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Abstract A wide variety of peptidomimetics (peptide

analogs) possessing innovative biological functions have

been brought forth as therapeutic candidates through cell-

free protein synthesis (CFPS) systems. A key feature of

these peptidomimetic drugs is the use of non-canonical

amino acid building blocks with diverse biochemical

properties that expand functional diversity. Here, we

summarize recent technologies leveraging CFPS platforms

to expand the reach of peptidomimetic drugs. We also offer

perspectives on engineering the translational machinery that

may open new opportunities for expanding genetically

encoded chemistry to transform drug discovery practice

beyond traditional boundaries. 

Keywords: peptidomimetics, cell-free protein synthesis

systems, non-canonical amino acids, translational machinery

1. Introduction

Peptides have been potent molecules in drug discovery due

to their excellent tunability of biochemical properties at the

atomic level using different combinations of amino acids

[1-5]. Motivated by the efficacy of peptides in treating

diseases, researchers have explored strategies for efficient

drug discovery. Many innovative peptide drugs developed

through such ways have been approved in the market [6,7].

For example, insulin, a peptide comprised of 51 amino

acids, first obtained from the canine pancreas in the 1920s

[8], is a critical component of treatment for patients with

diabetes mellitus. Later in the 1970-80s, human insulin was

first synthesized recombinantly [9] and commercialized

[10]. It was the biotechnology that provided an alternative

pipeline for drug manufacturing and thus enabled mass

production that met large-scale market demands and societal

needs (Fig. 1A) [11,12].

Despite these advantages, in general, peptides made of

natural amino acids have seen less use as key pharmacological

materials for the following reasons [13-15]. First, their linear

architectures are too unstructured under physiological

conditions, lowering the probability of effective interactions

with target molecules. Second, they are often impermeable

to cell membranes and vulnerable to proteolysis. Third,

their biochemical space and functionality are limited to

what can be achieved by the combination of the 20 natural

amino acids. Thus, we posit that creating new platforms

that enable the biosynthesis (polymerization), selection, and

characterization of unique peptides bearing non-canonical

entities would accelerate the discovery of novel peptides with

therapeutically powerful functions. Further, such a platform

may be a crucial tool to produce novel peptidomimetic

materials as they enhance molecular rigidity [16], resistance

to undesired enzymatic degradation reactions [17,18], and

biological functions with enhanced target binding [19]. 
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In this review, we highlight recent advances in drug

discovery platforms that have expanded the opportunity for

efficient biosynthesis of proteins and peptides with the

potential to unlock novel pharmacological properties. We

will not present in detail the chronicled development of

peptide drugs approved in the market and the bio-orthogonal

synthetic handles technically required to cyclize or crosslink

linear peptides, as these have been recently summarized in

several prior and excellent reviews [20,21]. Rather, we focus

on the use of cell-free protein synthesis (CFPS) and evolution

strategies that would enable the novel peptidomimetics

discovery. We first highlight the advantages of CFPS

systems as a promising platform for the peptidomimetics

production, and then discuss key display technologies

crucial to linking the expressed products to their genotype,

which allows the selection of peptidomimetics with the

biological functions of interest from a library. We also

describe recent technologies developed to characterize

peptidomimetic molecule libraries using mass spectrometry

[22]. Next, we present recent efforts made to incorporate

non-canonical monomers into a peptide polymer backbone

followed by the formation of non-peptide backbone i.e.,

esters [23,24], thioamides [25], and thioesters [26] rather

than polypeptides using a CFPS platform. Finally, we offer

perspectives on the potential of peptidomimetics produced

from CFPS platforms [27-30]. Importantly, CFPS containing

engineered translational machinery would allow precise

tuning of pharmacological properties taking advantage of the

chemical moieties inaccessible via current peptide synthesis

technologies (Fig. 1B).

2. CFPS Allows the Integration of Non-canonical
Entities into Peptidomimetic Molecules

The discipline of synthetic chemistry has been prolific at

enabling the synthesis [31-33] and discovery of small

molecule drugs [34,35], improving human health worldwide

[36-39]. The synergistic integration of cheminformatics

with synthetic chemistry has further accelerated the pace of

modern drug discovery efforts and has enhanced the

efficacy of synthetic drugs [40]. Algorithm-guided rational

design has successfully uncovered ‘hits’ from the vast

chemical space for traditional drug target proteins such as

receptors or membrane channels [41]. While their small

size allows these molecules to penetrate cell membranes

via passive diffusion [42], it also limits their interaction

with target proteins at a restricted area. Hence both

application and targets are limited, and the number of new

small molecule drugs approved yearly has remained constant

[43,44].

Biopolymers such as peptides, glycans, and nucleic acids

Fig. 1. An overview of peptidomimetics synthesis. (A) Biomanufacturing of peptide drugs. Initially, drugs were directly purified from
animals, and later obtained using chemical and biological syntheses. Peptide drugs were commonly produced using either in vivo or in
vitro biological systems. (B) Recently, the open environment of cell-free protein synthesis (CFPS) has been used for new drug discovery.
CFPS integrated with high-throughput analysis techniques (display and mass spectrometry) enables screening of affinity peptidomimetic
molecules that bind to a target protein from a vast peptide library.
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are uniquely suited as novel therapeutics [45-48] due to

their outstanding specificity in intricate reaction conditions.

These polymeric molecules provide a larger contact area

with target proteins, and the scaffolds of the polymers can

be effectively decorated with various functional groups by

specifying the non-canonical entities that are compatible

with the biological machinery. One powerful emerging

technology for this type of biopolymer synthesis is the

CFPS platform, which allows one to manipulate the cell’s

machinery in vitro using purified enzymes or crude extracts,

enabling control of a wide variety of biosynthetic reactions

with non-biological chemical analogs. The fundamental

principle of CFPS is to set up in vitro transcription and

translation reactions containing endogenous biological

machinery extracted from the cell and to supplement them

with reaction components (energy sources, co-factors, salts,

amino acids, and nucleic acids) required for biological

reactions of interest [49-54]. 

The unique characteristic of the CFPS platform is that

the open reaction conditions enable the incorporation of a

wide variety of non-canonical entities into the protein

synthesis reaction, without being hindered by cellular uptake

and toxicity that can be problematic in vivo. Notably,

attempts to incorporate non-canonical amino acids (ncAAs)

into proteins have yielded new molecular scaffolds and

structural diversity [55-58]. In order to integrate the ncAA

into the protein synthesis, it must be attached covalently to

a transfer RNA (tRNA), forming an aminoacyl-tRNA or

mis-acylated tRNAs. Multiple methods have been developed

to charge ncAAs to the 3’-OH of tRNA. The conventional

strategy for the acylation reaction of such ncAAs to tRNAs

is to engineer aminoacyl-tRNA synthetases (aaRS) by

directed evolution strategies so the new enzymes can charge

cognate ncAAs to tRNA pairs. Unfortunately, aaRSs have

a narrow range of promiscuity toward ncAAs, and the

scope of ncAAs charged by engineered aaRSs has been

mostly confined to lysine derivatives. Another route to

form acylated tRNAs is via a semisynthetic approach,

including chemical synthesis of dinucleotide pdCpA (5’-

phospho-2’-deoxyribocytidylylriboadenosine) or pCpA,

ester coupling reaction with ncAA substrates, and enzymatic

ligation (T4 ligase) with a truncated tRNA lacking the two

nucleotides at the 3’-end. However, the chemical acylation

steps are technically challenging and demand laborious

jobs. Recently, an alternative way to synthesize mis-acylated

tRNAs that uses an RNA catalyst was devised (Fig. 2).

This RNA catalyst, called flexizyme (Fx), was initially

evolved using SELEX (systematic evolution of ligands by

exponential enrichment) [59], and has since been refined to

efficiently acylate amino acid substrates to the 3’-end of

tRNA [60-66]. Recent structural studies on Fx [67] and

molecular modeling simulations [68] suggest that the

terminal J1a/3 base pair of its recognition site strongly

interacts with an aromatic group (specifically a benzyl

group) of substrates and thereby catalyzes the acylation of

chemical substrates to the 3’-hydroxyl group of tRNA.

The key advantage of Fx is its ability to flexibly charge

onto the terminal 3’-hydorxyl group of tRNAs virtually any

amino acid containing a benzyl group with an activated

ester (leaving group) [59,66,69]. This promiscuity toward

non-canonical substrates significantly expands the reach of

chemical building blocks compatible with endogenous

biological machinery. This accommodating feature of Fx

toward non-canonical chemical substrates enables formation

of tRNA:amino acid complexes that are typically produced

by aaRS in cells. 

Since its development, Fxs have been used to site-

specifically incorporate a wide variety of non-canonical

chemical substrates into a peptide or protein. More than

200 non-canonical chemical substrates have been site-

specifically incorporated into a peptide or protein using the

Fx system. These include α-amino acids bearing a non-

canonical side chain (e.g., pAzF - p-azidophenylalanine)

Fig. 2. Fx-mediated acylation produces a tRNA:substrate
complex like those made in cells by aaRSs. For the site-specific
incorporation of non-canonical substrate into a polymeric chain, a
tRNA:substrate complex must be formed before it is accepted by
the ribosome. Fx catalyzes the acylation of non-canonical substrates
activated with esters to the 3’-OH of a tRNA. Fx: flexizyme,
tRNA: transfer RNA, aaRS: aminoacyl-tRNA synthetases.
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[70,71], backbone-extended amino acids (β-, γ-, δ-, etc.)

[72-76], N-alkylated amino acids [77-79], D-amino acids

[80,81], oligomeric amino acids (peptides and sidechain-

functionalized) [80], thio acids [26], and carboxylic acids

containing a moiety of aromatic [82], heteroaromatic [83],

hydroxy acid [23], aminooxy [58], and hydrazine [58].

Recently, we have developed substrate design rules and

significantly expanded the scope of non-canonical substrates

accepted by the protein translation machinery [68]. Briefly,

the design rules were empirically determined through

efforts to interpret the variations in acylation yields across

different substrates using Fxs, when the authors observed

that structural and electronic factors determine the yield of

Fx-mediated tRNA-charging reaction. The design rules

generally follow these observations. i) Substrates with

structural similarity to phenylalanine give high tRNA

acylation yield, ii) Substrates decreasing the electron density

around the carbonyl carbon accelerate the acylation, iii)

Substrates bearing a bulky moiety that can sterically block

the nucleophilic attack of tRNA to the carbonyl slow down

the acylation reaction, giving a low yield. Guided by these

design rules, one can use the molecular structures of the

substrate to generally predict the acylation efficiency, which

significantly reduces the random trial-and-error stage of

experiments.

3. CFPS Can Be Integrated with Display Technologies
for Discovery of Molecules with Therapeutic Potential

Display techniques (Fig. 3) are a powerful strategy to discover

candidate molecules with high affinity and specificity against

immobilized target proteins [84-86]. Display technologies

using a wide variety of cellular machinery, such as phage

[87], cell-surface [88], mRNA [89], and ribosome [90] have

enabled the production of and subsequent selection from

myriad numbers of peptide molecules, typically reaching

1012-1013 molecules at a time [84,91-95]. In selection, vast

numbers of variants are subjected to the same chemical and

biological conditions simultaneously to yield the ‘best’

molecules in a designed reaction environment. The power

of selection stems from the capability to propagate genetic

information through multiple rounds of selection and

funnel them into a set of candidates under the selection

Fig. 3. An overview of display technologies used to select peptide-based molecules binding to target proteins with high affinity. (A)
Selection platforms that display peptides on the surface of living systems (phage display and cell-surface display). (B) A schema of in
vitro selection platforms widely used for drug discovery. A large number of macrocyclic peptidomimetics has been discovered using the
RaPID system, which integrate the CFPS platform, Fx technology, and mRNA display. The selected phenotypes are identified through
the genetic template that are covalently linked to the phenotype. RaPID: Random non-canonical Peptide Integrated Discovery, CFPS:
cell-free protein synthesis, Fx: flexizyme.
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pressure introduced at each round (i.e., directed evolution).

Although in vivo display methods (Fig. 3A), such as phage

display and cell-surface display, have been widely used to

select peptides or proteins of interest, they are typically

limited by the cellular environment. Specifically, disadvantages

are i) restriction to canonical building blocks (as discussed

above), ii) the limited transformation efficiency, typically

capping library size at 109, iii) bacterial cells lacking many

post-translational modifications, and iv) peptide synthesis

that must rely on ribosome-mediated polymerization limiting

scaffold diversity (i.e., mainly peptide bonds). The advantage

of the in vitro display systems described below is their

ability to scale to 1012-1014 unique library candidates, as no

transformation process is required, and easy integration of

non-canonical or modified building blocks.

Ribosome display [96-98] (Fig. 3B) is a selection strategy

for discovering peptides or proteins that bind to desired

targets. It relies on formation of a ternary complex (peptide

chain-ribosome-mRNA). When the ribosome reaches a stop

codon on mRNA or RNA-DNA junction in the absence

release factors, the ribosome stalls while still bound to the

mRNA and the nascent peptide chain. Thus, the genotype

(mRNA) of each variant can be enriched alongside the

phenotype (peptide) bound to the desired target. The

selection pipeline includes an iterative cycle of library

production, peptide capture, reverse transcription polymerase

chain reaction (RT-PCR) for cDNA production, and DNA

amplification (Fig. 3B). Ribosome display has been widely

applied to peptidomimetics discovery as it enables the

production of large libraries (~1012) through PCR, which

generates random sequence variants at each selection

round. In past years, several studies have demonstrated the

importance of ribosome display for the selection of

peptidomimetics [99-101]. 

mRNA display (Fig. 3B) is a widely used technique that

relies on covalently binding the ribosomally-produced

peptides or proteins (phenotype) to their coding genes

(genotype). In the system, a library of DNA is first transcribed

to mRNA, which is then ligated to single-stranded DNA

containing a puromycin molecule at the 3’-end. As described

in the ribosome display technique, the ribosome halts the

translation reaction at a stop codon, for example, when no

release factors are involved in translation termination. The

puromycin at the end of mRNA enters the A site of the

peptidyl-transferase center (PTC), where it forms a covalent

bond with the growing peptide at the P site, thus coupling

the peptide and mRNA. Next, the mRNA-peptide hybrid is

pulled down through target proteins immobilized on

magnetic beads and reverse transcribed to generate a cDNA

library. The cDNA is then enriched by PCR amplification,

sequenced, and cast into another round of selection

(Fig. 3B). While many of new peptidomimetic drugs have

been discovered using this technique [19,56,102-105],

unmodified natural peptides generally have poor resistance

to proteasomal degradation and poor cellular uptake. 

The RaPID (Random non-canonical Peptide Integrated

Discovery) system was built on this mRNA display technique,

but designed for peptidomimetics selection more specifically.

By integrating the Fx system into the mRNA display

platform, RaPID enables generic recoding and the integration

of ncAAs into the resulting peptidomimetic library [19]. Fx

can integrate not only post-transcriptional modification

usually lacking in bacteria, but also include residues that

allow for the formation of cyclic peptides, or macrocycles.

A library of randomized cyclic peptides bearing ncAA is

then added to a target protein immobilized on beads. Cyclic

peptides with binding affinity to the target proteins are

amplified by PCR using the attached mRNA and identified

by further rounds of selection, amplification, and high-

throughput sequencing. The selected macrocyclic peptides

offer an intermediate size between small molecule drugs

and protein biologics, two popular representative classes of

pharmaceuticals.

4. Cyclic Structures and Motifs in Therapeutic
Reagents

Macrocyclic peptides have been long-desired architectures

for next-generation therapeutics as they overcome some of

the disadvantages of linear peptides. Importantly, cyclization

of a molecule provides resistance against undesired enzymatic

or extracellular degradation [17], which can enable oral

delivery [18,42]. Macrocyclic conformations often stabilize

a floppy architecture, which decreases the entropic penalty

upon binding to target proteins. The intermediate size of

cyclic peptides imparts target selectivity without losing the

ability to penetrate cell membranes. The appropriate size

(4-20 monomers) of cyclic peptides does not rouse the risk

of immunogenicity [106,107]. There are numerous chemical

and biological strategies to form cyclized or constrained

structures with higher specificity and affinity for a protein

of interest than their linearly structured counterparts

(Fig. 4). The simplest cyclic conformation of peptides is a

single loop made by a selective chemical reaction between

the two residues at the N- and C-terminus. Another structure

used to present bioactivities is a stapled form in which the

dihedral rotation of the peptide backbone is locked with

various covalent linkers, resulting in a stable secondary

structure. A further improvement in the cyclic architecture

has produced two loops which contains a three-way

junction at the center of a peptide molecule. This bicyclic

(or bridged) structure [108] has shown greater conformational

rigidity and proteolytic stability than the monocyclic structure,
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which can increase binding affinity and half-life of peptides.

Cyclization adds another dimension to peptidomimetic

design, because the drugs structural motifs can be tuned by

altering the position of amino acid residues [109-111] or

chemical linkers connecting the bridges in a peptide [112].

Although macrocyclic structures are of great interest,

smaller cyclic motifs found in natural products have also

drawn interest as a promising synthetic target for their

biological activity. More recently, naturally occurring

peptides bearing a backbone-modified scaffold have shown

high proteolytic stability and binding affinity to their target

proteins [19,113]. A representative example of natural

products with such architectures and bioactivities is the

class of ribosomally synthesized and post-translationally

modified peptides (RiPPs) [114]. The precursor of RiPPs is

initially produced to contain a peptidic backbone with

elongated motifs at the N-and C-terminus. These leader or

recognition sequences recruit the post-transcriptional modi-

fication machinery to both cleave themselves off and

introduce cyclic motifs between monomers of the peptide,

which results in characteristic pharmacological activity

(Fig. 5A) [115,116]. Significant progress has been made in

the realm of in vivo systems for the biomanufacturing of

RiPPs [117-119], however, reducing the cost and timing

required to engineer host cells remains challenging. Recent

studies have shown that the limits of living cells could be

overcome by integrating CFPS platforms with the Fx system

to produce RiPPs [19,57,120]. The ribosome-mediated

polymerization in CFPS provides an ideal template backbone

(peptide) that can be further modified with non-canonical

motifs. The open environment allows for easy supplementation

of non-canonical substrates beyond naturally occurring

post-translational modifications, thus unlocking novel

chemistries and allowing assembly of new types of RiPP

analogs with a bottom-up approach that would not be

possible in living cells (Fig. 5B). By combining production

of libraries containing cyclic frameworks with the selection

of target molecules using mRNA display, research now

possesses a powerful discovery pipeline for biopolymers

Fig. 4. Formats of constrained peptidomimetic molecules. Peptidomimetics molecules are produced in many different structures and
sizes. The simplest cyclic structure can consist of a single-loop of an amino acid chain. Stapled peptides also form a single-loop
architecture using a covalent linker between two residues in a peptide with a rigid secondary structure. Bicyclic frames feature a three-
way junction, which can produce more rigid structure, giving a larger contact area with target proteins.

Fig. 5. Biosynthetic pathway for RiPPs. (A) In nature, RiPPs are
produced through a top-down strategy; an extensive precursor
molecule is synthesized then processed into a final mature peptide.
(B) RiPPs, however, can be synthesized through a bottom-up
strategy using rationally designed non-canonical chemical substrates
on a CFPS platform. RiPPs: ribosomally synthesized and post-
translationally modified peptides, CFPS: cell-free protein synthesis.
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with therapeutic properties. In the following section, we

will discuss a few representative strategies developed to

produce novel heterocyclic backbone motifs.

5. Non-canonical Chemical Substrates Enable
Formation of Novel Polymeric Backbones

Several studies have explored cyclic structure formations

that are inaccessible in conventional small-molecule drugs.

For example, site-specifically incorporated ncAAs bearing

either an electrophile (e.g., chloroacetyl moiety) or a

nucleophile (e.g., cysteine-containing) on their side chains

were used to form a covalent thioether bond, linking the N-

and C-termini of the linearly expressed peptides in an

intramolecular fashion (Fig. 6A) [65,121-127]. Building

upon this advancement, a non-canonical motif that can be

self-cyclized non-enzymatically to form a bicyclic backbone

was developed. A cysteine-proline-glycolic acid motif was

incorporated in the middle of a peptide, which subsequently

formed a diketopiperadine (dkp)-thioester backbone through

a self-rearrangement reaction (Fig. 6B) [128]. 

As an advanced study, a more complicated cyclic structure

was shown to form in vitro. For example, azolines, 5-

membered heterocycles, are the alternative backbone of

many natural products [129,130]. Cyanobactins containing

four azoline-based motifs on a peptide backbone display

anti-tumor and antiviral activities (Fig. 6C). In cells,

cyanobactins are ribosomally synthesized as a long precursor

peptide bearing cysteine, serine, and threonine which is then

modified by the azoline-producing enzyme PatD. PatD

catalyzes the cyclodehydration reaction, yielding azolines

with the nucleophile (thiol and hydroxyl group) on the side

chain of the three natural amino acids. In a recent study, a

CFPS platform for the in vitro biosynthesis of azoline-

containing peptides was established [131], and later refined

to enable the direct synthesis of azoline groups on a peptide

in ‘one-pot’ in the presence of the precursor and the

Fig. 6. Building cyclic structures. Chemical and enzymatic reactions generate a variety of cyclic motifs. (A) The most straightforward
way to build a macrocyclic structure is an end-to-end intramolecular reaction between a nucleophile and an electrophile present on a
peptide chain. (B) Rational design of specific residues in a peptide provides smaller cyclic motifs, an essential motif for a pharmaceutical
property of a biopolymer. The Cys-Pro-glycolic acid motif on a peptide undergoes an intramolecular aminolysis reaction, resulting in a
cyclic structure, diketopiperadine. (C) Enzymes produce small cyclic motifs into a peptide. PatD gives an azoline ring when specific
natural residues (Cys, Ser, or Thr) are present in a peptide chain. (D) Chemical reactions also provide a cyclic motif with pharmaceutical
properties into a peptide. A ncAA designed to contain a reactive functional group on the sidechain forms an oxazole by a set of chemical
reactions. (E) A series of enzymatic and chemical reactions on rationally designed ncAAs provide a more sophisticated cyclic
architecture. ncAAs: non-canonical amino acids.
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recombinant PatD enzyme [132]. However, this system is

limited by the need to add auxiliary enzymes for the azoline

ring production. This was overcome by directly introducing

an azole ring into the peptide chain via incorporation of the

ncAA carrying a 4-bromovinylglycine group, which is

subsequently transformed by dehydrobromination into

azoline (Fig. 6D). Significant in this work compared to the

previous works is that the incorporation of ncAA into a

peptide eliminates the need for a precursor design and an

addition of enzymes that transforms the precursor to an

azole ring motif on a peptide-based polymer. Moreover, the

extra sequences (leader or recognition sequences) that will

be removed through the post-translational modification are

not required for the creation of a cyclic motif. This work

demonstrates that the rational design of ncAA can directly

produce a target motif site-specifically through via trans-

lation, facilitating biomanufacturing and drug discovery.

Furthermore, these cyclization strategies utilizing enzymatic

and chemical reactions can be combined to form two

different heterocyclic motifs (azole and pyridine) on a

peptide backbone, as recently demonstrated in the

biosynthesis of a thiopeptide (lactazole) (Fig. 6E) [57]. The

ability of CFPS to site-specifically incorporate cyclization

sites of various chemistries expands the scope of

peptidomimetics that can be synthesized in this way.

6. Mass Spectrometry Elucidates Peptidomimetics
with High Affinity to Target Proteins 

As discussed above, display techniques isolate pepti-

domimetics bound to specific protein targets and enrich

them through iterative selection cycles. Ideally, a platform

for accelerating drug discovery should combine high

chemical diversity with the rapid identification of lead

compounds selected from libraries. Recent strategies

combining display techniques based on affinity selections

and mass spectrometry techniques have enabled direct

structural analysis of selected candidates [22,133,134]. The

great advantage of this system is that no additional reaction

for phenotype-genotype linkage is required, as the information

of selected compounds can be directly deduced from the

phenotypic sequence. This reduces the selection procedure

required for mRNA capture, reverse transcription, and

DNA amplification to enrich the genotype output, therefore

accelerating the identification process. Also, peptide library

synthesis is not limited by the ability of enzymes to

synthesize biopolymers, but rather made possible through

chemical synthesis. ncAAs, in general, are not efficiently

incorporated into a peptide by the translational machinery,

because the ribosome and other enzymes have been

evolved to utilize the 20 natural amino acids. However, the

polymerization efficiency of amino acid monomers through

solid-phase chemical synthesis is almost identical [135],

therefore, both canonical and non-canonical libraries can

be produced with virtually unlimited structural diversities

through chemical synthesis approaches [136]. Building

upon these advantages, the production of libraries using

chemical synthesis is also poised to significantly impact the

rate of drug discovery and grow the realm of therapeutics

from small molecules to biological polymers. Recently,

Zhang et al. [22] developed the affinity selection-mass

spectrometry (AS-MS) technique and discovered a set of

peptidomimetic molecules that specifically bind to angiotensin

converting enzyme 2 (ACE2) [22]. ACE2 is an important

biomarker for cardiovascular disease and a receptor for

endocytosis for SARS-Cov-2 infection [137]. In this study,

the peptide library containing ~106 different synthetic

peptides were synthesized on solid-phase using both

canonical and ncAA building blocks. Through rapid single

tandem mass analysis, the authors discovered non-canonical

peptidomimetics (Fig. 7) with high affinity (KD = 19-

123 nM) and enhanced serum stability, showing the great

potential of a drug discovery platform integrated with mass

spectrometry as a useful tool to select novel peptidomimetic

drugs bearing a mixture of canonical and ncAAs.

Fig. 7. A peptidomimetic binder molecule discovered by AS-MS integrating mass-spectrometric analysis with high-throughput technology.
From a random peptide library, ABP-1 was found to bind to ACE2 proteins with nanomolar affinity (KD = 19 nM). The residues in red
are non-canonical building blocks. AS-MS: affinity selection-mass spectrometry, ACE2: angiotensin converting enzyme 2.
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7. Towards Ribosome-mediated Synthesis of
Backbone-modified Biopolymers

The cell-free system offers an exciting platform for the

direct production of a large variety of backbone-modified

biopolymers with novel bioactivities, if the catalytic power

of the translation machinery and other enzymes can be

leveraged towards non-canonical monomers. A key focus

for the synthesis of non-canonical backbone polymers is

engineering of the translation apparatus (tRNAs, aaRSs,

elongation factors, and ribosome) that has evolved to

support life by synthesizing proteins made of α-amino

acids. Leveraging its ability to extend natural amino acids

into peptides or proteins towards polymerization of ncAA

would change the paradigm of peptidomimetics production.

In cell-free systems, variations on mRNA input (or

synthetic DNA) and non-canonical monomers acylated to

tRNA by the Fx allows production of a variant biopolymer

bearing a non-amide backbone [138]. Towards this vision,

hydroxy acids have been used [23,24] as monomers for the

translation apparatus to synthesize polyesters containing an

ester as a backbone. Fx was used to reprogram the genetic

code and generate new tRNA:hydroxy acid pairs (so-called

‘mis-acylated tRNA’) and the hydroxyacids on the mis-

acylated tRNAs were polymerized to an ester backbone

[23]. This study demonstrated consecutive incorporations

of up to 12 α-hydroxy acids in a row, effectively using the

ribosome for polyester synthesis (Fig. 8). This proof-of-

concept illustrates that the genetic code reprogramming

approach may enable the production of various block-co-

polymers that cannot be synthesized with the current

polymerization chemistry. Furthermore, ribosome-catalyzed

polymerization, if scalable, could provide a green chemistry

platform that is desirable for large-volume biosynthesis at

a lower environmental impact.

Building upon this work, recent studies have shown the

ability to produce thioester [26,139]-containing peptide in

vitro. Specifically, synthetic thio acid monomers (Fig. 8)

were charged onto tRNA and incorporated into a peptide

by standard ribosome-mediated polymerization mechanism.

Additionally, aminocarbothio-acid substrates was designed

(Fig. 8) for the production of an even more exotic backbone,

thioamides [25] in vitro. While the incorporation of the

aforementioned monomers into a peptide backbone was

inefficient and the yield was relatively low (5-250 pmol of

products / 5 μL of translation reaction) [124], these works

are profound in that the ribosome-mediated polymerization

enables the production of altered backbones using rationally

designed substrates. Ribosomal synthesis offers a more

straightforward way of creating exotic backbones, which

were only accessible through hard-to-engineer polyketide

synthases and similarly complex multi-step reactions

[140,141].

8. Engineering the Protein Translation Systems

Although a combination of the 20 canonical amino acids

can yield a remarkable diversity of chemical properties,

their potential for novel biological function is limited. The

role of selenocysteine [142] and pyrrolysine [143] found in

redox reactions and methanogenesis has showcased the

Fig. 8. Biopolymers produced by ribosome-catalyzed polymerization. Non-canonical monomers charged to tRNA by Fx form non-
peptide backbone when they are polymerized by the ribosome, giving opportunity to produce a wide variety of block-co-polymers using
CFPS. tRNA: transfer RNA, Fx: flexizyme, CFPS: cell-free protein synthesis.
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importance of expanding chemical diversity of the monomer

building blocks. aaRS/tRNA reassignment has been a crucial

strategy to transmit the genetic information from mRNA to

a tRNA [144-148]. This strategy may be essential for the

industrial-scale synthesis of new biopolymers. However, to

create a new aaRS/tRNA pair with ncAA, aaRS has to be

modified to orthogonally accept the target ncAA. As aaRSs

have evolved to possess high fidelity against canonical

amino acids, engineered orthogonal aaRS/tRNA pairs are

often outcompeted by the endogenous aaRS/tRNA pairs in

cells, resulting in low yields of ncAA incorporation. In

addition, aaRS engineering via directed evolution requires

complex design methods, and the library size is often

limited to few residues in the active site (e.g., for six

degenerate sequences, 206 = ~107) other library sizes used

for selection [149-152]. Compared to the drawbacks of the

aaRS engineering approach, CFPS offers the excellent

flexibility to use a broad selection of ncAAs, and therefore,

it has been extensively used to introduce unnatural backbones

[153] for peptidomimetic molecules [154,155] and polymeric

materials [138,156]. The direct addition of the tRNA

complex charged with non-canonical substrates avoids the

laborious and hard-to-predict successes of engineering a

naturally occurring aaRS towards new substrates.

The ribosome, the workhorse of peptide synthesis, has

been a focus for repurposing to accept new substrates (Fig. 8)

containing a nucleophile in their molecular structure. The

catalytic core (i.e., PTC) of the ribosome has already been

shown that it can be mutated on the ribosomal RNA (rRNA)

level and that such engineered ribosomes [73,157,158] can

enhance the incorporation efficiency of β-, D-amino acids,

and dipeptides into a polypeptide chain [159-164]. Building

upon this advancement, we have also demonstrated the

incorporation of cyclic γ-amino acids [75] and fluorescent

amino acids [83,165] into a peptide using engineered ribo-

somes. These results suggest that the ribosome's preference

toward L-α-amino acids evolutionarily optimized to support

life are not critically conserved and the ribosome can be

engineered to have new catalytic activity beyond nature's

limit.

The rational design of backbone-altered chemical substrates

can introduce novel pharmaceutical activities when it is

incorporated into a peptide in vitro. However, synthesizing

the same products in vivo faces a major challenge. Production

of exogenous molecules in vivo entails the engineering of

cellular machinery, so the complex biosynthetic reaction

networks do not affect cell viability. To this effect, in vivo

biosynthesis of exogenous peptides requires the creation of

two separate, orthogonal translation systems in the cell:

one to support life, and one to interface with the ncAA and

produce the desired product (Fig. 9A).

One key to this ‘division of labor’ is the orthogonal

ribosome (Fig. 9), which minimizes translation of the

endogenous genetic messages, while decoding orthogonal

mRNA encoding specific biopolymers. This orthogonality

is achieved by modified Shine Dalgarno (SD) and anti-SD

Fig. 9. Overview of orthogonal translation systems. (A) The goal of an orthogonal system is to embed an additional system enabling the
biosynthesis of desired materials separately from the central system supporting life in the cell. (B) To introduce orthogonality in the cell,
the small subunit of the ribosome has been engineered to have a different SD sequence so that it reads a corresponding engineered
mRNA input in high efficiency rather than the endogenous transcriptome. (C) Introducing non-canonical substrates in the cell has been
made possible using orthogonal tRNAs that do not cross-interact with the endogenous aaRSs and natural amino acids. (D) A recent study
attaching the two subunits covalently has demonstrated orthogonality, showing the incorporation of ncAAs into a peptide polymer. SD:
Shine Dalgarno, tRNA: transfer RNA, aaRS: aminoacyl-tRNA synthetases, ncAAs: non-canonical amino acids. 



Cell-free Biosynthesis of Peptidomimetics 11

sequence pair [166] on the small subunit of the ribosome

and target mRNA, respectively [165,167-169]. This allows

the orthogonal ribosome to only recruit custom messages

designed for target material productions, while wild-type

ribosomes carry on supporting the cell’s life, without being

affected by the orthogonal ribosome’s activity. A key

constraint of the orthogonal translation system is that the

small subunit giving orthogonal property with an anti-SD

sequence is not permanently paired with the large subunit

that is engineered for an altered ability to polymerize at the

catalytic core (i.e., PTC [170,171]). This so-called two-

body system can yield an association of undesired hybrid

ribosome pair, i.e., natural large-subunit + anti-SD-modified

small-subunit pairing. Since ribosome subunits are freely

interchangeable, orthogonality of the small subunit is not

transferred onto the large subunit, and any significant

engineering of the large subunits PTC is prohibited since it

may be disruptive to natural translation. To address this

problem, a tethered ribosome was developed by linking the

two 23S and 16S rRNA strands into a transcript [165,167,172,

173], so that the two subunits are conjoined and exclusively

directed towards synthesizing novel peptidomimetics through

new chemistries [165,167-169,173-177].

Although introducing an orthogonal translation system

in vivo provides excellent potential for new peptidomimetics

synthesis, challenges related to the specificity of aaRS for

tRNA charging remain an issue. As an alternative approach,

in vitro ribosome engineering has emerged as an exciting

opportunity. For ribosome synthesis in vitro, rRNAs are

produced by in vitro transcription from a DNA template

and assembled into functional ribosomes by supplementing

ribosomal proteins. This approach is integrated into a one-

pot system called iSAT (in vitro synthesis, assembly, and

translation) (Fig. 10A), which enables the direct synthesis

of rRNA, as well as functional testing of resulting ribosomes

in E. coli cell extract [92,178-180]. The extract used in

iSAT (E. coli S150) lacks natural ribosomes due to an

ultracentrifugation step during extract preparation, thereby

allowing for the assembly of modified ribosomes and

subsequent protein synthesis by the new ribosome. For

example, Liu et al. [181] have demonstrated the multi-site

incorporations of p-acetyl-phenylalanines (pAcFs) into

proteins by the ribosome assembled through the iSAT

system. A key feature of iSAT is that it can be used to make

mutant ribosomes that are functionally active [171,182,183].

More recently, an in vitro ribosome evolution and selection

platform called RISE has been developed (Fig. 10B) [95].

By integrating iSAT and ribosome display, they demonstrated

in vitro synthesis of a pool of ribosome variants. Only

active ribosomes initiate translation and stalls on mRNA

after synthesizing target peptides, forming a ternary

complex. The nascent peptides protruding from the exit

tunnel can be used to pull down translationally active

rRNA sequences. The captured ribosomes are then

identified through RT-PCR, DNA-amplification, and high-

throughput sequencing. This platform enables the discovery

of new ribosomes variants capable of polymerizing non-

canonical monomers to backbone-modified polymers more

efficiently. We anticipate these new in vitro ribosome

engineering platforms will play a pivotal role in providing

new synthetic tools that accelerate the rate of peptidomimetic

drug discovery.

9. Summary and Perspectives

Biosynthetic approaches for peptidomimetics production

have made up for the shortcomings of synthetic methods

(Table 1) for drug discovery. However, many challenges

remain on the way toward the goal of fast, specific

peptidomimetic compound discovery. First, final peptido-

mimetic products selected in vitro for target proteins may

present lower resistance against proteolysis, possess toxicity

to the host cells, or disrupt protein folding, even if they are

Fig. 10. Ribosome evolution platforms. (A) iSAT. T7-transcripts of 23S, 16S, and 5S rRNA are produced from DNA templates and
assembled into active ribosomes with TP70 r-proteins. (B) RISE selects mutant ribosomes from a random DNA library by capturing
mutants capable of synthesizing desired polymers. iSAT: in vitro synthesis, assembly, and translation, RISE: in vitro methodology for
ribosome synthesis and evolution.
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complete in theory. Second, the selection approach used to

discover peptidomimetics from a library mainly relies on

the solid binding affinity toward target proteins by protein-

protein interaction [4,184-187], which may not necessarily

yield an efficient inhibitor of bioactivities. Third, the library

size is somewhat limited to 1012-1014 [188], but increasing

the size of a library does not proportionally increase the

chance of drug discovery, because randomizing more

diverse positions for non-canonical substrate incorporations

will produce more incomplete libraries that may not

include the most efficient candidates for the target proteins.

Finally, CFPS typically yields low amounts of peptides,

ranging from mg·mL-1 [189] to ~1 mg·L-1 [190]. This low

production output might not suffice the market’s demand if

newly discovered peptidomimetic prove to be successful.

Perhaps the development of chemical synthesis will be

needed for mass production.

Looking forward, we believe the CFPS platform combined

with ribosomal synthesis and engineering the molecular

translation systems would allow the discovery and production

of more attractive peptidomimetic molecules that are

pharmacologically relevant. The ability to polymerize amino

acid monomers using an iterative cycle will yield molecules

bearing non-canonical backbones more efficiently than

nature's biosynthetic pathway. Integration of computational

modeling with vast quantities of peptidomimetics bound to

target proteins will refine the structure of new candidates

[69,191-195]. Along the way, using CFPS platforms for

peptidomimetic drugs will shed light on the evolution of

molecular translation machines and serve as a cornerstone

to open a new chapter of new peptidomimetic macro-

molecules production beyond natural limits.

Acknowledgements

This research was supported by the National Research

Foundation of Korea (NRF) grant funded by the Korea

government (MSIT, NRF-2021R1C1C1006129) and Ministry

of Trade, Industry & Energy (MOTIE, Technology Innovation

Program or Industrial Strategic Technology Development

Program-Bio-industry technology development program,

20020231; optimization of structure-based mRNA vaccine

production and efficacy evaluation). This work was also

supported by the Army Research Office (W911NF-16-1-

0372; W911NF-18-1-0200), the National Institutes of Health

(1U19AI142780-01), and Army Contracting Command

(W52P1J-21-9-3023), all to M.C.J.

Author’s Contributions

All the authors contributed to all aspects of the article.

Ethical Statements

M.C.J. is a cofounder of SwiftScale Biologics, Stemloop,

Inc., Design Pharmaceuticals, and Pearl Bio. The interests

of M.C.J. are reviewed and managed by Northwestern

University in accordance with their competing interest

policies. All other authors declare no competing interests.

Neither ethical approval nor informed consent was required

for this study.

References

1. Otvos, L., Jr. (2008) Peptide-based drug design: here and now.
Methods Mol. Biol. 494: 1-8.

2. Ratnaparkhi, M. P., S. P. Chaudhari, and V. A. Pandya (2011)
Peptides and proteins in pharmaceuticals. Int. J. Curr. Pharm.
Res. 3: 1-9.

3. Baker, N. M. and C. J. Der (2013) Cancer: drug for an
'undruggable' protein. Nature 497: 577-578.

4. Nero, T. L., C. J. Morton, J. K. Holien, J. Wielens, and M. W.
Parker (2014) Oncogenic protein interfaces: small molecules,
big challenges. Nat. Rev. Cancer 14: 248-262.

Table 1. Comparison of chemical synthesis-based and biosynthesis-based approach for the synthesis and screening of peptidomimetics

Features Synthetic approach Biosynthetic approach

Length of produced 
peptide

Allows a wide range of peptides up to ~50 aa in length Allows longer peptides, but usually produces 
peptides composed of < 15 aa in length

Freedom of ncAA 
usage

High
Virtually any ncAAs can be used, provided the sidechain 
is stable for solid-phase peptide synthesis reaction.

Low to moderate
The incorporation efficiency of ncAAs is highly 
dependent on the preference of the ribosome.

Yields Moderate (mg) to high (g) Low (ng-µg)

Purity of product Low to moderate High

Library size (scalability) Moderate (~106) High (1012-1014)

Rate of synthesis 20 aa/day 20 aa/sec

Optimal platform Suitable for mass production Ideal for screening or selection

ncAAs: non-canonical amino acids.



Cell-free Biosynthesis of Peptidomimetics 13

5. Brown, E. D. and G. D. Wright (2016) Antibacterial drug
discovery in the resistance era. Nature 529: 336-343.

6. Fosgerau, K. and T. Hoffmann (2015) Peptide therapeutics:
current status and future directions. Drug Discov. Today 20:
122-128.

7. Muttenthaler, M., G. F. King, D. J. Adams, and P. F. Alewood
(2021) Trends in peptide drug discovery. Nat. Rev. Drug Discov.
20: 309-325.

8. Fralick, M. and B. Zinman (2021) The discovery of insulin in
Toronto: beginning a 100 year journey of research and clinical
achievement. Diabetologia 64: 947-953. (Erratum published
2021, Diabetologia 64: 1454)

9. Goeddel, D. V., D. G. Kleid, F. Bolivar, H. L. Heyneker, D. G.
Yansura, R. Crea, T. Hirose, A. Kraszewski, K. Itakura, and A.
D. Riggs (1979) Expression in Escherichia coli of chemically
synthesized genes for human insulin. Proc. Natl. Acad. Sci. U.
S. A. 76: 106-110.

10. Chance, R. E. and B. H. Frank (1993) Research, development,
production, and safety of biosynthetic human insulin. Diabetes
Care 16 Suppl 3: 133-142.

11. Walsh, G. (2005) Therapeutic insulins and their large-scale
manufacture. Appl. Microbiol. Biotechnol. 67: 151-159.

12. Lau, J. L. and M. K. Dunn (2018) Therapeutic peptides: historical
perspectives, current development trends, and future directions.
Bioorg. Med. Chem. 26: 2700-2707.

13. Acharya, K. R., E. D. Sturrock, J. F. Riordan, and M. R. Ehlers
(2003) Ace revisited: a new target for structure-based drug
design. Nat. Rev. Drug Discov. 2: 891-902.

14. Regulska, K., B. Stanisz, M. Regulski, and M. Murias (2014)
How to design a potent, specific, and stable angiotensin-converting
enzyme inhibitor. Drug Discov. Today 19: 1731-1743.

15. Tsomaia, N. (2015) Peptide therapeutics: targeting the undruggable
space. Eur. J. Med. Chem. 94: 459-470.

16. Furukawa, A., J. Schwochert, C. R. Pye, D. Asano, Q. D.
Edmondson, A. C. Turmon, V. G. Klein, S. Ono, O. Okada, and
R. S. Lokey (2020) Drug-like properties in macrocycles above
MW 1000: backbone rigidity versus side-chain lipophilicity.
Angew. Chem. Int. Ed. Engl. 59: 21571-21577.

17. Craik, D. J. (2006) Chemistry. Seamless proteins tie up their
loose ends. Science 311: 1563-1564.

18. Craik, D. J., D. P. Fairlie, S. Liras, and D. Price (2013) The
future of peptide-based drugs. Chem. Biol. Drug Des. 81: 136-147.

19. Goto, Y. and H. Suga (2021) The RaPID platform for the
discovery of pseudo-natural macrocyclic peptides. Acc. Chem.
Res. 54: 3604-3617.

20. Wang, L., N. Wang, W. Zhang, X. Cheng, Z. Yan, G. Shao, X.
Wang, R. Wang, and C. Fu (2022) Therapeutic peptides: current
applications and future directions. Signal Transduct. Target.
Ther. 7: 48.

21. Derda, R. and M. R. Jafari (2018) Synthetic cross-linking of
peptides: molecular linchpins for peptide cyclization. Protein
Pept. Lett. 25: 1051-1075.

22. Zhang, G., J. S. Brown, A. J. Quartararo, C. Li, X. Tan, S. Hanna,
S. Antilla, A. E. Cowfer, A. Loas, and B. L. Pentelute (2022)
Rapid de novo discovery of peptidomimetic affinity reagents for
human angiotensin converting enzyme 2. Commun. Chem. 5: 8.

23. Ohta, A., H. Murakami, E. Higashimura, and H. Suga (2007)
Synthesis of polyester by means of genetic code reprogramming.
Chem. Biol. 14: 1315-1322.

24. Ohta, A., H. Murakami, and H. Suga (2008) Polymerization of
alpha-hydroxy acids by ribosomes. Chembiochem 9: 2773-2778.

25. Maini, R., H. Kimura, R. Takatsuji, T. Katoh, Y. Goto, and H.
Suga (2019) Ribosomal formation of thioamide bonds in
polypeptide synthesis. J. Am. Chem. Soc. 141: 20004-20008.

26. Takatsuji, R., K. Shinbara, T. Katoh, Y. Goto, T. Passioura, R.
Yajima, Y. Komatsu, and H. Suga (2019) Ribosomal synthesis

of backbone-cyclic peptides compatible with in vitro display. J.
Am. Chem. Soc. 141: 2279-2287.

27. Soye, B. J. D., J. R. Patel, F. J. Isaacs, and M. C. Jewett (2015)
Repurposing the translation apparatus for synthetic biology.
Curr. Opin. Chem. Biol. 28: 83-90.

28. Des Soye, B. J., S. R. Davidson, M. T. Weinstock, D. G. Gibson,
and M. C. Jewett (2018) Establishing a high-yielding cell-free
protein synthesis platform derived from Vibrio natriegens. ACS
Synth. Biol. 7: 2245-2255.

29. Khambhati, K., G. Bhattacharjee, N. Gohil, D. Braddick, V.
Kulkarni, and V. Singh (2019) Exploring the potential of cell-
free protein synthesis for extending the abilities of biological
systems. Front. Bioeng. Biotechnol. 7: 248.

30. Dondapati, S. K., M. Stech, A. Zemella, and S. Kubick (2020)
Cell-free protein synthesis: a promising option for future drug
development. BioDrugs 34: 327-348.

31. Laird, T. (2010) Is there a future for organic chemists in the
pharmaceutical industry outside China and India? Org. Process
Res. Dev. 14: 749.

32. Ball, P. (2015) Chemistry: why synthesize? Nature 528: 327-329.
33. Whitesides, G. M. (2015) Reinventing chemistry. Angew. Chem.

Int. Ed. Engl. 54: 3196-3209.
34. Gerry, C. J. and S. L. Schreiber (2018) Chemical probes and

drug leads from advances in synthetic planning and methodology.
Nat. Rev. Drug Discov. 17: 333-352.

35. Blakemore, D. C., L. Castro, I. Churcher, D. C. Rees, A. W.
Thomas, D. M. Wilson, and A. Wood (2018) Organic synthesis
provides opportunities to transform drug discovery. Nat. Chem.
10: 383-394.

36. Spiegelman, A. R. (1964) Synthetic vasopressin and diabetes
insipidus. JAMA 187: 1035.

37. Sawyer, W. H. and M. Manning (1973) Synthetic analogs of
oxytocin and the vasopressins. Annu. Rev. Pharmacol. 13: 1-17.

38. Keen, H., A. Glynne, J. C. Pickup, G. C. Viberti, R. W. Bilous,
R. J. Jarrett, and R. Marsden (1980) Human insulin produced by
recombinant DNA technology: safety and hypoglycaemic
potency in healthy men. Lancet 2: 398-401.

39. Johnson, I. S. (1983) Human insulin from recombinant DNA
technology. Science 219: 632-637.

40. Campos, K. R., P. J. Coleman, J. C. Alvarez, S. D. Dreher, R. M.
Garbaccio, N. K. Terrett, R. D. Tillyer, M. D. Truppo, and E. R.
Parmee (2019) The importance of synthetic chemistry in the
pharmaceutical industry. Science 363: eaat0805.

41. Attwood, M. M., J. Jonsson, M. Rask-Andersen, and H. B.
Schiöth (2020) Soluble ligands as drug targets. Nat. Rev. Drug
Discov. 19: 695-710.

42. Hopkins, A. L. and C. R. Groom (2002) The druggable genome.
Nat. Rev. Drug Discov. 1: 727-730.

43. Scannell, J. W., A. Blanckley, H. Boldon, and B. Warrington
(2012) Diagnosing the decline in pharmaceutical R&D efficiency.
Nat. Rev. Drug Discov. 11: 191-200.

44. Albericio, F. and H. G. Kruger (2012) Therapeutic peptides.
Future Med. Chem. 4: 1527-1531.

45. Rodriguez, M. C., A. B. Yongye, M. Cudic, K. Martinez
Mayorga, E. Liu, B. M. Mueller, J. Ainsley, T. Karabencheva-
Christova, C. Z. Christov, M. Cudic, and P. Cudic (2017)
Targeting cancer-specific glycans by cyclic peptide lectinomimics.
Amino Acids 49: 1867-1883.

46. Sharfstein, S. T. (2018) Non-protein biologic therapeutics. Curr.
Opin. Biotechnol. 53: 65-75.

47. Reily, C., T. J. Stewart, M. B. Renfrow, and J. Novak (2019)
Glycosylation in health and disease. Nat. Rev. Nephrol. 15: 346-
366.

48. Yokoo, H., M. Oba, and S. Uchida (2021) Cell-penetrating
peptides: emerging tools for mRNA delivery. Pharmaceutics
14: 78.



14 Biotechnology and Bioprocess Engineering

49. Shimizu, Y., A. Inoue, Y. Tomari, T. Suzuki, T. Yokogawa, K.
Nishikawa, and T. Ueda (2001) Cell-free translation reconstituted
with purified components. Nat. Biotechnol. 19: 751-755.

50. Shimizu, Y., T. Kanamori, and T. Ueda (2005) Protein synthesis
by pure translation systems. Methods 36: 299-304.

51. Kwon, Y. C. and M. C. Jewett (2015) High-throughput
preparation methods of crude extract for robust cell-free protein
synthesis. Sci. Rep. 5: 8663.

52. Lavickova, B. and S. J. Maerkl (2019) A simple, robust, and
low-cost method to produce the PURE cell-free system. ACS
Synth. Biol. 8: 455-462.

53. Wiegand, D. J., H. H. Lee, N. Ostrov, and G. M. Church (2019)
Cell-free protein expression using the rapidly growing bacterium
Vibrio natriegens. J. Vis. Exp. (145): 10.3791/59495.

54. Yim, S. S., N. I. Johns, J. Park, A. L. Gomes, R. M. McBee, M.
Richardson, C. Ronda, S. P. Chen, D. Garenne, V. Noireaux, and
H. H. Wang (2019) Multiplex transcriptional characterizations
across diverse bacterial species using cell-free systems. Mol.
Syst. Biol. 15: e8875.

55. Tsiamantas, C., S. Kwon, C. Douat, I. Huc, and H. Suga (2019)
Optimizing aromatic oligoamide foldamer side-chains for
ribosomal translation initiation. Chem. Commun. (Camb.) 55:
7366-7369.

56. Katoh, T., T. Sengoku, K. Hirata, K. Ogata, and H. Suga (2020)
Ribosomal synthesis and de novo discovery of bioactive
foldamer peptides containing cyclic β-amino acids. Nat. Chem.
12: 1081-1088.

57. Vinogradov, A. A., M. Shimomura, Y. Goto, T. Ozaki, S.
Asamizu, Y. Sugai, H. Suga, and H. Onaka (2020) Minimal
lactazole scaffold for in vitro thiopeptide bioengineering. Nat.
Commun. 11: 2272.

58. Katoh, T. and H. Suga (2021) Consecutive ribosomal incorporation
of α-aminoxy/α-hydrazino acids with l/d-configurations into
nascent peptide chains. J. Am. Chem. Soc. 143: 18844-18848.

59. Morimoto, J., Y. Hayashi, K. Iwasaki, and H. Suga (2011)
Flexizymes: their evolutionary history and the origin of catalytic
function. Acc. Chem. Res. 44: 1359-1368.

60. Saito, H., D. Kourouklis, and H. Suga (2001) An in vitro
evolved precursor tRNA with aminoacylation activity. EMBO J.
20: 1797-1806.

61. Lee, N. and H. Suga (2001) A minihelix-loop RNA acts as a
trans-aminoacylation catalyst. RNA 7: 1043-1051.

62. Bessho, Y., D. R. Hodgson, and H. Suga (2002) A tRNA
aminoacylation system for non-natural amino acids based on a
programmable ribozyme. Nat. Biotechnol. 20: 723-728.

63. Ramaswamy, K., H. Saito, H. Murakami, K. Shiba, and H. Suga
(2004) Designer ribozymes: programming the tRNA specificity
into flexizyme. J. Am. Chem. Soc. 126: 11454-11455.

64. Kourouklis, D., H. Murakami, and H. Suga (2005) Programmable
ribozymes for mischarging tRNA with nonnatural amino acids
and their applications to translation. Methods 36: 239-244.

65. Murakami, H., A. Ohta, H. Ashigai, and H. Suga (2006) A highly
flexible tRNA acylation method for non-natural polypeptide
synthesis. Nat. Methods 3: 357-359. (Erratum published 2006,
Nat. Methods 3: 657)

66. Ohuchi, M., H. Murakami, and H. Suga (2007) The flexizyme
system: a highly flexible tRNA aminoacylation tool for the
translation apparatus. Curr. Opin. Chem. Biol. 11: 537-542.

67. Xiao, H., H. Murakami, H. Suga, and A. R. Ferré-D'Amaré
(2008) Structural basis of specific tRNA aminoacylation by a
small in vitro selected ribozyme. Nature 454: 358-361.

68. Lee, J., K. E. Schwieter, A. M. Watkins, D. S. Kim, H. Yu, K. J.
Schwarz, J. Lim, J. Coronado, M. Byrom, E. V. Anslyn, A. D.
Ellington, J. S. Moore, and M. C. Jewett (2019) Expanding the
limits of the second genetic code with ribozymes. Nat. Commun.
10: 5097.

69. Terasaka, N. and H. Suga (2014) Flexizymes-facilitated genetic
code reprogramming leading to the discovery of drug-like
peptides. Chem. Lett. 43: 11-19.

70. Kang, T. J., S. Yuzawa, and H. Suga (2008) Expression of
histone H3 tails with combinatorial lysine modifications under
the reprogrammed genetic code for the investigation on
epigenetic markers. Chem. Biol. 15: 1166-1174.

71. Lee, K. J., D. Kang, and H. S. Park (2019) Site-specific labeling
of proteins using unnatural amino acids. Mol. Cells 42: 386-396.

72. Ohshiro, Y., E. Nakajima, Y. Goto, S. Fuse, T. Takahashi, T.
Doi, and H. Suga (2011) Ribosomal synthesis of backbone-
macrocyclic peptides containing γ-amino acids. Chembiochem
12: 1183-1187.

73. Katoh, T. and H. Suga (2018) Ribosomal incorporation of
consecutive β-amino acids. J. Am. Chem. Soc. 140: 12159-12167.

74. Lee, J., R. Torres, D. S. Kim, M. Byrom, A. D. Ellington, and
M. C. Jewett (2020) Ribosomal incorporation of cyclic β-amino
acids into peptides using in vitro translation. Chem. Commun.
(Camb.) 56: 5597-5600.

75. Lee, J., K. J. Schwarz, D. S. Kim, J. S. Moore, and M. C. Jewett
(2020) Ribosome-mediated polymerization of long chain carbon
and cyclic amino acids into peptides in vitro. Nat. Commun.
11: 4304.

76. Katoh, T. and H. Suga (2020) Ribosomal elongation of cyclic γ-
amino acids using a reprogrammed genetic code. J. Am. Chem.
Soc. 142: 4965-4969.

77. Kawakami, T., T. Ishizawa, and H. Murakami (2013) Extensive
reprogramming of the genetic code for genetically encoded
synthesis of highly N-alkylated polycyclic peptidomimetics. J.
Am. Chem. Soc. 135: 12297-12304.

78. Iwane, Y., A. Hitomi, H. Murakami, T. Katoh, Y. Goto, and H.
Suga (2016) Expanding the amino acid repertoire of ribosomal
polypeptide synthesis via the artificial division of codon boxes.
Nat. Chem. 8: 317-325. 

79. Kawakami, T., K. Ogawa, T. Hatta, N. Goshima, and T. Natsume
(2016) Directed evolution of a cyclized peptoid-peptide chimera
against a cell-free expressed protein and proteomic profiling of
the interacting proteins to create a protein-protein interaction
inhibitor. ACS Chem. Biol. 11: 1569-1577.

80. Goto, Y. and H. Suga (2009) Translation initiation with initiator
tRNA charged with exotic peptides. J. Am. Chem. Soc. 131:
5040-5041.

81. Katoh, T., K. Tajima, and H. Suga (2017) Consecutive elongation
of D-amino acids in translation. Cell Chem. Biol. 24: 46-54.

82. Ad, O., K. S. Hoffman, A. G. Cairns, A. L. Featherston, S. J.
Miller, D. Söll, and A. Schepartz (2019) Translation of diverse
aramid- and 1,3-dicarbonyl-peptides by wild type ribosomes in
vitro. ACS Cent. Sci. 5: 1289-1294.

83. Lee, J., K. J. Schwarz, H. Yu, A. Krüger, E. V. Anslyn, A. D.
Ellington, J. S. Moore, and M. C. Jewett (2021) Ribosome-
mediated incorporation of fluorescent amino acids into peptides
in vitro. Chem. Commun. (Camb.) 57: 2661-2664.

84. Roberts, R. W. and J. W. Szostak (1997) RNA-peptide fusions
for the in vitro selection of peptides and proteins. Proc. Natl.
Acad. Sci. U. S. A. 94: 12297-12302.

85. Gold, L. (2001) mRNA display: diversity matters during in vitro
selection. Proc. Natl. Acad. Sci. U. S. A. 98: 4825-4826.

86. Lipovsek, D. and A. Plückthun (2004) In-vitro protein evolution
by ribosome display and mRNA display. J. Immunol. Methods
290: 51-67.

87. Smith, G. P. (1985) Filamentous fusion phage: novel expression
vectors that display cloned antigens on the virion surface.
Science 228: 1315-1317.

88. Daugherty, P. S. (2007) Protein engineering with bacterial
display. Curr. Opin. Struct. Biol. 17: 474-480.

89. Wilson, D. S., A. D. Keefe, and J. W. Szostak (2001) The use of



Cell-free Biosynthesis of Peptidomimetics 15

mRNA display to select high-affinity protein-binding peptides.
Proc. Natl. Acad. Sci. U. S. A. 98: 3750-3755.

90. Hanes, J. and A. Plückthun (1997) In vitro selection and
evolution of functional proteins by using ribosome display.
Proc. Natl. Acad. Sci. U. S. A. 94: 4937-4942.

91. Josephson, K., A. Ricardo, and J. W. Szostak (2014) mRNA
display: from basic principles to macrocycle drug discovery.
Drug Discov. Today 19: 388-399.

92. Jewett, M. C., B. R. Fritz, L. E. Timmerman, and G. M. Church
(2013) In vitro integration of ribosomal RNA synthesis,
ribosome assembly, and translation. Mol. Syst. Biol. 9: 678.

93. Ladner, R. C., A. K. Sato, J. Gorzelany, and M. de Souza (2004)
Phage display-derived peptides as therapeutic alternatives to
antibodies. Drug Discov. Today 9: 525-529.

94. Obexer, R., L. J. Walport, and H. Suga (2017) Exploring
sequence space: harnessing chemical and biological diversity
towards new peptide leads. Curr. Opin. Chem. Biol. 38: 52-61.

95. Hammerling, M. J., B. R. Fritz, D. J. Yoesep, D. S. Kim, E. D.
Carlson, and M. C. Jewett (2020) In vitro ribosome synthesis
and evolution through ribosome display. Nat. Commun. 11: 1108.

96. Plückthun, A., C. Schaffitzel, J. Hanes, and L. Jermutus (2000)
In vitro selection and evolution of proteins. Adv. Protein Chem.
55: 367-403.

97. Hanes, J., L. Jermutus, and A. Plückthun (2000) Selecting and
evolving functional proteins in vitro by ribosome display.
Methods Enzymol. 328: 404-430.

98. Kunamneni, A., C. Ogaugwu, S. Bradfute, and R. Durvasula
(2020) Ribosome display technology: applications in disease
diagnosis and control. Antibodies (Basel) 9: 28.

99. Amstutz, P., J. N. Pelletier, A. Guggisberg, L. Jermutus, S.
Cesaro-Tadic, C. Zahnd, and A. Plückthun (2002) In vitro
selection for catalytic activity with ribosome display. J. Am.
Chem. Soc. 124: 9396-9403.

100. Weichhart, T., M. Horky, J. Söllner, S. Gangl, T. Henics, E.
Nagy, A. Meinke, A. von Gabain, C. M. Fraser, S. R. Gill, M.
Hafner, and U. von Ahsen (2003) Functional selection of vaccine
candidate peptides from Staphylococcus aureus whole-genome
expression libraries in vitro. Infect. Immun. 71: 4633-4641.

101. Lamla, T. and V. A. Erdmann (2003) Searching sequence space
for high-affinity binding peptides using ribosome display. J.
Mol. Biol. 329: 381-388.

102. Haberman, V. A., S. R. Fleming, T. M. Leisner, A. C. Puhl, E.
Feng, L. Xie, X. Chen, Y. Goto, H. Suga, L. V. Parise, D.
Kireev, K. H. Pearce, and A. A. Bowers (2021) Discovery and
development of cyclic peptide inhibitors of CIB1. ACS Med.
Chem. Lett. 12: 1832-1839.

103. Torikai, K. and H. Suga (2014) Ribosomal synthesis of an
amphotericin-B inspired macrocycle. J. Am. Chem. Soc. 136:
17359-17361.

104. Rogers, J. M. and H. Suga (2015) Discovering functional, non-
proteinogenic amino acid containing, peptides using genetic
code reprogramming. Org. Biomol. Chem. 13: 9353-9363.

105. Passioura, T. and H. Suga (2017) A RaPID way to discover
nonstandard macrocyclic peptide modulators of drug targets.
Chem. Commun. (Camb.) 53: 1931-1940.

106. Peacock, H. and H. Suga (2021) Discovery of de novo
macrocyclic peptides by messenger RNA display. Trends
Pharmacol. Sci. 42: 385-397.

107. Plais, L. and J. Scheuermann (2022) Macrocyclic DNA-encoded
chemical libraries: a historical perspective. RSC Chem. Biol.
3: 7-17.

108. Rhodes, C. A. and D. Pei (2017) Bicyclic peptides as next-
generation therapeutics. Chemistry 23: 12690-12703.

109. Hayashi, Y., J. Morimoto, and H. Suga (2012) In vitro selection
of anti-Akt2 thioether-macrocyclic peptides leading to isoform-
selective inhibitors. ACS Chem. Biol. 7: 607-613.

110. Rebollo, I. R., A. Angelini, and C. Heinis (2013) Phage display
libraries of differently sized bicyclic peptides. Medchemcomm
4: 145-150.

111. Hacker, D. E., J. Hoinka, E. S. Iqbal, T. M. Przytycka, and M. C.
Hartman (2017) Highly constrained bicyclic scaffolds for the
discovery of protease-stable peptides via mRNA display. ACS
Chem. Biol. 12: 795-804.

112. Kale, S. S., C. Villequey, X. D. Kong, A. Zorzi, K. Deyle, and
C. Heinis (2018) Cyclization of peptides with two chemical
bridges affords large scaffold diversities. Nat. Chem. 10: 715-723.

113. Bogart, J. W., M. D. Cabezas, B. Vögeli, D. A. Wong, A. S.
Karim, and M. C. Jewett (2021) Cell-free exploration of the
natural product chemical space. Chembiochem 22: 84-91.

114. Arnison, P. G., M. J. Bibb, G. Bierbaum, A. A. Bowers, T. S.
Bugni, G. Bulaj, J. A. Camarero, D. J. Campopiano, G. L. Challis,
J. Clardy, P. D. Cotter, D. J. Craik, M. Dawson, E. Dittmann, S.
Donadio, P. C. Dorrestein, K. D. Entian, M. A. Fischbach, J. S.
Garavelli, U. Göransson, C. W. Gruber, D. H. Haft, T. K.
Hemscheidt, C. Hertweck, C. Hill, A. R. Horswill, M. Jaspars,
W. L. Kelly, J. P. Klinman, O. P. Kuipers, A. J. Link, W. Liu, M.
A. Marahiel, D. A. Mitchell, G. N. Moll, B. S. Moore, R.
Müller, S. K. Nair, I. F. Nes, G. E. Norris, B. M. Olivera, H.
Onaka, M. L. Patchett, J. Piel, M. J. Reaney, S. Rebuffat, R. P.
Ross, H. G. Sahl, E. W. Schmidt, M. E. Selsted, K. Severinov, B.
Shen, K. Sivonen, L. Smith, T. Stein, R. D. Süssmuth, J. R.
Tagg, G. L. Tang, A. W. Truman, J. C. Vederas, C. T. Walsh, J.
D. Walton, S. C. Wenzel, J. M. Willey, and W. A. van der Donk
(2013) Ribosomally synthesized and post-translationally modified
peptide natural products: overview and recommendations for a
universal nomenclature. Nat. Prod. Rep. 30: 108-160.

115. Wu, C. and W. A. van der Donk (2021) Engineering of new-to-
nature ribosomally synthesized and post-translationally modified
peptide natural products. Curr. Opin. Biotechnol. 69: 221-231.

116. Walker, J. A., N. Hamlish, A. Tytla, D. D. Brauer, M. B.
Francis, and A. Schepartz (2022) Redirecting RiPP biosynthetic
enzymes to proteins and backbone-modified substrates. ACS
Cent. Sci. 8: 473-482.

117. Hudson, G. A. and D. A. Mitchell (2018) RiPP antibiotics:
biosynthesis and engineering potential. Curr. Opin. Microbiol.
45: 61-69. (Erratum published 2019, Curr. Opin. Microbiol.
49: 103)

118. Montalbán-López, M., T. A. Scott, S. Ramesh, I. R. Rahman, A.
J. van Heel, J. H. Viel, V. Bandarian, E. Dittmann, O. Genilloud,
Y. Goto, M. J. Grande Burgos, C. Hill, S. Kim, J. Koehnke, J. A.
Latham, A. J. Link, B. Martínez, S. K. Nair, Y. Nicolet, S.
Rebuffat, H. G. Sahl, D. Sareen, E. W. Schmidt, L. Schmitt, K.
Severinov, R. D. Süssmuth, A. W. Truman, H. Wang, J. K.
Weng, G. P. van Wezel, Q. Zhang, J. Zhong, J. Piel, D. A.
Mitchell, O. P. Kuipers, and W. A. van der Donk (2021) New
developments in RiPP discovery, enzymology and engineering.
Nat. Prod. Rep. 38: 130-239.

119. Sikandar, A., M. Lopatniuk, A. Luzhetskyy, R. Müller, and J.
Koehnke (2022) Total in vitro biosynthesis of the thioamitide
thioholgamide and investigation of the pathway. J. Am. Chem.
Soc. 144: 5136-5144.

120. Ozaki, T., K. Yamashita, Y. Goto, M. Shimomura, S. Hayashi,
S. Asamizu, Y. Sugai, H. Ikeda, H. Suga, and H. Onaka (2017)
Dissection of goadsporin biosynthesis by in vitro reconstitution
leading to designer analogues expressed in vivo. Nat. Commun.
8: 14207.

121. Sako, Y., J. Morimoto, H. Murakami, and H. Suga (2008)
Ribosomal synthesis of bicyclic peptides via two orthogonal
inter-side-chain reactions. J. Am. Chem. Soc. 130: 7232-7234.

122. Millward, S. W., T. T. Takahashi, and R. W. Roberts (2005) A
general route for post-translational cyclization of mRNA
display libraries. J. Am. Chem. Soc. 127: 14142-14143.



16 Biotechnology and Bioprocess Engineering

123. Heinis, C., T. Rutherford, S. Freund, and G. Winter (2009)
Phage-encoded combinatorial chemical libraries based on
bicyclic peptides. Nat. Chem. Biol. 5: 502-507.

124. Goto, Y., T. Katoh, and H. Suga (2011) Flexizymes for genetic
code reprogramming. Nat. Protoc. 6: 779-790.

125. Seebeck, F. P., A. Ricardo, and J. W. Szostak (2011) Artificial
lantipeptides from in vitro translations. Chem. Commun. (Camb.)
47: 6141-6143.

126. Guillen Schlippe, Y. V., M. C. Hartman, K. Josephson, and J. W.
Szostak (2012) In vitro selection of highly modified cyclic
peptides that act as tight binding inhibitors. J. Am. Chem. Soc.
134: 10469-10477.

127. Passioura, T. and H. Suga (2014) Flexizymes, their evolutionary
history and diverse utilities. Top. Curr. Chem. 344: 331-345.

128. Kawakami, T., A. Ohta, M. Ohuchi, H. Ashigai, H. Murakami,
and H. Suga (2009) Diverse backbone-cyclized peptides via
codon reprogramming. Nat. Chem. Biol. 5: 888-890.

129. Dunbar, K. L., J. I. Tietz, C. L. Cox, B. J. Burkhart, and D. A.
Mitchell (2015) Identification of an auxiliary leader peptide-
binding protein required for azoline formation in ribosomal
natural products. J. Am. Chem. Soc. 137: 7672-7677.

130. Burkhart, B. J., C. J. Schwalen, G. Mann, J. H. Naismith, and D.
A. Mitchell (2017) YcaO-dependent posttranslational amide
activation: biosynthesis, structure, and function. Chem. Rev.
117: 5389-5456.

131. Goto, Y., Y. Ito, Y. Kato, S. Tsunoda, and H. Suga (2014) One-pot
synthesis of azoline-containing peptides in a cell-free translation
system integrated with a posttranslational cyclodehydratase.
Chem. Biol. 21: 766-774.

132. Sardar, D., Z. Lin, and E. W. Schmidt (2015) Modularity of
RiPP enzymes enables designed synthesis of decorated peptides.
Chem. Biol. 22: 907-916.

133. Quartararo, A. J., Z. P. Gates, B. A. Somsen, N. Hartrampf, X.
Ye, A. Shimada, Y. Kajihara, C. Ottmann, and B. L. Pentelute
(2020) Ultra-large chemical libraries for the discovery of high-
affinity peptide binders. Nat. Commun. 11: 3183.

134. Zhang, G., C. Li, A. J. Quartararo, A. Loas, and B. L. Pentelute
(2021) Automated affinity selection for rapid discovery of
peptide binders. Chem. Sci. 12: 10817-10824.

135. Mitchell, A. R. (2008) Studies in solid-phase peptide synthesis:
a personal perspective. Biopolymers 90: 215-233.

136. Muchiri, R. N. and R. B. van Breemen (2021) Affinity selection-
mass spectrometry for the discovery of pharmacologically
active compounds from combinatorial libraries and natural
products. J. Mass Spectrom. 56: e4647.

137. Kumar, V., K. U. Doshi, W. H. Khan, and A. S. Rathore (2021)
COVID-19 pandemic: mechanism, diagnosis, and treatment. J.
Chem. Technol. Biotechnol. 96: 299-308.

138. Fahnestock, S. and A. Rich (1971) Ribosome-catalyzed polyester
formation. Science 173: 340-343.

139. Nagano, M., Y. Huang, R. Obexer, and H. Suga (2021) One-pot
in vitro ribosomal synthesis of macrocyclic depsipeptides. J.
Am. Chem. Soc. 143: 4741-4750.

140. Goering, A. W., J. Li, R. A. McClure, R. J. Thomson, M. C.
Jewett, and N. L. Kelleher (2017) In vitro reconstruction of
nonribosomal peptide biosynthesis directly from DNA using
cell-free protein synthesis. ACS Synth. Biol. 6: 39-44.

141. Zhuang, L., S. Huang, W. Q. Liu, A. S. Karim, M. C. Jewett,
and J. Li (2020) Total in vitro biosynthesis of the nonribosomal
macrolactone peptide valinomycin. Metab. Eng. 60: 37-44.

142. Ambrogelly, A., S. Palioura, and D. Söll (2007) Natural
expansion of the genetic code. Nat. Chem. Biol. 3: 29-35.

143. Hao, B., W. Gong, T. K. Ferguson, C. M. James, J. A. Krzycki,
and M. K. Chan (2002) A new UAG-encoded residue in the
structure of a methanogen methyltransferase. Science 296: 1462-
1466.

144. Wang, L., A. Brock, B. Herberich, and P. G. Schultz (2001)
Expanding the genetic code of Escherichia coli. Science 292:
498-500.

145. Nozawa, K., P. O'Donoghue, S. Gundllapalli, Y. Araiso, R.
Ishitani, T. Umehara, D. Söll, and O. Nureki (2009) Pyrrolysyl-
tRNA synthetase-tRNA(Pyl) structure reveals the molecular
basis of orthogonality. Nature 457: 1163-1167.

146. Hancock, S. M., R. Uprety, A. Deiters, and J. W. Chin (2010)
Expanding the genetic code of yeast for incorporation of diverse
unnatural amino acids via a pyrrolysyl-tRNA synthetase/tRNA
pair. J. Am. Chem. Soc. 132: 14819-14824.

147. Ellefson, J. W., A. J. Meyer, R. A. Hughes, J. R. Cannon, J. S.
Brodbelt, and A. D. Ellington (2014) Directed evolution of
genetic parts and circuits by compartmentalized partnered
replication. Nat. Biotechnol. 32: 97-101.

148. Schmied, W. H., S. J. Elsässer, C. Uttamapinant, and J. W. Chin
(2014) Efficient multisite unnatural amino acid incorporation in
mammalian cells via optimized pyrrolysyl tRNA synthetase/
tRNA expression and engineered eRF1. J. Am. Chem. Soc. 136:
15577-15583.

149. Guo, L. T., Y. S. Wang, A. Nakamura, D. Eiler, J. M. Kavran,
M. Wong, L. L. Kiessling, T. A. Steitz, P. O'Donoghue, and D.
Söll (2014) Polyspecific pyrrolysyl-tRNA synthetases from
directed evolution. Proc. Natl. Acad. Sci. U. S. A. 111: 16724-
16729.

150. Bryson, D. I., C. Fan, L. T. Guo, C. Miller, D. Söll, and D. R.
Liu (2017) Continuous directed evolution of aminoacyl-tRNA
synthetases. Nat. Chem. Biol. 13: 1253-1260. (Erratum published
2018, Nat. Chem. Biol. 14: 186)

151. Gan, R., J. G. Perez, E. D. Carlson, I. Ntai, F. J. Isaacs, N. L.
Kelleher, and M. C. Jewett (2017) Translation system engineering
in Escherichia coli enhances non-canonical amino acid
incorporation into proteins. Biotechnol. Bioeng. 114: 1074-1086.

152. Zhao, H., W. Ding, J. Zang, Y. Yang, C. Liu, L. Hu, Y. Chen, G.
Liu, Y. Fang, Y. Yuan, and S. Lin (2021) Directed-evolution of
translation system for efficient unnatural amino acids
incorporation and generalizable synthetic auxotroph construction.
Nat. Commun. 12: 7039.

153. Hartman, M. C., K. Josephson, C. W. Lin, and J. W. Szostak
(2007) An expanded set of amino acid analogs for the ribosomal
translation of unnatural peptides. PLoS One 2: e972.

154. Josephson, K., M. C. Hartman, and J. W. Szostak (2005)
Ribosomal synthesis of unnatural peptides. J. Am. Chem. Soc.
127: 11727-11735.

155. Kang, T. J. and H. Suga (2008) Ribosomal synthesis of
nonstandard peptides. Biochem. Cell Biol. 86: 92-99.

156. Ohta, A., Y. Yamagishi, and H. Suga (2008) Synthesis of
biopolymers using genetic code reprogramming. Curr. Opin.
Chem. Biol. 12: 159-167.

157. Neumann, H., K. Wang, L. Davis, M. Garcia-Alai, and J. W. Chin
(2010) Encoding multiple unnatural amino acids via evolution
of a quadruplet-decoding ribosome. Nature 464: 441-444.

158. Melo Czekster, C., W. E. Robertson, A. S. Walker, D. Söll, and
A. Schepartz (2016) In vivo biosynthesis of a β-amino acid-
containing protein. J. Am. Chem. Soc. 138: 5194-5197.

159. Dedkova, L. M., N. E. Fahmi, S. Y. Golovine, and S. M. Hecht
(2003) Enhanced D-amino acid incorporation into protein by
modified ribosomes. J. Am. Chem. Soc. 125: 6616-6617.

160. Dedkova, L. M., N. E. Fahmi, S. Y. Golovine, and S. M. Hecht
(2006) Construction of modified ribosomes for incorporation of
D-amino acids into proteins. Biochemistry 45: 15541-15551.

161. Dedkova, L. M., N. E. Fahmi, R. Paul, M. del Rosario, L.
Zhang, S. Chen, G. Feder, and S. M. Hecht (2012) β-Puromycin
selection of modified ribosomes for in vitro incorporation of β-
amino acids. Biochemistry 51: 401-415.

162. Maini, R., S. R. Chowdhury, L. M. Dedkova, B. Roy, S. M.



Cell-free Biosynthesis of Peptidomimetics 17

Daskalova, R. Paul, S. Chen, and S. M. Hecht (2015) Protein
synthesis with ribosomes selected for the incorporation of β-
amino acids. Biochemistry 54: 3694-3706.

163. Maini, R., L. M. Dedkova, R. Paul, M. M. Madathil, S. R.
Chowdhury, S. Chen, and S. M. Hecht (2015) Ribosome-
mediated incorporation of dipeptides and dipeptide analogues
into proteins in vitro. J. Am. Chem. Soc. 137: 11206-11209.

164. Maini, R., D. T. Nguyen, S. Chen, L. M. Dedkova, S. R.
Chowdhury, R. Alcala-Torano, and S. M. Hecht (2013)
Incorporation of β-amino acids into dihydrofolate reductase by
ribosomes having modifications in the peptidyltransferase center.
Bioorg. Med. Chem. 21: 1088-1096.

165. Kim, D. S., A. Watkins, E. Bidstrup, J. Lee, V. Topkar, C.
Kofman, K. J. Schwarz, Y. Liu, G. Pintilie, E. Roney, R. Das,
and M. C. Jewett (2022) Three-dimensional structure-guided
evolution of a ribosome with tethered subunits. Nat. Chem. Biol.
18: 990-998.

166. Chubiz, L. M. and C. V. Rao (2008) Computational design of
orthogonal ribosomes. Nucleic Acids Res. 36: 4038-4046.

167. Orelle, C., E. D. Carlson, T. Szal, T. Florin, M. C. Jewett, and A.
S. Mankin (2015) Protein synthesis by ribosomes with tethered
subunits. Nature 524: 119-124.

168. Aleksashin, N. A., M. Leppik, A. J. Hockenberry, D. Klepacki,
N. Vázquez-Laslop, M. C. Jewett, J. Remme, and A. S. Mankin
(2019) Assembly and functionality of the ribosome with
tethered subunits. Nat. Commun. 10: 930.

169. Carlson, E. D., A. E. d'Aquino, D. S. Kim, E. M. Fulk, K. Hoang,
T. Szal, A. S. Mankin, and M. C. Jewett (2019) Engineered
ribosomes with tethered subunits for expanding biological
function. Nat. Commun. 10: 3920.

170. d'Aquino, A. E., D. S. Kim, and M. C. Jewett (2018) Engineered
ribosomes for basic science and synthetic biology. Annu. Rev.
Chem. Biomol. Eng. 9: 311-340.

171. d'Aquino, A. E., T. Azim, N. A. Aleksashin, A. J. Hockenberry,
A. Krüger, and M. C. Jewett (2020) Mutational characterization
and mapping of the 70S ribosome active site. Nucleic Acids Res.
48: 2777-2789.

172. Fried, S. D., W. H. Schmied, C. Uttamapinant, and J. W. Chin
(2015) Ribosome subunit stapling for orthogonal translation in
E. coli. Angew. Chem. Weinheim Bergstr. Ger. 127: 12982-12985.

173. Schmied, W. H., Z. Tnimov, C. Uttamapinant, C. D. Rae, S. D.
Fried, and J. W. Chin (2018) Controlling orthogonal ribosome
subunit interactions enables evolution of new function. Nature
564: 444-448.

174. Yesselman, J. D., D. Eiler, E. D. Carlson, M. R. Gotrik, A. E.
d'Aquino, A. N. Ooms, W. Kladwang, P. D. Carlson, X. Shi, D.
A. Costantino, D. Herschlag, J. B. Lucks, M. C. Jewett, J. S.
Kieft, and R. Das (2019) Computational design of three-
dimensional RNA structure and function. Nat. Nanotechnol. 14:
866-873.

175. Oller-Salvia, B. and J. W. Chin (2019) Efficient phage display
with multiple distinct non-canonical amino acids using
orthogonal ribosome-mediated genetic code expansion. Angew.
Chem. Int. Ed. Engl. 58: 10844-10848.

176. Liu, F., S. Bratulić, A. Costello, T. P. Miettinen, and A. H.
Badran (2021) Directed evolution of rRNA improves translation
kinetics and recombinant protein yield. Nat. Commun. 12: 5638.

177. Radford, F., S. D. Elliott, A. Schepartz, and F. J. Isaacs (2022)
Targeted editing and evolution of engineered ribosomes in vivo
by filtered editing. Nat. Commun. 13: 180.

178. Fritz, B. R. and M. C. Jewett (2014) The impact of transcriptional
tuning on in vitro integrated rRNA transcription and ribosome
construction. Nucleic Acids Res. 42: 6774-6785.

179. Fritz, B. R., O. K. Jamil, and M. C. Jewett (2015) Implications
of macromolecular crowding and reducing conditions for in
vitro ribosome construction. Nucleic Acids Res. 43: 4774-4784.

180. Liu, Y., B. R. Fritz, M. J. Anderson, J. A. Schoborg, and M. C.
Jewett (2015) Characterizing and alleviating substrate limitations
for improved in vitro ribosome construction. ACS Synth. Biol.
4: 454-462.

181. Liu, Y., R. G. Davis, P. M. Thomas, N. L. Kelleher, and M. C.
Jewett (2021) In vitro-constructed ribosomes enable multi-site
incorporation of noncanonical amino acids into proteins.
Biochemistry 60: 161-169.

182. Krüger, A., A. M. Watkins, R. Wellington-Oguri, J. Romano, C.
Kofman, A. DeFoe, Y. Kim, J. Anderson-Lee, E. Fisker, J.
Townley, Eterna participants, A. E. d’Aquino, R. Das, and M. C.
Jewett (2021) Community science designed ribosomes with
beneficial phenotypes. BioRxiv https://doi.org/10.1101/2021.
09.05.458952

183. Kofman, C., A. M. Watkins, D. S. Kim, A. C. Wooldredge, A.
S. Karim, R. Das, and M. C. Jewett (2022) Computationally-
guided design and selection of ribosomal active site mutants
with high activity. BioRxiv https://doi.org/10.1101/2022.06.02.
493746

184. Vassilev, L. T., B. T. Vu, B. Graves, D. Carvajal, F. Podlaski, Z.
Filipovic, N. Kong, U. Kammlott, C. Lukacs, C. Klein, N.
Fotouhi, and E. A. Liu (2004) In vivo activation of the p53
pathway by small-molecule antagonists of MDM2. Science
303: 844-848.

185. Thanos, C. D., W. L. DeLano, and J. A. Wells (2006) Hot-spot
mimicry of a cytokine receptor by a small molecule. Proc. Natl.
Acad. Sci. U. S. A. 103: 15422-15427.

186. Ruffner, H., A. Bauer, and T. Bouwmeester (2007) Human
protein-protein interaction networks and the value for drug
discovery. Drug Discov. Today 12: 709-716.

187. Lu, H., Q. Zhou, J. He, Z. Jiang, C. Peng, R. Tong, and J. Shi
(2020) Recent advances in the development of protein-protein
interactions modulators: mechanisms and clinical trials. Signal
Transduct. Target. Ther. 5: 213.

188. Newton, M. S., Y. Cabezas-Perusse, C. L. Tong, and B. Seelig
(2020) In vitro selection of peptides and proteins-advantages of
mRNA display. ACS Synth. Biol. 9: 181-190.

189. Worst, E. G., M. P. Exner, A. De Simone, M. Schenkelberger, V.
Noireaux, N. Budisa, and A. Ott (2015) Cell-free expression
with the toxic amino acid canavanine. Bioorg. Med. Chem. Lett.
25: 3658-3660.

190. Albayrak, C. and J. R. Swartz (2013) Cell-free co-production of
an orthogonal transfer RNA activates efficient site-specific non-
natural amino acid incorporation. Nucleic Acids Res. 41: 5949-
5963.

191. Li, Z. and H. A. Scheraga (1987) Monte Carlo-minimization
approach to the multiple-minima problem in protein folding.
Proc. Natl. Acad. Sci. U. S. A. 84: 6611-6615.

192. Dahiyat, B. I. and S. L. Mayo (1997) De novo protein design:
fully automated sequence selection. Science 278: 82-87.

193. Grigoryan, G., Y. H. Kim, R. Acharya, K. Axelrod, R. M. Jain,
L. Willis, M. Drndic, J. M. Kikkawa, and W. F. DeGrado (2011)
Computational design of virus-like protein assemblies on
carbon nanotube surfaces. Science 332: 1071-1076.

194. Limongelli, V., L. Marinelli, S. Cosconati, C. La Motta, S.
Sartini, L. Mugnaini, F. Da Settimo, E. Novellino, and M.
Parrinello (2012) Sampling protein motion and solvent effect
during ligand binding. Proc. Natl. Acad. Sci. U. S. A. 109: 1467-
1472.

195. Husic, B. E. and V. S. Pande (2018) Markov state models: from
an art to a science. J. Am. Chem. Soc. 140: 2386-2396.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


