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Abstract

There have been significant advances in the flexibility and power of in vitro cell-free translation 

systems. The increasing ability to incorporate non-canonical amino acids and complement 
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translation with recombinant enzymes has enabled cell-free production of peptide-based natural 

products (NPs) and NP-like molecules. We anticipate that many more such compounds and 

analogs might be accessed in this way. To assess the peptide NP space that is directly accessible 

to current cell-free technologies, we developed a peptide parsing algorithm that breaks down 

peptide NPs into building blocks based on ribosomal translation logic. Using the resultant 

dataset, we broadly analyze the biophysical properties of these privileged compounds and perform 

a retrobiosynthetic analysis to predict which peptide NPs could be directly synthesized in 

augmented cell-free translation reactions. We then test these predictions by preparing a library 

of highly modified peptide NPs. Two macrocyclases, PatG and PCY1, were used to effect head-to-

tail macrocyclization of candidate NPs. This retrobiosynthetic analysis identified a collection of 

high-priority building blocks that are enriched throughout peptide NPs, yet had not previously 

been tested in cell-free translation. To expand the cell-free toolbox into this space, we established, 

optimized, and characterized the flexizyme-enabled, ribosomal incorporation of piperazic acids. 

Overall, these results demonstrate the feasibility of cell-free translation for peptide NP total 

synthesis, while expanding the limits of the technology. This work provides a novel computational 

tool for exploration of peptide NP chemical space, that could be expanded in future to allow 

design of ribosomal biosynthetic pathways for NPs and NP-like molecules.

Graphical Abstract

Introduction

Macrocyclic peptide-based natural products (NPs) are an important class of therapeutic 

agents comprised of tightly constrained and often heavily modified peptide backbones, as 

exemplified by bacitracin, vancomycin, and FK228 among others.1 Additional members 

of this broad class, such as the recently discovered teixobactin and darobactin represent 

promising new drug leads.2,3 The group, as a whole, can be distinguished based on the 

biosynthetic origins of their amide bond constituents, some of which are ribosomally 

synthesized and post-translationally modified peptides (RiPPs – e.g., darobactin and others) 

and others are non-ribosomal peptides (NRPs – e.g., bacitracin and others), made by non-

ribosomal peptide synthetases (NRPSs).4,5 In general, NRPs exhibit much broader chemical 

and structural diversity than RiPPs, although the number of new and novel RiPPs being 
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discovered is still growing. Consequentially, these two classes have begun to overlap.6 

For example, both NRPs and RiPPs exhibit numerous N-methyl and D-amino acids, as 

well as heavily oxidized and at times cross-linked amino acid side chains, such as those 

seen in the NRP vancomycin or the RiPP darobactin.7,8 Importantly, while RiPPs tend to 

exhibit multiple iterations of a single type of modified amino acid, NRPs will often have 

multiple, differently modified amino acids embedded within the same scaffold. Together 

these modifications are essential for the novel bioactivities of both classes of macrocyclic 

peptide natural products.

While there is some overlap between structures of RiPPs and NRPs, their biosynthetic 

machinery could not be more different. RiPP biosynthesis exploits RNA-templated, 

ribosomal translation with amino acids supplied by the tRNA pool to construct peptide 

scaffolds that are then modified by suites of leader peptide-guided enzymes.9,10 In contrast, 

NRPs are made by large, enzymatic assembly line complexes that recognize and charge 

specific amino acids through the action of dedicated, in-line adenylation domains (or A-

domains).5 Thus, while RiPP biosynthetic pathways have proven remarkably promiscuous, 

NRPs are decidedly less so. Indeed, RiPPs have proven amenable to the preparation of 

many hundreds, even thousands of analogs of peptide natural products, simply by altering 

the precursor peptide at the gene level, while NRPS engineering has had some profound 

but still limited successes.11–16 Both biosynthetic machineries have been instrumental in 

the discovery of new compounds through genome mining efforts and for the preparation 

of new analogs to improve access to the natural products and explore structure-activity 

relationships.17–19

Recently, augmentations to cell-free biosynthesis (CFB) have significantly expanded the 

repertoire of ribosomally accessible peptide sequences, making it increasingly possible 

to obtain NP-like macrocyclic peptides by direct ribosomal translation. In particular, 

flexizymes, which are ribozymes that effect the transesterification of select, activated esters 

with the 3’-hydroxyl of tRNAs to allow tRNA loading of a diverse array of amino acid 

analogues and other carboxylic acids, have transformed the technology.20 Importantly, the 

use of flexizyme-loaded tRNAs has exposed the broad promiscuity of ribosomal peptide 

synthesis and allowed the incorporation of many building blocks, previously thought to 

be only accessible to non-ribosomal assembly-line biosynthesis.21 For example, ribosomal 

translation of N-methyl amino acids, beta-amino acids, gamma-amino acids, hydroxy acids, 

thioacids, D-amino acids, and long-chain carboxylates, such as those found in lipopeptides, 

have all been achieved by means of flexizyme pre-loaded tRNA translations.22–28 In 

addition to these submonomers, flexizyme-based chemistries have allowed co-translational 

macrocyclization of ribosomal peptides to give highly natural product-like molecules.29,30 

Thus, by bypassing the need for the bulky biosynthetic machinery of NRPSs, flexizyme has 

significantly simplified CFB approaches to NRP and NRP-like molecules. Beyond the co-

translational incorporation of noncanonical building blocks, the post-translational integration 

of various chemistries and recombinant enzymes has begun to further diversify the chemical 

space accessible by cell free approaches. For example, recent work from our lab combined 

flexizyme, with both a chemical oxidation step and three enzymatic transformations for 

the CFB of thiopeptides, a class of RiPP NPs.31 Importantly, this work demonstrated that 

integrating flexizyme and chemical modification simplified accessibility to RiPP NPs by 
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reducing the number of enzyme-catalyzed steps. Combined, these augmentations further 

supplement the high throughput capabilities of CFB to rapidly and simply prepare libraries 

of both NRPs and RiPPs.

Given the increasing scope of ribosomal translation, we sought to assess the direct ribosomal 

accessibility of the vast array of peptide NPs under the current state-of-the-art in cell-free 

translation. To this end, we herein develop an algorithm that can cull NP databases 

for peptide NPs, parse their structures for canonical and non-canonical building blocks, 

regardless of cyclization state, and then identify cyclization junctures and corresponding 

linear precursors for macrocyclic peptide NPs (Figure 1a). The resultant data set enables 

several follow-on analyses and experiments, including: (1) a comprehensive analysis of 

the biophysical characteristics of peptide NPs and recurrent building blocks that contribute 

to these features (2) predictions of peptide NPs that should be accessible with current 

cell-free technology, and (3) identification of current gaps in the cell-free technology that 

limit access to peptide NPs. There have been a limited number of studies of the bulk 

biophysical composition of peptide NPs, but, to the best of our knowledge, no such study 

has sought to correlate those characteristics with the building block composition of the 

compounds.32 Based on this data set and attendant analysis, we validate the cell-free 

ribosomal accessibility of a series of linear, as well as cyclic, peptide NPs; for the latter 

compounds, we harness the chemistry of two macrocyclase enzymes, PatG and PCY1. 

Finally, we identify piperazic acid as a non-canonical amino acid (ncAA), that is highly 

enriched in peptide NPs and has yet to be incorporated into peptides using cell-free 

translation. To address this gap, we establish, optimize, and characterize the flexizyme-based 

incorporation of piperazic acid in cell-free translation, opening a new pathway to this 

privileged chemical space. We anticipate that the retrobiosynthetic analysis and subsequent 

compound preparation will aid in prioritizing and benchmarking future improvements of 

flexizyme and other cell-free technologies towards NP or NP-like structures.

Results

Development of Peptide Natural Product Annotation Algorithm

We first developed an algorithm to rapidly analyze peptide NPs according to a ribosomal 

retrobiosynthetic logic. Development of this algorithm began with a collection of around 

500,000 NP structures, in the form of SMILES strings, from three online datasets: Lotus, 

Supernatural II, and MiBiG (Figure 1b–1).33–35 NP structures were then rendered as 

molecular graphs, with atoms as nodes and bonds as edges. These graphs were searched 

for patterns that aligned with those of amino acids or other NP building blocks (Figure 

1b–2). Importantly, the search algorithm allows for deviations from conventional amino 

acid structures that are common in NPs: extended monomers, such as β- and γ-amino 

acids, alternative backbone heteroatoms, such as hydroxyacids which form esters instead of 

amides, and backbone dehydrations, as in azol(in)es. Once all possible building blocks were 

detected, the structures were rendered as graphs again, this time with full building blocks 

represented as unidirectional nodes based on N- vs C-termini and edges defined as peptidic 

connections (e.g. amides, esters, azol(in)es) between building blocks (Figure 1b–3). These 

peptide connectivity-based graphs were then parsed to identify consecutive stretches of at 
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least four building blocks deemed the peptide backbone. In many cases, NP diversity makes 

defining the backbone challenging because multiple potential backbone patterns can co-exist 

depending on the monomers that are considered acceptable building blocks (Figure S1). 

Therefore, we implemented a scoring function based on presumptive ribosomal translation 

to detect the optimal (typically longest) peptide backbone (see Supporting Information for 

full description of scoring rules). Identification of backbones condensed the dataset from 

roughly 500,000 NPs to 5,291 peptide NPs.

With backbones identified for each NP, the algorithm next gathers information on side 

chains by tracing the graphs of the non-backbone “R-group” of each building block (Figure 

1b–4). Again, this graph-tracing can be complicated by the complex structures of NPs. 

For example, tracing along the side chain of cyclic monomers, such as Pro, will encounter 

the backbone again. Similarly, a side chain trace may encounter atoms from the backbone 

of a different building block as a result of macrocyclization. Therefore, encountering a 

backbone atom during a side chain trace terminates the tracing and the information is stored 

for future use. All other side chain traces are terminated by reaching the end of the side 

chain. The identities of recorded side chain graphs are stored as unique hashes along with 

various properties of each building block, which include stereochemistry, N-modifications 

(such as N-methylation), amide vs ester, α/β/γ amino acid, and others. In a final step, 

the algorithm analyzes peptide NPs for the presence of macrocyclization by searching for 

connections between different areas of the detected peptide backbone (Figure 1b–5). This 

last step resulted in identification of 1,441 linear peptides with no macrocyclic linkage 

and 3,850 macrocyclic peptide NPs that were further subdivided based on the type of 

cyclization linkage. Although this is an accurate description of the algorithm, the outputs 

were further refined, during its development, through an iterative design and review process. 

A more detailed description is provided in the Supplementary Information and the code 

is publicly available at [http://github.com/molecularmodelinglab/peptide_parser]. Below we 

present insights from this analysis of the macrocyclic peptide NPs.

Classes of Macrocyclic Peptide Natural Products

The macrocyclic NPs were split into non-overlapping classes based on five major types 

of cyclization connection (Figure 1c). The largest group, Class 1, consists of macrocycles 

where the detected backbone in the connectivity map is a continuous loop, resulting from 

head-to-tail cyclization between a terminal amine and carboxylic acid. These backbone 

macrocycles, such as cyclosporin and tyrocidine, consist of 1,843 NPs. Class 2 is the 

second largest class, consisting of 1,439 macrocycles where cyclization occurs between 

a side chain (such as Thr, Lys, Glu) and the backbone (either the N- or C-term). These 

macrocycles were detected when side chain tracing directly encounters either the N-terminal 

amine or C-terminal carboxylate backbone of another building block. Due to this method of 

cyclization, a portion of the peptide backbone extends outside of the macrocyclic portion of 

the molecule. Colistin and daptomycin are both examples of important antibiotics that fall 

within this class. Class 3 consists of 71 macrocycles that are formed by cyclization between 

two side chains, in which the backbone can extend from the macrocycle in both the N- and 

C-terminal directions. Detection of these macrocycles occurs when side chain tracing runs 

into the backbone of an alternative building block. However, unlike Class 2 macrocycles, the 
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connections in Class 3 occur at either the α-, β-, or γ-carbon. Detection of these cyclization 

sites is redundant due to detection occurring during side chain tracing from either involved 

building block. Streptide, arylomycin, and oxytocin are examples of NPs from this class. 

Class 4 is specifically made up of 153 thiopeptides, such as thiostrepton and thiocillin.36 

Thiopeptides, characterized by a side chain-to-side chain, formal cycloaddition technically 

also belong to Class 3. However, due to the uniqueness of their ring juncture and with an 

eye toward retrobiosynthetic assessment, we chose to separately classify the thiopeptides. 

The unique, tri-substituted, nitrogenous, heterocyclic ring juncture was used as the graph 

pattern for specific detection of thiopeptides. Finally, Class 5 includes 344 multicyclic NPs. 

These multicycles were grouped based on the presence of multiple sites of connection 

between distant sections of the backbone and can contain different combinations of the 

other cyclization connectivities. For example, microviridins and lanthipeptides consist of 

multiple side chain-to-side chain linkages, meanwhile cyclotides are backbone macrocycles 

with multiple disulfide crosslinks that form a knot-like motif. Using the NPs collected from 

MiBiG, we compared the biosynthetic origin of the NPs across these classes, finding that 

Classes 1, 2 and the linear peptides were more enriched toward non-ribosomal peptides, 

meanwhile Classes 3 – 5 generally had higher numbers of RiPPs (Figure S2).35

Biophysical Analysis of Peptide Natural Products

We next sought to examine the bulk biophysical characteristics of these peptide NPs. To 

visualize the chemical space of peptide NPs, we generated a tree map based on the chemical 

similarity of NPs to one another, color-coded by macrocycle Class (Figure 2a).37 This 

tree map aligns well with macrocycle class assignments as members of the same class 

generally cluster along the same branch. In order to further characterize each class of peptide 

NPs an expanded set of biophysical properties were examined (Figure S3). Specifically, 

size (represented as volume in Å3) and lipophilicity (represented as a calculated partition 

coefficient, clogP) have been closely correlated with the bioavailability and “drug-likeness” 

of peptide NPs and we, therefore, analyzed the distribution of these metrics across the 

database of peptide NPs (Figure 2b).38 A vast majority of the NPs fall within a cluster that 

is generally considered to have a higher degree of intrinsic cell permeability, specifically in 

the range of higher lipophilicity (−2 – 10) and a volume between 500 and 1000 Å3. Within 

this overall NP cluster, a degree of sub-clustering by classification can also be observed. For 

example, the linear peptides and Class 1 backbone macrocycles are generally smaller than 

the other classes, while Class 2 macrocycles contain a large cluster with higher volume and 

cLogP. Notably, the data set appears to fall off precipitously in size at approximately 1000 

Å3. This cutoff likely results from the low frequency of larger RiPPs and other bacteriocins 

in the data set; we now know from bioinformatic efforts that there are many more RiPP 

gene clusters in bacterial genomes than RiPP natural products that have been isolated and 

reported in the literature.39,40 Furthermore, a general trend of increasing cLogP is observed 

as volume increases.

Canonical and non-Canonical Amino Acids in Peptide Natural Products

Given the bulk biophysical properties of the peptide NPs, we sought to assess what mixtures 

of canonical and non-canonical amino acids are used to achieve these characteristics. We 

first analyzed the frequency of the occurrence of each of the 20 canonical amino acids 
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in these peptide NPs (Figure 2c). Complementing the generally high lipophilicity of the 

data set, hydrophobic and aromatic amino acids are heavily over-represented, while charged 

residues are under-represented. Proline (Pro) is by far the most common building block 

in Class 1 macrocycles, while being less common in linear peptides, perhaps implying 

its importance in promoting conformations that facilitate backbone macrocyclization. 

Somewhat surprisingly, Arg is broadly present in the Class 2 macrocycles, suggesting a 

possible role for specific charge in the activity of many of these NPs. The low frequency 

of Cys observed is due to the frequency of modifications to this residue (often used in 

cyclization) that leave very few free Cys side chains.

ncAAs, including both modifications to canonical amino acids, such as N-methylation or 

epimerization, and entirely unique side chains, make up just over half of the building 

blocks in the peptide NP data set (20,416, 51.4%). To validate our coverage of ncAAs in 

the NPs, we compared our collection to the named amino acid building blocks provided 

by MiBiG, where we observed 129 out of 167 (77%) building blocks throughout our 

collection of NPs.35 Figure 2d presents a heatmap that compares the frequency of ncAAs 

to the total number of AA building blocks in a peptide NP. Most of the NPs range 

in size from four to ten residues with three to five often being non-canonical building 

blocks. Linear peptides cluster more towards the smaller size (4 AAs) and generally 

lower ncAA frequency, while the macrocycles favor larger sizes and slightly higher ncAA 

frequency (Figure S4). Comparing the macrocycle classes, the total number of ncAAs 

(Figure 2e) and the longest run of consecutive ncAAs (Figure 2f) were generally very 

similar except for the Class 4 thiopeptides, which typically have both more ncAAs and 

longer stretches of them. The ncAAs could further be sub-categorized based on common 

features (Figure 2g). Variations in the side chains of α-amino acids are by far the most 

common category of ncAA, followed by significant numbers of D-AAs and N-methylated 

AAs. Interestingly, β-hydroxyacids, which are thought to be able to participate in a 

hydrogen bonding interaction with the peptide backbone and induce secondary structure, 

are also abundantly present.41 Azol(in)e residues stand out most frequently in the Class 

1 and 4 macrocycles, aligning with their established presence in RiPPs. Modifications to 

canonical amino acids, including N-methylated versions and D-stereoisomers, account for 

just under half of all ncAAs (8,487, 41.6%), with many of these most-frequent modifications 

occurring on hydrophobic and aromatic AAs (Figure 2h). To further breakdown the 

specific non-canonical side chains that make up the rest of the ncAAs, the most common 

individual building blocks (ignoring modifications to canonical amino acids) were identified 

(Figure 2i). The α-disubstituted building block α-aminoisobutyric acid (Aib) is the highest 

frequency ncAA due to its high abundance in linear peptides.42 Additionally, dehydroamino 

acids (dehydrobutyrine – Dhb, dehydroalanine – Dha) are highly abundant across peptide 

NPs and are unsurprisingly enriched in the RiPPs in Classes 4 and 5. A series of building 

blocks from the microcystin family of NPs are abundant in the dataset due to the large 

number of analogs found within this family (at least 279 variations isolated to date).43 These 

building blocks include the PKS-derived Adda ((2S,3S,8S,9S)-3-amino-9-methoxy-2,6,8-

trimethyl-10-phenyldeca-(4E,6E)-dienoic acid) unit, along with MeDha and β-Me-D-Asp 

where the side chain carboxyl is utilized in the peptide backbone. Furthermore, the unique 
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cyclic 3-amino-6-hydroxy-2-piperidone (Ahp) residue is observed frequently, but strictly 

within Class 2 macrocycles.44

Cyclization Motifs in Peptide Natural Products

Lastly, we assessed the use of side chains for cyclization in the Class 2, 3, and 5 

macrocycles. Within Class 2, the natural amino acid, Thr is by far the most heavily 

used for cyclization, followed by Glu, Lys, and Ser (Figure 2j). A number of ncAAs 

are also employed in side chain-to-backbone cyclic junctures, such as variable lengths of 

alkyl amine alternatives to lysine (i.e. diaminopropionic acid – Dap, and diaminobutyric 

acid – Dab). Nearly half of all β-hydroxyacids in the NP database are involved in 

depsipeptide linkages through the hydroxy group and macrocyclization using the side 

chain hydroxyl of β-hydroxyleucine is particularly heavily utilized in this manner. The 

algorithm can also be used to distinguish common side chain-to-side chain cyclization 

motifs in Classes 3 and 5 (Figure 2k). Here, disulfides between Cys residues are the 

most frequently observed cyclization motif, along with Cys often showing up in the 

lanthionine and (methyl)lanthionine bridges arising from cyclization with dehydroalanine 

or dehydrobutyrine in lanthipeptide biosynthesis. All iterations of lactone and lactam bridges 

between Asp/Glu and Thr/Ser/Lys residues can be found in the data set, with the Asp to 

Thr linkage being the most common. Furthermore, C-C crosslinks between hydroxyphenyl 

glycines (Hpg), characteristic of glycopeptide NPs like vancomycin, are also frequently 

observed. Because of this vast diversity of cyclization motifs, significant future method 

development will likely be required to access all structures in the database.

Ribosomal Accessibility Analysis of Peptide Natural Products

We next sought to probe this catalog of NP building blocks to predict NPs that might already 

be directly accessible to ribosomal translation, as well as opportunities for advancement 

of the CFB technology. NP accessibility was determined based on reported compatibility 

of individual amino acid building blocks with ribosomal translation, as well as select 

post-translational modifications that have been shown to expand CFB capabilities. We 

began by compiling a list of CFB-compatible building blocks from literature reports – 

the complete set together with references is provided in Tables S3 and S4.22,24–28,31,45–84 

In the subsequent NP analysis, any peptide that contains a single ‘inaccessible’ building 

block, such as a D-enantiomer that the ribosome does not translate or an ncAA that 

has not yet been proven in translation, is itself, considered ‘inaccessible’. For example, 

flexizyme has been used to show that the D-enantiomers of sixteen of the canonical amino 

acids can be elongated by E. coli ribosomes; meanwhile, the remaining three (I, R, W) 

cannot.27,45,48 Therefore, a NP containing one of the latter three D-amino acids is here 

considered ‘inaccessible’. Additionally, many NP-derived building blocks have never been 

tested for ribosomal compatibility and despite the possibility that a portion of these might 

be incorporated upon testing, remain inaccessible in our analysis. Furthermore, ribosomal 

translation is known to have difficulty with ‘challenging’ sequences, incorporating many 

low yielding ncAAs across a peptide sequence and/or tracts of consecutive, low yielding 

ncAAs.22,27 To account for this in the analysis, we established a three-tiered ranking system 

for accessible NPs, where High confidence represents the most accessible (0 – 2 ncAAs, 

nonconsecutive), Medium is moderately challenging (3 – 5 ncAAa, ≤ 3 consecutive), and 
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Low confidence is the most challenging (remaining accessible NPs). Importantly, as a result 

of the variability in the ncAA incorporation data (in vitro translation methods, optimizations, 

yield reporting), this accessibility assignment and ranking system remains a crude qualitative 

assessment of the ribosomal compatibility of NP peptides.

We then applied these rules to our full database to identify peptide NP sequences that 

are predicted to be ribosomally tractable; here we define ribosomally tractable as being 

comprised only of building blocks previously reported to be permissible to ribosomal 

translation, without considering macrocyclization. This retrobiosynthetic analysis predicted 

1,270 (24%) NPs as ribosomally tractable with the largest number of accessible NPs arising 

from Class 1 and linear peptides (Figure 3a). Classes 3 and 5 had comparatively higher 

proportions of accessible macrocycles out of their total, likely due to the high abundance of 

RiPPs in these classes. Meanwhile, the large set of Class 2 macrocycles contained just 165 

NPs (12.9%) predicted to be ribosomally tractable. Compared to the theoretical probability 

of accessibility based on the proportion of building blocks that are accessible, the NPs 

followed a similar trend with generally slightly higher than expected accessibility perhaps 

hinting that many of the inaccessible NPs contained multiple inaccessible building blocks 

(Figure S5). The confidence of accessibility across each class was also compared using the 

three-tiered ranking system based on total and consecutive ncAAs (Figure S6). Notably, 

more than half of all accessible NPs (867, 68.3%) fall in the High confidence tier that are 

very likely to be accessed by the ribosome. In general, if a Class 1 or 2 sequence was 

predicted to be accessible, it more often fell within the High confidence tier, whereas a 

greater percentage of the class 3 – 5 fell in the Medium and Low confidence tiers, even 

though there were higher proportions of accessible macrocycles in these classes. Overall, 

the frequency of medium and low confidence accessible NPs suggests that incorporation 

of multiple ncAAs, often consecutively, would be required for a large portion of NP 

accessibility. To further visualize CFB accessibility across the peptide NP space, we 

highlighted the predicted accessible NPs within our TreeMap representation (Figure S7). 

In line with the TreeMap having similar NPs in close proximity, predicted accessibility 

generally clustered together within branches of NPs within each class, leaving large gaps in 

NP structures that are currently likely inaccessible to ribosome-based synthesis.

We could further use this analysis to identify building blocks that currently prevent access 

to NPs, either due to difficulty of incorporation or else lack of incorporation data. We 

began by categorizing the top ncAAs “blocking” translation accessibility (Figure 3b), where 

untested or incompatible non-canonical α-side chains are the most common inaccessible 

category, followed by building blocks with multiple modifications beyond their side chain. 

For example, both MePhe and D-Phe are compatible with the ribosome, however, D-MePhe 

and all other multiply modified building blocks (D-hydroxy acids, β/γ-MeAAs) have 

rarely been tested and are therefore leading examples of ‘inaccessibility’. Additionally, 

the abundance of D-stereoisomers, and in particular those that are known to not be 

tolerated in ribosomal elongation (D-Ile, D-Trp, D-Arg, and non-canonical side chains), 

are among the leading inaccessible NP building blocks. To further explore the individual 

side chains obstructing accessibility, we investigated the specific cases that most commonly 

limited retrobiosynthetic accessibility (Figure 3c). The previously described microcystin-

derived building blocks and the heterocyclic Ahp are the most common inaccessible side 
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chains and are almost entirely found within Class 2. Interestingly, we observed a high 

abundance of a cyclic-hydrazine-containing building block called piperazic acid (Piz) that 

had never been tested for translation. This unique building block is associated with strong 

conformational effects and NPs containing this building block demonstrate an array of 

potent biological activities.85,86 Lastly, (Me)oxazoles, Ome-dehydrothreonine (DhT(Ome)), 

and the β-hydroxy fatty acid ((R)-β-OH-Dec) are all consistently blocking access and the 

development of methods for their incorporation would rapidly expand ribosomal access to 

additional NPs.

As a final prelude to using this analysis to direct the in vitro biosynthesis of peptide NPs, we 

sought to assess compatibility of the compound database with known cyclization methods. 

While previous work on lasso peptides, lanthipeptides, and thiopeptides has shown that these 

groups can be amenable to enzymatic cyclization in a CFB context, there are relatively 

few robust, biocompatible macrocylization methods that might be used to make either 

Class 1 or Class 2-like macrocyclic linkages.31,87–89 We therefore focused in on the RiPP 

macrocyclases PatG and PCY1, from Patellamide and Orbitide biosynthesis, respectively.90–

94 Both enzymes follow a conserved, two-step mechanism of site-selective proteolysis 

followed directly by head-to-tail macrocyclization (Figure S8). Both enzymes have well-

documented substrate tolerance profiles, however, neither enzyme has been significantly 

tested with diverse sets of ncAA-containing substrates.95 For PatG, the C-terminus must be 

a turn inducing residue, such as proline or azolines, meanwhile PCY1 can also tolerate some 

small side chains at this position, such as Gly, Ala, and Ser. Additionally, neither enzyme 

appears to tolerate D-isomers at the C- or N-terminal cyclization positions (Complete set of 

cyclization limitations is provided in the SI – Figure S8). Thus, we applied these cyclization 

requirements to our retrobiosynthetic analysis of the Class I macrocycles and found that 329 

(69.9%) of the 471 building block ‘accessible’ NPs are predicted cyclization substrates of 

either PatG or PCY1 (Figure 3d). Finally, we generated a new TreeMap containing only 

class 1 backbone macrocycles and highlighted both building block and macrocyclization 

accessibility, again predicting that accessibility generally clustered within specific branches 

(Figure S9). Overall, this macrocyclase analysis highlights several candidate macrocycles for 

direct ribosomal translation and in vitro macrocyclization.

CFB for Natural Product Preparation

We sought to test the algorithm’s accessibility predictions by in vitro expression of a series 

of candidate peptide NPs. To this end, we selected a focused panel of 43 peptide NPs, 

including 12 linear and 31 Class I macrocyclic peptides. The majority of the panel was 

focused on high to medium confidence predictions but a select number of low confidence 

and therefore, high complexity “challenge” substrates were also included (Table 1). At the 

gene level, sequences were fitted with an N-terminal HA tag to enable purification from 

the translation machinery and a Factor Xa protease site to allow site specific removal of 

this tag, as well as the requisite formyl-methionine (fMet) initiator residue. In addition, 

genes for cyclic peptide NPs were prepared as two versions, with either C-terminal 

PatG or PCY1 recognition sequences for cyclization. Lastly, translations were carried out 

with either a standard (NEB PURExpress product #E6840S) or a customized PURE kit 

(PUREfrex systems product #PFC-Z9901), which allowed for optimized concentrations 
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of translation factors, EF-P, and reservation of up to three select aaRSs (HisRS, AsnRS, 

and GlnRS), in line with the current best reported conditions for Flexizyme-based codon 

reprogramming.96,97 All additional proteins required for CFB reactions were individually 

expressed and purified (Figure S10).

Using this general design, genes were translated with the relevant flexizyme pre-charged 

tRNAs for ncAA incorporation (Table S5), incubated with Factor Xa, and then analyzed 

by mass spectrometry.98 As shown in Table 1, translation of nearly all linear NPs that 

were predicted to be high confidence for accessibility and contained up to two ncAAs were 

readily produced and detected (entries 1 – 11, Figure S11, Table S6). Compound 12, was 

a particularly challenging, low confidence substrate containing eleven α-aminoisobutyric 

acid (Aib) residues and two β-glycine residues and did not appear to translate in our hands. 

Several of these linear NPs exhibit N-terminal fatty acyl modifications, which we also 

sought to incorporate via late-stage chemical acylation. In this case, after release of the core 

by Factor Xa, the peptides were subjected to acylation with either acetyl (6) or hexanoyl 

chloride (7 - 12).99,100 Chemical acylation proved highly efficient for all but one of the 

translated peptides, compound 11, which suffered from a combination of a low yielding 

translation and poor Factor Xa cleavage due to the N-terminal D-AA (Figure S11).

A similar pattern of success was observed in the group of macrocycle test substrates. 

Following translation and Factor Xa treatment, we could detect accurate translation of all 

14 high (13 – 26) and 6 medium (27 – 32) confidence macrocyclase substrates tested, as 

well as 2 out of 5 low confidence (35 – 36), challenge substrates, demonstrating both the 

accuracy of the predictions and the power of flexizyme-augmented in vitro translation for 

NP synthesis (Tables 1 and S7, Figures S12–S13, S16–S17). Failure in translation of several 

of the medium and low confidence prediction substrates highlights the clash between the 

features of many of the more complex NPs and the current limits of ribosomal translation 

of ncAAs: extended tracts of multiple D- and N-Methyl amino acids caused severe drop-offs 

in translation efficiency in our hands. For example, lack of translation of 33 was likely 

due to the poor incorporation, even in presence of EF-P, of the already low yielding 
MeIle consecutively with MeLeu. Furthermore, selection of lower confidence NPs that were 

predicted to be cyclizable required slightly adjusting our accessibility requirements. Only 

a limited set of analogs from a few families of NPs fit within our original requirements. 

Therefore, we selected two medium (33 – 34) and three low (37 – 39) confidence NPs 

that were outside of our original predicted accessibility by single amino acids that were 

likely to be tolerated due to similarity to ‘accessible’ building blocks (Val-OH, D-Lys-Az, 

D-Leu-OH, MeIle). Despite confirming these ncAAs could be incorporated individually, 

translation in the context of the NPs was unsuccessful (Figure S14).

Cyclization with PatG or PCY1, while robust with substrates comprised of only canonical 

amino acids, proved variable with more complex substrates (Tables 1 and S9, Figures S12–

S13, S16–S17). These cyclase enzymes can yield three different species: the starting linear 

substrate, the linear hydrolysis product (less the C-terminal recognition sequence), and the 

intended macrocycle. Of the four substrates that consisted only of canonical amino acids, 

we could observe efficient cyclization of each (13 – 16). Notably, it proved beneficial 

to have multiple enzymes with complementary substrate tolerance profiles; using PatG, 

Pelton et al. Page 11

J Am Chem Soc. Author manuscript; available in PMC 2024 June 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cyclization of 16 gave mostly proteolysis product, but PCY1 gave mainly macrocycle. In 

the series of high confidence, ncAA-containing substrates (17 - 26), three (17 – 19) were 

able to be macrocyclized, but most were poor substrates for the enzymes, resulting in 

predominantly hydrolysis product (20 – 26). Among the lower confidence NPs, several 

contained C-terminal cyclization residues that not been reported, but were very similar 

to known tolerated residues. Thus, we confirmed PCY1 tolerance of both a C-terminal 

trans-4-hydroxyproline (Hyp) and MeAla on macrocyclization of a test substrate (Figure 

S15), however, poor translation yields of the NPs these residues were observed in prevented 

us from showing macrocyclization of these residues in a NP context (34 and 38). In 

contrast, we were able to translate eight analogs within and similar to the Isaridin family 

of macrocyclic NPs (27 – 32, 35 – 36), with five of these substrates undergoing cyclization 

(27 – 31).101,102 The Isaridin series highlights the potential for using Flexizyme-augmented 

CFB to coarsely traverse structure-activity-relationships (SAR) within NP macrocycles, even 

from the medium and lower confidence tiers. Alternative macrocyclases with expanded 

substrate scope could significantly enhance such efforts.

In a final set of substrates for CFB, we sought to express a series of thiazole containing 

macrocycles. Azoline-forming enzymes from RiPP biosynthetic pathways are well tolerated 

in CFB, but here, the incorporation of multiple unnatural amino acids, could pose a severe 

test of their permissivity. In the event, we introduced the recognition sequence for the 

promiscuous cyclodehydratase LynD (from Aesturamide biosynthesis) in place of the HA 

tag in these gene designs and, following translation, peptides were incubated with LynD 

and one of the cyanobactin azoline dehydrogenases ThcOxi, from Cyanothece PCC 7425, 

or ApOxi, from A. platensis, followed by Factor Xa and macrocyclization by PatG or 

PCY1.31,103 This strategy successfully provided access to three high confidence substrates 

(41 – 43), although only 41 and 42 could be converted to the macrocycles, while 42 strongly 

favored hydrolysis. An additional thiazole-containing NP from the medium confidence 

accessibility tier (43) could not be observed by mass spectrometry, in either linear or cyclic 

forms, or before LynD-mediated thiazoline formation suggesting ribosomal incompatibility 

of this substrate, rather than cyclodehydration.

Directed Expansion of the CFB Toolbox for Piperazate Incorporation

We last turned our attention to the incorporation of new ncAAs that had not yet been 

shown compatible with ribosomal translation. or this effort, we chose to focus on piperazate 

(Piz) as both a structurally and chemically distinguished ncAA, present in a large number 

of structurally diverse NPs with wide ranging biological activities.85 Notably, Piz NPs 

exhibit acylation and therefore backbone continuation at either the α/N2 or β/N1 position, 

although the α/N2 is significantly more common (Figure 4a).85 This natural substitution 

pattern stands in stark contrast to the chemical reactivity of the two hydrazine nitrogens; 

under conventional coupling conditions, the β/N1 is considerably more reactive due to 

steric and electronic effects and α/N2 has proven the more synthetically challenging.104 

Based on recent reports of ribosomal translation of α-aminoxy and substituted α-hydrazino 

acids, we hypothesized that an augmented in vitro translation might accept piperazates 

when pre-charged onto a tRNA and thus allow ribosomal access to this abundant motif.54 

Therefore, we first tested and then optimized the flexizyme (dFx) catalyzed charging of L- 
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and D-Piz-DBE by the μ-helix gel shift assay (Figure S18).20 Subsequent translation into 

test sequences containing either a single L-/D-Piz or four consecutive residues established 

the feasibility of ribosomal incorporation as confirmed by mass spectrometry (Figure 4b/

Figure S19a). Inclusion of elongation factor, EF-P, proved essential for robust incorporation 

of D-Piz and consecutive incorporations of either enantiomer (Figure S19b).97 With these 

optimized conditions, we measured the incorporation efficiency of piperazate translation 

using a NanoBiT luciferase assay (Figure S20).48 Compared to a fully canonical translation, 

L- and D-Piz were incorporated with a 68% and 23% yield, respectively, with both being 

higher than flexizyme-based Methionine incorporation (21%), further highlighting the utility 

of this method for Piz-containing peptide synthesis.

We next sought to assess the regioselectivity (α/N2 vs. β/N1) of elongation from a 

ribosomally incorporated piperazate. In order to deconvolute the outcome of ribosomal 

elongation, we chemically synthesized a small series of peptide standards that contain either 

an N1 or N2 acyl-Piz subunit (Figure S21).105,106 Importantly, the two versions of each 

standard peptide exhibit different retention times when analyzed by LCMS (Figure 4c). 

We translated these same Piz-containing sequences, treated them with peptide deformylase 

to remove the formyl group on the initiating Met, and compared retention times to the 

standards.29 In all cases, the translated peptides aligned with the retention times of the 

N2 standards, suggesting that the ribosome prefers the N2 position for peptide bond 

formation. Interestingly, the ribosomal selectivity for the α(N2)-position is opposite to what 

would be expected based solely on chemical reactivity. However, this regioselectivity is 

beneficial, since it provides access to the more common and more challenging NP linkage. 

In an attempt to exploit these capabilities, we designed and translated four genes for 

macrocyclic Piz-containing NP analogs (Figure 4d–g). Gratifyingly, all four linear substrates 

could be readily detected by mass spectrometry. Despite demonstrating PCY1 tolerated a 

C-terminal Piz building block as the cyclization residue, efforts at macrocyclization of NP 

substrates with PatG or PCY1 failed to yield the respective NP macrocycles (Figure S15). 

Nevertheless, these results suggest that a number of Piz-containing NPs might be accessible 

with the availability of better cyclization enzymes or conditions.

Discussion

Ribosome-based cell free biosynthesis presents a rapid method for the templated synthesis 

of libraries of diverse peptides. Despite recent augmentations expanding the reaches of this 

technology to large numbers of non-proteinogenic, ribosome-compatible building blocks, 

the applicability of this technology towards NP synthesis has not been thoroughly defined. 

Therefore, to facilitate the ribosomal translation of NP structures, we assembled a database 

of NP structures and carried out an exhaustive cheminformatic characterization of this 

database. We then conducted a CFB-oriented, computational retrobiosynthetic analysis of 

these NPs with the goal of both measuring current NP accessibility and providing guidance 

for the development of new methods to expand accessible space. This analysis allowed for 

classification of NPs by both the ability to incorporate the building blocks within a NP, 

mainly by ribosomal translation, and the ability to macrocyclize the NP post-translationally, 

if applicable. In line with our retrobiosynthetic predictions, we harnessed CFB to prepare 

a library of 24 NPs, while the ribosomal translation machinery alone accessed 36 NP 
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precursors. Importantly, these findings validated our retrobiosynthetic predictions and 

further support CFB technology as a tool for the rapid preparation of peptide NP libraries.

One potential limitation of our analysis is the reliance on established NP datasets for the 

NP structures. These databases are inherently biased toward NP structures originating from 

prioritized genera, along with the nature of the discovery of NPs often occurring in clusters 

of highly similar analogs. To assess such bias, we plotted the occurrence frequency of NPs 

from the most common genera (Figure S22). This graph shows the distribution of genera 

present and indicates that there is no obvious trend in the translation accessibility across 

genera.

Although many ncAAs present in the macrocyclic peptide NPs already have demonstrated 

compatibility with ribosomal translation, our retrobiosynthetic analysis identifies many 

that are incompatible or remain untested. Identification of these building blocks provides 

guidance on the most crucial ncAAs for broadening NP accessibility via direct in vitro 
translation. Several building blocks, including select D- and β-amino acids, have previously 

been reported as incompatible with ribosomes. These challenging building blocks will likely 

require dramatic engineering efforts or else alternative approaches for optimal incorporation. 

Other building blocks, however, have never been tested for ribosome compatibility, and 

therefore, present a rapid avenue for expanding NP accessibility. Piz proved an opportune 

example of this latter group that is highly enriched in NP structures. In our hands, both L- 

and D-Piz could be readily incorporated in augmented CFB reactions via Flexizyme enabled 

pre-loading of tRNAs. Additionally, this work showed that ribosomal elongation is able to 

selectively access the otherwise synthetically challenging α/N2 linkage. Similar translational 

bias over inherent chemical reactivity may aid in accessing other synthetically challenging 

linkages.

Despite successful translation of nearly all predicted medium and high confidence linear 

and Class 1 NP substrates, ribosome-based peptide synthesis still presents limitations for 

complex stretches containing several, consecutive, challenging building blocks, such as 

N-methyl, D- and β-amino acids. Under heavily optimized conditions, Flexizymes have 

been used to incorporate up to 10 challenging ncAAs in a row, but this kind of consecutive 

incorporation works best when a single codon is reprogrammed and typically requires 

a minimal translation system to prevent background incorporation of canonical amino 

acids.22,23,96 Select ncAAs have lower incorporation efficiencies and thus tracts of high 

complexity within a peptide, requiring incorporation of multiple of these low efficiency 

residues will invariably lead to lower translation yields. However, Flexizyme certainly 

does highlight what the ribosome is capable of and it is possible that aaRS or even 

ribosome engineering could provide significant improvements in incorporation efficiency. 

Alternatively, new post-translational modifications could potentially help access these more 

complex substrates by reducing the ncAA load on the ribosome. In recent years, RiPP 

pathways have yielded N-methyl transferases and epimerases that could synergize with 

Flexizyme-incorporated ncAAs.107,108

In addition to building block-based accessibility, our retrobiosynthetic analysis and 

subsequent CFB experiments also examined macrocyclization capabilities. Although our 
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preliminary retrobiosynthetic analysis predicted that a substantial number of Class 1 

macrocycles might be accessible with established RiPP macrocyclases, PatG and PCY1, 

the availability of CFB-compatible cyclization methods remains a major limitation in the 

accessibility of macrocyclic NPs. We observed successful cyclization of 14 NPs, suggesting 

that these enzymes are applicable within our predictions. However, competitive hydrolysis 

of moderate to weak substrates is a significant problem, preventing cyclization of 11 NPs 

predicted to be substrates for these enzymes. In particular, smaller substrates containing 

five or six building blocks were typically more challenging, perhaps due to increased strain 

required to adopt the pre-cyclization transition state conformation. Elsewhere, computational 

modeling of peptide conformation has been used to predict the proclivity of sequences to 

undergo PatG cyclization with some success.109 It is possible that integration of such tools 

with our retrobiosynthetic analysis could further improve the accuracy of our predictions. 

Chemical methods, such as the spontaneous cyclization of C-terminal translated thioesters, 

which has been used to access 25 (Scleramide), might enable more cyclic NPs, however, 

these methods require additional ncAA incorporation.29 Even taking these methods into 

account, it is clear that deep characterization of additional enzymatic cyclases or the 

development of new chemical cyclization methods will be essential to access many of 

these macrocyclic NP structures. Importantly, we expect our retrobiosynthetic predictions 

for ribosomal translation to apply across all of the Classes of NPs as long as the component 

building blocks are able to be accessed. This is further supported by Figure 2e–f, which 

highlights that there is no significant difference in the number and the length of consecutive 

runs of ncAAs, both of which could make translation more challenging beyond the identities 

of the building blocks. Therefore, the development of macrocyclization methods beyond 

Class 1 would likely rapidly provide access to these NPs. In particular, the Class 2 side 

chain-to-backbone macrocycles present a similarly large set of NPs and although there has 

been some limited success at making depsipeptides in CFB, there are as yet, no known 

CFB-compatible cyclization methods that might be able to access the vast majority of 

these Class 2 linkages.108 The macrocyclizing thioesterase domains from NRPS assembly 

lines, themselves, which regularly carry out such side chain-to-backbone, as well as the 

more standard, head-to-tail macrocyclizations, might be able to be recruited to expand 

accessibility in Classes 1 and 2.109

In conclusion, many peptide NPs are already accessible through augmented CFB but there 

are still significant gaps to be filled. By cataloging the constituents of these NPs according to 

a ribosomal retrobiosynthetic logic, we have more clearly defined these gaps and quantified 

the number of NPs that might be enabled by each new co-translational or post-translational 

modification added to the CFB toolkit. Clearly, NP mimicry is not the only endpoint for 

CFB technology, but we anticipate that using NP scaffolds as challenge molecules might 

focus and direct biosynthetic methods development, as it has in organic synthesis and lead 

to insights into their bioactivity. In the near term, this scaffold analysis can be used to 

help prioritize building blocks for ribosomal incorporation and biosynthetic transformations 

for enzyme discovery efforts; in the long term, the analysis may also enable analog and 

library design for compound screening efforts (e.g., mRNA display), as well as predictive 

modeling of biological activity by incorporating published NP activities into our analysis. 

The annotation and retrobiosynthesis algorithms developed here can be readily updated to 
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accommodate new CFB technologies, along with updates to NP databases and predicted 

structures from genome mining efforts.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Overview of workflow for the cheminformatics-guided cell free biosynthesis of 

macrocyclic peptide natural products. (b) Development of macrocyclic peptide natural 

product (NP) parsing algorithm. The algorithm proceeds through five key steps beginning 

with (1) the collection of NP structures from the Lotus, Supernatural II, and MiBiG online 

datasets. (2) These structures are searched to identify component amino acid building blocks 

matching the patterns of α-, β- and γ-amino acids. (3) These building blocks are combined 

using an optimized scoring function described in the SI to identify the longest and simplest 

peptide backbone. (4) The side chains of each individual building block are parsed to capture 

information on macrocycle composition. (5) Sites of macrocyclization are identified by 

connections between the peptide backbone. (c) The NPs are classified based on the type of 

macrocyclization.
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Figure 2. 
Computational analysis of peptide natural products. (a) TreeMap visualization of peptide 

natural product chemical space colored by macrocycle classification. (b) Comparison of 

the size of macrocycles (volume) to the calculated partition coefficient. (c) Occurrence 

frequency of the canonical amino acids in peptide natural products. (d) Heatmap of the 

abundance of non-canonical amino acids (ncAAs) compared to the total number of amino 

acids in a peptide natural product. (e-f) Box-and-whisker plots of the (e) number of ncAAs 

and (f) longest consecutive ncAA run in a peptide natural product split up per class. (g-k) 

Occurrence frequency of (e) ncAA categories, (f) modified canonical amino acids, (g) 

common non-canonical amino acids, (h) side chain-to-backbone amine (N) or carboxyl (C) 
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macrocyclization linkages, and (i) side chain-to-side chain macrocyclization linkages in 

peptide natural products.
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Figure 3. 
Retrobiosynthetic analysis of macrocycle accessibility for cell free biosynthesis. (a) Pie chart 

showing the predicted building block accessibility of each peptide natural product class. 

Predictions are based on the collection of building blocks previously demonstrated to be 

incorporated using CFB. (b-c) Occurrence frequency of (b) inaccessible ncAA categories 

and (c) individual inaccessible building blocks. (d) PatG and PCY1 macrocyclization 

scheme and pie chart showing the predicted macrocyclization accessibility for the Class 

1 backbone macrocycles using these enzymes.
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Figure 4. 
Expanding cell free biosynthesis capabilities into natural product chemical space by the 

ribosomal translation of piperazic acid. (a) Structure of piperazic acid (piz) and examples 

of natural products containing the different regioisomers of piz. (b) MALDI mass spectra 

showing the optimized incorporation of a single and four consecutive L- and D-piz residues. 

The optimized translation reaction utilized altered concentrations of translation factors (EF-

P, EF-G, EF-Tu, EF-Ts, IF-2). (c) nano-LCMS characterization of the regiochemistry of 

ribosomal piz translation comparing synthetic standards of both regioisomers to a translation 

sample (IVT) for three standard peptides. (d) MALDI mass spectrum for the CFB of a 

Hytramycin piz-natural product analog. This substrate was unable to be modified at all by 

a backbone macrocyclase enzyme when trying to access the natural backbone macrocyclic 

structure. (e-g) nano-LCMS mass spectra for the CFB of piz-containing natural product 
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analogs (e) Svetamycin, (f) L-156373, and (g) Monamycin. Macrocyclization with PCY1 led 

strictly to hydrolysis in all three cases.
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Table 1.

Results of the cell free biosynthesis of a library of predicted accessible peptide natural products.
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