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ABSTRACT  

Lasso peptides are a class of natural products characterized by a threaded structure. Given their 

small size and stability, chemical synthesis would offer tremendous potential for the 

development of novel therapeutics. However, the accessibility of the pre-folded lasso 

architecture has limited this advance. To better understand the folding process de novo, 

simulations are used herein to characterize the folding propensity of microcin J25 (MccJ25), a 

lasso peptide known for its antimicrobial properties. New algorithms are developed to 

unambiguously distinguish threaded from non-threaded precursors and determine 

handedness, a key feature in natural lasso peptides. We find that MccJ25 indeed forms right-

handed pre-lassos, in contrast to past predictions but consistent with all natural lasso peptides. 
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Additionally, the native pre-lasso structure is shown to be metastable prior to ring formation 

but to readily transition to entropically-favored unfolded and non-threaded structures, 

suggesting de novo lasso folding is rare. However, by modifying the ring forming residues with 

the appendage of thiol and thioester functionalities, we are able to increase the stability of pre-

lasso conformations. Furthermore, conditions leading to protonation of a histidine imidazole 

side chain further stabilize the modified pre-lasso ensemble. This work highlights the use of 

computational methods to characterize lasso folding and demonstrates that de novo access to 

lasso structures can be facilitated by optimizing sequence, unnatural modifications, and 

reaction conditions like pH. 

 

INTRODUCTION 

Lasso peptides are an expanding class of compact bioactive ribosomally synthesized and post-

translationally modified peptide natural products (RiPPs) characterized by an interlocked lasso 

fold.1-4 These cyclic entangled structures (Figure 1) can range from 13-33 residues in length5, 6 

and result from an isopeptide bond between the N-terminal amine and a side chain 

carboxylate, which forms a 7-9 residue macrolactam ring that is threaded by the C-terminal 

peptide tail.2, 5-7 Once folded and cyclized, lasso peptides are extremely stable with their 

threaded tails held below the ring by steric locks, called plugs, formed by bulky side chains.8 

In biological systems, lasso peptide maturation begins with the lasso precursor leader sequence 
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to a RiPP precursor recognition element (RRE) that guides its cleavage by a leader peptidase, 

which enables a lasso cyclase to fold the lasso motif and catalyze the isopeptide bond 

formation.1, 3, 9, 10 Once formed, the value of lasso peptides in nature is demonstrated by their 

diverse biological activities, including enzyme inhibition, receptor antagonism, and antibiotic 

effects,4, 11-14 which are likely facilitated by their thermal stability, resistance to degradation, 

and rigid globular shapes.4, 15, 16 Accordingly, the lasso scaffold could be invaluable in the design 

of novel therapeutics that are sized between small molecules and biologics,15, 17 which can lead 

to reduced immunogenicity and the capacity for bioavailibility.3, 13, 18-20 Collectively, lasso 

peptides warrant further investigation. 

The production of lasso peptides has been considerably expanded through the development 

of heterologous expression and cell-free biosynthesis approaches.3, 7, 16, 21, 22 However, an 

adaptable chemical synthesis platform would provide further access to this scaffold and 

unnatural variants.23, 24 A central limitation in the development of a chemical synthesis 

platform is the requirement that the lasso precursor be pre-folded prior to isopeptide bond 

formation; otherwise, the non-threaded conformation (herein referred to as a tadpole) would 

be obtained.15, 18  Indeed previous direct cyclization attempts to access lasso peptides have 

exclusively given the non-threaded tadpole isomers.15, 25-29 While biological systems stabilize 

the pre-lasso fold through an enzyme-substrate complex, the outstanding question explored in 

this work is whether the lasso precursor can also be sufficiently stabilized through the 

intramolecular forces that dictate peptide and protein folding. 
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Previous work on microcin (MccJ25), a bacterial RNA polymerase inhibitor12, 26, 30-35 

suggested it forms an unnatural left-handed pre-lasso peptide (Figure 1).25 This was 

unexpected given that MccJ25 and every other structurally characterized lasso peptide is right-

handed in nature (Figure 1).25, 36 Herein we revisit the folding propensity of MccJ25 using 

modern simulation approaches to enable the development of generalized tools for studying 

pre-lasso folding and supporting future lasso peptide chemical synthesis efforts.  

 

Figure 1: A. Possible conformations for the peptide after the formation of the isopeptide 

bond: lasso (threaded tail) or tadpole (non-threaded tail). Prior to bond formation, the pre-

lasso conformation can have B. left-handed (counterclockwise) or C. right-handed 

configurations (clockwise). The blue colored arrows indicate the directionality of the N-
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terminus-based ring closure, counterclockwise and clockwise, with respect to the threaded 

tail directionality (red arrows) kept constant. 

 

We find that native MccJ25 forms the anticipated natural right-handed pre-lasso 

conformation, and verify that the previous findings25 were a consequence parameter issues in 

the GROMOS96 43A2 forcefield.37-40 We present new tools that unambiguously distinguish 

pre-lasso from non-lasso structures and differentiate the right- and left-handed forms.41 We 

further describe several collective variables that discretize the pre-lasso folding landscape for 

distinguishing the threaded pre-lasso from the non-threaded pre-tadpole conformations. We 

find that the barrier for escape from the pre-lasso conformation is only ~1.5 kcal/mol while 

the probability for reaching the pre-lasso state is less than 1% for the native sequence. Thus, 

the probability of de novo folding is extremely low. However, with the addition of chemical 

modifications to the isopeptide bond-forming residues, we stabilize the pre-lasso fold. 

Additionally, upon protonation of a histidine residue in the ring, we further stabilize the pre-

lasso state, which indicates that reaction conditions such as pH can influence the folding 

landscape. Collectively, this work demonstrates how de novo lasso peptide folding can be 

facilitated by sequence deviations, chemical modifications, and reaction conditions, which can 

provide novel opportunities to guide future synthetic approaches. 
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RESULTS AND DISCUSSION 

Lasso Threading Classification and Handedness Descriptor 

To characterize a lasso folding landscape we first had to develop methods that clearly 

distinguish regions of phase space that form the threaded isomer (pre-lasso structures) from 

regions that form the non-threaded variant (pre-tadpole conformations). As discussed below, 

this has been particularly challenging in past analyses. To address this challenge, we first 

defined structures capable of forming an isopeptide bond (pre-ring structures) as those with a 

separation of 6 Å or less between Gly1N and Glu8Cδ. All structures with separations larger 

than 6 Å were designated as unfolded. We next needed an approach capable of identifying 

structures in which the tail pierces through the pre-ring. Inspired by the minimal surface 

analysis used to locate complex lasso proteins from the Protein Data Bank (PDB),41, 42 we 

developed a triangulation-based algorithm to evaluate the position of the tail with respect to 

the pre-ring (Supporting Information - Methods). This analysis divides the pre-ring (residues 

1 to 8 of MccJ25) into a series of triangles (Figure 2) that are then evaluated for points of 

intersection by the line segments connecting consecutive residues in the loop/tail (residues 14 

to 20) using barycentric coordinates. Although it is not a differentiable variable, this algorithm 

unambiguously delineates pre-lasso from pre-tadpole conformations.  
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Figure 2: Lasso threading classification: A. Triangulation of the ring area formed by residues 

1 to 8 of MccJ25. The ring and the triangles are shown with red and dotted gray lines, 

respectively. The alpha carbon atoms and the center of mass of the ring are represented by 

yellow and orange spheres, respectively. B. Discretization of the piercing tail formed by 

residues 14 to 20 of MccJ25. The peptide is represented by a cyan ribbon, but the ring is red 

for clarity. The alpha carbon atoms are represented by green spheres, and each line segment 

is shown as a blue arrow. 

 

We next had to develop a tool that could definitively distinguish left- from right-handed 

pre-lasso conformations (Figure 1). We developed a handedness descriptor, 𝜅, that leverages 

the orientation of the ring encirclement relative to the directionality of the tail: if the N-

terminus wraps around the tail in a clockwise manner, it is right-handed and vice versa.  By 

projecting the vectors connecting ring alpha carbons onto the plane normal to the tail (Figure 

3) and evaluating their cross products with the vector connecting tail piercing alpha carbons 
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20 to 19 using a summation of dot products, which makes 𝜅 positive for right-handed 

conformations and negative for left. Both tools, the lasso threading classification algorithm and 

handedness descriptor, are fully described in Methods and available at 

https://github.com/gabedahora/LATCHED (Lasso Threading Classification and Handedness 

Evaluation Descriptor). 

 

Figure 3: Lasso handedness descriptor for right-handed conformation of MccJ25. The black 

line shows the backbone of the lasso peptide. The red square is the plane with its normal 

vector (red arrow) connecting residues 20 and 19 (red dots). The relevant vectors (blue 

arrows) for residues 2 and 4 (ring alpha carbons in blue dots) and their projections on the 

plane are shown (e.g., 21p). The green arrow shows the cross-product of the two projected 

vectors.  

 

Folding of MccJ25 

As the most stringent test, we first performed unbiased MD simulations starting from an 

extended linear conformation to assess the ability of MccJ25 to fold with minimal bias on the 
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preferred structures. No pre-lasso structures were observed in 7.2 µs, but pre-tadpoles and pre-

macrocycles (defined by distances of 6 Å or less between Gly1-Gly21) were detected, 

representing ~3% (21,288 structures) of the sampled phase space. The DBSCAN cluster 

analysis43 identified four structural clusters (Figure S1). Two clusters, 1 and 2, contained pre-

macrocycles without the characteristic β-hairpin secondary structure that is unique to 

MccJ25,15, 25 including some with a short alpha-helix (cluster 2). The other two clusters, 0 and 

3, contained pre-tadpole structures with the β-hairpin secondary structure, indicating the 

formation of this structure is readily accessible in unbiased simulations when starting from an 

extended conformation. This antiparallel beta structure is formed by hydrogen bonds between 

residues 7-16. Thus, while lasso folding and cyclization are enzyme-stabilized in nature,7, 15, 18 

the β-hairpin formation is accessible in the absence of enzymes, suggesting a potential pathway 

for de novo pre-lasso folding.  

We next investigated the unfolding process starting from the native MccJ25 structure (PDB 

ID 1Q71)26 with the covalent isopeptide bond between residues Gly1 and Glu8 hydrolyzed to 

examine how readily it transitions to pre-tadpole and unfolded structures (Figure 4). For eight 

replicas, the pre-lasso configuration remained stable for ~150-500 ns, which is notably longer 

than the previously reported unfolding in less than 4 ns.25 Within this shallow metastable 

basin, the distance between residues Gly1 and Glu8 fluctuates apart and returns to the pre-

lasso state while the β-hairpin remains stable. During this time, approximately half of the 

replicas included the formation of transient pre-tadpoles but returned to pre-lassos. After ~500 

ns, the β-hairpin is lost, and the system does not return to a pre-lasso form in 7.2 µs (Figure 4), 
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which is also demonstrated in the secondary structure map (Figure S2). Thus, a metastable 

minimum containing pre-lasso structures does exist, but it represents less than 1% of the above 

sampled conformations (Table S1), suggesting it is rare relative to the entropically-favored 

unfolded phase space. 

 

 

Figure 4: Representative configurations of MccJ25 in unbiased simulations: (A) starting pre-

lasso (t = 0 ns); (B) fluctuating between pre-lasso and pre-tadpole (t < 500 ns); (C) completely 

unfolded (t > 500 ns). 

 

Assessing MccJ25 Handedness  

In their 2010 study,25 Ferguson et al. applied a powerful nonlinear dimensionality reduction 

approach called diffusion map44 to characterize the conformations obtained in 90 ns of replica 

exchange MD (REMD) combined with short 30 ns unbiased simulations starting from 

conformations approaching left- and right-handed pre-lassos. Similar to Yang et al.,45 they 
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defined a physical order parameter Λ for the MccJ25 β-hairpin as the average length of the 

seven vectors connecting alpha carbons of adjacent residues 6-20 𝜆i=1…7: (𝜆1 for Val6-Tyr20, 

𝜆2 for Pro7-Phe19, etc. - Figure 5): 

 

Figure 5: Representation of parameter Λ quantifying the formation of the β-hairpin as the 

average length of the seven vectors connecting alpha carbons of the loop residues 6 to 20. 

 

Consequently, an increase in Λ corresponds to a lengthening of the 𝜆i distances and 

decreased hydrogen bonding in the β-hairpin. The other parameter used to define phase space 

was the Glu8 Ψ angle, which was estimated to be around -80° for right-handed structures and 

90° for left ones. Using the same parameters, we evaluated our simulations and found similar 

dominant Ψ angles of -24°/-33° and 155°/145° for structures with/without the isopeptide bond 

intact, suggesting even after the bond is broken the pre-lasso retains right-handed structures 

(Figure S3). However, it was not clear if the Glu8 Ψ angle could delineate handedness. This 
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motivated our development of the lasso handedness descriptor, 𝜅, which definitively 

distinguishes right- and left-handed structures (Figure 3). This descriptor confirmed that no 

left-handed configurations were obtained in any of our ten replicas. In the previous work, left-

handed structures remained stable for 30 ns with Λ = 6.2 ± 0.3 Å and Glu8 Ψ = 90±20°. Filtering 

our ensembles through Λ values, we found a considerable diversity of pre-tadpoles and 

unfolded structures, but no left-handed pre-lassos.  

To ensure we had comparative sampling, despite much longer unbiased simulations, we 

additionally performed temperature REMD with comparable parameters to those previously 

used. We were able to obtain 0.82% pre-lasso structures at 300K. Including the filtered 

structures (those with Gly1 Glu8 distances less than 6 Å) from higher temperatures, the 

percentage of pre-lassos decreases to 0.08% (Table S1), supporting the notion that entropy 

disfavors the pre-lasso fold. However, all the obtained pre-lassos were right-handed, consistent 

with those observed in nature. Collectively, these results suggest that the right-handed MccJ25 

pre-lasso conformation is a metastable state that is accessible from the unfolded landscape, 

while the left-handed MccJ25 pre-lasso conformation is inaccessible. Additionally, the pre-

tadpole structures significantly outnumber the pre-lasso structures, consistent with 

experimental observations of only tadpole structures from de novo folding.25, 28 

These contrasting results to those previously reported25 led to an investigation of the 

potential influence of the force fields used. The same system and simulation parameters were 

implemented with three other modern protein force fields: AMBER ff14SB,46 CHARMM36,47 

and CHARMM36m.48 The number of filtered structures where Gly1N to Glu8Cδ is ≤ 6 Å was 
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similar among the different force fields, all with right-handed pre-lasso structures. Relatively 

more pre-tadpole and unfolded structures were obtained in the simulations with both 

CHARMM force fields, but this was expected with CHARMM36m since it is optimal for 

intrinsically disordered proteins (Table S1). We also compared contact maps of the first eight 

residues (Figure S4) and found a similar interaction pattern among the tested force fields, with 

a slight increase in the side chain interactions for the AMBER force fields. Thus, the results 

between each of the modern force fields tested were consistent. Next, we used the GROMACS 

2019.449 simulation engine to repeat the previously reported simulations with the same force 

field.25 In these simulations, the right-handed pre-lasso rapidly transitions to unfolded (11 ns) 

and later to left-handed pre-lasso structures (3.0 µs). These results verify that the force field 

used in the previous study was the cause of the unexpected findings. GROMOS 43A250 was a 

state-of-the-art force field in 2010 but has since been updated and reparametrized to address 

numerous issues,37-40 especially new Φ/Ψ torsional angle terms.38 Thus, previous predictions of 

left-handed folding were due to force field artifacts. MccJ25 folds into the native right-handed 

pre-lasso structure with modern force fields, suggesting de novo lasso folding can be accessed 

without the aid of an enzyme, albeit rarely. 

 

Discretization of the lasso folding landscape  

Characterizing the lasso folding landscape requires both extensive sampling and 

discretization into regions that distinguish relevant states—in this case pre-lasso, pre-tadpole, 

and unfolded conformations. This is typically done by identifying a set of distinguishing 
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features or combined features, called collective variables. Although the pre-tadpole was not 

distinguished as a distinct state in the previous work,25 we first tested the proposed Glu8 Ψ-

dihedral angle combined with the Λ to see if they might differentiate pre-lasso structures 

(Figure S5). The probability distributions show that separating and classifying pre-lasso and 

pre-tadpole is not possible with these parameters. There is significant overlap in both the Λ 

values, which are small indicating the presence of the β-hairpin for all pre-lassos and many 

pre-tadpole structures, and Glu8 Ψ, which shows both conformations cluster around -40° and 

150° (Figure S5). Thus, new descriptors were needed to distinguish pre-tadpole from pre-lasso 

conformations.  

In order to clearly identify pre-lasso and pre-tadpole structures, we developed the lasso 

threading classification algorithm (Figure 2) combined with the criterion that the distance 

between the Gly1N and Glu8Cδ be less than 6 Å. While this algorithm unequivocally filters 

structures into one category or the other, it is not a differentiable variable essential for 

enhanced free energy sampling, or even a non-differentiable variable useful for plotting the 

phase space distribution. Instead, we tested the summation of ring-tail distances, using the 

alpha carbons of residues 1, 3, 6, and 8 to that of residue 19, combined with the Gly1N-Glu8Cδ 

distance to characterize conformational phase space (Figure 6).  
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Figure 6: 2D free energy profile showing the distinct states pre-lasso (basin A), unfolded (basin 

B), and pre-tadpole (basin C) ensembles. The secondary structure of the peptide is represented 

in orange. The Gly1 and Glu8 residues are colored with carbons (teal), hydrogens (white), 

oxygens (red), and nitrogen (blue) for clarity. 

The resulting 2D folding free energy landscape of all replicas (−𝑅𝑇	ln	 𝜌, where 𝜌 is the 

relative probability) demonstrates that the summation of distances between macrocyclic 

residues and the penetrating tail residue can distinguish the pre-lasso (basin A), unfolded 

(basin B), and pre-tadpole (basin C) ensembles. Focusing on only the filtered structures, where 

Gly1N-Glu8Cδ ≤	6 Å, all replicas (Figure S6-A) show reasonable separation between the pre-

lasso and pre-tadpole structures, with some degree of overlap as the ring-tail distance starts to 

increase. The overlapping pre-tadpoles share some conformational similarities with the pre-
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lassos, like the β-hairpin preserved (𝛬 < 7) and less consistently a hydrogen bond between the 

backbone of the residues Val6-Tyr20. The ring-tail distance also presents a better separation 

than Glu8-Ψ when combined with 𝛬 (Figure S6-B), highlighting the 6-20 hydrogen bond 

occurs with longer 1-8 distances but a tightly formed β-hairpin. While this combination of 

variables provides useful discretization of phase space, the overlap in pre-lasso and pre-tadpole 

distributions indicates these are not yet effective parameters for enhanced sampling 

simulations aiming to distinguish the probability of forming a lasso versus tadpole structure 

once the isopeptide bond forms. The identification of such parameters will be a valuable 

advance for future research. Collectively, the folding landscape (Figure 6) captures how the 

formation of the pre-lasso precursor is entropically disfavored.  Both the broad unfolded phase 

space and pre-tadpole distributions dominate over the pre-lasso ensemble, which occupies a 

much narrower range within these parameters, reflective of the compact structure of the 

interlocked lasso motif.  

 

Chemical modifications 

One way to influence the stability of peptide conformations is by replacing native residues 

with unnatural modifications, which can also be used to permit chemoselective cyclization.51-

55 To examine the effect of modifications on pre-lasso peptide stability, we repeated the 

simulations from modified isopeptide bond-forming residues with an auxiliary attached to 

Gly1N (Figure 7A) and thioester functionalities at Glu8Cδ (Figure 7BC). 
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Figure 7: A. An auxiliary attached to Gly1N (blue) and B./C. thioester functionalities at 

Glu8Cδ (red). The two combinations are called A, B. MOD1 and A, C. MOD2. 

 

In both cases, due to the introduction of auxiliary and thioester functionalities, an 

enlargement of the pre-lasso ring was necessary to mitigate steric hindrance during the 

minimization and equilibration process. The simulations were started with the peptide in pre-

lasso conformation and run for similar times to the native peptide (Table S2). The resulting 2D 

free energy maps show marked differences for both the pre-lasso and pre-tadpole 

conformations (Figure 8). For MOD1, the proportion of pre-lasso and pre-tadpole 

configurations sampled from the entire trajectory increased from 4.1% to 13.5% (Table S2). 

Focusing on structures in pre-lasso and pre-tadpole ensembles, the percentage of pre-lassos 
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goes from 14.6% in the native state to 25.4% for MOD1. In the case of MOD2, there is a general 

increase from 4.1% to 6.7% in structures with Gly1 and Glu8 close together (Table S2). 

However, unlike the MOD1 combination, there is no increase in the proportion of lassoed 

conformations (14.6% vs. 3.7%). This combination of auxiliary and thioester promotes the 

most pronounced increase in the pre-tadpole set (3.5% to 6.5%).  

 

 

Figure 8: 2D histogram showing similar basins compared to the native state, but the pre-

lasso region (basin A) is now larger for MOD1 and smaller for MOD2.  

 

To understand the reason for increased pre-cyclic structures observed for MOD1, a cluster 

analysis was performed again with the DBSCAN algorithm and identified the most probable 

conformations in pre-lasso (Figures 9-A and S7-A) and pre-tadpole (Figures 9-B and S7-B) 

regions. 
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Figure 9: The three most populated clusters for A. pre-lassos (Pop0, Pop7, and Pop3) and B. 

pre-tadpoles (Pop0, Pop2, and Pop1), indicating the presence of π-π stacking in all 

structures. Other clusters observed were similar to those shown. 

 

The dominant clusters involve π-π stacking of the substituents, suggesting such interactions 

promote pre-lasso stabilization. Contrary to the concern that larger substituents might 

introduce steric clashes and disfavor pre-ring assemblies, the π-π stacking of the MOD1 

substituents seems to optimally match hydrophobic ring faces and solvated polar groups to 

reduce the likelihood of spontaneous pre-ring dissociation. This hypothesis is supported by the 

longer duration needed for the pre-lasso peptide to lose the β-hairpin and transition to 

unfolded structures, as indicated by the secondary structure pattern (Figure S8). In the pre-
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lasso ensemble, additional clusters display sulfur interactions (Figure S9). Thus, the pre-lasso 

folding propensity can be significantly promoted by π-π stacking of the MOD1 moieties that 

is further augmented by sulfur interactions in the pre-lasso ensemble. 

Despite the presence of π-π stacking interactions in the MOD2 pre-lasso clusters, the larger 

size of the MOD2 thioester side chain causes its carboxylate group to be closer to the backbone 

oxygen of the Gly1 auxiliary (Figure S10) than its R2NH2+ group. This spatial arrangement 

creates a small but sufficient repulsion that decreases the stability of the pre-lasso ring relative 

to MOD1. With greater instability, the pre-ring opens, and the β-hairpin dissociates more 

readily. Once opened, the interactions of Gly1 and Glu8 residues via π-π stacking (Figure S10) 

stand out. The peptide then assumes several pre-tadpole forms, which are more numerous than 

those observed with the native sequence. Thus, modification of MccJ25 with auxiliary and 

thioester to Gly1 and Glu8 decreases the pre-lasso stability for MOD2, while MOD1 shows 

increased stabilization of the pre-lasso fold. 

 

Influence of pH 

In order to test the potential influence of side chain ionization on folding, we repeated our 

simulations starting from the native NMR solution structure, which exhibits a salt bridge with 

a protonated His5 residue and the C-terminus Gly21 carboxylate.26 The imidazolium-bearing 

His5 could therefore attract the Gly21 carboxylate, contributing to the pre-lasso stability and 

might increase the hydrophilicity and solvation of the pre-ring. A 7.2 µs simulation resulted 

in a new free energy distribution for the protonated native sequence (Figure 10). Within the 
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filtered ensemble, structures with Gly1N and Glu8Cδ distances ≤ 6 Å, the protonation of His5 

decreases the relative probability of pre-lasso to pre-tadpole structures from 14.6% to only 

0.8% (Table S2). Despite this, the pre-tadpole population in the total trajectory is similar for 

neutral and protonated His5 (3.5% compared to 3.7%, respectively). Cumulatively, the 

protonation of His5 destabilizes the pre-lasso fold for native MccJ25 through increased 

solvation of the ring residues, which inhibits His5 Gly21 ring-tail interactions (further 

discussed below). 

 

 

Figure 10: 2D free energy profile for the MccJ25 with protonated His5, analogous to that for 

neutral His5 in Figure 6. 
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Similarly, simulations starting from the pre-lasso with protonated His5 were run for MOD1 

and MOD2 (Figure S11). There was a general increase in the total number of filtered structures 

from the entire trajectory in both cases going from 3.7% (WT) to 10.7% (MOD1) and 9.9% 

(MOD2) with His5 protonated (Table S2). From this set of structures, the percentage of pre-

lassos in MOD1 significantly increases from 0.8% in the protonated native state to 45.6% 

(compared to 25.4% with neutral His5). On the other hand, MOD2 protonation decreased 

further from 3.7% (neutral His5) to 3.1% and promoted a pronounced increase of pre-tadpoles 

(6.5% of the total trajectory for neutral MOD2 to 9.6% with protonated MOD2). 

Finally, we further evaluated the role of His5 on pre-lasso stability. Contact analysis of His5 

with the ring residues 1-8 and tail residues 19-21, using a 4 Å cutoff to define a contact, shows 

consistent interactions with neighboring Val6 and Pro7 residues (Figure S12). However, 

native pre-MccJ25 shows fewer interactions with the tail residues when His5 is protonated 

compared to neutral. This result suggests that conditions favoring protonation and added 

hydrophilicity could increase the hydration of His5 and decrease its interactions with 

neighboring and tail residues. 

This behavior changes, however, in simulations with MOD1, wherein protonated His5 

interacts more with the tail residues. In particular, the last residue (Gly21) goes from 2-3 

interactions in the neutral version to more than 20 interactions in the protonated peptide. The 

more hydrophilic character of His+ also influences this result as the side chain flipping out 

toward water molecules exposes the amide backbone such that it can hydrogen bond with the 

terminal carboxylate of Gly21. This interaction is facilitated by the enlargement in the ring 
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circumference due to the size of the auxiliary and the thioester groups on residues 1 and 8, 

which decreases the steric hindrance caused by Tyr20 and promotes folding of the loop/tail. 

Thus, His5+ interactions stabilize the pre-lasso through backbone hydrogen bonding to the 

terminal carboxylate and side chain hydration (Figure 11), suggesting that reaction conditions 

such as pH can facilitate stable pre-lasso folding.  

 

 

Figure 11: Snapshot of MccJ25 MOD1 His+ showing the Gly21 carboxyl group interacting 

with the backbone of His5+ with a hydrogen bond of 2.10 Å. 

 

Collectively, alteration of the native residues in MccJ25 with unnatural modifications and 

ionizable groups significantly modulates the pre-lasso folding propensity. These findings 
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suggest that the rational design of lasso peptides can target variations in sequence, unnatural 

modifications, and ionizable functionalities to increase the stability of the pre-lasso fold. 

 

 

CONCLUSIONS 

Lasso peptides are compact structures with unique properties that have the potential to 

become scaffolds for therapeutic development. MccJ25 is a model lasso peptide due to its 

antimicrobial properties and unique β-hairpin within its folded structure. In nature, MccJ25, 

like all characterized natural lasso peptides, access their threaded structures enzymatically. 

However, the abiotic folding of lasso peptides de novo is underexplored. This work uses 

extensive MD simulations to revisit the folding propensity of MccJ25, which was previously 

suggested to rapidly transition to the unnatural left-handed structure. We find that improved 

force fields support the preference for the natural right-handed conformation and demonstrate 

increased access to the pre-lasso ensemble. For MccJ25, the observed preference for a right-

handed pre-lasso may be the consequence of some, or all of the L-configured residues, that 

predispose the peptide to favor the right-handed structure. This right-handed predisposition, 

consistent with other natural lasso peptides, may be reinforced upon binding and cyclization 

as mediated by the lasso cyclase enzyme. Additional studies examining the effect of D-

configured residue substitutions on pre-lasso handedness preference are needed. We present 

new tools employing triangulation and the barycentric transformation to definitively 

characterize pre-lasso conformations and distinguish handedness. These tools for 
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characterizing pre-lasso conformations could be used together with computational tools like 

LassoHTP, which predicts bonded lasso peptide structures and ensembles,56 in future design 

strategies for lasso peptide diversification. We also demonstrate that chemical modification the 

ring-forming residues increases pre-lasso stabilization through π-π stacking and sulfur 

interactions. Similarly, His5 protonation further increases the pre-lasso ensemble stability. In 

this case, the increased hydrophilicity of imidazolium-bearing His5 reorients the backbone, 

enabling hydrogen bonding with the C-terminal Gly1 carboxylate. Importantly, our findings 

demonstrate that alteration of the sequence, incorporating unnatural modifications and 

ionizable functionalities could permit a rational design of lasso peptides. These developments 

mark the first steps toward realizing a generalizable platform for the chemical synthesis of 

lassos peptides, which could permit access to mirror-image lassos (from D-amino acids), and 

the incorporation of non-canonical residues, including D-amino acids, β-amino acids, peptoids, 

and others, to compliment biosynthetic approaches19 that diversify these remarkable scaffolds 

toward the design of novel therapeutics.    
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