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Abstract  
 
Ribosomally synthesized and post-translationally modified peptides (RiPPs) represent a 

promising class of new therapeutics and antimicrobials. Unfortunately, RiPP discovery efforts 

are hampered by low-throughput methods for characterizing RiPP recognition elements (RRE), 

which direct tailoring enzymes to their peptide substrates for RiPP maturation. To address this 

bottleneck, we report a high-throughput, cell-free workflow for parallelized expression and 

assaying of RREs with their associated precursor peptide substrates in a process that takes 

hours instead of weeks. We show the utility of our platform by rapidly scanning precursor 

peptide sequences for residues important for RRE binding, comprehensively mapping essential 

residues for RRE binding, and engineering peptides with synthetic RRE recognition sites. We 

also test 72 computationally predicted lasso peptide RRE and precursor peptide pairs for 

binding activity, enabling the discovery of a class II lasso peptide. We anticipate that our cell-

free workflow will provide a tool for discovering, understanding, and engineering RiPPs. 

 

 
Introduction 
 
Ribosomally synthesized and post-translationally modified peptides (RiPPs) are a class of natural 

products with high research interest due to their wide variety of potent bioactivities, including 

antimicrobial1-3 (e.g., nisin4, Ruminococcin C5) and anti-cancer (e.g., Thioholgamide A6, 

prethioviridamide7) activity, and large degree of chemical and structural diversity. Composed of 

an amino acid backbone, RiPPs biosynthetically originate as a precursor peptide composed of an 

N-terminal leader sequence and C-terminal core sequence8. Tailoring enzymes encoded within 

the same biosynthetic gene cluster (BGC) as the precursor peptide recognize a portion of the 

leader sequence and install post-translational modifications on the core sequence, producing the 

mature RiPP8. Examples of post-translational modifications include methylation9,10, 

glycosylation11-13, heterocyclization14,15, and dehydration16. Due to the relatively conserved nature 

of RiPP BGCs, popular search algorithms (e.g., AntiSMASH17, PRISM18, RODEO19, RiPPMiner20) 

can identify on the order of thousands of putative RiPP BGCs using only genome sequences. 

With the increasing number of sequenced genomes, there is an opportunity to discover and 

engineer new classes of RiPPs. 

 

In over 50% of RiPP BGCs, a standalone protein or fusion protein containing a RiPP precursor 

peptide recognition element (RRE) is essential for biosynthesis21. RREs are conserved protein 
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domains with homology to the enzyme PqqD, which is involved in pyrroloquinoline quinone (PQQ) 

biosynthesis. Acting as a chaperone, PqqD guides PqqE, a radical S-adenosylmethionine (rSAM) 

enzyme, to its peptide substrate, PqqA22. Proteins or protein domains found in several RiPP 

classes share homology to PqqD and function in the same manner, guiding tailoring enzymes to 

their peptide substrate. In the absence of the RRE, individual reactions catalyzed by the tailoring 

enzymes often suffer from slow kinetics and low conversion rates23. Understanding how these 

domains function and their individual peptide sequence specificities is important for interrogating 

the natural diversity of RiPPs as well as discovering new-to-nature RiPPs by engineering RiPP 

biosynthesis. 

 

Current methods for validating and studying RRE-peptide interactions are low-throughput, 

typically studying single digits or tens of interactions at a time. For example, fluorescence 

polarization assays can measure interactions of a fluorescently conjugated precursor peptide with 

an RRE-containing protein21,24,25. However, these assays require a fluorescently conjugated 

peptide for each individual sequence of interest, which is time consuming to make or expensive 

to obtain from commercial sources. In some studies, co-crystallization of the known peptide 

substrate and RRE have been used to elucidate the RRE residues directly interacting with the 

peptide of interest26. While useful for studying interactions between an enzyme and a limited 

number of peptide substrates, for screening larger RRE-peptide combinations these methods are 

generally time prohibitive, not scalable, low-throughput, and not able to provide information on 

the relative affinity of binding interactions without additional experiments using fluorescence 

polarization. 

 

In this work, we develop a cell-free (or in vitro) plate-based workflow that combines cell-free 

protein synthesis (CFPS)27-31 with AlphaLISA32, an in-solution, bead-based ELISA, to evaluate 

RRE recognition. We begin by validating our workflow with a panel of model RREs and peptides 

from different classes of RiPPs, demonstrating that we can detect binding interactions between 

these RREs and their native peptide substrate. Next, we demonstrate the workflow’s utility for in 

depth characterization of a specific RRE-peptide pair by identifying specific residues within a 

peptide substrate that are important for binding recognition by a computationally identified F 

protein-dependent cyclodehydratase. We then demonstrate how our workflow can experimentally 

screen computationally predicted RiPP BGCs, leading to the discovery of a lasso peptide we refer 

to as Alphalassin. Our workflow addresses some major limitations associated with standard 
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assays used for characterizing RiPPs and RREs, which we anticipate will accelerate the discovery 

and engineering of RiPPs. 

 
Results 
 
A cell-free, AlphaLISA based workflow can detect RRE-peptide interactions 

Our cell-free, plate-based workflow combines cell-free protein synthesis (CFPS) to express RiPP 

precursor peptides and RRE-containing proteins with AlphaLISA to semi-quantitatively measure 

RRE recognition of the precursor peptide. The key goal was to express and quantify protein-

peptide interactions in less than a day, rather than weeks that would be needed with typical 

chemical peptide synthesis approaches and fluorescence polarization. We chose to work with the 

PUREfrex CFPS system, a commercially available cell-free expression system which utilizes 

purified transcription and translation machinery with a user supplied DNA template33, because of 

its completely defined reaction environment.  

 

To begin, we selected  RREs from three RiPPs –  pyrroloquinoline quinone (PqqA – PqqD)34,  

Pantocin A (PaaA – PaaP)35,36 and Streptide (SuiA – SuiB)37 - and several RiPP classes including 

a  lanthipeptide (NisA – NisB)38, four linear azole-containing peptides (LAPs) (BalhA1 – BalhC21,39, 

CurA – CurC21,40, HcaA – HcaF21,41, and McbA-McbB42), a computationally predicted thiopeptide 

(TbtA - TbtF)21, a mycofactin (MftB – MftA)43, a sactipeptide (SkfA – SkfB)44, a ranthipeptide (PapA 

– PapB)45, and a lasso peptide (TbiAb - TbiB1)26 to assess with our workflow. As a first step, we 

produced linear expression templates (LETs) via PCR encoding each of the 13 listed RREs and 

tested their expression in PUREfrex via incorporation of FluoroTectTM GreenLys, fluorescently 

labeled lysine (Supplementary Fig. 1). For 9 of these proteins, we tested the native sequence 

as well as fusion proteins in which the predicted PqqD domain of the protein was fused either N-

terminally or C-terminally to maltose-binding protein (MBP) due to their size and/or origin from an 

rSAM enzyme potentially making PUREfrex expression difficult. While many of the full-length 

constructs did not produce soluble protein, we did observe soluble expression of full-length PqqD, 

MftB, and TbiB1 fused to MBP, and 8/9 of the fusion proteins composed of the predicted RRE 

domain fused to MBP.  

 

Encouraged by these results, we then tested the functionality of these RRE-containing proteins 

in an AlphaLISA based reaction with each of the RREs’ respective peptide substrates. AlphaLISA 

is an in-solution, bead-based assay version of ELISA that is amenable to acoustic liquid handling 
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robots and small (2 µL) reaction sizes in a 384-well plate format32 and has previously been used 

with cell-free systems to assess protein-protein46,47 and protein-peptide interactions46,48.  

 

We first expressed MBP-tagged RRE fusion proteins and N-terminally tagged sFLAG peptide 

substrates in individual PUREfrex reactions (Fig. 1a). We then assayed RRE-peptide recognition 

by mixing an RRE protein-expressing PUREfrex reaction and the corresponding peptide 

substrate-expressing reaction with anti-FLAG donor beads and anti-MBP acceptor beads. Only 

in instances in which the RRE binds the peptide will the acceptor and donor bead be brought 

within close enough proximity to produce a chemiluminescent signal. A cross-titration of four 

different RRE-peptide pairs (PqqD, HcaF, TbtF, and TbiB1) across multiple dilutions revealed a 

clear binding pattern consistent with RRE-peptide engagement (Fig. 1b-1e). Two of the pairs 

utilize fusion proteins containing only the predicted PqqD-like domain (TbtF and HcaF), 

suggesting that predicted RRE domains, rather than full-length proteins, can be assessed for 

binding in this workflow. 

Figure 1. A cell-free, plate-based assay for detecting RRE-peptide interactions. (a) Schematic of the 
cell-free workflow. sFLAG-tagged peptides and MBP-tagged RREs are expressed in individual PUREfrex 
reactions, mixed in a 384 well plate, and incubated to enable binding interactions. Addition of anti-FLAG 
AlphaLISA donor beads and anti-MBP AlphaLISA acceptor beads enables detection of interactions 
between the RRE and peptide of interest. PUREfrex reactions of precursor peptide and RRE for (b) 
pyrroloquinoline quinone (PQQ), (c) a heterocycloanthracin from Bacillus sp. Al Hakam, (d) a GE2270 
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derivative thiopeptide from Thermobispora bispora, and (e) a lasso peptide from Thermobacculum terrenum 
ATCC BAA-798 were cross-titrated across different dilutions and assessed for binding interactions via 
AlphaLISA. Data are representative of at least three independent experiments.  
 

Cell-free workflow enables mapping of residues important for RRE-peptide binding 

We next sought to benchmark our workflow’s ability to identify peptide residues important for RRE 

binding. As a test case, we assayed binding interactions between the HcaF protein and the leader 

sequence of HcaA (Supplementary Fig. 2). We specifically tested the ability of MBP-HcaF to 

bind to a mutant library composed of HcaA variants with each amino acid individually mutated to 

alanine. Previous work has found that mutating M1 and F4 of HcaA results in a 4-fold and 10-fold 

decrease in binding affinity respectively with HcaF41, a finding that our workflow confirms as 

evidenced by a decrease in AlphaLISA signal compared to reactions involving HcaF and the wild-

type peptide sequence, with a larger decrease observed for the F4A mutation. The results from 

our workflow also corroborate the finding that mutating any of the three leucine residues in HcaA 

results in a large decrease in binding affinity with HcaF and that of the six tyrosine residues in 

HcaA, mutating Y16 results in the largest decrease in binding affinity with HcaF41. Importantly, by 

utilizing simple DNA manipulation techniques, we were able to construct the library of DNA 

templates, express peptide and protein constructs, and assay for binding activity within hours. 

This is faster than conventional cloning, transformation, expression, purification, and 

characterization workflows, which can take weeks to months. 

 

With the ability to identify important peptide residues for binding, we next assessed if our platform 

could accurately determine residues important for binding within the leader sequence of a 

previously discovered, but uncharacterized precursor peptide. The N-terminal leader sequence is 

important because it is the portion of the peptide that is recognized by the RRE and therefore 

enables the recognition, and subsequent modification, of the peptide by additional tailoring 

enzymes8. We characterized binding of TbtF, a computationally predicted F-protein 

cyclodehydratase involved in thiopeptide biosynthesis, to the leader sequence of TbtA (Fig. 2a)21. 

We specifically tested a mutant library of the TbtA leader sequence containing individual alanine 

mutations scanning the peptide. We found that mutation of six residues within the TbtA leader 

sequence, L9, D11, L12, M14, D15, and F17, to an alanine abolish binding by TbtF, as evidenced 

by a greater than 100-fold decrease in AlphaLISA signal for all alanine variants. A second set of 

alanine variants, composed of L7A, P13A, M19A, also appear to decrease binding by TbtF; 

relative AlphaLISA signal for reactions with each of these variants was reduced by approximately 

28-fold, 25-fold, and 9-fold respectively compared to signal obtained using the wild-type leader 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 26, 2024. ; https://doi.org/10.1101/2024.03.25.586624doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.25.586624
http://creativecommons.org/licenses/by-nc-nd/4.0/


sequence. Lastly, reactions with a third group of alanine variants, composed of N8A, E18A, and 

D21A also had slightly lower relative AlphaLISA signal relative to reactions with the wild-type TbtA 

leader sequence.  

 
Figure 2. Cell-free workflow identifies peptide residues important for binding by TbtF. (a) An alanine 
scan library of the leader sequence of TbtA was expressed in individual PUREfrex reactions and assessed 
for binding interactions in the presence and absence of TbtF using AlphaLISA. (b) A synthetic peptide library 
was constructed using the first 40 amino acids of sfGFP. Variants of the sfGFP peptide were then 
constructed by replacing residues in the peptide identified by the alanine scan as important for binding by 
TbtF with the corresponding residue in the wild-type TbtA leader sequence. Each peptide variant was 
expressed in an individual PUREfrex reaction, and then assessed for binding interactions in the presence 
and absence of TbtF using AlphaLISA. Peptide variant 2 contains 10% identity to TbtA wild-type peptide 
due to sharing residues S1, G32, G34, and G39. Sequences for each of the peptide variants assayed in 
panel b are provided in Supplementary Table 1. All data are presented as the mean of n = 3 technical 
replicates.  
 

We next wanted to use the characterized peptide-binding landscape to inform the design 

of a synthetic peptide capable of binding to TbtF. As a starting point, we constructed a synthetic 

peptide sequence the same length as the leader sequence of TbtA that does not bind to TbtF 

(Fig. 2b; peptide variant 2), using the first 40 amino acids of sfGFP with a G23T mutation to 

ensure all residues in the region of interest differed from the wild-type TbtA leader sequence. We 

then created peptide variants by replacing residues in the synthetic peptide with residues 

identified from the alanine scan as important for binding by TbtF, starting with the six residues 

(L9, D11, L12, M14, D15, and F17) that when mutated to an alanine resulted in the greatest 

decrease in AlphaLISA signal. We were unable to detect binding interactions between this 

engineered peptide variant (peptide variant 3) and TbtF.  Next, we created peptide variants 4-10 
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by adding residues (L7, P13, and M19) individually or in combination to peptide variant 3. Adding 

both P13 and M19 (peptide variant 9) to peptide variant 3 enabled weak binding by TbtF, with 

~25% AlphaLISA signal of the wild-type TbtA leader sequence. Further addition of residues 

resulted in a synthetic peptide (peptide variant 12) that is 38% identical to the leader sequence of 

TbtA (L7, N8, L9, D11, L12, P13, M14, D15, F17, E18, and M19) and exhibits binding to TbtF 

(AlphaLISA signal) that is approximately equal to that observed with the wild-type TbtA leader 

sequence peptide. Interestingly, adding residues D21 and S10 (peptide variant 14) increased the 

signal further to ~2-fold higher than that observed with the wild-type TbtA leader sequence. These 

results confirm our assay’s ability to identify key residues involved in RRE-peptide binding 

interactions and highlight the applicability of the workflow as a tool towards the development of 

new-to-nature RiPPs. 

 
Cell-free workflow as a screening tool for computationally identified RRE-peptide pairs 
A challenge in RiPP discovery from computationally predicted BGCs is that RREs may be 

incorrectly identified25. We next showed that our workflow could be used to characterize RRE 

binding for uncharacterized lasso peptide BGCs computationally predicted via AntiSMASH17. 

Lasso peptides are a class of high interest RiPPs due to their unique lariat structure which imparts 

the molecule with a wide range of beneficial characteristics, such as heat and protease 

stability49,50. Additionally, previously discovered lasso peptides have displayed a variety of 

bioactivities, including antimicrobial activity51, with several lasso peptides having distinct cellular 

targets, such as against RNA polymerase52-54, components of the cell wall55,56, or the ClpC1 unit 

of the ClpC1P1P2 protease complex57. Biosynthetically, lasso peptide BGCs typically encode (i) 

a precursor peptide, (ii) an RRE and (iii) a protease, or a fusion protein encoding both the RRE 

and protease, as well as (iv) a cyclase49. In all reported lasso peptide BGCs, RREs are important 

for guiding the protease to the precursor peptide substrate and in some cases is also required for 

cyclization by the cyclase58-63. Previous works have also successfully utilized cell-free systems to 

study lasso peptide biosynthesis64. 

 

To begin, we used AntiSMASH17 to identify a total of 2,574 lasso peptide BGCs from a collection 

of 39,311 diverse genomes (Fig. 3a, Supplementary Table 2). Of these, 1,882 BGCs were 

predicted to contain a complete collection of essential lasso peptide biosynthetic enzymes 

(Supplementary Table 3). With an eye towards discovering lasso peptides, we compared the 

identified BGCs to known lasso peptides by constructing a sequence similarity network of the 

predicted pro-peptide sequences and annotating known sequences within the resulting network. 
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From the remaining predicted BGCs, 47 were selected for study from 32 unique genera based on 

their predicted pro-peptide length and whether they would be expected to carry a positive charge 

at a neutral pH (Extended Data Set). Rationale for the latter criteria was that cationic peptides 

could enrich for peptides with antibiotic activity against gram-negative bacteria, a desirable trait 

in antibiotic discovery as they could accumulate towards the negatively charged 

lipopolysaccharide sugars65,66. 
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Figure 3. Computational guided screen of lasso peptide RREs. (a) Computational prediction workflow 
for identifying lasso peptide BGCs. (b) For predicted BGCs with a single RRE and precursor peptide, 
individual PUREfrex reactions expressing RREs and respective peptide were cross-titrated and assessed 
for binding activity via AlphaLISA. (c) For predicted biosynthetic gene clusters with multiple RREs and 
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precursor peptides, all possible combinations of RRE and precursor peptide were assessed for binding 
activity via AlphaLISA (select combinations shown, see Supplementary Figure 4 for additional pairwise 
combinations). BGCs 4 and 23 are representative of n = 5 independent experiments and the combination 
of 43A-1 with 43B1-1 is representative of n = 2 independent experiments, with all others having a single 
replicate.  
 

Of the 47 predicted lasso peptide BGCs, 5 were predicted to contain more than one precursor 

peptide and/or RRE, bringing the total number of predictions to 57 unique precursor peptides and 

52 unique RREs. We applied our cell-free workflow to screen all 57 predicted precursor peptides 

with their associated predicted RREs (Fig. 3b and 3c; Supplementary Fig. 4). To account for 

potential differences in expression levels in the PUREfrex reactions as well as the fact that RREs 

reported in literature have a range of binding affinities, we tested each peptide-RRE pair at 

multiple concentrations. In instances where multiple RREs or precursor peptides were predicted 

in the same BGC, we screened all pairwise combinations. In total, we screened 72 different RRE-

peptide pairs, 42 RRE-peptide pairs from clusters with a single predicted RRE and peptide pair 

(Fig. 3b) and 30 different combinations of RRE and peptides from clusters with multiple predicted 

genes for each (Fig. 3c and Supplementary Fig. 4). When assessing for binding interactions, 

we considered any RRE-peptide pair a “hit” if any of the 9 different RRE-peptide dilution conditions 

produced AlphaLISA signal at least 2.5-fold higher than the signal obtained from either of the 

corresponding no RRE or no peptide control reactions.  

 

Our initial screen yielded hits for 23 of the 42 individual RRE-peptide pairs and 22 of the 30 RRE-

peptide combinations from larger clusters (Fig. 3). A subsequent validation experiment assaying 

all RRE-peptide pairs at the dilution condition that yielded the highest AlphaLISA signal agreed 

with 69/70 of the results from the initial screen, with the lone exception being cluster 1 

(Supplementary Fig. 5).  

 

In vitro production of a lasso peptide from Rothia 
Using the results from our large-scale RRE screen, we set out to test any clusters identified as 

“hits” for complete biosynthesis of a mature lasso peptide in vitro. To do so, we expressed each 

precursor peptide in a PUREfrex reaction and purified each related tailoring enzyme 

heterologously expressed in E. coli. To increase the soluble yield of each of the cyclases, we 

incorporated an N-terminal MBP-tag and co-expressed folding chaperones during protein 

production in vivo. Small scale (10 µL) reactions were assembled by combining precursor 

peptides and purified tailoring enzymes and analyzed via matrix-assisted laser 

desorption/ionization time-of-flight (MALDI-TOF) MS after overnight incubation at 37 ºC.  
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We successfully produced a lasso peptide, from BGC 24, which we refer to as Alphalassin (Fig. 
4). Alphalassin is a 19-residue, class II lasso peptide identified from the genome of an unclassified 

species of Rothia, originally isolated from kefir. Commonly found in the upper respiratory tract or 

in the flora of the human oropharynx, Rothia are gram-positive, anaerobic or facultatively 

anaerobic bacteria67. Biosynthetically, the Alphalassin BGC encodes a five-gene split protease 

system consisting of the precursor peptide, an RRE, a protease, a cyclase, a predicted ABC 

transporter, and a fifth protein of unknown function (Fig. 4a). The Alphalassin BGC lies directly 

adjacent on the genome to a predicted novel lanthipeptide BGC. 

 
Figure 4. In vitro production of Alphalassin, a class II lasso peptide. (a) Schematic of Alphalassin 
biosynthetic gene cluster and precursor peptide sequence. (b) Predicted structure of Alphalassin. (c) 
MALDI-TOF-MS spectra demonstrating in vitro production of Alphalassin. Data is representative of three 
independent experiments. 
 
After overnight incubation of the Alphalassin precursor peptide with purified samples of the 

predicted RRE, protease, and cyclase, we observe the emergence of an m/z peak at 2341.260 

which agrees with the predicted structure of Alphalassin (predicted [M+H]+ m/z: 2341.156) and 

does not appear in reactions in which individual components are removed from the reaction (Fig. 
4b and 4c; Supplementary Fig. 7). In instances in which both the RRE and protease, but not 

cyclase, are incubated with the precursor peptide, we observe formation of a mass with an m/z of 

2620.229, which corresponds to the uncyclized core peptide (predicted [M+H]+ m/z: 2359.166) 

(Supplementary Fig. 7). A subsequent experiment confirmed that the production of Alphalassin 

is time dependent (Supplementary Fig. 8).  

 

Treatment with carboxypeptidase Y is often used to distinguish threaded lasso peptides from 

branched, cyclic peptides, due to the macrolactam ring’s ability to shield the C-terminus of 

threaded lasso peptides from protease degradation68. When we treat reactions producing only the 
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uncyclized core peptide with carboxypeptidase Y, we observe complete degradation after 

overnight incubation (Supplementary Fig. 9). In contrast, we do not observe degradation of the 

cyclized product after overnight treatment with carboxypeptidase Y, suggesting the threaded 

structure of Alphalassin (Supplementary Fig. 9).  
 
Discussion 
 
Here we developed an integrated workflow for RRE screening to enhance RiPP discovery 

pipelines by combining methods for cell-free DNA assembly and amplification, cell-free protein 

synthesis, and binding characterization via AlphaLISA. We show that the platform is 

generalizable, fast (steps are carried out in hours), and readily scalable to 96- or 384-well plates 

without the need for time intensive protein purification or cell-based cloning techniques. Moreover, 

the platform is designed with automation in mind, with each step consisting of simple liquid 

handling and temperature incubation steps. We showed the utility of the platform by identifying 

residues important for binding by an RRE and coupled our cell-free workflow with genome mining 

and computational analysis to identify and produce a previously undiscovered lasso peptide, 

which we name Alphalassin.  

 

As a screening tool, there are multiple advantages to incorporating our cell-free workflow prior to 

testing computationally predicted RiPP BGCs. First, our workflow serves as a filtering tool to down 

select clusters with active RiPP peptide recognition. We note that many predicted RREs in our 

study did not exhibit binding interactions to the respective predicted precursor peptide (50% of 

predicted RREs did not bind to an associated precursor peptide). We hypothesize that this could 

be due to incorrect annotation of RREs and precursor peptides in our computational workflow and 

prioritizing the investigation of BGCs with definable and quantifiable biochemical interactions 

increases the success rate of complete in vitro biosynthesis and characterization of the mature 

RiPP. Second, the throughput of our workflow enables testing each pairwise combination of RRE 

and precursor peptide for BGCs with multiple predictions for each component. Not only do we 

observe potential differences in binding affinity within a given BGC (e.g., 43-1A compared to 43-

2A with both RREs), but we also observe several non-functional RREs in the more complex 

clusters. For example, while 44B1-1 is capable of binding to both predicted precursor peptides, 

44B1-2 is unable to bind to either peptide. Understanding which RRE-peptide pairs are functional 

can narrow the number of different enzyme combinations that need to be tested when assembling 

complete BGCs. 
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Biosynthesis of lasso peptides requires a concerted sequence of events, including both proteolytic 

and cyclization activity, of which recognition of the precursor peptide by the RRE is only the first 

step49. In some instances where the computationally predicted RREs are functional but we 

observe no maturation to the lasso peptide structure, the associated predicted proteases or 

cyclases may be incorrectly annotated. Alternatively, for some lasso peptides, additional 

chaperones not encoded within the BGC may be required for maturation into the final product, as 

has been demonstrated for other natural products69,70. Future studies should consider methods 

for identifying potential auxiliary genes required for lasso peptide biosynthesis and incorporating 

those additional genes into the in vitro reconstitution of the BGCs. By acting as an initial screen, 

our RRE focused workflow reduced the number of enzymes required for in vivo production and 

purification by approximately 40% by prioritizing BGCs with demonstrated functional RREs.  

 

RiPP tailoring enzymes represent a potentially modular approach to creating new-to-nature 

molecules. Recent work has, for example, created novel RiPP products by engineering peptide 

substrates to contain leader sequences recognized by tailoring enzymes from multiple classes of 

RiPPs71. In doing so, a peptide substrate was modified with RRE-dependent tailoring enzymes 

from two different BGCs. Creating more complex systems with even greater numbers of RRE-

dependent modifications will require an understanding of appropriate design rules for enabling 

recognition of the precursor peptide by the desired tailoring enzymes. Using the information 

gained by mutational scanning, we were able to systematically produce a synthetic peptide with 

less than 40% identity to the wild-type peptide that exhibits AlphaLISA binding signal on par with 

the wild-type peptide. Understanding the minimal set of amino acid residues required for 

recognition will be important for engineering increasingly complex molecules. Our workflow 

provides a method for understanding and prototyping these requirements. 

 

From initial biodiscovery to in-depth characterization, our work provides an important tool for 

studying RiPP biosynthesis. Looking forward, we anticipate that the cell-free AlphaLISA workflow 

will accelerate our understanding of RiPP enzymology and enable engineering of complex new-

to-nature molecules. 
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Materials and Methods 
 
DNA design and preparation 

For the initial screen of known RRE’s, gene constructs were ordered from Twist Biosciences 

(synthesized into pJL1 backbone between NdeI and SalI restriction sites). Briefly, sequences 

were retrieved from literature or Uniprot and codon optimized using the IDT Codon Optimization 

Tool. For full length RRE constructs, a codon optimized sequence for a Twin-Strep tag and PAS11 

linker were added to the N-terminus of the nucleotide sequence. MBP-fusion RRE constructs 

were constructed by replacing either the C-terminus (for proteins in which the RRE domain was 

predicted to occur in the N-terminus) or N-terminus (for proteins in which the RRE domain was 

predicted to occur in the C-terminus) portion of the sequence with codon optimized sequences 

for MBP and a GS7 linker. For precursor peptide sequences, sequences encoding either the full-

length precursor or leader sequence were fused to an N-terminal sFLAG tag and GS7 linker. 

 

For all peptide sequences used in AlphaLISA based assays, an N-terminal sFLAG tag and GS7 

linker were incorporated into the design. For sequences utilized in the AlphaLISA alanine scan 

workflow, each alanine variant peptide was constructed by replacing the corresponding wild-type 

codon with “GCC”. To construct synthetic sfGFP peptides, the first 40 amino acids of sfGFP (with 

a G23T mutation) was first codon optimized. Each variant was then constructed by replacing the 

appropriate wild-type codon with the codon corresponding to the desired residue change. All 

peptide sequences were ordered as eBlocks with overhang to a linearized pJL1 backbone for use 

in Gibson Assembly reactions. 

 

For all computationally predicted lasso peptide proteases and cyclases, the predicted gene 

sequences were codon optimized using the IDT Codon Optimization Tool. At the N-terminus of 

each sequence, maltose binding protein (MBP) and a short linker were incorporated to enable 

soluble expression and detection via AlphaLISA based assays. All genes were synthesized by 

Twist Biosciences either in pJL1 (for expression in PUREfrex) or in a modified pET vector (for in 

vivo expression). The corresponding (untagged) precursor sequences were also synthesized by 

Twist Biosciences in pJL1 for use in assembling complete lasso peptide BGCs. 

 

DNA templates for expression in PUREfrex were prepared either in plasmid form using 

ZymoPURE II Plasmid Midiprep Kit (Zymo Research) or as linear expression templates (LETs). 

For LETs, eBlocks were inserted into pJL1 using Gibson Assembly with a linearized pJL1 
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backbone. Following Gibson Assembly (GA), each reaction was then diluted 10x in nuclease free 

water. 1 μL of diluted GA reaction was then used in a 50 μL PCR reaction using Q5 Hot Start 

High-Fidelity DNA Polymerase (New England Biolabs). 

 

Linearized pJL1 backbone: 

gagcatcaaatgaaactgcaatttattcatatcaggattatcaataccatatttttgaaaaagccgtttctgtaatgaaggagaaaactca

ccgaggcagttccataggatggcaagatcctggtatcggtctgcgattccgactcgtccaacatcaatacaacctattaatttcccctcgt

caaaaataaggttatcaagtgagaaatcaccatgagtgacgactgaatccggtgagaatggcaaaagcttatgcatttctttccagact

tgttcaacaggccagccattacgctcgtcatcaaaatcactcgcatcaaccaaaccgttattcattcgtgattgcgcctgagcgagacg

aaatacgcgatcgctgttaaaaggacaattacaaacaggaatcgaatgcaaccggcgcaggaacactgccagcgcatcaacaat

attttcacctgaatcaggatattcttctaatacctggaatgctgttttcccggggatcgcagtggtgagtaaccatgcatcatcaggagtac

ggataaaatgcttgatggtcggaagaggcataaattccgtcagccagtttagtctgaccatctcatctgtaacatcattggcaacgctac

ctttgccatgtttcagaaacaactctggcgcatcgggcttcccatacaatcgatagattgtcgcacctgattgcccgacattatcgcgagc

ccatttatacccatataaatcagcatccatgttggaatttaatcgcggcttcgagcaagacgtttcccgttgaatatggctcataacacccc

ttgtattactgtttatgtaagcagacagttttattgttcatgatgatatatttttatcttgtgcaatgtaacatcagagattttgagacacaacgtg

agatcaaaggatcttcttgagatcctttttttctgcgcgtaatctgctgcttgcaaacaaaaaaaccaccgctaccagcggtggtttgtttgc

cggatcaagagctaccaactctttttccgaaggtaactggcttcagcagagcgcagataccaaatactgttcttctagtgtagccgtagtt

aggccaccacttcaagaactctgtagcaccgcctacatacctcgctctgctaatcctgttaccagtggctgctgccagtggcgataagtc

gtgtcttaccgggttggactcaagacgatagttaccggataaggcgcagcggtcgggctgaacggggggttcgtgcacacagccca

gcttggagcgaacgacctacaccgaactgagatacctacagcgtgagctatgagaaagcgccacgcttcccgaagggagaaagg

cggacaggtatccggtaagcggcagggtcggaacaggagagcgcacgagggagcttccagggggaaacgcctggtatctttata

gtcctgtcgggtttcgccacctctgacttgagcgtcgatttttgtgatgctcgtcaggggggcggagcctatggaaaaacgccagcaac

gcgatcccgcgaaattaatacgactcactatagggagaccacaacggtttc 

 

Forward primer for LET PCR: ctgagatacctacagcgtgagc 

Reverse primer for LET PCR: cgtcactcatggtgatttctcacttg 

 

FluoroTectTM gel 
PUREfrex 2.1 (Gene Frontier) reactions were assembled according to manufacturer instructions, 

using 1 µL of unpurified template LET and 0.5 µL of FluoroTectTM (Promega) per 10 µL reaction. 

Following incubation at 37 °C for 6 hours, samples were centrifuged at 12,000 xg for 10 min at 4 

°C. 3 µL of supernatant was then mixed with 1 µL of 40 µg/mL RNase A and incubated at 37 °C 

for 10 minutes. Following incubation, 1 µL of 1M DTT, 2.5 µL of 4X Protein Sample Loading Buffer 

for Western Blots (Li-COR Biosciences), and 2.5 µL of water were added to each sample and the 
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samples were then incubated at 70 °C for 10 minutes. Samples were then loaded on a NuPAGE 

4-12% Bis-Tris Protein Gel and run for 40 minutes at 200 V in MES Running Buffer. For 

comparison, a lane was loaded with BenchMark fluorescent protein standard (Thermo Fisher 

Scientific). The resulting gel was then imaged using both the 600 and 700 fluorescent channel on 

a LICOR Odyssey Fc (Li-COR Biosciences).   
 

AlphaLISA reactions 
PUREfrex 2.1 (Gene Frontier) reactions were assembled according to manufacturer instructions.  

Briefly, 1 µL of the unpurified LET reaction – encoding for the precursor peptide or RRE - was 

added as a template per 10 µL PUREfrex reaction. Reactions were then incubated at 37 °C for 5 

hours. After incubation, these samples were then diluted in a buffer consisting of 50 mM HEPES 

pH 7.4, 150 mM NaCl, 1 mg/mL BSA, and 0.015% v/v Triton X-100. Following dilution, an Echo 

525 acoustic liquid handler was used to dispense 0.5 µL of diluted RRE, 0.5 µL of diluted peptide, 

and 0.5 µL of blank buffer from a 384-well polypropylene 2.0 Plus Source microplate (Labcyte) 

using the 384PP_Plus_GPSA fluid type into a ProxiPlate-384 Plus, White 384-shallow well 

destination microplate. The plate was then sealed and equilibrated at room temperature for one 

hour. Next, anti-FLAG Alpha Donor beads (Perkin Elmer) were used to immobilize the sFLAG 

tagged peptides and anti-Maltose-Binding (MBP) AlphaLISA acceptor beads were used to 

immobilize the MBP-tagged RREs. 0.5 µL of acceptor and donor beads diluted in buffer were 

added to each reaction to a final concentration of 0.08 mg/mL and 0.02 mg/mL donor and acceptor 

beads respectively. Reactions were then equilibrated an additional hour at room temperature in 

the dark. For analysis, reactions were incubated for 10 minutes in a Tecan Infinite M1000 Pro 

plate reader at room temperature and then chemiluminescence signal was read using the 

AlphaLISA filter with an excitation time of 100 ms, an integration time of 300 ms, and a settle time 

of 20 ms. Results were visualized using Prism version 9.5.1 (GraphPad). 

 

Computational prediction of lasso peptide BGCs 
A diverse collection of 39,311 publicly genomes available (2020 April) spanning soil bacteria, 

metagenomes and extremophiles were analyzed using AntiSMASH 5.1.2 identifying 315,876 

biosynthetic gene clusters (Supplementary Table 2). A total of 2,574 lasso peptide clusters were 

identified, and from this set, 1,882 BGCs contained a complete collection of essential biosynthetic 

enzymes (Supplementary Table 3). Further prioritizing these clusters, a sequence similarity 

network72,73 of the identified propeptide genes with a collection of known lasso peptide sequences 

was created to assess the novelty of each cluster. Subsequent filtering of the remaining novel 
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BGCs included selecting BGCs based on a propeptide length of 17-27 amino acids and whether 

the mature lasso peptide is predicted to carry a positive charge at a neutral pH. Calculation of the 

predicted isoelectric point of the predicted core peptides used Thermo Fisher Scientific’s peptide 

analysis tool (https://www.thermofisher.com/us/en/home/life-science/protein-biology/peptides-

proteins/custom-peptide-synthesis-services/peptide-analyzing-tool.html). This narrowed the 

selection to 202 BGCs, of which 47 were chosen. A total of 210 genes were synthesized by Twist 

Bioscience. All amino acid sequences and metadata for the 47 selected BGCs are provided in 

the Extended Data Set. 
 
In vivo expression and purification of lasso peptide tailoring enzymes 
For computationally predicted MBP-RREs and MBP-proteases, constructs of the target protein in 

pET.BCS.RBSU.NS backbone were transformed into BL21 Star (DE3) cells, plated on LB agar 

plates containing 100 µg/mL carbenicillin, and incubated at 37 °C.  Single colonies were cultured 

in 50 mL of LB containing 100 µg/mL carbenicillin at 37 °C and 250 RPM. After overnight 

incubation, 20 mL of the overnight culture were used to inoculate 1L of LB supplemented with 2 

g/L glucose and 100 µg/mL carbenicillin. Cells were grown at 37 °C and 250 RPM and induced 

for protein production at OD600 0.6-0.8 with 500 µL of 1M IPTG. Four hours post induction, cells 

were harvested via centrifugation at 5,000 xg for 10 minutes at 4 °C and flash frozen in liquid 

nitrogen.  

 

After thawing on ice, cell pellets were resuspended in lysis buffer composed of 50 mM Tris-HCl 

pH 7.4, 500 mM NaCl, 2.5 % (v/v) glycerol, and 0.1% Triton X-100. For cell pellets used to 

overexpress RREs and cyclases, the lysis buffer also contained 6 mM PMSF, 100 µM Leupeptin, 

and 100 µM E64. Cell suspensions were then supplemented with 1 mg/mL lysozyme and lysed 

via sonication using a Qsonica sonicator at 50% amplitude for 2 minutes with 10 seconds on 10 

second off cycles. Following sonication, insoluble debris were removed via centrifugation at 

14,000 xg for 30 minutes at 4 °C. Per 1L of cell culture, 5 mL of amylose resin was equilibrated 

with 5 to 10 column volumes of wash buffer (50 mM Tris HCl, 500 mM NaCl, 2.5 % (v/v) glycerol, 

pH 7.4) in a 50 mL conical tube and mixed via inversion. Resin was separated from wash buffer 

by spinning at 2,000 xg for 2 min at 4 °C and the supernatant was then poured off. Equilibration 

was repeated for a total of 4 times with fresh equilibration buffer. Following the last equilibration, 

the cleared cell lysis supernatant was added to the resin and incubated for 2 hours at 4 °C with 

constant agitation on a shake table. Following incubation on the resin, the resin was washed once 

with 5 column volumes of lysis buffer followed by 5 column volumes of wash buffer four times. 
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For the last wash, the resuspended resin was loaded in a 25 mL gravity flow column and drained 

via gravity flow. For elution, 15 mL of elution buffer (50 mM Tris HCl, 300 mM NaCl, 10 mM 

maltose, 2.5% (v/v) glycerol, pH 7.4) was added to the gravity flow column and collected. Samples 

were then buffer exchanged into storage buffer (50 mM HEPES, 300 mM NaCl, 0.5 mM TCEP, 

2.5% (v/v) glycerol, pH 7.5) using amicon spin filters (50 kDa MWCO) by spinning at 4,500 xg for 

10-15 minutes. Samples were then aliquoted, flash frozen, and stored at -80 °C until use. Total 

protein concentration of each purified sample was determined using a Bradford assay (Biorad). 

Percent purity of each sample was determined by running diluted aliquots of each purified protein 

on a 4-12% Bis-Tris gel and staining with Optiblot Blue (Abcam). After destaining, each gel was 

imaged using the 700 fluorescent channel on a LICOR Odyssey Fc (Li-COR Biosciences, USA) 

and percent purity was determined via densitometry using Licor Image Studio Lite. Final 

concentrations of each protein were then calculated by multiplying the total protein content by the 

percent purity. 

 

Computationally identified cyclases were expressed and purified according to the process 

outlined above for computationally identified RREs except for transforming into BL21 Star (DE3) 

cells already transformed with pG-KJE8. LB agar and media for cell growth were supplemented 

with 20 µg/mL chloramphenicol in addition to 100 µg/mL carbenicillin. At inoculation, LB was 

supplemented with 2 g/L glucose, 100 µg/mL carbenicillin, 20 µg/mL chloramphenicol, and 2 

ng/mL anhydrotetracycline per 1 L of media for induction of folding chaperones. 

 
In vitro enzymatic assembly of lasso peptide BGCs  
PUREfrex 2.1 (Gene Frontier) reactions to express the precursor peptide were assembled 

according to manufacturer instructions using 1 µL of 200 ng/µL plasmid (pJL1 backbone encoding 

precursor peptide of interest) per 10 µL reaction and incubated at 37 °C for at least five hours. 

Purified proteins were buffer exchanged using Zeba Micro Spin Desalting Columns (7K MWCO) 

into synthetase buffer (50 mM Tris-HCl pH 7.5, 125 mM NaCl, 20 mM MgCl2). 10 µL reactions 

were then assembled using 5 µL of PUREfrex reaction, and the appropriate volume of each 

individual purified enzyme or buffer such that both the RRE and protease were at a final 

concentration of 10 µM and the cyclase was at a final concentration of 1 µM. Reactions were 

supplemented to a final concentration of 10 mM DTT and 5 mM ATP and incubated at 37 °C for 

varying lengths of time. For analysis, samples were desalted using Pierce C18 spin tips (10 µL 

bed), spotted on a MALDI target plate using 50% saturated CHCA matrix in 80% ACN with 0.1% 
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TFA, and analyzed using a Bruker RapiFlex MALDI-TOF mass spectrometer in reflector positive 

mode at Northwestern University’s Integrated Molecular Structure Education and Research 

Center (IMSERC).  

 
Carboxypeptidase treatment of lasso peptides 

Assembled reactions (20 µL scale) were desalted using Pierce C18 spin column and eluted into 

20 µL of acetonitrile. After solvent removal under vacuum, reactions were resuspended in a 

solution containing carboxypeptidase Y at 50 ng/µL in 1X PBS (10 µL) and incubated at room 

temperature overnight. The mixtures were evaporated to dryness and resuspended in 3 µL 

saturated α-Cyano-4-hydroxycinnamic acid (CHCA) matrix solution in TFA (trifluoroacetic acid). 

Samples were then spotted on a matrix assisted laser desorption/ionization (MALDI) plate and 

analyzed using a Bruker RapiFlex MALDI-TOF mass spectrometer in reflector positive mode at 

Northwestern University’s Integrated Molecular Structure Education and Research Center 

(IMSERC).  
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