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Using the amber suppression approach, four noncanonical 

amino acids (ncAAs) were used to replace existing amino 

acids at four positions in lasso peptide microcin J25 (MccJ25). 

The lasso peptide biosynthesis enzymes tolerated all four 

ncAAs and produced antibiotics with efficacy equivalent to 10 

wild-type in some cases. Given the rapid expansion of the 

genetically encoded ncAA pool, this study is the first to 

demonstrate an expedient method to significantly increase the 

chemical diversity of lasso peptides.  

Lasso peptides are a class of topologically constrained peptides 15 

typified by their pseudoknot structure resembling a lasso.1  Such 

peptides belong to the superclass of ribosomally-derived natural 

products referred to as ribosomally-synthesized and 

posttranslationally-modified peptide (RiPPs).2  RiPPs commonly 

contain posttranslationally-installed chemical moieties that 20 

differentiate them from conventional peptides.3  While some 

RiPPs can be heavily modified,4-5 lasso peptides have only a 

single posttranslational modification (PTM).  The PTM in lasso 

peptides is an isopeptide bond that forms a ring of 7-9 amino 

acids6-7 in which the C-terminal tail of the peptide is trapped 25 

(Figure 1A).  Since lasso peptides to date have been confined to 

the chemistry of the twenty common proteinogenic amino acids, 

here we expand the chemical functionality of the antimicrobial 

lasso peptide microcin J25 (MccJ25)8 via the incorporation of 

noncanonical amino acids (ncAAs).  Since lasso peptides are a 30 

promising, protease-resistant scaffold for peptide drug design,9 

ncAAs will broaden the set of building blocks for such efforts 

and provide further insights into the tolerance of the lasso peptide 

scaffold for such building blocks. 

 Several examples of ncAA incorporation into RiPPs have been 35 

described in the past 2-3 years using different methodologies.10  

ncAAs have been introduced into the lanthipeptide lacticin 481 

via solid-phase peptide synthesis (SPPS) of the linear core 

peptide followed by maturation in vitro with a purified enzyme.11  

Another lanthipeptide, the two-component lichenicidin, has been 40 

engineered using residue-specific ncAA incorporation12-13 in a 

heterologous expression system in E. coli.14  Structural analogs of 

methionine, proline, and tryptophan that are accepted by the 

native translational apparatus were incorporated into the two 

different precursor peptides of lichenicidin by utilizing 45 

auxotrophic strains of E. coli and media supplementation with the 

ncAAs.  Site-specific ncAA incorporation, which relies on the 

addition of a 21st aminoacyl-tRNA synthetase (aaRS)/tRNA pair 

to an organism,15 has also been used to engineer RiPPs with 

ncAAs.16-17  Both lanthipeptides and cyanobactins were 50 

engineered with para-substituted phenylalanine derivatives using 

heterologous expression systems in E. coli.   

 We considered each of the three different methodologies used  

for ncAA incorporation into RiPPs thus far (SPPS followed by in 

vitro reaction, residue-specific incorporation, and site-specific 55 

incorporation) for incorporation of ncAAs into MccJ25.  MccJ25 

expression experiments typically proceed for 16 h or more18 in 

order to maximize yields and such long expression times can be 

problematic for residue-specific incorporation experiments that 

rely on auxotrophic strains due to protein turnover providing new 60 

pools of canonical amino acids.  While an in vitro system for the 

production of MccJ25 has been described,19-20 the product yields 

of this system were not reported and solid-phase synthesis of the 

58 aa precursor is challenging.  Thus we focused on site-specific 

methodologies, specifically the pyrrolysyl-tRNA synthetase 65 

(PylRS) system that can incorporate a wide variety of bulky 

amino acids in response to the amber stop codon.21  A specific 

variant of Methanosarcina mazei PylRS that includes two amino 

acid substitutions, N346A and C348A, has extensive substrate 

polyspecificity and can incorporate a growing list of aromatic  70 

 
Fig. 1 Overview of ncAA incorporation into MccJ25. A) Structure of 

MccJ25 (PDB file: 1Q71). The loop, ring, and tail regions of the lasso are 
indicated, as are the residues being replaced by ncAAs. B) Structures of 

the ncAAs used in this study. C) Engineered gene cluster for the 75 

expression of MccJ25. The amber stop codon mutation (denoted by the 
asterisk) is present in the mcjA gene. 
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amino acids into recombinant proteins in E. coli.22-26  For this 

study, we chose a panel of four meta-substituted Phe derivatives, 

m-ClPhe, m-BrPhe, m-NO2Phe, and m-CF3Phe (Figure 1B).  This 

panel of Phe residues includes both polar (nitro) and non-polar 

(trifluoromethyl) substituents as well as halides, which introduce 5 

steric bulk to the meta-position 

 MccJ25 is derived from its 58 aa precursor protein McjA, and 

two enzymes, McjB and McjC, convert this precursor into the 21 

aa MccJ25 product.19-20, 27  A dedicated ABC transporter, McjD, 

pumps the lassoed MccJ25 product out of producing cells.28  The 10 

structure of MccJ25 can be thought of as having three distinct 

components.1 The “ring” portion of the peptide is composed of 

the first 8 aa with the N-terminal Gly residue covalently linked to 

the Glu-8 side chain (Figure 1A).  The “loop” of MccJ25 includes 

residues 9-19 and is pictured above the ring in Figure 1A, while 15 

the “tail” portion of MccJ25 is comprised of only two aa.  One of 

the most remarkable aspects of the MccJ25 structure is that the 

loop and tail portions of the peptide are held firmly in place by 

Phe-19 and Tyr-20.29-31  These residues are referred to as the 

steric locks of the lasso peptide.  We chose positions Val-6 and 20 

Ile-13 within the ring and loop of MccJ25, respectively, for 

substitution with ncAAs (Figure 1A).  In addition, we chose the 

two existing Phe residues in MccJ25, Phe-10 and Phe-19, for 

substitution because of the structural similarity of Phe to the 

ncAAs discussed above.  The Phe-10 residue is part of the loop 25 

region of the peptide, two amino acids away from the isopeptide 

bond while Phe-19 serves as a non-covalent steric lock as 

mentioned above.  Therefore both of these Phe residues reside in 

sterically congested parts of the lasso structure (Figure 1A).  For 

each of these four positions within MccJ25, we tested each of the 30 

four Phe analogs mentioned above for a total of 16 possible 

variants.   

 To enable the production of these 16 variants, we used a 

derivative of a plasmid-borne MccJ25 engineered gene cluster in 

which the mcjA gene is under the control of an IPTG-inducible 35 

T5 promoter while the mcjBCD operon is under its native 

constitutive promoter (Figure 1C).18  Mutant mcjA genes 

harboring the amber codon (TAG) at the desired position were 

introduced to this plasmid.  To enable ncAA incorporation, a 

pEVOL plasmid32 harboring the gene for PylRS(N346A/C348A) 40 

and the pylT tRNA gene was used.  Both of these plasmids were 

introduced into the BL21(DE3) E. coli host.  The cells were 

grown in LB medium to an OD600 of 0.5 at which time the ncAA 

was added to the culture and both the mcjA gene and the gene for 

PylRS(N346A/C348A) were induced.  As with previous MccJ25 45 

expression experiments,18 the culture was grown for 20 h.  The 

culture supernatants were concentrated using solid-phase 

extraction and analysed via MALDI mass spectrometry and 

HPLC.  Production of all 16 variants was observed via mass 

spectrometry on the extracted supernatant samples (Table 1, 50 

Figure S1).  Unambiguous assignments of the retention time of 

15 of the 16 variants could be made using HPLC (Table 1, Figure 

S1).  Peaks corresponding to ncAA-substituted MccJ25 were 

collected and confirmed using MALDI (Figure S2).   

 Yields of ncAA-substituted MccJ25 variants depended both on 55 

the position of the substitution and the chemical nature of the 

substitution.  In general, ncAA substitutions were best-tolerated 

at the I13 position, with yields of these peptides ranging from 

Table 1 Characterization of engineered ncAA substituted MccJ25 

variants 60 

MccJ25 Variant 

Retention time 

(min) 

Expected/observed 

molecular weight (Da) 

Relative 

Productiona 

V6TAG       
m-trifluoromethylPhe 17.99 2245.36/2246.06 0.07 

m-bromoPhe 17.49 2256.26/2257.06 0.17 

m-chloroPhe 17.33 2211.81/2212.06 0.16 
m-nitroPhe ND 2222.36/2222.08 ND 

F10TAG       

m-trifluoromethylPhe 17.71 2197.32/2198.02 0.15 
m-bromoPhe 16.92 2208.22/2208.97 0.17 

m-chloroPhe 16.79 2163.77/2164.03 0.12 

m-nitroPhe 16.19 2174.32/2175.04 0.05 
I13TAG       

m-trifluoromethylPhe 18.3 2231.34/2231.87 0.17 

m-bromoPhe 17.82 2242.24/2242.75 0.29 
m-chloroPhe 17.56 2197.79/2197.83 0.29 

m-nitroPhe 16.82 2208.34/2208.02 0.10 

F19TAG       
m-trifluoromethylPhe 16.92 2197.32/2198.03 0.10 

m-bromoPhe 16.39 2208.22/2208.94 0.14 

m-chloroPhe 16.36 2163.77/2164.04 0.12 
m-nitroPhe 16.28 2174.32/2175.06 0.02 

a Relative production was calculated as the ratio of the HPLC peak area to 

that of wild-type MccJ25 

~10-30% of wild-type MccJ25 production as estimated using 

HPLC peak area.  In comparison, production of the variants 

substituted at F19 ranged from nearly undetectable on the HPLC 65 

to only 14% of wild-type MccJ25.  The tolerance at the I13 

position was expected given that many of the canonical aas can 

be substituted for I1333 without a major impact on peptide yield.34  

Likewise, Pavlova et al. found that the steric lock residues F19 

and Y20 were the most recalcitrant to substitutions with other 70 

canonical aas.33  Trends could also be observed with regards to 

the ncAAs; variants with the nitro substitution were consistently 

the most poorly produced (Table 1, Figure S1).  Of the four 

amino acids examined here, m-NO2Phe exhibited the lowest 

protein yields in previous experiments on ncAA incorporation 75 

into GFP,22 potentially indicating that m-NO2Phe is simply a 

poorer substrate for the PylRS than the other ncAAs tested here.        

 We next examined the antimicrobial function of the ncAA-

substituted MccJ25 variants.  MccJ25 has narrow-spectrum 

antimicrobial activity against enteric bacteria including non-80 

producing strains of E. coli, Salmonella sp., and Shigella sp.8  Its 

cytoplasmic target is RNA polymerase (RNAP),35-37 and it enters 

susceptible cells through the outer membrane transporter FhuA.38-

40  Genetic evidence points to a role for SbmA in enabling 

transport of MccJ25 across the inner membrane.41  Despite this 85 

requirement for productive interactions with multiple proteins, we 

detected measurable antimicrobial activity in solid-phase 

extracted culture supernatants for each of the 16 MccJ25 variants 

using a spot-on-lawn assay42 (Figure S3).  The relative 

antimicrobial activity in the supernatants was quantified using a 90 

Table 2 Last active dilutions against Salmonella newport for ncAA 

substituted MccJ25 variants in antimicrobial assaya 

  m-CF3Phe m-BrPhe m-ClPhe m-NO2Phe 

V6TAG 1 x 1/32 x 1/8 x 1/2 x 
F10TAG 1/2 x 1/4096 x 1/1024 x 1/128 x 

I13TAG 1/32 x 1/64 x 1/512 x 1/32 x 

F19TAG 1/32 x 1/64 x 1/2048 x 1/32 x 

aWild-type MccJ25 has a last active dilution of 1/2048 x 
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Fig. 2 Spot-on-lawn assays for the determination of minimal inhibitory concentrations against Salmonella newport. Left: F10 m-bromophenylalanine 

substituted MccJ25 compared to wild-type. Right: F19 m-chlorophenylalanine substituted MccJ25 compared to wild-type.

serial dilution method in which the last active dilution against 

Salmonella newport was determined34 (Table 2, Figure S4).  5 

There was a large range in antimicrobial activities observed 

among the variants: the majority of them exhibited a decrease in 

potency, but several variants exhibited activities near or even 

above wild-type activity (Table 2).   

 In all four positions within MccJ25, the m-CF3Phe substitution 10 

was highly deleterious with regards to antimicrobial activity.  

This loss in activity cannot be accounted for by decreased 

production because the m-CF3Phe variants exhibited reasonable 

titers as judged by HPLC (Table 1).  This indicates that while the  

trifluoromethyl moiety may be tolerated by the lasso peptide 15 

biosynthesis enzymes, it retards either the uptake of MccJ25 or its 

binding to RNAP.  In contrast, 3 of the 4 m-ClPhe substituted 

variants exhibited last active dilutions near the wild-type value 

(Table 2).  The exception was the V6 m-ClPhe variant, but all 

ncAA substitutions at this ring position led to severely decreased 20 

antimicrobial activity (Table 2).  Given prior observations that 

substitutions with canonical aas at the F10 and F19 positions led 

to a total loss of antimicrobial activity,33 we were pleased to see 

that all four ncAA variants at both of these positions exhibited 

antimicrobial activity (Table 2).  It should be noted that a recent 25 

report showed weak antimicrobial activity for an F19S variant of 

MccJ25,43 but the production of this variant was estimated as 

being less than 1% of wild-type.  In contrast, several MccJ25 

variants with ncAAs at the F10 and F19 positions had potent 

antimicrobial activity at or near wild-type levels as judged by the 30 

spot assays (Table 2). 

 Based on the spot assay results, the variants harboring m-

BrPhe at the F10 position and m-ClPhe at the F19 position are the 

most potent of the 16 new variants, and were expected to have 

potency similar to wild-type MccJ25 (Table 2).  We performed a 35 

large-scale expression of these peptides and purified them to 

homogeneity (Figure S5). The spot-on-lawn assay was used with 

defined concentrations of wild-type MccJ25 and these two 

variants in order to determine minimal inhibitory concentrations 

(MIC) against Salmonella newport. The wild-type and F10 m-40 

BrPhe variant both exhibited a MIC of 40 nM, while the F19 m-

ClPhe variant had a MIC of 50 nM (Figure 2). These data further 

demonstrate that large substituents at different positions within 

the lasso can be tolerated with retention of nanomolar potency. In 

the previous study mentioned above,33 the F10 and F19 positions 45 

could not be substituted by any canonical amino acid, even 

tyrosine, with retention of antimicrobial activity. Our data 

indicate that the F10 and F19 positions not only can accept 

ncAAs but that these variants can exhibit wild-type or near wild-

type activity.       50 

 Here we have demonstrated the use of a polyspecific PylRS 

variant to introduce ncAAs in a site-specific fashion into MccJ25, 

a lasso peptide. This expands the palette of RiPPs into which non-

proteinogenic amino acids can be introduced. The MccJ25 

scaffold is remarkably tolerant of substitutions by ncAAs with 55 

four different positions in the peptide each accepting four 

different meta-substituted Phe derivatives. Moreover, each of 

these sixteen new variants of MccJ25 retained measureable 

antimicrobial activity. We noted that substitutions at V6 were 

universally deleterious to MccJ25 activity. A recent report on the 60 

structure of MccJ25 bound to the outer membrane receptor 

FhuA40 revealed that H5 is critical for binding of MccJ25 to the 

FhuA pocket. We suspect that substitutions at V6, especially with 

larger amino acids such as the ones used in this study, may  

disrupt the interaction of the MccJ25 ring with FhuA. This may 65 

mean that the decreased antimicrobial activity we observe is due 

in part to reduced uptake of the variants by FhuA. To date, the 
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only crystal structures associated with MccJ25 biosynthesis, 

uptake, or antimicrobial activity are the aforementioned structure 

of FhuA and the structure of the MccJ25 export protein McjD.44  

Of these, only the FhuA structure is liganded with MccJ25.  

Bromine atoms can be used in determining crystallographic 5 

phases via multiwavelength anomalous diffraction.45 Thus we 

propose that the bromo-substituted variants described here could 

be useful in future crystallographic analyses of MccJ25-liganded 

biosynthetic enzymes, transporters, and targets. 

 10 
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