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General methods for solid-phase peptide synthesis 

Reaction vessel for manual peptide synthesis 

For this procedure, a specially designed fritted reaction column was used. The column has a 10 - 100 

mL volume with a 24/40 or 14/20 female ground glass joint for pushing solvent through with argon from 

the top of the vessel to aid filtration. The bottom of the vessel is a frit, after which the glass is tapered to 

a stopcock with a 3-way valve connected to an argon inlet for bubbling solvents and output tap for 

draining solvents. All solid-phase reactions were done in such vessels using the below general procedures, 

unless stated otherwise. 

2-Chlorotrityl-chloride resin loading  

A vial is first flame dried, then filled with dry dichloromethane (10 mL/g of resin). 2-

Chlorotritylchloride resin (0.3 – 1.2 meq/g, 200 – 400 mesh, styrene-2% divinylbenzene) is added, and to 

the suspension an N�-Fmoc-amino acid with acid-labile side chain protected (2 mol eq/meq of resin) and 

DIPEA (5 mol eq/ meq resin) are added. The vial is sealed over argon and shaken for 3 h. 

Reduced loading 

To reduce the loading of the resin to 0.1 – 0.15 meq/g of resin, standard procedures below are 

followed to deprotect the Fmoc group, then the next amino acid is loaded in reduced quantity. To do this, 

in a separate vial is added the Fmoc-AA-OH (0.1 – 0.15 meq/g of resin), DMF (10 mL/g of resin), and DIPEA 

(2 mmol/mmol of amino acid), which is shaken and left to sit for 5 m. The solution is added to the resin 

and bubbled together with argon for 3 h, after which point the resin is washed with DMF (10 mL/g of resin 

for 3 × 30 s), then dichloromethane (10 mL/g of resin for 3 × 30 s). 

Resin swelling  

The resin is swollen by adding DMF (10 mL/g of resin) and for 15 m, bubbling argon through the 

suspension. After this time, the DMF is pushed through the reaction vessel with argon. 

Deprotection of Fmoc  

To the reaction vessel, 20% piperidine (10 mL/g of resin) is added, then bubbled with argon (3 × 5 m). 

Between each addition of 20% piperidine, the DMF (10 mL/g of resin) is flushed through the vessel without 
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bubbling (× 3). After the final 5 m period, DMF (10 mL/g of resin) is added and bubbled with argon (3 × 20 

s). 

Addition of amino acid to the growing peptide chain  

In a vial, HATU (4.95 eq. relative to resin loading) and the Fmoc-AA-OH (5 eq. relative to resin loading 

are combined. To the same vial, DMF (10 mL/g of resin) is added, followed by DIPEA (10 eq. relative to 

resin loading). The vial is then shaken or sonicated until the solids are fully dissolved, then left to react in 

the vial for 5 – 10 m. After this time, the activated-ester-containing solution is added to the reaction vessel 

containing the resin. The reaction solution is then bubbled with argon for 1 h. After this time, the resin is 

rinsed with DMF (3 × 10 mL/g of resin) by bubbling each addition of DMF with argon for 20 s, then filtering 

it off before the next addition. At this point, either the “deprotection of Fmoc” step is then repeated, 

otherwise the peptide is removed from the resin (small scale test cleavage or complete deprotection) 

following the “cleavage of the peptide from the resin chlorotrityl” step. *Note that for specially 

synthesized amino acids such as orthogonally protected lanthionine (18/19), methyl lanthionine (20/21) 

and unsaturated residues (6/7) the ratio of amino acid:HATU:DIPEA were decreased to 2:1.99:4 relative 

to resin loading and the reaction time is extended to 3 h; repeated couplings were sometimes necessary. 

Cleavage of the peptide from 2-chlorotrityl chloride resin 

Before cleavage, the resin is bubbled with dry dichloromethane (10 mL/g of resin) for 3 × 20 s, filtering 

dichloromethane away after each 20 s interval. Then either procedure 1 or 2 can be followed depending 

on the goal of the cleavage. 

1. For a small scale test cleavage between amino acid additions (used to ensure completion of the 

addition): a small amount of mostly dry resin (30 – 100 beads by estimate) is added to a small reaction 

vessel using a spatula, and to it 95:2.5:2.5 TFA:TIPS:H2O (100 – 200 µL) is added. The vessel is then shaken 

for 5 m, after which time the solution is filtered through a pipette-cotton plug into an Eppendorf tube. 

The solvent of the resulting solution is evaporated using a gentle stream of argon. To the resulting oil, ice 

cold ether is added and the precipitate is collected on the side of the Eppendorf tube through 

centrifugation (30 s). The contaminated ether is either poured or pipetted carefully out of the Eppendorf 

tube. The resulting solid is then dissolved in 30% acetonitrile in H2O with 0.1% TFA, and analyzed by LCMS 

(using vial inserts for small tests) or MALDI-TOF MS. Due to the small reaction time required for test 

cleavages some side-chain protecting groups (Boc, tBu, Pbf) occasionally remain on the peptide, which 

should be considered when analyzing the MS data. 
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2. For the complete cleavage (and isolation) of the final peptide, the reaction vessel is flushed with 

argon for 15 m or until the resin becomes free flowing. Alternatively, the resin is placed under high-

vacuum until it becomes a dry clumpy solid. After drying, the resin is weighed to obtain an accurate yield 

for the cleavage. In a vial, the peptide is cleaved by shaking the 2-chlorotrityl resin for 2 h with either 

95:2.5:2.5 TFA:TIPS:H2O (10 mL/g of resin) to remove all protecting groups or using 20% HFIP in dry 

dichloromethane (10 mL/g of resin) to maintain Boc side chain protection. The resulting solution is then 

filtered into a large vial using a series of cotton-pipette filters, avoiding taking up any of the resin (which 

leads to clogging), then rinsing the filters with dry dichloromethane. The resulting solution is then placed 

under reduced pressure to remove volatile components. If the resulting oil is too viscous to be transferred, 

a small amount of dichloromethane is added. To as many Eppendorf tubes as necessary, -78 ºC ether (1 

mL) is added, then the concentrated dichloromethane-peptide solution is added dropwise to each, leading 

to peptide precipitation. The peptide is collected on the side of the Eppendorf tube through centrifugation 

(2 m). The contaminated ether is decanted or carefully pipetted off, and the peptide is washed further 

with -78 ºC ether (3×) by shaking/sonicating then centrifuging. The peptide is then dissolved in choice 

solvent (30% acetonitrile in H2O with 0.1% TFA), then analyzed by LCMS or MALDI, and purified using 

HPLC. 

Storing resin 

When peptide coupling must cease for the day, the resin is bubbled with dry dichloromethane (10 

mL/g of resin) for 3 × 20 s, filtering dichloromethane away after each 20 s interval. The resin-containing 

vessel is then flushed with argon for 15 m or placed on high vacuum and filled with argon after dryness is 

obtained. The peptide vessel is sealed with a septum, then placed in 4 ºC, away from volatile compounds 

Removal of allyl/alloc protecting groups from resin-bound peptides 

In a vial, a suspension of resin in DMF (10 mL/g of resin) is bubbled with argon. To the vial, Pd(PPh3)4 

(2.0 eq.) and PhSiH3 (10 eq.) is added. The reaction vessel is then sealed under argon, covered in aluminum 

foil, and shaken at room temperature for 2 h. The resin is then washed with dry dichloromethane (5 × 10 

mL/g of resin for 20 s), DMF (5 × 10 mL/g of resin for 20 s), then 0.5% sodium diethyldithiocarbamate in 

DMF (3 × 10 mL/g of resin for 20 s), and then again with dichloromethane (3 × 10 mL/g of resin for 20 s) 

and DMF (3 × 10 mL/g of resin for 20 s).  
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Note: occasionally, after the washing step with 0.5% sodium diethyldithiocarbamate for the allyl/alloc 

deprotection, the reaction vessel frit would become partially clogged. Allowing the vessel to sit overnight 

in a kiln at 500 ºC, followed by an HF soak for 1 h was effective at unclogging the frit. 

Macrocyclization of resin-bound peptides 

The Fmoc group is first removed using 20% piperidine as previously described. The peptide is then 

cyclized by adding a solution of PyAOP (5 eq.), HOBt (5 eq.) and DIPEA (10 eq.) in DMF (10 mL/g of resin) 

and bubbled with argon for 3 h. The resin is then washed with DMF (3 × 10 mL/g of resin for 20 s), 

dichloromethane (3 × 10 mL/g of resin for 20 s) and the cyclization checked by MALDI. Deprotection and 

cyclization are repeated as necessary until completion.  

On-resin conversion of Cys/MeCys (SSMe or SStBu) to Dha/Dhb 

In a small SPPS reaction vessel, the resin is suspended in 9:1, THF:H2O (30 mL/g resin) and through the 

solution argon is bubbled for 15 m. After this time, thiophenol is added (50 eq.), followed by 

tributylphosphine (1.0 M in THF) (20 eq.). The reaction vessel is sealed under argon and shaken for 18 h, 

after which time the reducing solution is pushed out of the reaction vessel with argon and the resin 

washed with DMF (3 × 10 mL/g of resin for 20 s), then dichloromethane (3 × 10 mL/g of resin for 20 s). A 

test cleavage is then done to determine completion of the reaction. To the vessel, 50 mM ascorbic acid in 

DMF (minimal, but enough to allow resin stay swollen during shaking) is added and argon is bubble 

through for 15 m. After this time, 2,5-dibromovalerate (4 eq.) and DIPEA (5 eq.) are added, the reaction 

vessel is sealed under argon and subsequently shaken for 96 h. The resin is then washed with DMF (3 × 

10 mL/g of resin for 20 s), then dichloromethane (3 × 10 mL/g of resin for 20 s), and a test cleavage is done 

to determine completion of the reaction. 
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Synthetic SPPS lipopeptide synthesis general procedure (1, 2 and 3) 

The peptides were synthesized on solid phase according to the general procedures listed above. The 

macrocycles were installed by coupling orthogonally protected methyllanthionine 20/21 and lanthionine 

18/19 at position 11 and 7 respectively, and after coupling the subsequent amino acids in each cycle, 

deprotection and cyclization were done according to the general procedures. After the completion of 

bicyclic chain, on-resin conversion of Cys/MeCys (SSMe or SStBu) to Dha/Dhb was performed as per the 

general procedures. The resulting resin was cleaved with 20% HFIP in dichloromethane for 2 h and 

worked-up according to the general procedures to obtain a crude white solid that was purified by HPLC.  

The protected peptides (prior to coupling of the lipid tail) were purified on a C8 column (Vydac 

208TP1010) with a flow rate of 5 or 10 mL/min. Detection was done at 220 and 280 nm. The gradient 

began with 50% MeCN in H2O (0.1% TFA) for the first 5 m. The gradient then ramped up to 75% MeCN 

over 35 m. The final ramp up to 90% MeCN occurred over 0.2 m, where it was for 5 m. The gradient 

ramped down to 50% MeCN over 1 m and was held there for 5 m.  

The peptides were transformed into lipopeptides 1, 2 and 3 using a procedure modified from the work 

of Nathaniel Martin and coworkers.4 The protected peptide was dissolved in DMF (10 µL/ mg of peptide) 

in a small glass reaction vessel with a conical bottom, and to it PyBOP (1 eq.) and DIPEA (2 eq.) were added. 

After 15 m, decylamine (1.1 eq.) was added and the reaction was left stationary for 3 h. After this time 

10% AcOH in H2O (100 µL/ mg of peptide) was added and the mixture was extracted with chloroform (4 × 

100 µL/ mg of peptide). The combined organic fractions were subjected to reduced pressure evaporation 

to provide a crude oil or solid that was dissolved in pure TFA (10 µL/ mg of peptide) for 30 m before 

evaporation of TFA.  

The lipopeptide analogues 1, 2 and 3 were purified on a C8 column (Vydac 208TP1010) with a flow 

rate of 5 or 10 mL/min. Detection was done at 220 and 280 nm. The gradient began with 40% MeCN in 

H2O (0.1% TFA) for the first 5 m. The gradient then ramped up to 90% MeCN over 40 m, where it was for 

5 m. The gradient ramped down to 40% MeCN over 1 m and was held there for 5 m.  
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Nisin lipopeptide 1 

 

 
1 

The C-terminal amino acid peptide was synthesized using the methods described in the section on 

peptide synthesis and purified using the method described in the section on purification (Rt = 33.9 m, 90% 

based on resin loading); HRMS (MALDI-TOF) Calc’d for C61H99N13O17S2 [M+H]+ 1350.6796; found 

1350.6815. The peptide 1 was synthesized using the methods described in the section on peptide 

synthesis and purified using the method described in the section on purification. (Rt = 33.9 m, 85%). HRMS 

(MALDI-TOF) Calc’d for C61H104N14O12S2 [M+2H]+2 645.3773, found 645.3704. 

 
Figure 1 – HPLC trace for lipopeptide 1 
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Table 1 – Synthetic lipopeptide (1) 1H-NMR assigned with the aid of TOCSY 

 Chemical shifts / ppm 

Residue NH Hɑ Hβ Hγ Hδ Other 

Ile1 - 4.03 2.04 1.24, 1.60 1.0 - 

Dhb2 9.87 - 6.62 1.78 
 

- 

Lan13* 7.63 4.51 3.30, 2.86 - - - 

Ile4  8.14 4.15 1.95 1.40 1.10, 0.83 - 

Dha5 8.51 - 6.20, 5.40 - - - 

Leu6 8.63 3.98 1.72 1.59 0.89 - 

Lan17* 7.83 4.70 2.74, 3.10 – - - 

MeLan18* 8.31 4.94 3.48 1.22 - - 

Pro9 - 4.26 2.30 1.80 2.00 - 

Gly10 8.43 3.59, 4.23 - - - - 

MeLan111* 7.96 3.79 3.03, 3.50 - - - 

Lys12 7.72 4.24 1.80 1.38 1.60 2.90 (Hε) 

Lipid-tail 7.14 3.10 1.43 1.25 (CH2)n - 0.73 (CH3) 

Values given for the protons of each amino acid are given in ppm 

*Lan1 and MeLan1 denote two halves of lanthionine and methyllanthionine residues 

  



 10 

Table 2 – Synthetic lipopeptide (1) ROESY Data 

Amino acid Amide NH of 
AA / ppm ROE detected 

Ile1 4.03 (Hɑ)* 1.00 (Ile1 Hδ), 2.04 (Ile1 Hβ), 3.09 (Lan17 Hβ) 

Dhb2 9.87 4.04 (Ile1), 7.63 (Lan13 NH) 

Lan13* 7.63 2.84 (Lan13 Hβ), 4.47 (Lan13 Hɑ), 6.60 (Dhb2 Hβ) 

Ile4  8.14 1.10 (Ile4 Hδ), 1.41 (Ile4 Hγ), 2.91 (Lan3 Hβ) 

Dha5 8.51 8.14 (Ile4 NH), 4.11 (Ile4 Hɑ), 1.96 (Ile4 Hβ) 

Leu6 8.63 3.98 (Leu6 Hβ), 5.4 (Dha5 Hβ) 

Lan17* 7.83 3.98 (Leu6 Hβ), 4.70 (Lan7 Hɑ) 

MeLan18* 8.31 1.24 (MeLan18 Hγ), 3.50 (MeLan111 Hβ), 4.68 (Lan17 Hɑ) 

Pro9 4.26 (Hɑ)* 1.73 (Leu6 Hβ), 3.56 (Gly10 Hɑ) 

Gly10 8.43 3.54 (Gly10 Hɑ), 4.24 (Pro9 Hɑ) 

MeLan111* 7.96 3.08 (Lan17 Hβ), 3.47 (MeLan111 Hβ), 3.81 (MeLan111 Hɑ, 4.16 (Gly10 Hɑ, 
4.30 (Lys12 Hɑ) 

Lys12 7.72 1.33 (Lys12 Hγ), 1.61 (Lys12 Hδ), 3.79 (MeLan111 Hɑ), 4.24 (Lys12 Hɑ) 

Lipid-tail 7.14 1.40 (Lipid-tail Hβ), 4.24 (Lys12 Hɑ) 

Hɑ was used for Ile1 and Pro9
 as there is no NH signal on the spectra or they have no NH, respectively. 

Bold indicates ROE used to determine Z-Dhb stereochemistry and is identical to that reported in previous 

literature.5   
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Nisin lipopeptide 2 

 
2 

The C-terminal carboxylic acid peptide was synthesized using the methods described in the section on 

peptide synthesis and purified using the method described in the section on purification. HRMS (MALDI-

TOF) Calc’d for C60H97N13O17S2 [M+H]+ 1335.6567, found 1335.6565. The lipopeptide 2 was synthesized 

using the methods described in the section on peptide synthesis and purified using the method described 

in the section on purification. (Rt = 32.5 m, 90%). HRMS (MALDI-TOF) Calc’d for C60H102N14O12S2 [M+2H]+2 

638.3694, found 638.3691.  

 
Figure 2 – HPLC trace for lipopeptide 2 
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Nisin lipopeptide 3 

 
3 

The C-terminal carboxylic acid peptide was synthesized using the methods described in the section on 

peptide synthesis and purified using the method described in the section on purification. HRMS (MALDI-

TOF) Calc’d for C72H114N14O19S2 [M+H]+ 1542.7826, found 1542.7831. The lipopeptide 3 was synthesized 

using the methods described in the section on peptide synthesis and purified using the method described 

in the section on purification. (Rt = 23.4 m, 87%). HRMS (MALDI-TOF) Calc’d for C132H189N35O38S4 [M+Na]+ 

1404.7870, found 1404.7882.  

 
Figure 3 – HPLC trace for lipopeptide 3 
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Semi-synthetic lipopeptide synthesis (1*) 

The procedure for isolation of nisin, cleavage of nisin, and purification of the A and B rings was done 

using a method developed by Slootweg et al.6 The semi-synthetic nisin A and B ring lipopeptide 1* was 

synthesized using a method based on the work of Nathaniel Martin and coworkers.4  

Isolation of nisin: A commercially available crude nisin extract (20 g) was dissolved in H2O (500 mL) 

and was stirred vigorously for 15 m at which point the solution was separated into 20 conical tubes (~ 20 

mL each). To each tube, dichloromethane (15 mL) was added; the tubes were vortexed for 15 s; then they 

were centrifuged (15 m at 1000 × g). Both the H2O and dichloromethane were decanted to leave a brown 

pellet that was redissolved in H2O (100 mL), filtered through celite, which was further rinsed with H2O 

(100 mL). The H2O was lyophilized to provide a crude off-white powder that was purified by preparative 

RP-HPLC (C18, Rt = 21.4 m). Pure nisin was obtained as a fluffy white powder (14 mg, 4.18 mmol, 7%). 

Cleavage and purification of the A and B rings: Pure nisin (10 mg) was dissolved in Tris buffer (4 mL, 

25 mM NaOAc, 5 mM Tris–HCl, 5 mM CaCl2, pH 6), and to it trypsin (1 mg) was added. The reaction was 

shaken at 30 ºC for 12 h, at which point more trypsin was added (2 mg). The reaction was shaken for a 

further 16 h at which point no more starting material was observed by MALDI-TOF-MS. The material was 

frozen and lyophilized to provide a white powder that was purified by semi-preparative RP-HPLC (C8, Rt = 

25 m). The A and B rings (amino acids 1 – 12 of nisin) were isolated as a white powder (3.0 mg, 2.07 mmol, 

69%).  

Coupling of the lipid tail: The A and B rings (3.0 mg) were dissolved in DMF (100 µL/mg), and to them 

a solution of PyBOP (1.1 eq.), DIPEA (2 eq.), and decylamine (50 eq.) was added. The reaction sat at room 

temperature for 20 m before being diluted with 30% acetonitrile in H2O with 0.1% TFA to 500 µL total. 

The reaction was centrifuged and injected onto a semi-preparative HPLC. 

Purification: The lipopeptide analogue 1* was purified on a C8 column (Vydac 208TP1010) with a flow 

rate of 5 or 10 mL/min. Detection was done at 220 and 280 nm. The gradient began with 40% MeCN in 

H2O (0.1% TFA) for the first 5 m. The gradient then ramped up to 90% MeCN over 40 m, where it was for 

5 m. The gradient ramped down to 40% MeCN over 1 m and was held there for 5 m.  
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Antimicrobial activity assays 

Growth of bacterial strains 

Bacillus subtilis JH642 and Staphylococcus aureus ATCC 6538 were grown in Tryptic Soy Broth (TSB) at 

37 °C, and Lactococcus lactis IL1403 was grown in All Purpose Tween 80 (APT) broth at 30 °C.  

Spot-on-lawn assays  

Spot-on-lawn assays were performed to determine the antibacterial activity of the various lipopeptide 

analogs. Overnight cultures of bacterial indicator strains were used to inoculate 5 mL of soft agar (0.75% 

agar) containing the appropriate medium and poured onto hard agar media (1.5% agar) plates. 

Compounds to be tested for inhibitory activity were dissolved in MilliQ H2O with DMSO (1%) and various 

concentrations were made by series of two-fold dilution of the peptide stock solutions in MilliQ H2O with 

DMSO (1%). An aliquot of 10 µL from each concentration was spotted onto the plates and after drying, 

the plates were incubated overnight at the appropriate temperature. Minimum inhibitory concentration 

(MIC) was determined from the duplicate experiments based on the growth inhibition observed after 12 

h at the locations where the compound solutions were spotted. 

Microdilution assays 

MICs of the lipopeptide compounds were also determined using a broth microdilution assay. The 

lipopeptides were dissolved in 10% DMSO in MilliQ H2O, then two-fold dilution series of these peptides 

were made in MilliQ H2O. L. lactis was grown in APT broth overnight and then diluted 1000-fold in APT to 

achieve a concentration of approximately 2 × 105 cells/90 µL of APT broth. The wells of a 96-well 

polypropylene microtiter plate were filled with 90 µL of the inoculated broth solutions, followed by 10 µL 

of the appropriate lipopeptide dilution at decreasing concentrations across the plate. Nisin Z was used as 

a positive control in all experiments. As a negative control, broth with 10 µL of MilliQ H2O was used. The 

plate was incubated 20 h at 30 ºC. During incubation absorbance readings (600 nm) were taken every 10 

min. on a SpectraMax i3x Plate Reader (Molecular Devices, Sunnyvale, CA). The concentration of 

compound was deemed effective if it completely inhibited growth in the well for 20 h and MICs were 

recorded as the lowest concentration of peptide to do so. 



 15 

Compound Spectra 

7 – 1H-NMR 
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7 – 13C-NMR 
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8 – 1H-NMR 
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8 – 13C-NMR 
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9 – 1H-NMR 
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9 – 13C-NMR 
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10 – 1H-NMR 
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10 – 13C-NMR 

 

 

  



 23 

14 – 1H-NMR 
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14 – 13C-DEPT NMR 
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15 – 1H-NMR 
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15 – 13C DEPT NMR 
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16 – 1H-NMR 
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16 – 13C-NMR 
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S1 – 1H-NMR 
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S1 – 13C-NMR 
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17 – 1H-NMR 
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17 – 13C-NMR 
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S2 -1H-NMR 
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S2 – 13C-NMR 
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12 – 1H-NMR 
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12 – 13C-NMR 
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S3 – 1H-NMR 
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S3 – 13C-NMR 
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13 – 1H-NMR 
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S4 – 1H-NMR 
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S4 – 13C-DEPT NMR 
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18 – 1H-NMR 
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18 – 13C-NMR 
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19 – 1H-NMR 
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19 – 13C-NMR 
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20 – 1H-NMR 
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20 – 13C-NMR 
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21 – 1H-NMR 
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21 – 13C DEPT NMR 
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Synthetic Lipopeptide 1 - TOCSY Data 
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Synthetic Lipopeptide 1 - ROESY Data 
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Synthetic (1) and semi-synthetic (1*) lipopeptide TOCSY NMR comparison 

 
Figure 4 – Overlay of the 1H-NMR and TOCSY NMR spectra of the synthetic lipopeptide (1) in red and the semi-synthetic lipopeptide (1*) in green showing small discrepancies 

in the chemical shifts presumably due to slight differences in pH and/or concentration. 



 53 

 
Figure 5 – Mixed sample 1H-NMR and TOCSY NMR experiment showing a 1:2 mixture of synthetic lipopeptide (1) and semi-synthetic lipopeptide (1*) confirming that the 

two compounds are chemically identical. 
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