity, stability in a reduc-
ing environment, protease resistance and ability to 
outcompete endogenous competitors, both for the 
target and the library [40,50]. PCAs such as DHFR-
PCA are attractive in that selection stringency can be 
increased by employing growth-restrictive cell culture 
conditions such that only the most effective target-
binders will reconstitute enough DHFR activity for 
cell survival. Additionally, competitive and negative 
design can provide extra competition through the 
co-transformation and co-expression of exogenous 
target-binding competitors, or heterologous ‘off-tar-
gets’  [51], which selects for high target selectivity in 
isolated peptides.

Selection system choice
Cell-free and cell-dependent systems each have 
strengths and weaknesses, some of which overlap. Cell-
free systems allow the expression of much larger pep-
tide libraries (in the region of 1014 members [8]) rela-
tive to cell-dependent systems (a maximum of around 
1011 members [45]) due to limitations in transforma-
tion/transfection efficiencies. Thus, cell-free systems 
enable greater sampling of peptide sequence space, a 
greater chance of identifying peptide ‘hits’ and con-
sequently potentially more optimal hits [9]. However, 
false positives are a rarer occurrence in cell-reliant sys-
tems where the stringency of selection is higher [52]; 
cell-free systems can suffer from inadequate removal 
of non-specific off-target binders (often peptides that 
adsorb to well-plate surfaces) [53]. Sensitivity of cell-
reliant systems to weaker target binders (which may 
nevertheless generate useful antagonists with further 
affinity maturation/modification) can be better than 
cell-free systems [54]. Finally, cell-free selection systems 
benefit from increased control/easier manipulation of 
selection stringency [31].

Ultimately, choice of selection system is largely 
case-dependent, and is affected by library diversity, 
complexity of folding/post-translational modifications 
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of library peptides, as well as cost, complexity and 
time. Some attributes of the various display systems 
discussed are summarized in Table 2.

Enhancing simple library selections
Recent development of next-generation sequencing 
(NGS, or ‘deep sequencing’) technologies, such as Illu-
mina MiSeq [55], Life Technologies Ion Torrent [56], 
single-molecule real-time sequencing [57] and Oxford 
Nanopore [58] technologies, has expanded sequencing 
capability to hundreds of thousands of reads through a 
library pool. This has obvious application to the qual-
ity control of constructed libraries, providing data on 
amino acid incorporation frequencies and frequencies 
of truncation/mutation, but additionally now allows the 
enrichment process to be followed during selections by 
sequencing genetic material isolated after each selection 
round [59]. A particularly interesting use of the data gath-
ered during selections is to identify binding motifs com-
mon to early stage binders that later are outcompeted 
by other motifs. Though undesirable in this state, these 
motifs nevertheless may prove attractive if revisited and 
randomized in a future library, or may be interesting for 
other applications, or against homologous targets.

Library selection systems provide not just the oppor-
tunity to isolate novel interactions, but also the chance to 
evolve the binding characteristics of previously identified 
binders toward higher affinity and specificity. Directed 
evolution can be achieved by introducing an element of 
randomization at stages of selected library pool amplifi-
cation between selection rounds in conventional library 
selection, or when constructing secondary libraries 
from initial hits. Randomization can be achieved using 
techniques [60] such as error-prone PCR, exon shuffling 
and reassembly via PCR, error-prone host replication 
(mutator strains) or recombination procedures. Thus, 
an initial library evolves to cover greater sequence space 
around binding motifs than initially possible.

Phage Assisted Continuous Evolution (PACE) [61,62] 
is an interesting example of modification of a display 
system to effect directed evolution during selection. In 
PACE, the M13 filamentous bacteriophage is modified 
such that the pIII coat protein responsible for infecting 
new host E. coli is instead placed on an accessory plasmid 
and transformed into host cells before selection. Expres-
sion of pIII is linked to library peptide interaction with 
the target, such that non-interaction blocks pIII expres-
sion and thus results in the production of non-infectious 
phage, which are washed away in the flow of fresh host 
cells supplied by a microfluidics device. Conversely, 
library–target interaction leads to pIII expression, allow-
ing formation of infectious phage that infect the new 
host cells delivered to survive the selection round. Every 
successive phage replication results in mutation of the Ta
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peptides being selected as a result of host cell replication 
infidelities, such that they continuously evolve to arrive 
at sequences with the highest affinity for the target.

Directed evolution of initial hits in secondary librar-
ies may feature randomization of arbitrary regions of 
a binder where a deeper understanding of binding is 
absent, or randomization of residue positions identi-
fied as crucial for interaction by predictive, biochemi-
cal or structural analyses. Often this means that 
sequence space can be more thoroughly searched than 
in the initial library, and consequently affinities of ini-
tially selected hits can be further matured to increase 
therapeutic attractiveness.

Synthetic peptide libraries as a source of PPI 
inhibitors
Peptide library selection strategies do not always require 
a genotype–phenotype linkage. Synthesized non-
genetic peptide libraries make use of automated pep-
tide synthesizers or synthesis on microarray chips  [63] 
to synthesize hundreds of thousands of unique peptide 
sequences using standard 9-fluorenylmethyloxycar-
bonyl (Fmoc) peptide chemistry. Commercial compa-
nies, such as PEPperPRINT, make use of modified laser 
printers to ‘print’ amino acid building blocks as array 
spots before coupling to growing peptide chains [64]. 
Immobilized libraries are then incubated with a solu-
tion of the target molecule, whose linkage to a reporter 
molecule (i.e., fluorescein isothiocyanate, horseradish 
peroxidase etc.) allows identification of interacting pep-
tides after removal of non-weak binders by stringent 
washing. Screening peptides on microarrays benefits 
future library design in a similar way to NGS of DNA 
libraries; not only are high-affinity binders identified, 
but also those which are similar in sequence but dis-
play lower affinities. This can provide residue-specific 
insights into the structure-dependence of the binding 
mode, from which new library designs can benefit. The 
advantages of peptide microarrays over genetic systems 
are their rapid production, and reuse for screening 
against multiple targets. However, currently the library 
complexity achievable is limited by the density of pep-
tides that can be practically applied to a solid support 
(in the region of 1 million per cm2 [65]), meaning genet-
ically encoded libraries currently offer much greater 
complexity prior to screening.

Peptide development for therapeutic 
administration
Traditionally, small molecules have been considered 
the only tractable interfering agents for therapeu-
tic administration as they can be highly bioavailable 
across biological membranes to target intracellular 
receptors, stable in extracellular fluids and non-immu-

nogenic  [66]. However, their small size limits the 
number of points of interaction that can be made with 
protein interaction interfaces, which in turn can gen-
erate toxicity issues relating to target-specificity. Pep-
tides, on the other hand, while large enough for high 
specificity, can suffer from poor stability, bioavailabil-
ity, the inability to permeate biological membranes to 
reach intracellular targets or those beyond the blood-
brain barrier for example, and reactivity with T-cell 
receptors and B-cell/antibody paratopes [67]. A small 
number of unmodified peptides that are quite large 
relative to small molecules and which do not adhere 
to ‘Lipinski’s Rule of Five’ have made it to the clini-
cal market since the first administration of natural 
peptide hormones in the 1980s. However, these often 
still display several limitations, as exemplified by enfu-
virtide [68] whose instability requires dosages on the 
milligram scale. As a result, the number of unmodified 
peptides achieving regulatory approval relative to the 
number entering clinical trials in this time period has 
been low [69]. However, in recent years the distinction 
between small molecules (generally <500 Da) and pep-
tides (usually >500 Da) has narrowed with respect to 
their pharmacokinetic properties [66] with the contin-
ued development of existing and novel peptide modi-
fication strategies. These strategies afford conversion 
of peptides into ‘peptidomimetics’ which, while 
retaining many of the structural characteristics and 
high target specificity of the parental peptide, can be 
substantially more stable and capable of reaching even 
the most difficult intracellular targets, thus enabling 
interference of small molecule-intractable PPIs with 
small molecule-like pharmacokinetics. Modification 
strategies can be applied to peptides isolated by display 
and selection systems either before or after selection to 
provide high-throughput discovery of therapeutically 
attractive molecules.

Post-selection modification of peptides
For the modification of peptide hits after identification 
by screening strategies, a wide range of approaches have 
been invented and developed in the last 30 years [70,71]. 
Peptides can be synthesized chemically to include 
non-natural amino acids, or non-peptidic backbones. 
Additionally, ‘retro-inverso’/d-amino acid, structural 
constraint/cyclization, hydrogen-bond surrogacy, con-
jugation and truncation strategies (or combinations 
of the above) are available. These techniques aim to 

Key term

Peptidomimetics: A small peptide-like compound 
with adjusted molecular properties that aim to enhance 
bioactivity (target-binding affinity or selectivity, or 
pharmacokinetic properties etc.).
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improve therapeutically desirable properties such as 
cell penetration/bioavailability, decrease protease-
susceptibility, improve half-life and increase systemic 
stability, to improve overall druggability.

Non-natural side-chains & backbones
Natural α-amino acids can be substituted with those 
bearing highly derivatized/novel side chains [72], and/
or amino acid mimetics such as β- [73] or N-substituted 
amino acids (the latter forming ‘peptoids’) [74]. A wide 
variety of non-natural amino acids have been incorpo-
rated into peptides, with novel side chains featuring 
alkyne, thiazolidine, aryl halide, alkene, heterocycle, 
ketone, azide, metal-chelating and photochemically 
reactive functional groups among others [72]. One major 
advantage of this approach is that structural restric-
tions that limit the strength and complementarity of 
α-amino acid interactions with the target can be over-
come [75]. Non-natural amino acids may also disrupt 
protease recognition sites (for example, β-amino acid 
substitution [76]) or immune cell/antibody paratopes 
that have evolved to recognize α-amino acids [77].

Non-peptidic backbones can replace the relatively 
labile and protease-scissile amide bond in peptides for 
a moiety more resistant to proteases, and one less recog-
nizable to immune/antibody paratopes. Non-peptidic 
backbone strategies evolved at a similar time to non-
natural amino acid substitution, and have included sub-
stitution with amino acid mimetic or amino acid-like 
building blocks (such as β-amino acid [76] or sulfono-
peptide units [78]), or quite dissimilar modules more 
reminiscent of small molecule drugs (such as pyrrolopy-
rimidines [79], or aryl/imidazolidinones [80]) and may 
replace entire peptide backbones or only regions therein.

For α-helix mimetics, β-amino acids can be con-
structed into oligomers that generate conformation-
ally similar helices, thus retaining binding ability [81], 
while being more resistant to protease digestion [76]. 
Similarly, oligoureas, oligosulfonamides and pyrro-
lopyrimidines are examples of moieties that are capable 
of adopting the necessary Φ and Ψ angles for α-helix 
adoption [82]. Oligoenaminones [83] and oligobenza-
mides [84] also have similar mimetic properties. These 
moieties can display a wide variety of properties based 
on backbone flexibility and side chain decorations [79], 
in order to mimic the side chain functionalities and 
spatial characteristics of α-helices, with the added 
advantage of greater customization of side chains to 
offer potential optimization of binding. In addition, 
even partial backbone replacement can afford protease 
protection by disrupting recognition sites.

Partial non-peptidic backbone replacement, for 
example using cubic alkanes and conjoined rings, has 
also been used to mimic β-turns and β-sheets [85]. 

However, careful adaptation to ensure suitability for 
mimicry of turns involved in molecular recognition 
is necessary to ensure replication of amino acid side 
chain groups’ geometries and interactions [85].

d-α-amino acid substitution replaces natural l-enan-
tiomer α-amino acids with d-enantiomers, while the 
related ‘retro-inverso’ strategy reverses a fully substi-
tuted d-α-amino acid sequence from N- to C-terminus 
to arrive at a mirror image of the l-enantiomer [86,87]. 
Both techniques significantly decrease susceptibility to 
human proteases evolved to recognize l-α-amino acids 
[88], and immune system reactivity, which is primarily 
against l-enantiomer peptides [77]. d-peptides can be 
synthesized by solid-phase peptide synthesis (SPPS), 
aided by the continued development of more efficient 
methods for d-amino acid synthesis [89]. d-peptides 
can also be indirectly selected by library display sys-
tems such as ‘mirror image phage display.’ By reversing 
the chirality of the target molecule from l- to d-enan-
tiomer, and selecting against a library of l-peptides, 
by simple logic the l-enantiomer of the target should 
then be bound by the d-enantiomer of the selected pep-
tide [90]. This strategy is however only really attractive 
where the d-target is amenable to SPPS.

Constrained secondary structures
In the modification of peptides toward therapeutic 
administration, undoubtedly the two most popular 
strategies currently are structural constraint (particu-
larly of helical peptides) and macrocyclization, both 
of which are successfully generating peptidomimetics 
that are reaching the clinic [7].

Structural constraints are non-natural modifications 
to peptide motifs that cyclise two amino acids and thus 
the peptide backbone [70]. In doing so, the entropic 
cost to adopting the particular fold of the motif  [91] 
is reduced, such that peptides are then entropically 
pre-organized for binding to their target [92].

Constraint of α-helices, β-sheets/turns and loops have 
all been described [93,94]. The entropic pre-organization 
of α-helices by constraint strategies [70,95] has received 
particular attention, and has been shown to improve 
binding affinity of helical peptides of various sequences 
and lengths with their therapeutic targets [92,96–98]. For 
example, in the case of oncogenic transcription fac-
tor Activator Protein-1, whose activity is dependent on 
entropically unfavorable helix formation and then super-
coiling of α-helical Jun and Fos proteins [99], helix con-
straint of a c-Fos antagonist favorably reduced the entro-
pic penalty to antagonist–c-Fos interaction to increase 
binding free energy/affinity, and additionally facilitated 
truncation to smaller and thus more therapeutically 
attractive antagonists while retaining binding [92].

In another example, the hydrocarbon constraint (or 
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‘staple’, referring to a hydrocarbon constraint generated 
by olefin metathesis) of Hdm2 inhibitor SAH-p53-8, a 
derivative of the Hdm2-interactive p53 helix, conferred 
high helicity to SAH-p53-8 for effective mimicry of 
the p53 helix, leading to increased p53-mediated can-
cer cell death [100]. Interestingly, interaction of the sta-
ple itself with Hdm2 residues conferred a serendipitous 
benefit to binding affinity [101].

In addition to beneficial effects on target binding, 
helix constraint has been reported to improve mem-
brane penetration [102,103] beyond the natural tendency 
for amphipathic α-helices to associate with mem-
branes. Helix constraining also promotes and shields 
a protease-resistant helical conformation [104], but has 
the potential disadvantage that increasing peptide 
molecular weight may be detrimental to bioavailability.

Structural constraints can be introduced either dur-
ing SPPS [105], or post-synthesis [106]. The range of con-
straint modalities available has grown vastly in the last 
30 years to include lactam/peptide/amide bridges [92], 
aryl halides [106,107], hydrocarbon chains (generated 
by ‘ring closing metathesis’) [108] and metal chelation 
to force helicity [109]. These can be inserted at suit-
ably spaced positions along the helix, with (i→i + 3),  
(i→i + 4), (i→i + 7) and (i→i + 14) being spatially 
close or planar to each other, and are usually inserted 
away from the interaction interface(s) on constrained 
peptides to avoid disruption/alteration of binding. 
Despite the wide variety of constraints available, and 
the obvious efficacy of conferring helicity on peptides 
as short as five amino acids [98], choice of which con-
straint to apply to a given sequence for a desired gain 
– for example, maximal α-helicity – has not previously 
been clear. However, a recent strictly comparative 
investigation goes some way to address this, indicat-
ing that lactam constraints are the most helix-inducing 
constraint in alanine pentapeptides, outperforming 
popular hydrocarbon and thioether linkages [95].

In the last year and a half, the first stapled pep-
tide has reached clinical trials. Aileron Therapeutics’ 
ALRN-5281 is a stapled analog of human growth hor-
mone-releasing hormone designed to increase natural 
growth hormone release for the treatment of rare endo-
crine disorders, and has successfully completed Phase I 
safety trials in healthy humans and is expected to enter 
Phase II trials imminently [110]. This success demon-
strates the potential for helix constraint strategies to 
deliver therapeutically viable peptidomimetics.

Two related strategies to helix constraint are hydro-
gen bond surrogacy (HBS) and helix templating. 
Hydrogen bond surrogacy [111] involves the use of 
covalent hydrocarbon linkers to replace the terminal 
backbone-to-backbone hydrogen bonds that stabilize 
an α-helix, again reducing the entropic penalty to 

α-helix formation [112]. A benefit over constraining 
is that there is no interference with amino acid side 
chains, which may be crucial for target interaction [111]. 
Helix templating [113] involves the use of synthetic ter-
minal amino acid analogs, complexation of metal ions 
or multidentate rings [114], designed such that ψ and 
ϕ angles are fixed at helix-promoting angles, to pro-
vide a nucleus from which an α-helix can preferentially 
propagate.

Similar structural constraints can reinforce β-turns/
strands/sheets [115], loops and reverse turns in larger 
peptides or even small proteins that represent ‘scaf-
folds’ upon which library peptides can be presented for 
target binding [116]. Hydrocarbons [117], synthetic small 
molecules, d-amino acids, non-natural amino acid 
mimetics, disulfides or even other proteins [93] have all 
been used for constraint, which further demonstrates 
the flexibility of constraining to suiting the structural 
needs of a large repertoire of specific cases. Similarly, 
templating can structurally reinforce β-turns/sheets 
and loops [114], though this is complicated by turn/sheet 
formation dependency on stabilizing interactions from 
surrounding turns/sheets, and the tendency for forma-
tion of high-order aggregates. Insertion of synthetic 
molecules such as epindolidione between stretches of 
amino acids can provide hydrogen bonds to backbone 
peptide groups in order to allow a β-strand to adopt a 
sheet conformation [118]. Alternatively, molecules that 
replicate the geometry of β-turns – including pyridine 
analogs, in some cases in coordination of metal cat-
ions – are able to reverse the direction of β-strands and 
bring their backbones into range for hydrogen bonds 
to stabilize a β-sheet conformation [114,119]. Finally, 
adoption of omega loops – hydrogen-bonded loops 
of irregular backbone dihedral angles that participate 
in molecular recognition, protein folding or stabiliza-
tion [120] – has been achieved using naphthalene amino 
acid derivatives [121]. Constraint of non-helical proteins 
conveys benefits such as protease resistance [122] in a 
similar way to α-helices.

Peptide macrocycles – featuring the cyclization of 
one or both peptide termini either with each other or 
with intervening amino acid side chains – were first 
described in natural peptides 60 years ago, and since 
then much interest has been taken in their desirable 
pharmacokinetic properties [123]. In the last 15 years 
in particular, like structural constraint, macrocycliza-
tion has been explored thoroughly for peptide develop-
ment [124] and has proven to be an effective strategy for 
improving both pharmacokinetic and pharmacody-
namic properties of peptides. For example, cyclization 
ensures that peptides avoid linear protease-susceptible 
conformations [122]. Further, cyclizations may improve 
cell penetration by encouraging multiple intramolecu-
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lar hydrogen bonds which improve the otherwise ener-
getically unfavorable desolvation of the peptide bond 
necessary for membrane association [125]. Cyclization 
is often coupled with N-methylation for enhanced cell 
penetration, where N-methylation masks solvent-fac-
ing backbone polar groups requiring desolvation [126]. 
Cyclization can also have positive effects on pharmaco-
dynamics of peptides where target interaction involves 
a strained conformation, such as improving affinity by 
reducing entropic loss upon target-binding, just as for 
peptide constraint.

As a result of their favorable characteristics, some 
macrocyclic peptides have already reached the clinic, 
while others look set to be to be approved for adminis-
tration in the near future. For example, pasireotide [127] 
is a cyclic peptidomimetic of somatotrophin release 
inhibiting factor which has been approved for the ther-
apy of chronic hypercortisolism [128]. Oritavancin is a 
promising Phase III candidate peptidomimetic ana-
log of vancomycin, which aims to afford desperately 
needed treatment of vancomycin-resistant MRSA [129].

Chemical synthesis of macrocyclic peptides has 
been described using a number of different chemistries 
[124], while creative strategies are available to overcome 
adverse conformational restraints to macrocyclization, 
including the entropic penalty to folding. Chemistries 
include metal-ion catalyzed cyclizations, sulfur cycliza-
tions, ring-contraction, ring-closing metathesis, ‘click’ 
chemistry [130], multicomponent reactions for direct 
synthesis of cyclic peptides, electrostatically controlled 
reactions (use of polar organic solvents to pre-orga-
nize peptides into cyclization-ready conformers) and 
native chemical ligation (NCL)/expressed protein liga-
tion (EPL) [131,132], to generate macrocycles during or 
post-SPPS featuring thioether, disulfide, hydrocarbon, 
lactam and other linkages [124]. In particular, NCL/
EPL is a simple technique for cyclization that gener-
ates a peptide bond, while ‘click’ chemistry triazolyl 
linkages have received much attention for their pres-
ence in natural cyclic products of interesting biologi-
cal activity and stability, and ability to mimic cis- and 
trans- peptide bonds depending on substituent groups. 
NCL/EPL for cyclization proceeds by nucleophilic 
attack of a C-terminal cysteine sulfur on an N-termi-
nal α-thioester which through a five-membered ring 
intermediate rearranges to release the cysteine side 
chain and form a peptide bond between N- and C- ter-
minal amino acids [131]. Use of orthogonal protecting 
groups on multiple cysteine residue sulfurs of a single 
synthetic scaffold molecule can also allow directed 
sequential cyclization of multiple cysteines in a pep-
tide by NCL [133]. ‘Click’ chemistry typically  involves 
Cu(I)- or Ru(II)-catalyzed cycloaddition between 
an N-terminal azido-amino acid and a C-terminal 

alkyne amino acid mimetic to form a 1,4-disubstituted 
1,2,3-triazole link [130]. Once macrocyclic, peptides 
are still amenable to further modification, including 
sequence diversification through exploitation of aziri-
dine amides to allow site-specific incorporation of ‘for-
eign’ peptide/peptidomimetic sequences [134].

Formulation
Peptides can be conjugated to specialized protein 
transduction domains [135] which include basic cell-
penetrating peptides, α-helical peptides and viral 
fusion proteins [136], that are capable of crossing bio-
logical membranes by various mechanisms [137]. Con-
jugation to carrier molecules such as polyethylene gly-
col or the novel peptoid N-methoxyethyl glycine, or 
human serum proteins such as human serum albumin, 
slows renal clearance and thus improves tissue uptake, 
improves proteolytic stability and lowers immunoge-
nicity [138,139]. Conjugation of peptides to proteino-
genic moieties can be achieved simply by expression 
of genetically fused species, while conjugation to non-
natural molecules can be achieved either post synthesis 
using activated molecules reactive with amino acid side 
chains [140], or using synthesized amino acid derivatives 
during SPPS [141].

Truncation can be utilized to improve cell penetra-
tion potential [50,142] to counter limitations to the avail-
able space between cell membrane proteins through 
which peptides can permeate. Truncation can also be 
targeted to remove known immune cell/antibody epi-
topes ([143] and contributing references) and protease 
recognition sites ([144] and contributing references).

Modifying peptide libraries before selection
Non-natural amino acid, d-amino acid and more 
recently structural constraint [145], cyclization [146], and 
truncation [142] strategies have also been applied to bio-
logically-derived peptide libraries before selection. The 
advantages of this lie in selection of peptides with already 
enhanced therapeutic properties, and improved toler-
ance to future modifications of this nature. In addition, 
non-natural amino acid substitution and at least partial 
non-peptidic backbone replacement can be achieved in a 
non-genetic peptide library selection context.

Expanding the genetic code
Non-natural and d-amino acids have been incorpo-
rated into peptides by a number of techniques in the 
last 25 years [72,147]. Firstly, tRNA can be acylated with 
non-natural amino acids. This can be achieved by 
chemical synthesis, aminoacyl tRNA-transferases with 
mutated substrate recognition or flexizymes, ribozyme 
aminoacyl tRNA-transferases [148]. Initially, nonsense 
tRNA molecules were exploited for this purpose; 
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however, although this can potentially allow incorpo-
ration of a wide range of non-natural amino acids at all 
three stop codons (amber, ochre and opal), incorpora-
tion is inefficient at multiple sites and incorporation 
ratios are not easily controllable due to competition 
with the natural, preferred tRNA substrates [149]. The 
problem of competition can be overcome in in  vitro 
library systems by using purified recombinant ribo-
some, release factors and other expression compo-
nents [150], which then are supplemented with known 
quantities of mischarged tRNAs and natural nonsense 
tRNAs are excluded. This technique can addition-
ally be expanded to use sense tRNAs not required in 
library construction, whose undesirable amino acids 
are substituted for desired non-natural residues.

Other strategies such as engineering the ribosome 
to boost recognition of unusually charged tRNA can 
increase the efficiency of incorporation of non-natu-
ral amino acids [151]. Recent realization that different 
tRNA constant regions have different affinities for the 
EF-Tu translation elongation factor could be used to 
ensure that only the highest affinity tRNA constant 
regions are used for non-natural amino acid incorpo-
ration [152]. Alternatively, mutant ribosomes have been 
selected to incorporate non-natural residues carried by 
four base pair anticodon tRNA molecules [153].

Flexizyme strategies [148] have been developed in the 
last 10 years, and make use of ribozymes – 45-nucleo-
tide long RNA molecules – that have evolved (naturally 
or artificially) to transfer amino acids to tRNA mol-
ecules almost irrespectively of the tRNA anticodon. As 
such flexizymes can be exploited to charge tRNAs with 
a wide range of exotic amino acids in vitro, many more 
than are possible using natural aminoacyl-tRNA syn-
thetases. With flexizymes, it is possible to incorporate 
amino acids with non-natural side chains, d-amino 
acids and N-substituted amino acids. However, recent 
focus has been on the use of flexizymes to display mac-
rocyclic peptides, desirable based on their cell pene-
trating properties and high stability. To date, strategies 
such as thioether, ‘click’ chemistry and lactam linkages 
have been successfully applied to mRNA/ribosome 
display libraries using flexizymes [154].

In the future, two fields of development may achieve 
entirely novel methods by which non-natural amino 
acid libraries could be generated. The first field relates 
to that of unnatural nucleic acid (‘Xeno-NA’ or ‘XNA’) 
base pairs, nucleotide analogs with altered hydrogen-
bonding or predominantly hydrophobic pairing inter-
actions, that have the potential to revolutionize genetic 
engineering [155]. In the future, we could envisage a 
system that combines currently achievable efficient 
transcription of XNA [156], with an engineered ribo-
some or similar molecular machine that could link 

these XNA codons to tRNA molecules with unnatu-
ral anticodon bases [157] and charged with non-natural 
amino acids, to allow the novel incorporation of non-
natural amino acids into peptides in in vitro display 
systems. Further, the recently reported successful rep-
lication of a bacterium harboring genomic XNA [158] 
suggests that an in  vivo display system analogous to 
PCA could also be built using XNAs.

The second field features investigation of non-ribo-
somal peptide synthetase (NRPS) complexes  [159,160] 
common to bacterial systems that naturally synthesize 
non-proteinogenic peptides. These complexes simi-
larly could be exploited in the future for non-natural 
library expression. The advantage of this would be 
that the diverse range of non-proteinogenic amino 
acids and their even more diverse range of chemi-
cal properties – from non-peptidic backbones (such 
as polyketide) to non-natural amino acid side chains 
(such as vinyl-arginine and methyltyrosine) [160], and 
geometrical properties such as macrocyclization – 
could be harnessed to confer benefits such as protease 
resistance, novel spatial geometries and novel bind-
ing interactions. However, there are several hurdles to 
overcome before this option approaches feasibility, the 
main being that, unlike for ribosomal synthesis where 
mRNA provides the genetic encoding for amino acid 
incorporation, NRPS peptide synthesis does not make 
use of an equivalent genetic material to encode syn-
thesis. Instead, synthesis is directed by NRPS enzyme 
substrate specificities [161,162], and thus substrate 
abundances. Currently, basic research has identified 
numerous NRPSs and their substrate specificities, and 
altered these to explore even wider application of these 
enzymes to in vitro production of novel peptides [161]. 
However, a means of linking synthesis to nucleic acid 
encoding (or an alternate means with which ribo-
somal and NRPS amino acid incorporation can be 
combined) will require much further consideration.

For the non-genetic selection of peptide librar-
ies, short regions of chemically synthesized non-
natural amino acids can be combined with α-amino 
acid libraries by chemical conjugation [163]. In this 
approach, a peptide library contains a protease rec-
ognition site as a non-randomized feature, cleavage 
at which leaves a suitably reactive residue side chain 
(i.e. cysteine) which can then form a covalent link to 
an oligomer of non-natural amino acids generated by 
SPPS. Similarly, the aforementioned techniques of 
native chemical ligation and ‘click chemistry’ can be 
used for the purpose of introducing synthesized non-
natural peptides into peptide libraries, as could direct 
insertion of peptide fragments into library peptides 
in aziridine amide-catalyzed reactions [134]. Future 
application of these chemistries to peptide libraries for 
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genotype–phenotype selection would further facilitate 
selection of pre-modified peptides.

Structural constraint, cyclization & non-peptidic 
backbones
For structural constraint of in vitro displayed libraries, 
peptides containing cysteine residues can be circular-
ized by alkylating agents with a preference for thiols, for 
example, bromomethyl benzene derivatives have been 
used to circularize peptides displayed on phage capsids 
[145]. The rapid, specific and amenable chemistry of aryl 
halides ensures quantitative cyclization of large peptide 
libraries in aqueous solvents and at near-neutral pH.

Macrocyclization of cysteine-containing peptide 
libraries can be achieved in vivo by library selection 
systems such as SICLOPPS (split-intein circular liga-
tion of peptides and proteins) [146], whereby a cellular 
‘internal protein’ (‘intein’) is split, library peptides are 
inserted between the two intein halves spaced by sul-
fur-containing linkers and then refolding of the intein 
initiates an autocatalytic N-to-S acyl shift that results 
in release of the intact intein and circularization of the 
library peptide by its linkers.

Finally, chemical conjugation [163] has the potential 
to combine library peptides with small molecules fea-
turing non-peptidic backbones for non-genetic pep-
tide selection. Alternatively, peptide libraries chemi-
cally synthesized on beads (‘OBOC’ or ‘one bead, one 
compound’ strategies) can be partially transformed to 
generate polyamine, polyurea, polythiourea or cyclic 
small molecule-peptide hybrid or peptidomimetic 

libraries by reduction, oxidation, alkylation, acylation 
and peralklyation [164].

Unlike these strategies, HBS and conjugation have 
only generally been applied to peptides post-selection. 
For conjugation, this is generally desirable, as carrier 
molecules could unnecessarily complicate selection 
and do not significantly alter binding of library selected 
peptides. However in the future, further development 
of strategies may allow HBS and further non-natural 
peptide modifications to be applied to library peptides.

Conclusion & future perspective
In recent years, there has been an explosion in research 
centered around peptide-based molecules for PPI inter-
ference, as the difficulty of targeting PPIs with small 
molecules has become apparent. A huge variety of pep-
tide modifications are now available, and can improve 
virtually any aspect of a peptide’s interaction behavior 
and pharmacokinetics, such that peptide-like specific-
ity can be combined with small molecule-like stability. 
However, a somewhat trial-and-error approach may 
be necessary to probe which modifications are most 
suitable/advantageous. Recent advances allow limited 
application of these modification strategies to peptide 
libraries before selection. In the future, new ways to 
incorporate these peptide modifications into library dis-
play systems will accelerate this process, providing high-
throughput peptide modification. In particular, further 
development of expanded codon sets including entirely 
non-natural ones for non-natural amino acid incorpora-
tion into peptide library display could be expected. Sim-

Executive summary

Peptides as therapeutic protein–protein interaction inhibitors
•	 In recent years, peptides and particularly peptide-derived agents have begun to show considerable promise as 

molecules with superior selectivity in molecular recognition over traditional small molecules, making excellent 
protein–protein interaction (PPI) interfering agents.

Peptide libraries as a source of PPI inhibitors
•	 The advent and development of a broad range of peptide library selection systems has made identifying high-

affinity peptide ligands relatively easy, rapid and informative. The strengths of these strategies lie in coverage 
of vast chemical functionality and spatial orientation, and panning for binding sequences under highly 
manipulable selection conditions.

Peptide development for therapeutic administration
•	 Peptides display a previously unappreciated amenability to modification to improve therapeutic potential that 

matches that of chemical modification of small molecules. A host of backbone and side chain modification 
strategies can improve binding affinities, bioavailabilities, stabilities and overall efficacies way beyond the 
capabilities of natural peptides.

Modifying peptide libraries before selection
•	 More recently, extensive adaptation and development of display strategies enables peptide isolation and 

modification to be combined to further expedite the process of identifying peptide-derived agents with real 
potential for therapeutic administration.

Future perspective
•	 In the future, further developments in display systems, peptide modification and integration of both these 

techniques should enable even greater harnessing of the potential of peptide-based agents as PPI modulators 
for therapeutic benefit.
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ilarly, exploitation of non-ribosomal peptide synthetases 
for non-natural peptide display may be achieved. Two 
remaining challenges to peptide-based therapies outside 
the fields discussed in this review are the identification 
and validation of disease cell-specific antigens for cell-
specific targeting [165], and the related issue of delivery of 
therapeutic agents to specific cells. Recent [166] and con-
tinuing future developments in these complementary 
fields will undoubtedly promote major advancements of 
peptide-based ‘drugs’ to the clinic [7].
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