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Abstract 
Lantibiotics are antimicrobial peptides produced by Gram-positive bacteria and active in the 
nanomolar range. Nisin is the most intensely studied and used lantibiotic, with applications as 
food preservative and recognized potential for clinical usage. However, different bacteria that 
are pathogenic for humans and do not produce nisin, including Streptococcus agalactiae, show 
an innate resistance that has been related to the nisin resistance protein (NSR), a membrane-
associated protease. Here, we report the first-in-class small-molecule inhibitors of SaNSR 
identified by virtual screening based on a previously derived structural model of the nisin/NSR 
complex. The inhibitors belong to three different chemotypes, of which the halogenated phenyl-
urea derivative NPG9 is the most potent one. Co-administration of NPG9 with nisin yields 
increased potency compared to nisin alone in SaNSR-expressing bacteria. The binding mode 
of NPG9, predicted with molecular docking and validated by extensive molecular dynamics 
simulations, confirms a structure-activity relationship derived from the in vivo data. Saturation 
transfer difference-NMR experiments demonstrate direct binding of NPG9 to SaNSR and agree 
with the predicted binding mode. Our results demonstrate the potential to overcome SaNSR-
related lantibiotic resistance by small molecules. 
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1. Introduction 
Without doubt, antibiotic resistance is one of the greatest health threats of our time. Misuse and 
overuse of antibiotics have accelerated the evolutionary selection process, which led to 
resistance against essentially all approved antibiotics [1]. Hence, there is an urgent need for 
antimicrobial compounds that can be used as alternatives to the classical antibiotic treatment. 
In this context, lantibiotics, a class of antimicrobial peptides, are attractive candidates due to 
their high activity against a wide range of Gram-positive human pathogenic bacteria [2, 3]. 
Peculiar post-translational modifications are contributing to the high thermostability and 
general stability against proteolytic degradation. Specifically, the enzymatic dehydration of Ser 
and Thr results in the formation of 2,3-dehydroalanine (Dha) and 2,3-dehydrobutyrine (Dhb) 
residues. Nucleophilic addition of the thiol group of a neighboring Cys residue then yields 
distinctive lanthionine (Lan from Dha) and methyllanthionine (MeLan from Dhb) rings, the 
presence of which is essential for the high antimicrobial potency [4]. 

Nisin is the most-studied lantibiotic and produced by a group of Gram-positive bacteria 
belonging to Lactococcus and Streptococcus species [5]. This 34 amino acids long cationic 
peptide is constituted of five lanthionine rings named A to E successively from the N- to the C-
terminus. Since it was discovered in 1928 [6], it is one of the oldest known antibacterial agents. 
Nisin has been used widely as a food preservative, and initial therapeutic applications include 
human ulcer therapy and mastitis control in cattle [7]. Studies have reported that nisin can 
prevent the growth of drug-resistant bacterial strains, such as methicillin-resistant 
Staphylococcus aureus and Clostridium difficile. Increasing evidence indicates that nisin can 
also exhibit selective cytotoxicity towards cancer cells (for more details see review [5]). Its 
modes of action are related to the interaction with cellular membranes: for example specific 
binding of lipid II [8], thus inhibition of cell wall synthesis by interrupting peptidoglycan 
production [9], and formation of pores within the cell membrane that are made up of lipid II 
and nisin molecules [9, 10]. 

Due to their multiple modes of action, hardly any resistance against lantibiotics has developed 
over the past decades. However, different bacteria that are pathogenic for humans and do not 
produce nisin, including Streptococcus agalactiae, show an innate resistance that has been 
related to the nisin resistance protein (NSR), a membrane-associated protease [11, 12]. 
Specifically, NSR is a C-terminal processing protease belonging to the S41 family, as classified 
by MEROPS, the peptidase database [13]. The resistance mechanism involves enzymatic 
inactivation of nisin by cleavage of the last six residues. The resulting nisin fragment displays 
a up to 100-fold lower antibacterial efficacy and reduced affinity towards cellular membranes 
[14]. 

The crystal structure of NSR from Streptococcus agalactiae (SaNSR) was solved [15]. It 
contains an N-terminal helical bundle, and protease cap and core domains. The latter displays 
a region with the highly conserved TASSAEM sequence, with the previously identified 
catalytically active Ser236 [11]. The other residue constituting the catalytic dyad is His98, 
located between the helical bundle and the cap domain. Overall, the three domains constitute a 
hydrophobic tunnel of ~10 Å width, and the protease cap forms a lid-like structure above it. By 
integrative modeling and mutagenesis studies a structural model of a nisin/SaNSR complex was 
generated that reveals that SaNSR recognizes the last C-terminal lanthionine ring of nisin, ring 
E [15]. This recognition determines the substrate specificity of SaNSR and ensures the exact 
coordination of the nisin cleavage site (peptide bond between MeLan28 in ring E and Ser29). 

4 
 



The identification of small-molecule inhibitors that interfere with SaNSR function is of utmost 
importance for making a therapy with nisin most effective. Here, we identified, by repetitive 
rounds of ligand- and structure-based virtual screening (Figure 1A), analogs search, and in vivo 
testing, inhibitors of SaNSR with different chemotypes. In order to prioritize molecules that 
resemble the recognition fragment of nisin and can inhibit SaNSR function, both shape 
matching and molecular docking were performed. In vivo validation of selected compounds 
revealed a selective functional inhibition towards SaNSR-expressing bacteria. To investigate 
NPG9 binding to SaNSR at the atomistic level, and further validate its binding mode, extensive 
molecular dynamics (MD) simulations of free ligand diffusion (fldMD) were performed. 
Finally, saturation transfer difference (STD) NMR experiments on NPG9 provide an additional 
validation of the binding mode from the biophysical point of view. 

 

2. Materials and Methods 
 

2.1 Preparation of nisin and SaNSR structures 

The structures of nisin (extracted from PDB ID: 1WCO [10]) and SaNSR (PDB ID: 4Y68 [15]) 
were used for this study. In nisin, Asn27 was substituted by His to obtain a suitable nisin A 
structure from the crystallized nisin Z variant. SaNSR is a monomer in solution [15], therefore, 
only chain A was considered for further steps. Both structures were pre-processed with the 
Protein Preparation Wizard [16] of Schrödinger’s Maestro Suite. Bond orders as well as missing 
hydrogen atoms were assigned, and the H-bond network was optimized. Finally, the systems 
were energy-minimized using the OPLS 2005 force field [17], resulting in a root mean square 
deviation (RMSD) of 0.3 Å with respect to the initial structure. 

 

2.2 Query generation 

To screen for molecules with similar shape properties as the recognition region of nisin, we 
built a query for ligand-based virtual screening. To do so and to consider structural mobility, 
the nisin structure was subjected to all-atom MD simulations in explicit solvent, as reported 
previously [15], using Amber 16 [18]. Three independent trajectories of 500 ns length were 
analyzed with the cpptraj software [19]. To extract relevant conformations explored by nisin in 
solution, the MD-derived structural ensemble was clustered applying a hierarchical 
agglomerative approach. Prior to the clustering, conformations extracted every 5 ns were fit on 
the D ring region, using the first frame as reference, in order to remove global translation and 
rotation. As distance metric, the RMSD of backbone atoms was used, with a cutoff value for 
forming clusters of 4.5 Å. From the representative structures of the five most populated clusters, 
three different multi-conformation queries were built (Figure 1B) using ROCS [20]: I) based 
on rings DE, Ser29 and Ile30; II) based on rings DE only; III) based on ring E, Ser29 and Ile30. 

 

2.3 Virtual screening 

A general workflow of the protocol used is reported in Figure 1A. Compounds were collected 
from ZINC15 [21] and eMolecules (https://www.emolecules.com) databases, which together 
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contain over 20 million molecules. For database preparation, including filtering and generation 
of up to 200 conformations per ligand, Omega [22] was used. In order to filter out compounds 
with unwanted pharmacokinetics, a drug-like filter was applied, and only compounds with 
logP < 6 and molecular weight (MW) between 200 and 600 Da were retained. A shape-based 
similarity search was then performed with the three shape queries generated above. Only the 
best fitting conformation for each compound was saved. The top 500 molecules for each query 
(1500 in total) were then docked into the SaNSR pocket using Glide [23] implemented in the 
Schrödinger´s Maestro Suite 2017-1 (LLC, New York, NY, USA). A cubic grid of length 20 Å 
was centered on the catalytic residues His98 and Ser236. Compounds were first docked using 
Glide-SP (standard precision) protocol, and the 50% best-ranked were subsequently re-docked 
using Glide-XP (extra precision) protocol, which does more extensive sampling and uses a more 
sophisticated scoring function than the Glide-SP protocol. The best-ranked 750 compounds 
were then clustered with Canvas [24] based on 2D similarity (Tanimoto index calculated on 
MACCS keys fingerprint) and visually inspected, in order to select compounds with high 
diversity. At the end of this run, 11 compounds were purchased and tested. 

The same protocol was applied a second time with additional filtering steps, in order to filter 
out structures with high complexity and those exhibiting non-lead-like properties: the first filter 
excluded compounds with more than five rings (RNG) and more than one chiral center (STER); 
the second is based on molecular descriptors related to lead structures [25], namely ≤ 10 
rotatable bonds (RTB) and a MW ≤ 460 Da. This resulted in 23 compounds being purchased 
and tested. 

Finally, considering preliminary in vivo data, a third group of compounds was selected based 
on the similarity with NPG9. An analogs search was performed focusing mainly on bioisosteric 
replacements of halogen atoms or variations of the two hydroxyl groups, resulting in the 
acquisition and testing of 12 derivatives. 

 

2.4 Molecular dynamics simulations 

In order to investigate the recognition process and validate the predicted binding mode of 
inhibitors with SaNSR, a set of MD simulations was performed considering NPG9 as model 
inhibitor. NPG9 was optimized with Gaussian [26] at the Hartree-Fock level with the 6-31G* 
basis set. Partial charges for each atom were derived with the RESP procedure [27], as 
implemented in Antechamber [28], by fitting to electrostatic potential grids generated by 
Gaussian. Different simulation systems of SaNSR and NPG9 were prepared for MD simulations 
with the LEaP program [29]. In particular, both the docking pose (P0, later referred to as “bound 
simulations”) and ten random configurations of NPG9 relative to SaNSR (P1-P10, later referred 
to as “free ligand diffusion simulations”, fldMD) were considered. In the first case, the 
structural stability of the complex and the diffusion of the ligand within the tunnel were 
analyzed. In the latter cases, the diffusion of the ligand was investigated aiming for 
reconstructing of the binding pathway of the SaNSR inhibitor. The ten random configurations 
were generated with packmol [30] with a minimum distance between NPG9 and SaNSR of 
15 Å. Sodium counter ions were added to establish charge neutrality. Each system was placed 
in a truncated octahedral box of TIP3P water [31] with a minimum distance to the border of the 
box of 11 Å, resulting in a NPG9 concentration of ~ 1.4 mM. Structural relaxation, 
thermalization, and production runs of MD simulations were conducted with pmemd.cuda [32] 
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of Amber 16 [18] using the ff14SB force field [33] for the protein, GAFF force field [34] for 
the ligand, and Joung-Chetham parameters for ions [35]. For each starting complex five 
independent replica of 500 ns length each were performed, resulting in a total of 50 simulations 
with a cumulative simulation time of 25 µs. Additionally, we performed MD simulations 
starting from the docked binding mode of NPG9 bound to SaNSR. Again, five independent 
replicas of 500 ns length each were performed. In order to set up independent replicas and 
obtain slightly different starting structures, the target temperature was set to different values 
during thermalization (299.8 K, 299.9 K, 300.0 K, 300.1 K, 300.2 K and 300.3 K). A description 
of the thermalization protocol can be found elsewhere [36]. 

The analysis of the MD trajectories was carried out with cpptraj [19] on snapshots extracted 
every 1 ns. To measure structural mobility, we computed the residue-wise root mean square 
fluctuations (RMSF) of backbone atoms of SaNSR relative to the starting structure. To evaluate 
opening and closing of the cap domain, the distance between the centers of mass of the β-hairpin 
(262-TVNETFMLYDGARLALTTGIV-282) and the short loop regions of the protease core 
facing the tunnel (133-ISKL-136 and 135-TGGN-171) was computed. To investigate the 
molecular recognition of NPG9, the all-atom RMSD with respect to the ligand docking pose 
(RMSDd) or the previous frame (RMSDp) were computed. Cutoff values of RMSDd ≤ 2.5 Å 
and RMSDp ≤ 2.5 Å were used respectively to define binding on the protein surface (unspecific) 
and within the SaNSR tunnel (specific). Bound conformations were then clustered applying a 
hierarchical agglomerative approach and an RMSD cutoff value of 1.5 Å. Prior to the clustering, 
conformations were fit on the 10% least mobile residues of SaNSR, located in the protease core 
domain. 

 

2.5 Compound acquisition 

The 46 selected compounds were either custom-synthetized or purchased from different 
suppliers as powder (Table S1). To ensure that there was no degradation of the compounds 
during the study, purity was re-assessed in a semi-quantitative way with LC-MS (exemplary 
cases are shown in Figures S4-S8; see also next chapter). 

 

2.6 Purity assessment with LC-MS 

The compounds’ stock solutions (~ 1 mg/ml in DMSO) were diluted with methanol hypergrade 
to concentrations of ~ 0.1-0.2 mg/ml. A volume of 2 µl was injected for each measurement. 
Relative purity of the compounds was determined as ratio of the area under the curve. LC 
system: Elute SP LC System (Bruker Daltonics, Bremen, Germany) with vacuum degasser, 
binary pump, autosampler, column oven. Column: Intensity Solo 2 C18 (100 mm * 2.1 mm); 
Temperature: 50° C; Mobile phase: A. water hypergrade with 0.1 % formic acid (v/v) (Merck); 
B. Acetonitrile hypergrade (Merck); Flow Rate: 0.2 ml/min. Method 1: 0-4 min 95% A, 4-16 
min gradient 95% to 5% A, 16-17 min gradient 5% to 0% A, reconditioning: 17-18 min gradient 
0% to 95 % A, 18-21 min 95 % A. Method 2: 0-4 min 98 % A, 4-5 min gradient 98% to 95% 
A, 5-9 min 95% A, 9-16 min gradient 95% to 5% A, 16-17 min gradient 5% to 0% A, 
reconditioning: 17-18 min gradient 0% to 98% A, 18-21 min 98 % A. MS-System: amaZon 
speed ETD ion Trap LC/MSn System (Bruker Daltonics, Bremen, Germany); Ionisation: 
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electronspray; Polarity: positive; Alternating ion-polarity: on; Scan range: m/z: 80-1200; 
Nebulizer: Nitrogen, 15 Psi; Dry Gas: Nitrogen, 8 l/min, 200°C; Massrange mode: UltraScan. 

 

2.7 Cloning of the SaNSR protein 

For studies in recombinant Lactococcus lactis cells, the plasmid pNZ-SV-SaNSR was obtained 
by cloning the gene nsr from S. agalactiae as previously described [11]. The plasmid was 
transformed using electrocompetent L. lactis NZ9000 cells. Therefore, a pulse setting of 1 kV, 
25 µF, 200 Ω, for 4.5-5.0 ms was used to electroporate the cells [37]. Afterwards, 950 µl GM17 
media was added, and the cells were incubated for 3 h at 30 °C. At last, the cells were plated 
on SMGG-agar plates containing 5 µg/ml erythromycin. For STD-NMR studies, the plasmid 
pET-28b-SaNSR30-N8His was cloned as reported previously [38] and transformed into 
chemocompetent E. coli BL21 (DE3) cells using a 42 °C heat shock for 60 seconds. After 1 
hour incubation at 37 °C, the cells were finally plated on LB-agar plates containing 30 µg/ml 
kanamycin.  

 

2.8 Expression and purification of the SaNSR protein 

SaNSR30-N8His was expressed and purified as previously described [38]. Therefore, in E. coli  
BL21 (DE3) pET-28b-SaNSR30-N8His at an OD600 of =0.8 to 1.0, the expression was induced 
with 1 mM IPTG and the cells were incubated overnight at 18°C with 160 rpm shaking. 
Subsequently, the cells were harvested and homogenized five times using 1.5 kbar 
(Microfluidics Homogenizer). After harvesting the cell debris at 42000 rpm for 45 minutes the 
supernatant was used for an ion metal affinity chromatography, using a HiTrap Chelating HP 5 
ml column and an elution buffer containing 150 mM histidine. The eluted protein was further 
purified with a Superose 12 10/300 GL column, 25 mM MES pH 6 buffer with 150 mM NaCl.  

 

2.9 Purification of nisin 

Nisin was purified with cation exchange chromatography as previously described [39]. To 
determine the concentration, the peptide was analyzed with RP-HPLC as previously described 
[40]. 

 

2.10 Growth inhibition assay 

In vivo validation of selected compounds was performed to test their ability to specifically 
inhibit the growth of SaNSR-expressing strains. To do so, L. lactis cells grown in GM17 
medium with 5 µg/ml erythromycin and 1 ng/ml nisin overnight. The cells were diluted in fresh 
media to an OD595 of 0.1 and incubated for 30 min at 30 °C. In a 96 well plate, 50 µl of the 
selected compounds and the DMSO control (20%) were added. 150 µl of L. lactis NZ9000 
pNZ-SV-Erm and L. lactis NZ9000 pNZ-SV-SaNSR cells supplemented with 30 nM nisin, 
respectively, were added. After 5 hours at 30 °C the optical density was measured, and the 
relative growth inhibition was calculated by comparing the normalized values for L. lactis 
NZ9000 pNZ-SV-SaNSR. 
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2.11 Measurement of reduced nisin IC50 values 

In order to evaluate the inhibitory effect of the compounds, the reduced nisin IC50 was measured 
as previously described [41]. In 96 well plates, a serial dilution of nisin was mixed with 150 µl 
of preincubated cells (OD595 0.1) containing 120 µM or 300 µM compound. The optical density 
was measured after 5 hours incubation at 30 °C and the IC50 values were calculated. Reduced 
nisin IC50 values were determined based on IC50 values of the SaNSR-expressing strain (L. 
lactis NZ9000 pNZ-SV-SaNSR) with inhibitory compound compared to the same strain 
without compound and expressed as ratio of the two IC50 values given in percent. 

 

2.12 Saturation transfer difference (STD) NMR experiments 

As a biophysical validation of direct binding, STD NMR measurements were performed for the 
model inhibitor NPG9. This method allows identifying the binding of small ligands to 
macromolecules with dissociation constants KD in the nM to mM range and characterizing the 
binding epitopes on the ligands [42, 43]. NMR experiments were recorded on a Bruker Avance 
III HD+ 600 MHz spectrometer at 298 K in 100 mM sodium phosphate, 150 mM sodium 
chloride, 5% (v/v) DMSO, and 10% (v/v) D2O. Trimethylsilyl propionate (TSP) was used as 
an internal standard. STD NMR was performed with on-resonance protein saturation at 0.9 ppm 
using 2 s saturation time. Subtraction of the 1D STD spectrum was performed internally via 
phase cycling after every scan to minimize artefacts arising from temperature and magnet 
instability [42, 43]. The STD NMR experiment was carried out using 18 µM of SaNSR protein 
and 1.8 mM of NPG9 compound. All NMR spectra were processed and analyzed with 
TOPSPIN 3.2 (Bruker). 

 

3. Results and Discussion 
3.1 Compounds selection 

A hierarchical virtual screening protocol was applied to find small-molecules that inhibit 
SaNSR (Figure 1). Starting from a subset of drug-like molecules, using the free databases of 
commercially available compounds ZINC15 and eMolecules, 1500 compounds were selected 
based on shape similarity with nisin fragments involved in SaNSR recognition. In order to do 
so, rapid overlay of chemical structures (ROCS) [20] was applied for the calculation of 3D 
shape and chemical similarity. We built three queries, considering rings D and E as well as 
residues Ser29 and Ile30 (query I), rings D and E alone (query II), and ring E, Ser29 and Ile30 
(query III) (Figure 1B). The selections were motivated by the fact that rings D and E form the 
recognition element of nisin at SaNSR and Ser29 and Ile 30 are in close proximity to the 
cleavage site (peptide bond between MeLan28 in ring E and Ser29) [15]. The best fitting 
compounds were submitted to molecular docking with Glide [23] in order to predict their 
configuration within the SaNSR binding site and to rank them according to the potential 
molecular interactions, as expressed by the docking score. The 750 molecules with the best 
docking scores were clustered and visually inspected, leading to the selection of 11 drug-like 
compounds for testing (NPG8 - NPG19, Table S1). In a second virtual screening run, two 
additional filtering steps were considered. The first filter excluded compounds with more than 
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five rings (RNG) and more than one chiral center (STER). The second filter is based on 
molecular descriptors related to lead structures [25], namely ≤ 10 rotatable bonds (RTB) and a 
molecular weight (MW) ≤ 460 Da. After this run, 23 compounds were purchased and tested 
(NPG20 - NPG42, Table S1). 

 

3.2 Biological activity 

For experimental validation of the two groups of in total 34 compounds, a specific growth 
inhibition in vivo assay was performed, in which the selective inhibition towards SaNSR-
expressing L. lactis cells over L. lactis NZ9000 pNZ-SV-Erm containing an empty plasmid as 
control is probed utilizing a specific nisin concentration (30 nM). Specific growth inhibition is 
calculated as ratio between measured optical densities for the two strains and expressed as 
percentage. This assay was performed as a screening method, because SaNSR-expressing 
bacteria are resistant against the nisin concentration used and growth is compared to the control 
strain; hence, only compounds inhibiting SaNSR activity and making the bacteria more 
susceptible to nisin are identified.  

Among the 34 compounds, three compounds showed a relevant inhibitory effect on SaNSR at 
the tested concentration of 150 µM (Table 1, Table S1). In particular, NPG9 inhibits bacterial 
growth by ~58 % in the presence of nisin as compared to control bacteria lacking SaNSR. Based 
on this, a third group of compounds was searched that are similar to NPG9 with respect to 
molecular recognition properties. For this, an analogs search was performed focusing on the 
following substitutions: bioisosteric replacement of halogen atoms with electron-withdrawing 
groups (e.g., cyano or trifluoromethyl groups [44]), substitution of the phenyl group with bulky 
hydrophobic moieties, or variations of the two hydroxyl groups. This step resulted in the 
selection of 12 derivatives (NPG43 - NPG55, Table S1; NPG53 was excluded from the study 
due to chemical stability issues). On this subset, as well as on NPG9 for comparison, in vivo 
validation was performed measuring reduced nisin IC50 values. The reduced nisin IC50 values 
denote nisin’s potency from dose-response curves for the SaNSR-expressing strain in the 
presence of a fixed concentration of inhibitor, compared to the same strain without inhibitor; 
reduced nisin IC50 values are expressed as the ratio between these two IC50 values and given in 
percent. Hence, a strongly shifted dose-response curve towards the control strain NZ9000Erm, 
which is sensitive to nisin, indicates a higher inhibitory potency of the compound (Figure 2). 
To determine the inhibitory effect of the compounds, 120 µM and 300 µM were added to the 
assay with the SaNSR-expressing strain. Some compounds (e.g., NPG9) had a SaNSR-
independent inhibitory effect on cell growth and could not be investigated at the higher 
concentration of 300 µM. Nisin IC50 values are reduced by ~50% if NPG9 is used at 120 µM 
concentration (Table 1, Figure 2A), and by ~9 to 32% for NPG13, NPG24, NPG46 and NPG51 
if these compounds are used at 300 µM concentration (Table 1, Figure 2B-C). 

  

10 
 



Figure 1. Virtual screening for SaNSR inhibitors. (A) Workflow for compound selection applied in this study. 
Shape-based matching followed by molecular docking and 2D clustering plus visual inspection led to the selection 
of in total 46 compounds for testing, 11 in the first round, additional 23 in the second round applying further filter 
criteria, and 12 more based on similarity to NPG9. These compounds were tested for growth inhibition in SaNSR-
expressing cells and/or reduced nisin IC50. On the left, the number of compounds considered in each step is 
indicated (K: indicates thousands; M: indicates millions). (B) Three queries generated for shape matching, based 
on varying nisin fragments including rings D and E, Ser29, and Ile30. For reasons of clarity, just one out of the 
five representative structures each is overlaid as sticks. The molecular shape is represented as a grey surface, while 
the chemical features are shown as spheres: H-bond acceptors as red grid, H-bond donors as blue grid, hydrophobic 
centers in yellow, rings and cations in green and blue, respectively. (C) Representation of the SaNSR structure 
used for docking (PDB ID: 4Y68) and the cubic grid centered on the catalytic dyad His98 and Ser236 (green 
sticks). 

 

Table 1. Subset of compounds that showed SaNSR inhibitory activitya.  

Internal ID, structure Selection 
run 

Specific growth 
inhibitionb 

Reduced 
Nisin IC50b 

  150 µMc 120 
µMc 

300 
µMc 

NPG9 

 
 

1st 57.91 
± 1.72 

50.5 
± 1.5 n.d. 

NPG13 

 
 

1st 16.89 
± 3.61 - 32.2 

± 5.0 
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NPG24 

 
 

2nd 20.66 
± 4.56 - 20.5 

± 12.1 

NPG46 

 
 

3rd - 8.1 
± 7.0 

13.5 
± 6.4 

NPG51 

 
 

3rd - 4.0 
± 4.4 

8.5 
± 5.8 

aThe full list of 46 tested compounds is shown in Table S1. Values were determined by at least three independent 
experiments. Measurements not performed are reported as “-”. In cases where the compound was inhibiting the 
cell growth even without nisin, the measurement was marked as not determinable, “n.d.”. Unless compounds are 
reported with explicit stereochemistry notation, the mixture of stereoisomers with undefined configurations was 
tested. 

bIn %. 

cUsed compound concentration. 

 

 

Figure 2. Determination of IC50 values of nisin in the presence or absence of a SaNSR inhibitor. Dose-
response curves for SaNSR-expressing strain NZ9000SaNSR (in grey) and for the control strain NZ9000Erm (in 
black) are reported in comparison to SaNSR-expressing strain NZ9000SaNSR (A) with 120 μM of NPG9 (in 
cyan), (B) with 300 μM of NPG13 (in orange) and 300 μM of NPG24 (in magenta), and (C) with 300 μM of 
NPG46 (in green) and 300 μM of NPG51 (in blue). The normalized measured OD595 is shown in percentage against 
the logarithmic concentration of nisin. Values were determined by at least three independent experiments. 

 

3.3 Structure activity relationship (SAR) study 

Most of the active molecules are linear, with one (e.g., NPG9) or two (e.g., NPG46) 
hydrophobic parts separated by an amide or urea linker. The presence of amide-like groups is 
not surprising because we searched for analogs of the peptide nisin. NPG13 displays a 
branching with an additional aromatic moiety (catechol) resulting in a T-shaped 
geometry.NPG24 is structurally different from the others, with pyrazolyl, 1,4-diazepanyl, 
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amide and cyclopropyl groups arranged in a linear fashion between two methoxyphenyl 
moieties. It displays weak growth inhibition and a moderately reduced nisin IC50, similarly to 
NPG13. Finally, NPG46 and NPG51, structural analogs of NPG9, display only very little 
reduced nisin IC50 values (Tables 1, S1 and Figure 2). From the current data, a limited structure-
activity relationship (SAR) can be derived (Figure 3): the minimal requirement for activity are 
a linear molecular shape and one or two hydrophobic regions separated by an amide-like group 
[45]. In nisin, MeLan and Ile residues represent these hydrophobic regions. Additionally, a 
hydroxyl group (e.g., NPG9) or an aromatic polar group (e.g., NPG13), matching respectively 
with Ser29 and His28 of nisin, can be present. 

 

 

Figure 3. Chemical structures of the recognition region of nisin to SaNSR and compounds with SaNSR 
inhibitory activity. Fragments with similar properties are highlighted, with the nisin cleavage site (or amide-like 
groups) in green, hydrophobic moieties in yellow, hydroxyl groups in blue, and polar-aromatic groups in grey. 

 

3.4 Binding mode prediction 

This SAR derived from experimental data can be rationalized in terms of binding modes 
generated by molecular docking (Figure 4). In general, the binding mode of the compounds is 
consistent with the nisin/SaNSR model previously reported [15] in terms of location and 
orientation of the ligand within the SaNSR tunnel. As the binding mode prediction was done 
by molecular docking and, thus, independently from the ligand-based virtual screening, these 
findings implicitly validate the generated queries (Figure 1B). Additionally, the amide bond (or 
amide-like group [45]) is placed in-between the catalytic dyad, as found for the cleavage site of 
nisin [15]. More specifically, the hydrophobic regions of the ligands are consistently located in 
proximity of two hydrophobic patches within the tunnel, one formed by Val264, Tyr192, 
Ile202, Phe190, Met240 and Met173 in the upper region, and the other by Tyr261 and Ala235 
close to the catalytic dyad. In both regions, most of the ligands (NPG9, NPG13, NPG24, 
NPG46) can perform favorable interactions with the π-electron systems of Phe190 and Tyr261 
residues (also termed π-π stacking). In the central portion of the tunnel, hydrophilic residues 
are prevalent instead, matching with the properties of the amide-like linker of the ligands: the 
linkers are involved in H-bond interactions with Gln100, Asn265, His98, Arg275, and Thr267 
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of the protease cap domain and Ser236, Ser237, Ser135, Thr169, and Gly171 of the core 
domain. Interestingly, in most of the compounds the amide-like group performs stabilizing 
interactions with the catalytic dyad of SaNSR. However, for NPG51 with a bulkier adamantyl 
substituent, there are no such favorable interactions, and π-π stacking interactions are not 
possible either. Thus, sterically less demanding groups in the region mimicking the DE rings of 
nisin are apparently more favorable. 
 

 

Figure 4. Binding modes generated by molecular docking of the subset of compounds that show SaNSR 
inhibitory activity (Table 1). Residues located at a distance ≤ 4Å to the ligand are represented as surface-stick 
model, and the color scale from white to red represents increasing hydrophobicity of the residue (Eisenberg 
hydrophobicity scale [46]). The catalytically active His98 and Ser236 are highlighted in bold. H-bonds are shown 
as dashed lines. In the case of NPG46, only the S-stereoisomer with more favorable docking score is shown. 

In order to investigate the recognition process and validate the predicted binding mode of 
SaNSR inhibitors, a set of MD simulations was performed, considering NPG9 as model 
inhibitor. In general, all-atom MD simulations are more detailed than molecular docking in that 
they allow to take into account protein mobility and to describe explicitly water molecules and 
ions. To ensure robustness of our results, multiple independent replica MD simulations were 
performed, for which NPG9 initially was either placed inside the protein binding site in the 
docked pose (five bound MD simulations starting from P0) or at ten randomly chosen positions 
in the solvent surrounding SaNSR (50 fldMD simulations, five replicas from each position P1-
P10). In fldMD simulations, protein and ligand molecules interact in an unbiased manner, 
allowing to investigate in atomistic detail association and dissociation processes.  

Analysis of SaNSR motions reveals for fldMD simulations that the N-terminus, helical bundle, 
and cap domain are most mobile, while the core domain and C-terminus are rather immobile 
(Figure S1A). As the cap domain constitutes part of the SaNSR tunnel, its movements lead to 
SaNSR exploring both open and closed states (Figure S1D). Still, even for fldMD simulations, 
the closed state is present in less than 1/6 of the cases (Figure S1-D, two replicas with > 75 % 
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and six with 75-50 % closed frames). Thus, even when starting from unbound SaNSR, the 
tunnel is frequently accessible for the ligand. 

To quantify ligand binding, as done previously [47], the RMSD, as measure of the average 
distance between atoms of different configurations, was calculated (Figures 5 and S2A). Each 
frame was therefore compared with the docked ligand pose (giving a RMSDd value) and with 
the previous frame in the trajectory (giving a RMSDp value) (Figure S2A). The first measure 
indicates (specific) binding to the tunnel (applying an RMSDd ≤ 2.5 Å, meaning high similarity 
with the docked ligand pose); if this is not given, the second measure indicates unspecific 
binding to the protein surface (applying an RMSDp ≤ 2.5 Å, meaning low variability in ligand’s 
coordinates over time). MD simulations originating from the NPG9 docked pose revealed in 
general a stable binding mode, except in two cases where the ligand diffuses in the direction of 
a hydrophobic region formed by Tyr192, Ile202, and Phe190, which may be linked to a weak 
binding affinity; still, the ligand does not leave completely the tunnel (Figures S2B-C). During 
the 50 fldMD simulations, the ligand is in contact with the protein in ~75% of the frames 
(unspecific binding; Figure S3 and Table S2). Yet, clusters C3 and C6, which contain together 
18% of the frames, represent NPG9 conformations that are in very good agreement with the 
docked NPG9 pose (Figure S3), as indicated by RMSDd ≤ 2.5 Å of the cluster representatives. 
Analysis of the time series of RMSDd values along all 50 fldMD simulations furthermore shows 
that such binding events occur across 11 different trajectories (Figure S2D): in three of them 
bound frames represent 10-50 % of the total ones, and in one replica even > 50% (Figure 5). In 
some trajectories, the bound pose (configurations with RMSDd ≤ 2.5 Å) is reached in ~ 100 ns 
of simulation time (Figure 5, P2-II and P6-II), while in others it is reached after more than 
400 ns (Figure 5, P4-II and P8-III). In both cases, the ligand stays bound for the remainder of 
the simulation time. Finally, in three out of the four cases, the ligand enters the tunnel from the 
entrance closer to the catalytic dyad (Figure 5, P2-II, P4-II and P6-II), suggesting that this may 
be the preferential access pathway. Overall, the fldMD simulations thus confirm the docked 
binding pose in an independent manner, which lends support to the above structure-based 
rationalization of the SAR. 
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Figure 5. Analysis of NPG9 binding events for selected replicas of MD simulations. RMSDd time 
evolution of NPG9 during the fldMD simulations replicas with 10-50 % and > 50% bound frames (RMSDd ≤ 2.5 
Å), marked with “+” and “++”, respectively. Dashed lines representing the cutoff values for binding (2.5 Å, in 
black) and for pre-bound states within the tunnel (4 Å, in grey) are given. Each box with roman numbers represents 
a replica of 500 ns length; P2, 4, 6, and 8 denote the random starting position of the ligand. The arrow highlights 
the frame with lowest RMSDd, whose configuration is depicted (in color) and overlaid to the docking pose (in 
grey) within the SaNSR binding site. The positions of the ligand in previous frames are also reported in terms of 
the centers of mass (spheres) in order to show the path leading to a bound state. Figure S2D shows the binding 
events for all the replicas of MD simulations performed. 

 

3.5 Biophysical validation 

Finally, for NPG9, STD NMR experiments were performed (Figure 6). The most intense STD 
NMR signals are observed for aromatic protons, and weaker signals for one NH proton and the 
aliphatic CH2 protons are detected. Due to an experimental artefact, CH3 protons were not 
considered [48]. These results demonstrate that the ligand is binding to SaNSR and are 
consistent with our binding mode model according to which the phenyl ring of NPG9 make 
interactions with SaNSR (Figure 4). 
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Figure 6. STD NMR of compound NPG9 in complex with SaNSR. (A) Reference 1D 1H NMR (STD-
off) spectrum and STD spectrum of a sample containing 1.8 mM of NPG9 compound (B) without and 
(C) with 18 µM of SaNSR protein. Assignment of the individual peaks for NPG9 is indicated by 
numbers from 1 to 8, color-coded according to the relative intensity of the STD signal from NPG9 
protons. Strong signals (red) for aromatic (positions 6, 7, and 8) and weak signals (orange) for one NH 
(position 5) and aliphatic CH2 protons (positions 2 and 3) were detected, which correlate with the 
proximity to SaNSR. Methyl protons (position 1) are affected by irradiation power spillover (as visible 
by strong signal in the absence of SaNSR protein in panel B), and one NH signal is not visible (position 
4) (both grey colored).  
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4. Conclusions 
In conclusion, we identified the first-in-class small-molecule inhibitors of SaNSR, belonging 
to three different chemotypes, of which the halogenated phenyl-urea derivative NPG9 is the 
most potent one. So far, no other biological activities have been reported for these compounds 
[49]. Co-administration with nisin yields increased potency compared to nisin alone in in vivo 
experiments with SaNSR-expressing bacteria. The minimal requirement for activity are a linear 
molecular shape and one or two hydrophobic regions separated by an amide-like group. STD 
NMR experiments demonstrate direct binding of NPG9 to SaNSR and are in accordance with 
a predicted binding mode. Together, these findings make these compounds interesting for 
further investigations, towards generating more potent inhibitors to overcome SaNSR-related 
lantibiotic resistance by small molecules. 
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