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Abstract 

The group of bacterial non-ribosomally produced peptides (NRPs) forms a rich 

source of antibiotics, like daptomycin, vancomycin, teixobactin, brevicidine and 

many others. The difficulty to functionally express and engineer the 

corresponding large biosynthetic complexes is a bottleneck to develop novel 

variants of such peptides.  Here, we apply a completely novel strategy to 

synthesize mimics of the recently discovered antimicrobial NRP brevicidine. We 

mimicked the molecular structure of brevicidine by ribosomally synthesized, 

post-translationally modified peptide synthesis (RiPPs), introducing several 

relevant modifications, such as dehydration and thioether ring formation. 

Following this strategy, in two rounds peptides were engineered in vivo, with 

potent antibacterial activity against Gram-negative pathogenic bacteria 

susceptible to wild type brevicidine. This study demonstrates the feasibility of a 

strategy to structurally and functionally mimic NRPs by employing the synthesis 

and posttranslational modifications typical for RiPPs. This enables the future 

generation of large genetically-encoded peptide libraries of NRP-mimicking 

structures to screen for antimicrobial activity against relevant pathogens. 
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Introduction 

The increasing antibiotic resistance in pathogenic bacteria is a serious threat to 

healthcare all over the world 1. Moreover, the number of approved new 

antibiotics has been decreasing in the past decades, especially of those for 

treating infections by Gram-negative pathogenic bacteria 2–4. Therefore, 

alternative sources of novel antibiotics are urgently required. Non-ribosomally 

produced peptides (NRPs) constitute an important source of antibiotics. These 

peptide antibiotics include more than twenty marketed antibacterial drugs, 

such as vancomycin, penicillin G and daptomycin 5. The synthesis of NRPs 

requires NRP synthetases (NRPSs) that act in modular assembly-line logic 6,7. 

NRPSs are large proteins of about 220 kDa to 2.2 MDa mass range, with a high 

substrate specificity and encoded by very large gene clusters 8–11. Importantly, 

the combination of the large size of their gene clusters and the high substrate 

specificity of NRPSs make it difficult to efficiently engineer libraries of 

structural- and functional mimics of NRP to screen for activity against 

antibiotic-resistant pathogens. 

Lanthipeptides are lanthionine ring-containing ribosomally synthesized and 

post-translationally modified peptides (RiPPs) 12. The lanthipeptide biosynthetic 

dehydratase LanB and cyclase LanC are enzymes that act on ribosomally-

produced precursor peptides to introduce dehydrated residues and 

(methyl)lanthionine rings into ribosomally-synthesized precursor peptides (Fig. 

1) 13,14. LanT transporters act as rafts for secreting RiPPs 15. Some of these 

enzymes and transporters have low substrate specificity, allowing to modify 

and secrete substrates with both proteinogenic and non-proteinogenic amino 

acids 15. The dehydratase NisB, the cyclase NisC and the transporter NisT 

constitute one of the best studied lanthipeptide modification and secretion 

machineries, the nisin biosynthetic machinery (Supplementary Fig. 1) 16–18. This 

biosynthetic machinery has been widely and successfully used in producing 

designed lanthipeptides and in screening potent genetically-encoded libraries 

of lanthipeptides 19–27. 

In this study, we aimed to mimic potent antimicrobial NRPs by peptides that 

are ribosomally produced. The rationale for such endeavor is the resulting 

opportunity to screen for a large number of variants via high-throughput 
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Fig. 1 Schematic of lanthipeptide biosynthetic dehydratases LanB and cyclases LanC introduce 

dehydrated residues and (methyl)lanthionine rings into ribosomally synthesized precursor 

peptides. LanB enzymes glutamylate Ser/Thr residues and subsequently eliminate the glutamate 

to form dehydro amino acids, and thereafter LanC enzymes forms (methyl)lanthionine ring 

between dehydro amino acid and Cys. Dha, dehydroalanine; Dhb, dehydrobutyrine; Abu, α-

aminobutyric acid. 

mutagenesis or combinatorial DNA synthesis of the peptide-encoding gene. 

There are several steps required for the production of NRPs, such as acylation, 

introduction of D-amino acids, substitution of non-canonical amino acid 

residues, introduction of other (ring-forming) modifications and secretion. Here, 

we employ a novel strategy to mimic a recently found antimicrobial NRP, 

brevicidine 28 (Fig. 2A), by synthesis of this molecule in the RiPP way, i.e. by 

using lanthipeptide synthetic machineries. We explored whether the 

(methyl)lanthionine ring can be used to mimic the lactone ring, whether the D-

amino acids can be replaced by L-amino acids, whether ornithin can be 

mimicked by lysine and whether a hydrophobic amino acid chain can be used 

to mimic an acyl chain. After two rounds of engineering, RiPPs with potent 

antibacterial activity against Gram-negative pathogenic bacteria were 

successfully obtained. This work shows that mimicking NRPs by RiPP synthesis 

provides a valuable strategy to discover effective new antimicrobials.   
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Results 

Using NRPs as scaffolds for RiPPs biosynthesis yields modified peptides with 

strong antimicrobial activity against Gram-negative bacteria. Brevicidine and 

laterocidine are recently described NRPs with potent antibacterial activities 

against Gram-negative pathogenic bacteria, which were found through global 

genome mining 28. Brevicidine and laterocidine are produced by Brevibacillus 

laterosporus DSM 25 and Brevibacillus laterosporus ATCC9141, respectively. 

Moreover, laterocidine and brevicidine are resembling each other in molecular 

structure and function; they are cationic NRPs with a hydrophobic acyl-chain at 

the N-terminus, positively charged non-canonical amino acid residues in the 

central part and a hydrophobic lactone ring at the C-terminus (Fig. 2A). In this 

study, we developed a strategy to mimic laterocidine and brevicidine by 

synthesizing structurally resembling RiPPs by the following strategy: (1) all five 

D-amino acids were replaced by L-amino acids, (2) Ser, which in laterocidine 

might perturb the intended ring formation, was replaced by Asn, (3) positively 

charged amino acids D-Orn and L-Orn were replaced by structurally similar Lys 

residues, and (4) the C-terminal amino acid was replaced by Cys to enable the 

formation of a methyl-lanthionine ring with Dhb-9 after dehydration of Thr9. 

Subsequently, RiPep1 and RiPep2 peptide sequences were designed to mimic 

the structure and function of the selected NRPs (Fig. 2A). Precursor peptides 

composed of leader-peptide fusions were expressed using the nisin 

modification and export machinery and purified after production. Matrix-

assisted laser desorption ionization-time-of-flight mass spectrometer analysis 

(MALDI-TOF MS) (Fig. 2B) demonstrated that RiPep2 was fully dehydrated, in 

contrast to RiPep1. After removal of the leader peptide, the antimicrobial 

activities of RiPep1 and RiPep2 were evaluated using Gram-negative 

Xanthomonas campestris (pv. campestris NCCB92058) and Gram-positive 

Micrococcus flavus as indicator strains. Both of the two designed peptides 

lacked antimicrobial activity against M. flavus under the experimental 

conditions used (data not shown). Surprisingly, RiPep2 showed potent 

antimicrobial activity against X. campestris (Supplementary Fig. 2), while 

RiPep1 showed no antimicrobial activity against X. campestris at all, probably 

because of lack of ring formation (Supplementary Fig. 2). Therefore, RiPep2, 
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which mimicked the structure of brevicidine, was selected for further 

characterization and engineering studies. 

 
Fig. 2 Antibacterial peptides discovered by mimicking the structure and function of NRPs. A, 

Structure of selected NRPs and proposal structure of designed RiPeps. Positively charged amino 

acids are highlighted in red; amino acids for ring formation are highlighted in light green; 

hydrophobic N-terminus chain are highlighted in dark green. B, The dehydration patterns of the 

designed peptides. 

An N-terminal hydrophobic tail increases the activity of RiPep2. The N-

terminal acyl chain, in this case a C10 extension, has been proven to be 

important for the antibacterial activity of NRPs 29. In order to mimic the N-

terminal acyl chain of NRPs, a tail of either one or two isoleucines, or a tail 

composed of isoleucine-alanine-isoleucine were introduced at the N-terminus 

of RiPep2, respectively (Fig. 2A). All of the three produced peptides were fully 

dehydrated as evidenced by MALDI-TOF MS (Fig. 2B and Supplementary Fig. 3). 

After removal of the leader peptide (Fig. 3), the antimicrobial activity of RiPep3, 

RiPep4, and RiPep5 against X. campestris was evaluated (Fig. 4). All 3 
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hydrophobic N-terminal tails increased the antibacterial activity of RiPep2. 

RiPep4, having an N-terminal Ile-Ile extension displayed the highest 

antimicrobial activity (8-fold increase, compared to RiPep2) against X. 

campestris under the experimental conditions used. 

 

Fig. 3 MALDI-TOF MS data of HPLC-purified RiPep2 (A), RiPep3 (B), RiPep4 (C) and RiPep5 (D). 

 
Fig. 4 N-terminal hydrophobic tails improve the antimicrobial activity of RiPep2. The Gram-

negative indicator strain is Xanthomonas campestris. 

RiPep2, RiPep3, RiPep4, and RiPep5 contain a (methyl)lanthionine ring. LC-

MS/MS is widely used to analyze the (methyl)lanthionine ring information of 

lantibiotics 23,30,31. To assess whether the (methyl)lanthionine ring was formed 

in RiPep2, RiPep3, RiPep4 or RiPep5, LC-MS/MS analysis was applied after 
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Fig. 5 LC-MS/MS spectrum and the proposed structures of RiPep2 (A), RiPep3 (B), RiPep4 (C) 

and RiPep5 (D). Fragment ions are indicated. 
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removal of the leader peptide. The observed fragments indicated that the 

(methyl)lanthionine rings were correctly formed in all 4 peptides (Fig. 5).  

The novel RiPeps show antimicrobial activity against several Gram-negative 

pathogenic bacteria. The antibacterial activity of RiPep2, RiPep3, RiPep4 and 

RiPep5 against X. campestris, and the important human pathogens 

Acinetobacter baumannii (LMG01041), Escherichia coli (LMG8223) and 

Pseudomonas aeruginosa (PAO1) was evaluated by MIC assays. Brevicidine was 

used as the wild-type NRP for benchmarking. MALDI-TOF MS data and LC-

MS/MS data of HPLC-purified brevicidine is shown in Supplementary Fig. 4. The 

MIC assay results are shown in Table 1. RiPep3, RiPep4, and RiPep5 showed 

potent antimicrobial activity against X. campestris, i.e. 

having a less hydrophobic tail, exerted less antimicrobial activity against X. 

campestris . Consistently, RiPep2, 

lacking any hydrophobic tail, was the least active compound against X. 

campestris. The RiPeps furthermore showed potent antimicrobial activity 

against A. baumannii, E. coli and P. aeruginosa, again in line with the notion 

that a hydrophobic tail increases the antimicrobial activity. Overall, RiPep4 and 

RiPep5 showed only 4-fold less antibacterial activity against X. campestris, 4-

fold less antibacterial activity against A. baumannii, 8-fold less antibacterial 

activity against E. coli and 16-fold less antibacterial activity against P. 

aeruginosa than wild-type NRP (brevicidine). 

Table 1 MIC value (μM) of RiPeps and brevicidine against pathogenic Gram-negative bacteria. 

Organism  brevicidine RiPep2 RiPep3 RiPep4 RiPep5 

X. campestris  1 32 8 4 4 

A. baumannii (LMG01041) 16 256 128 64 64 

E. coli (LMG8223) 2 128 32 16 16 

P. aeruginosa PAO1 2 256 64 32 32 

Discussion 

A large number of NRPs have potent antibacterial activity, including some 
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marketed antibiotics, such as vancomycin, penicillin and daptomycin 5. They 

show antibacterial activity against Gram-positive and/or Gram-negative 

pathogenic bacteria. However, it is not feasible to screen NRP antimicrobials on 

the basis of genetic libraries because the peptide sequences are not gene-

encoded 8–11. Here, we show a strategy that circumvents the difficulty to 

engineer NRP libraries. We mimicked the molecular structure of the NRP 

brevicidine by ribosomal synthesis and subsequent in vivo posttranslational 

modification. To this end, we employed a dehydration and circularization 

enzyme from a lantibiotic biosynthetic system to mimic the brevicidine lactone 

ring by a lanthionine ring. Along the peptide chain, we replaced positively 

charged ornithines by lysines, which are the closest resembling residues. 

Moreover, a fatty acid tail was mimicked by introducing 2 or 3 hydrophobic 

amino acid residues at the N-terminus. Following this strategy, we discovered 

ribosomally produced compounds with potent antibacterial activity against 

Gram-negative pathogenic bacteria. 

Obviously, to generate peptides that mimic a wide range of NRPs, several 

problems need to be solved, such as the expression of peptides with a C-

terminal lactone ring or larger ring structures. In this study, two recently found 

potent antibacterials, i.e. brevicidine and laterocidine, were selected as the 

NRP templates for mimicking NRPs by using a lantibiotic biosynthetic 

machinery and introducing several other changes. 28. As first-generation, the 

RiPep1 and RiPep2 were designed, expressed and analyzed after in vivo 

production. The results demonstrated that RiPep2 showed potent antimicrobial 

activity against Gram-negative bacteria. However, RiPep1 did not show 

antibacterial activity against the indicator strains used in our study. MALDI-TOF 

MS demonstrated that Thr9 of RiPep1 had escaped dehydration and therefore 

lanthionine-ring formation was precluded. This provided a nice control, since 

this peptide also lacked any antimicrobial activity, stressing the importance of a 

ring structure in the peptide at the C-terminus. In contrast, Thr9 in RiPep2 was 

fully dehydrated, and the LC-MS/MS analysis indicated that the C-terminal 

(methyl)lanthionine ring was correctly formed in RiPep2. Collectively, the 

results demonstrate that the (methyl)lanthionine ring mimicked the brevicidine 

crosslink and that the C-terminal ring is essential for the antibacterial activity of 

RiPeps. These results are consistent with previous studies that demonstrated 
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that the C-terminal ring is essential for the activities of brevicidine and 

laterocidine 28.  

The N-terminal acyl chain plays a critical role in the antibacterial activity of 

NRPs 29. The antibacterial activity of NRPs depends, within limits, on the length 

of acyl chain 32,33. In the engineering of the second generation mimetics, the 

hydrophobic and aliphatic amino acid Ile was selected to mimic the branched 

fatty acid chain of brevicidine 34. Because brevicidine only has a 7 carbon acyl 

chain, tails were designed with up to three hydrophobic residues. Increasing 

hydrophobicity from RiPep2 to RiPep5 resulted in bigger Tmax of HPLC 

(Supplementary Fig. 5). Likewise, the antibacterial activity against Gram-

negative pathogenic bacteria of RiPep2 increased 4-8 times by the N-terminal 

hydrophobic residues, which is consistent with previous studies 29,32,33. Together, 

the results clearly demonstrate that mimicking the acyl chain with hydrophobic 

amino acids contributes to the antibacterial properties of the peptides studied 

here. In future studies, an N-terminal acyl chain could be chemically introduced 

to explore if it will further enhance the antibacterial activity. 

In this study, L-amino acids were used instead of D-amino acids of the studied 

NRPs and Lys residues instead of Orn. The mimicked peptide (Table 1) showed 

only 4- fold less antibacterial activity than the original peptide, so these results 

indicate that D-amino acids and Orn residues of brevicidine do not play a very 

vital role in its antibacterial activity. However, D-amino acids have been shown 

to play an important role on the antibacterial activity and the stability of some 

NRPs 35,36. Peptide epimerases form a class of enzymes that can change L-amino 

acid residues to D-amino acid residues, including YydG, OspD and PoyD 37–39. 

Recently, substantial progress has been made in the study of peptide 

epimerases 40–43. These increasing achievements will likely make it possible that 

in the near future D-amino acids can be introduced in various types of RiPPs. 

Alternatively, some D-amino acids can be introduced in RiPPs by LtnJ-catalyzed 

hydrogenation of LanB-introduced dehydroamino acids 44. 

Recently, a ribosomally synthesized small peptide has been found in an NRP 

synthetic pathway, which serves as a scaffold for NRP extension and chemical 

modification 45. These results suggest that nature can partially recruit the 

ribosomal pathway for producing NRPs. In the present study, our results 
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demonstrate an alternative strategy for ribosomal biosynthesis and 

posttranslational modifications of NRP-antimicrobial mimics, which converts 

the natural route of NRPs synthesis into a RiPPs one 45. This enables the future 

generation of large genetically-encoded peptide libraries of NRP-mimicking 

structures to screen for antimicrobial activity against relevant pathogens.  

In conclusion, our results show that peptides with potent antibacterial activity 

against Gram-negative pathogenic bacteria can be successfully obtained by 

mimicking NRPs by employing RiPPs machineries and rational replacement of 

non-canonical residues.. The obtained highly active peptides demonstrate that 

the (methyl)lanthionine ring can be used to functionally mimic the lactone ring. 

L-amino acid residues can replace D-amino acid residues, at least in some cases, 

although this might come at a cost of reduced proteolytic stability. Moreover, 

we demonstrate that the acyl chains can be mimicked by adding a series of 

hydrophobic amino acid residues. Hence, these results justify the conclusion 

that structural and functional conversion of NRPs to RiPPs is possible and offers 

great opportunities for engineering a wide range of effective antibiotics.  

Materials and Methods 

General materials and methods. Reagents used for molecular biology 

experiments were purchased from Thermo Fisher Scientific (Waltham, MA). 

Other chemicals were purchased from Sigma-Aldrich (St. Louis, MO). L. lactis 

NZ9000 was used as host cell for plasmid maintenance and protein expression. 

Constructed plasmids were sequenced at Macrogen Inc. (Amsterdam, NL).  

Molecular biology techniques. Oligonucleotide primers used for PCR, cloning, 

and sequencing in this study are provided in Supplementary Table 1; all of the 

oligonucleotide primers were purchased from Biolegio B.V. ( Nijmegen, The 

Netherlands). Plasmids encoding the peptides were constructed by amplifying 

template plasmid using a phosphorylated downstream sense (or upstream 

antisense) primer and an upstream antisense (or downstream sense) primer. 

Phusion DNA polymerase (Thermo Fisher Scientific, Waltham, MA) was used to 

amplify the DNA. Self-ligation of the PCR product was carried out with T4 DNA 

ligase (Thermo Fisher Scientific, Waltham, MA). The electrotransformation of L. 

lactis was carried out as previously described, using a Bio-Rad gene pulser (Bio-
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Rad, Richmond, CA) 46. The mutations were verified by sequencing using the 

PrXZ12 reverse primer. By sequencing, the correct sequence of all plasmids was 

verified. 

Expression, and purification of peptides. Lactococcus lactis NZ9000, containing 

the plasmids with the genes of the nisin biosynthetic system and of the 

designed peptide, was used to inoculate 50 mL of GM17 broth containing 

erythromycin (5 μg/mL) and chloramphenicol (5 μg/mL). The cultures were 

grown overnight at 30 °C, and then used to inoculate 1 L (20-fold dilution) of 

minimal expression medium. After that, cultures were grown at 30 °C to an 

OD600 of 0.4. Peptide expression was induced by 5 ng/mL nisin, and cultures 

were grown at 30 °C for overnight. After centrifugation of the overnight 

expressed cultures, the supernatants were collected and adjusted the pH to 6.5. 

After that, the cultures were applied to CM SephadexTM C-25 column (GE 

Healthcare) equilibrated with MQ. The flow-through was discarded, and the 

column was subsequently washed with 12 column volumes (CV) of MQ. The 

peptide was eluted with 6 CV 2 M NaCl. The eluted peptide was then applied to 

a SIGMA-ALDRICH C18 Silica gel spherically equilibrated with 10 CV of 5% aq. 

MeCN containing 0.1% trifluoroacetic acid. After washing with a 10 CV of 5% aq. 

MeCN containing 0.1% trifluoroacetic acid, peptide was eluted from the 

column using up to 10 CV of 40% aq. MeCN containing 0.1% trifluoroacetic acid. 

Fractions containing the eluted peptide were freeze-dried, and the peptide was 

subsequently dissolved in Tris-HCl (pH=6) containing an appropriate amount of 

NisP leaderprotease and incubated at 37 °C for 2 h to cleave off the leader 

peptide. After filtration through a 0.2 μm filter, the core peptide was purified 

on an Agilent 1260 Infinity HPLC system with a Phenomenex Aeris™ C18 

column (250 × 4.6 mm, 3.6 μm particle size, 100 Å pore size). Acetonitrile was 

used as the mobile phase, and a gradient of 22-35% aq. MeCN over 18 min at 1 

mL per min was used for separation. Peptide was eluted at 28-32% MeCN. 

Mass spectrometry. Matrix-assisted laser desorption ionization-time-of-flight 

(MALDI-TOF) mass spectrometer analysis was performed using a 4800 Plus 

MALDI TOF/TOF Analyzer (Applied Biosystems) in the linear-positive mode at 

University of Groningen. Briefly, a 1 μL sample was spotted on the target, and 

dried at room temperature. Subsequently, 0.6 μL of matrix solution (5 mg/mL 
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of α-cyano-4-hydroxycinnamic acid) was spotted on each sample. After the 

samples had dried, MALDI-TOF MS was performed.  

LC-MS/MS. To gain insight into the lanthionine bridging pattern we performed 

MS/MS. LC-MS was performed using a Q-Exactive mass spectrometer fitted 

with an Ultimate 3000 UPLC, an ACQUITY BEH C18 column (2.1 × 50 mm, 1.7 

μm particle size, 200 Å; Waters), a HESI ion source and a Orbitrap detector. A 

gradient of 5-90% MeCN with 0.1% formic acid (v/v) at a flowrate of 0.35 

mL/min over 60 min was used. MS/MS was performed in a separate run in PRM 

mode selecting the doubly and triply charged ion of the compound of interest. 

Antibacterial activity measurement by agar diffusion assay. To preliminary 

assess the antibacterial activity of peptides on an agar plate, an overnight 

cultured of X. campestris was added to the  MHB containing 1% (w/v) agar (at 

42 °C), and then the mixture was poured to the plates, 10 mL per plate. After 

that, 30 μL of the peptides (500 μM) was added into the well of agar plates, 

and the plates were transferred to the 28 °C or 37°C incubator for incubation 

overnight. 

Minimum inhibitory concentration (MIC). MIC values were determined by 

broth micro-dilution according to the standard guidelines 47. Briefly, the test 

medium was cation-adjusted Mueller-Hinton broth (MHB). Cell concentration 

was adjusted to approximately 5×105 cells per ml. After 20 h of incubation at 

37 °C, the MIC was defined as the lowest concentration of antibiotic with no 

visible growth. Experiments were performed with biological replicates.  

Data availability. The authors declare that all the data supporting the findings 

of this study are available within the paper and its Supplementary file. 

Additional raw data are available from the corresponding author upon request. 
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Supplementary Fig. 1 | Schematic presentation of the nisin biosynthetic machinery ( L. lactis 

NZ900), which is controlled by a nisin-controlled gene expression (NICE) system. a, nisin 

activates the two component signal transduction. b, NisRK activates the expression of the 

dehydratase NisB, the cyclase NisC and the transporter NisT (c) and the expression of precursor 

peptide (A) (d). e, precursor peptide is modified by the dehydratase NisB and the cyclase NisC. f, 

the transporter NisT transports the modified peptide from intracellular to extracellular. g, 

modified peptide is treated with leaderprotease NisP for removing the leader peptide. 

 

 

 

 

 

 

 
Supplementary Fig. 2 | RiPep2 shows potent antimicrobial activity. Xanthomonas campestris is 

the indicator strain. 
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Supplementary Fig. 3 | MALDI-TOF MS data of modified precursor peptides. (A), RiPep2;  (B), 

RiPep3; (C), RiPep4; (D), RiPep5. 

 

 

 

 

 
Supplementary Fig. 4 | MALDI-TOF MS data (A) and LC-MS/MS data (B) of HPLC purified 

brevicidine.  
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Supplementary Fig. 5 | The Tmax increased by engineering a hydrophobic tail at the N-

terminus of RiPep2. The Tmax increased more by addition of a more hydrophobic tail. 

 

 

 

 

 

Supplementary Table 1 | Primers for PCRs used in this study.  

Mutants Templates 
 

primers Nucleic acid sequences (5' to 3') Characteristics (5'-lable) 

RiPep1 pNZ8048 

 
PN1 CTTTTTTCCAATAGTTGCGTGGTGATGCACCTGAATC 5'- phosphorylation 

 
PN2 GTAAATGGACAATTAACGGTTGTTAAGCTTTCTTTGAACCAAAATTAGAAAACCAAG   

RiPep2 pNZ8048 

 
PN1 CTTTTTTCCAATAGTTGCGTGGTGATGCACCTGAATC 5'- phosphorylation 

 
PN3 GTAAATGGACAATTGGTTGTTAAGCTTTCTTTGAACCAAAATTAGAAAACCAAG   

RiPep3 pNZ8048 

 
PN4 CTTTTTTCCAATAGTTAATGCGTGGTGATGCACCTGAATC 5'- phosphorylation 

 
PN5 GTAAATGGACAATTGGTTGTTAAGCTTTCTTTGAACCAAAATTAGAAAACCAAG   

RiPep4 pNZ8048 

 
PN6 ATTGGTTGTTAAGCTTTCTTTGAACCAAAATTAGAAAACCAAG 5'- phosphorylation 

 
PN7 TGTCCATTTACCTTTTTTCCAATAGTTAATAATGCGTGGTGATGCACCTGAATC   

RiPep5 pNZ8048 

 
PN6 ATTGGTTGTTAAGCTTTCTTTGAACCAAAATTAGAAAACCAAG 5'- phosphorylation 

 
PN8 TGTCCATTTACCTTTTTTCCAATAGTTAATAGCAATGCGTGGTGATGCACCTGAATC   

Sequencing primer PrXZ12 CTATCAATCAAAGCAACACGTGC   
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