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Table 1 | Classification of selected bacteriocins  
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1.1.3 Receptors and docking molecules on target cells 
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Figure 1| Selected bacteriocins targeting the cell envelope of Gram-positive bacteria 
via specific receptors.  .��
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1.1.4 The LsbB bacteriocin family and RseP  
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1.2.1 The role of S2P and regulated intramembrane proteolysis in 
bacteria  
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Figure 3| S2P-mediated RIP signaling.��4�("	��	�	���� ��
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2. The purpose of this study and outline of the thesis  
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3. Main results and discussion  
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3.1 Engineered bacteriocins and their potential as novel 
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Figure 5 | Predicted structure of EfmRseP. �4��"	��
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3.3 Structural characterization of RseP: Challenges and 
opportunities  
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The Role of Site-2-Proteases in Bacteria: 
A Review on Physiology, Virulence, and 
Therapeutic Potential  
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Figure 2 |The role of S2P in RIP signaling mechanism in selected bacteria. �4 ("	�E. coli�
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RasP and resistance to antimicrobials in Bacillus spp.  
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Table 1 |  Suggested components of the RIP signaling pathway in selected bacteria �

Organism S1P Substrate  S2P Transcriptional 
regulation  

Function  Ref. 

B.  
bronchiseptica 

Unknown  HurR  HurP σHurI Iron acquisition  (10) 

B. subtilis 

Not 
required 

Pro-σK SpoIVFB σK Sporulation  (15, 
16, 
42) 

SipS and 
SipT  

RsiV RasP σV Lysozyme 
resistance  

(51, 
55) 

PrsW RsiW RasP σW Cell envlope 
stress response  

(87, 
90-
92) 

B. thuringiensis  SipP  RsiP  RasP  σP Resistance to a 
subset of β-
lactams  

(84, 
85) 

C. crescentus  PerP PodJS MmpA None Cell polarity  (8, 
95) 

C. difficile  Unknown  RsiV  RasP σV Lysozyme 
resistance  

(49) 

 
E. coli  

DegS RseA RseP σE Cell envelope 
stress response  

(18) 

Unknown  FecR RseP  σFecI Iron acquisition  (9) 
 
E. faecalis  

Unknown RsiV  RseP σv Lysozyme 
resistance   

(48) 

SPII Signal 
peptides  

RseP None Pheromone 
production  

(96-
99) 

L. 
monocytogenes  

Unknown  Signal 
peptides 

Eep None  Pheromone 
production  

(100) 

M. tuberculosis 

Unknown RslA,  Rip1 σL  
 

Regulation of 
membrane 
composition, 
virulence, stress 

(101) 

Unknown  RsmA,  Rip1 σM  
 

(101) 

Uknown  RskA Rip1 σK 
 

(101) 

Unknown  RsdA Rip1 σD (102) 

P. aeruginosa 

Unknown  FpvR RseP σFpvI and σPvdS 
 

Iron acquisition 
 

(71) 

Unknown FoxR RseP σFoxI 
 

(71) 

Unknown FiuR RseP σFiuI 
 

(71, 
73) 

Unknown HasS RseP σHasI (72) 
Unknown HxuR RseP σHxuI (72) 
DegS MucA RseP σ22 Alginate 

production  
(103) 
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P. putida Prc LutY RseP  σIutY Iron acquisition (73) 
S. aureus  Unknown  Signal 

peptides 
Eep None Peptide 

maturation,  
Virulence  

(104, 
105) 

Streptococcus Unknown Signal 
peptides 

Eep None  Signal peptide 
production 

(106-
108) 

V. cholera 

TsP TcpP RseP TcpP 
 

Downregulates 
toxin production 

(109, 
110) 

Unknown  ToxR RseP ToxR Downregulates 
toxin production 

(109) 

 

The role of S2P in bacterial  pathogenesis  
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MucP and mucoid production in Pseudomonas aeruginosa  
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Rip1 and virulence in Mycobacterium tuberculosis  
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Targeting S2P in the context of antimicrobial therapy  
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Staphylococci are a diverse genus of Gram-positive bacteria, commonly found in the microbiota of skin and 
mucosal membranes of humans. Generally, staphylococci are divided into two groups: coagulase-negative (CoNS) 
and coagulase-positive staphylococci (CoPS), depending on the production of the clotting enzyme coagulase. 
For decades, the CoPS Staphylococcus aureus has been recognized as an important human pathogen, while CoNS 
have been considered commensal and regarded as mere contaminants when found in samples from  infections1,2. 
Today, CoNS are recognized as major opportunistic nosocomial pathogens, particularly causing infections in 
immunocompromised patients and patients with indwelling medical  devices3,4. Among CoNS, S. haemolyticus 
is receiving increased attention as a nonconical pathogen, being the second most frequently isolated CoNS in 
clinical  settings1,5.

Compared to the more virulent S. aureus, few virulence characteristics have been determined as crucial for 
S. haemolyticus infections. One of these is its multidrug-resistant (MDR)  phenotype6–8. Clinical isolates of S. 
haemolyticus are ranked as the most antibiotic-resistant CoNS, and they have frequently been reported as resist-
ant to last-line antibiotics such as glycopeptides, making treatment options  limited1,9,10. A variety of mechanisms 
contribute to the acquisition of antibiotic resistance. Notably, the S. haemolyticus genomes contain multiple inser-
tions and single nucleotide polymorphisms (SNPs), allowing frequent genetic  rearrangements3,8. The extreme 
genome plasticity likely allows S. haemolyticus to acquire antibiotic-resistant genes from its environment, often 
resulting in MDR hospital-adapted  clones8. Equally significant is the horizontal gene transfer of antibiotic-
resistance genes from S. haemolyticus to S. aureus strains observed in hospital outbreaks of methicillin-resistant 
S. aureus (MRSA), indicating that S. haemolyticus may act as a reservoir for resistance genes in  hospitals11–13.

The ability to form biofilms and adhere to medical devices is another crutial virulence factor in S. haemolyti-
cus  infections14. Biofilm formation allows microbial adhesion to biotic and abiotic surfaces, as well as shielding 
the bacteria from the host immune response and  antibiotics15. Biofilm formation on indwelling medical devices 
is a major concern, as the increased antibiotic resistance makes infections more difficult to treat, often leaving 
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surgical removal of the device as the only  option14,15. There is limited knowledge about the molecular mechanisms 
underlying the formation of S. haemolyticus biofilm. However, their primary importance in infections is evident. 
Compared to the polysaccharide biofilms formed by S. epidermidis, S. haemolyticus forms biofilms mainly com-
posed of proteins and  DNA6. The ability to form biofilms combined with their high degree of MDR makes infec-
tions caused by S. haemolyticus increasingly challenging to combat. Due to their ability to form biofilms, persist 
and thrive in the hospital  environment16, S. haemolyticus strains are emerging as a severe nosocomial threat.

To better control the increasing number of MDR pathogens, novel treatment options are needed. In this 
context, bacteriocins are receiving increased scientific and medical interest. Bacteriocins are small ribosomally 
synthesized antimicrobial peptides which are produced by bacteria to compete with other bacterial species for 
nutrients and ecological niches. Bacteriocins are generally believed to be produced by most bacteria, with the 
Staphylococcus genus being no exception. Several bacteriocins produced by staphylococci show prominent anti-
staphylococcal and bacteriolytic  activities17.

Compared with traditional antibiotics, bacteriocins have several advantages, including low toxicity (par-
ticularly those expressed by lactc acid bacteria (LAB)), the ability to be bioengineered and high  efficacy18. The 
high potency of bacteriocins has been demonstrated both in vitro and in vivo. Notably, bacteriocins exhibit high 
activity towards several clinically important species, including Streptococcus pneumonia19,  MRSA17,20, Clostridium 
difficile21,22 and vancomycin resistant enterococci (VRE)23,24, thereby underlining the potential of bacteriocins 
as antimicrobial therapeutics. More importantly, bacteriocins have different modes of action than traditional 
antibiotics, making them active against MDR  pathogens18.

Leaderless bacteriocins are synthesized without an N-terminal leader sequence and contain no post-trans-
lational modifications. This, along with their relatively small size (30–50 amino acids), makes them ideal for 
synthetic production. Enterocins K1 and EJ97 are two leaderless bacteriocins with potent and specific activity 
towards enterococcal species through an interaction with the membrane-bound site-2-protease RseP (Regulator 
of Sigma-E Protease)23. RseP is a virulence  factor25,26 involved in the stress response and processing of signaling 
peptides in several  bacteria27–30, thus serving as a potential antimicrobial target. It is proposed that EJ97 and 
K1 interact specifically with RseP to create pores in the cell membrane, thereby leading to disrupted membrane 
integrity and cell  death23. In the present study, we designed a novel hybrid bacteriocin designated Hybrid 1 
(H1), which is composed of the N-terminal half of Enterocin K1 and the C-terminal half of Enterocin  EJ9723,31. 
Here we show that RseP serves as the receptor for H1 and that the hybrid bacteriocin has superior antimicrobial 
properties towards clinical S. haemolyticus isolates when compared with the parental bacteriocins. Moreover, we 
demonstrate that H1 acts synergistically with the broad-spectrum bacteriocins garvicin KS and micrococcin P1, 
not only to kill planktonic and biofilm-associated S. haemolyticus cells but also to prevent resistance development.

Previous studies have indicated that 
the generation of hybrid bacteriocins can be an effective way to create novel antimicrobials with new and/or 
improved  properties32–34. Inspired by these works we created a hybrid bacteriocin, called H1, formed by two 
sequence related enterocins: K1 and EJ97, the former being most active against E. faecium while the latter being 
most active against E. faecalis. H1 contains the N-terminal half of K1 and the C-terminal half of EJ97, sequence 
and predicted  structure23,35, guided by the NMR data of K1, is shown in Fig. 1. When testing the antimicrobial 
activity against a panel of 50 bacteria from different genera and species (Table S1), the hybrid bacteriocin dis-
played good activity against selected species within the genera Staphylococcus and Streptococcus. Within the 

Figure 1.  Predicted Structure and amino acid sequence of the hybrid bacteriocin and its parental bacteriocins. 
The predicted structure of the hybrid bacteriocin 1 (H1), formed by the N-terminal part of K1 (green) and the 
C-terminal part of EJ97 (orange). The central tripeptide sequence (YEI—underlined) in K1 and EJ97 serves as 
the joining segment in the fusion protein. The structure of H1 was modeled based on the NMR structural data 
of  K123 using the structure prediction tool Swiss  model35.
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former genus, it is interesting to note that H1 displayed increased activity against S. epidermidis and S. haemo-
lyticus, compared with the parental bacteriocins. In addition, all three bacteriocins showed weak or no effect on 
S. aureus, S. arlettae and S. simulans; whereas EJ97 and H1 displayed a comparable antimicrobial effect against 
S. hominis. Similarly, among streptococci, H1 showed increased activity against S. thermophilus and S. uberis, 
but no activity against S. dysgalactiae. None of the bacteriocins had activity against Gram-negative bacteria 
(Table  S1). Because of the superior effect of H1 against the important human pathogen S. haemolyticus, we 
focused further on the activity of H1 on this species.

To examine whether the activity of H1 was strain-depedent, a collection of 27 clinical and commensal S. 
haemolyticus strains derived from blood, urine and wound-associated infections were tested (Table S2). Using 
the spot-on-lawn assay, H1 was found to have better activity (i.e., larger inhibition zones) for 74% of the tested 
S. haemolyticus strains compared to K1 or EJ97 (Table 1). However, development of resistant colonies was 
observed within the inhibition zones for all 27 strains after a 24 h incubation (Table 1). Using the microtiter plate 
assay to follow the antimicrobial dynamics, H1 had minimum inhibition concentrations  (MIC50) in the range 
0.1–0.78 mg/ml against the different S. haemolyticus strains after 5 h of incubation (Table S2) but resistance to 
H1 was progressively observed after 24 and 48 h incubation (data not shown).

Previous studies have shown that the enterocins K1 
and EJ97 require the membrane-bound protease RseP to recognize and kill enterococcal  cells23. It is logical to 
assume that H1, a hybrid of K1 and EJ97, targets the same receptor. To test this, we heterologously expressed the 
S. haemolyticus RseP in Lactobacillus plantarum  WCFS136, which is resistant to the enterocin H1. As expected, 
L. plantarum expressing the S. haemolyticus rseP, showed sensitivity comparable to the parental S. haemolyticus 
strain, while L. plantarum harbouring the empty vector (pEV) was resistant to H1 (Fig. S1; Table 2).

rseP Although the 
role of RseP in the sensitivity of S. haemolyticus towards H1 was evident, we sought to confirm whether muta-
tions were within rseP among the H1-resistant mutants. The rseP gene was therefore sequenced in a pool of 

Table 1.  Inhibition spectrum of K1, EJ97 and H1 as assessed by the spot-on-lawn assay against 27 
Staphylococcus haemolyticus strains. *Mutants observed after 24 h. 5 μl of each bacteriocin at 1 mg/ml was used 
in the spot-on-lown assay. Average Inhibition score (n = 3) indicates: “−” = No inhibition; “+” = Unclear zone; 
“++” = zone < 1 cm, and “+++” = zone ≥ 1 cm. **Strains where H1 resistant mutants where isolated from 1 mg/
ml spot-on-lawn inhibition zone.

S. haemolyticus strains
Bacteriocins (*)
K1 EJ97 H1

4068** – ++* +++*
4069** – ++* +++*
4070** – ++* +++*
4071** – ++* +++*
4072** – ++* +++*
4073** – ++* +++*
7067_4_56 – ++* +++*
7068_7_63 – ++* +++*
7067_4_66 – ++* +++*
7067_4_49 – ++* +++*
7067_4_84 – ++* +++*
7067_4_67 – ++* +++*
7067_4_71 – +++* +++*
7067_4_28 – +++* +++*
7067_4_48 –  + +++*
7067_4_21** – ++* +++*
7067_4_60** ++ +++* +++*
SH46 – ++* +++*
SH01 – +++* +++*
SH09 –  + +++*
SH04 – +++* +++*
SH10 + +++* +++*
SH47 + +++* +++*
SH14** – ++* +++*
SH20** + ++* +++*
7067_4_39** – + +++*
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14 randomly selected H1-resistant mutants of S. haemolyticus. Surprisingly, only two mutants (4070 10_2 and 
4071 1_4) had mutations within rseP, both with amino acid substitutions. In contrast, no mutation within rseP 
was found for the remaining H1-resistant mutants.To solve this puzzle, we performed whole-genome sequenc-
ing (WGS) on five additional H1-resistant mutants and the respective wildtype (WT) counterparts (Table 3). 
Surprisingly, four sequenced mutants contained mutations within the genes ecsAB, encoding subunits of the 
ATP-binding cassette (ABC) transporter  Ecs37,38. The Ecs ABC transporter is known to be tightly connected with 
RseP in a secretory pathway in aerobic and facultative anaerobic Firmicutes, including  staphylococci39,40. The last 
mutant contained a frame-shift mutation within rseP resulting in a truncated product (Table 3).

The frequent resistance to H1 
observed above, prompted us to investigate its synergistic effects in combination with other bacteriocins. To 
this end, the bacteriocins micrococcin P1 (MP1) and garvicin KS (GarKS) were chosen as they have been used 
in synergy studies  before20,41. MP1 is a thiopeptide inhibiting protein  synthesis42–45, while GarKS is a three-
peptide bacteriocin with a yet unknown mode of  action46. We initially evaluated the antimicrobial activity of 
the two bacteriocins against the six S. haemolyticus strains isolated from leprosy-associated plantar skin ulcers 
(4068–4073). For comparison, we also included the parental bacteriocins EJ97 and K1. We used the spot-on-
lawn assay where these strains were challenged with three different concentrations of each antimicrobial (0.04, 
0.2 and 1.0 mg/ml). As shown in Fig. 2, MP1 gave clear inhibition zones at all three concentrations while H1 
gave inhibition only at the two highest concentrations. For GarKS and EJ97, some inhibition was seen only at the 
highest concentration. K1 did not result in any inhibition.

To investigate whether there was synergy between the three bacteriocins (H1, GarKS and MP1), a checkboard 
antimicrobial assay was performed. The selected strains were treated for 5, 24 and 48 h with a range of concentra-
tions of H1, GarKS and MP1 alone or in different combinations. The results are summarized in Fig. 3 and further 
details on individual  MIC50 values for the tested strains can be found in Table S3. After a 5 h incubation, MP1 
showed the strongest antimicrobial activity, with  MIC50 values ranging between 0.02 and 0.15 μg/ml, whereas 
H1 had a  MIC50 of 0.78 μg/ml against all strains. Consistent with the antimicrobial test in Fig. 2, GarKS was the 
least active bacteriocin, with  MIC50 values ranging between 3 and 24 μg/ml (Fig. 3; Table S3).

The prolonged exposure for 24 and 48 h resulted in a progressive increase in the  MIC50 values for all treat-
ments, a sign of resistance development. In agreement with the results above, H1 alone readily led to the genera-
tion of resistance among all tested strains (Fig. 3; Table S3). On the other hand, while the double combinatorial 
treatments (GarKS/MP1; H1/GarKS; H1/MP1) did not significantly increase the antimicrobial activity of the 
bacteriocins, combining all three bacteriocins (called the tricomponent combination) efficiently inhibited the 
microbial growth at all time-points. Interestingly, treatment with the tricomponent combination led to contained 
 MIC50 values, with reduced inter-strain variability and displayed no sign of resistance development (Fig. 3). This 
was particularly evident at the 24 and 48 h time-points compared to the other treatments (Table S3).

Taken together these data indicate that the tricomponent combination had not only a superior antimicrobial 
activity but was also able to prevent resistance development.

Table 2.  Minimal inhibitory concentration (MIC) values (μg/ml) of H1 towards different L. plantarum strains.

Strain Relevant characteristics H1 (μg/ml)
L. plantarum WCFS1 WT of host strain > 50
L. plantarum WCFS1/pEV Expressig empty vector > 50
L. plantarum WCFS1/pSIP401_SHRseP Expressing RseP from S. haemolyticus 7067_4_21 0.39

Table 3.  Whole genome sequencing of selected H1 resistant mutants. *: Intact gene, c: Coding DNA, p: 
Protein, del: deletion, fs: frameshift, >: Substitution, ins: Insertion, dup: duplication.

H1 resistant S. haemolyticus isolate
Mutations*
rseP escAB

7076_4_21 M1 – escB: c.855delT
p.Phe285fs

7076_4_21 M2 – escB: c.855delT
p.Phe285fs

4069 M3 – ecsA: c.113G>A
p.Gly38Asp

4071 M3 c.1136_1139dupGTGG 
p.R381fs –

4072 M3 – ecsB: c.51_52insT
p.Lys18fs
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S. haemolyticus The ability to form 
biofilms is a widespread virulence factor among CoNS; it is significantly associated with the colonization of pros-
thetic implants, increased antimicrobial resistance and therapeutic  failure47. Among S. haemolyticus the genetic 
elements conferring adhesive properties and ultimately the ability to form biofilms are widely  distributed48,49. 
In order to assess whether our clinical S. haemolyticus strains were indeed able to form biofilms in vitro, we 
performed a crystal violet assay on biofilm-associated  cells50. Twelve S. haemolyticus isolates were included in 
the study, six of which were isolated from leprosy-associated skin ulcers in India (4068–4073), four were isolated 
from bacteremia patients and two were commensial isolates. We also included the methicillin-resistant S. aureus 
strain USA300 and a leprosy-associated S. arlettae strain as controls for a strong and a poor biofilm-former, 
respectively (Fig. S2)41,51. Using the crystal violet assay, the strong biofilm-former S. aureus USA300 produced 
an average OD value of over 3 (cut-off value for biofilm formers = 1), while the poor biofilm-former S. arlettae 
gave an average OD value of 0.5. All S. haemolyticus strains formed biofilms comparable to that of S. aureus 
USA300, except 7067_4_60 which produced an average OD value of 2 (Fig. S2). These results indicate that most 
pathogenic S. haemolyticus strains are strong biofilm-formers.

Given the strong antimicrobial effect of the tricomponent combination identified above, we wanted to exam-
ine its efficacy against biofilm-associated S. haemolyticus cells. We used a modified version of the biofilm-oriented 
antimicrobial test (BOAT)52,53 which allows the quantification of the metabolic activity (via the metabolic indica-
tor triphenyl-tetrazolium chloride) within residual live cells within the biofilms after antimicrobial treatment. To 
do this, the S. haemolyticus biofilms were first allowed to form for 24 h, then the biofilms were treated with the 
antimicrobials for 5, 24 or 48 h, before the BOAT assay was performed (Fig. 4A; Fig. S3). We exposed biofilm-
associated cells to a serial dilution of the tricomponent combination, starting with the highest concentrations 
(D0) being 625 μg/ml for H1 and garvicin KS and 62.5 μg/ml for micrococcin P1. These high values were 100 
times higher the  MIC50 values for planktonic cells, accounting for the higher resilience to antimicrobial treatment 
of biofilm-associated  cells15,41,54. After 5 h the metabolic activity of all tested strains was very low or undetectable 
at all dilutions, except for 4069, which showed a residual metabolic activity at the highest dilution factors (D6 
and D7) (Fig S3A). After a prolonged incubation for 24 and 48 h, most strains showed resilience but only at the 
lowest concentrations D5 and D7. For strains 4071–4073, 7068_4_63 and SH14, little or no metabolic activity 
was seen at all dilutions (Fig. 4A; Fig. S3B).

Bacterial cells can remain dormant (with very low or no metabolic activity) within the  biofilms55,56. If this 
was the case in our biofilm settings, these cells would be overlooked by the BOAT assay. To examine this issue, 
biofilm-associated S. haemolyticus cells were treated with the tricomponent combination at concentration D0 
(e.g. 625 μg/ml for H1 and garvicin KS and 62.5 μg/ml for micrococcin P1) for 24 h. This was followed by CFU 
counting to identify potential survinving cells in the treated biofilms. As shown in Fig. 4B, this treatment led 

Figure 2.  Comparison of the antimicrobial activities of the bacteriocins against S. haemolyticus. The 
antimicrobial activity of the indicated bacteriocins was assessed by “spot-on-lawn” assay against six S. 
haemolyticus strains, 4068–4073. The bacteriocins were applied at three different concentrations (0.04, 0.2, 
and 1.0 mg/ml), and 5 μl of each was spotted on the lawns of the S. haemolyticus strains. All strains developed 
resistance to H1 after 24 h incubation, as illustrated for strains 4070 and 4073.
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Figure 3.  Boxplot of minimal inhibition concentrations (μg/ml) for the treatment with H1, garvicin KS, 
micrococcin P1 and their combinations against planktonic S. haemolyticus. The median distribution is indicated 
as thick line within boxes and the degree of variability (amplitude of the box or inter quartile region (IQR)) of 
the  MIC50 values for the indicated strains obtained at three different time points: 5 h, 24 h and 48 h. Whiskers 
extending out the boxes mark the minimum and maximum observed values and the variability outside the 
middle 50% of values (whisker length). Outliers are represented as values that extend out of the whisker limit 
(1.5×IQR). Note that the treatment with the tricomponent combination (H1/GarKS/MP1) led to contained 
MIC values and inter-strain variability compared to the other treatments at all time-points. (*)Please note that 
for the treatment with H1 all strains were sensitive after a 5 h incubation  (MIC50 = 0.78 μg/ml); (**) all strains 
were resistant after a 24 h incubation, except 4069  (MIC50 = 0.78 μg/ml); all strains were resistant after a 48 h 
incubation.
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Figure 4.  The tricomponent antimicrobial combination effectively inhibits the metabolic activity and viability of S. 
haemolyticus biofilm-associated cells in vitro. (A) The left panels show representative images of BOAT assays performed upon 
24 h treatment with the tricomponent combination (HGM: H1, GarKS, MP1) for the indicated strains. The concentration (μg/
ml) of the individual antimicrobials in the dilutions (dilution factors: D0 to D7) is indicated on the far left of the images. As 
controls, the assay was performed using the vehicles at their final concentrations (Ctrl). The development of red color indicates 
the retention of metabolic activity, and its quantification was performed by spectrophotometry at  OD492. Metabolic activity 
values were plotted as a function of the dilution factor for the antimicrobial combination (right panel). Shown is the median 
distribution (thick line within boxes) and the degree of variability (amplitude of the box or inter quartile region (IQR)) of 
the metabolic activities for the indicated strains measured at increasing dilution factors (D0–D7). The boxplot components 
(whiskers and outliers) are displayed as specified in Fig. 3. Note that the treatment maintained the metabolic activitiy under 
detectable levels up to D6 for most strains. (B) The logarithmic colony formation unit  (Log10CFU) was calculated after the 
BOAT assays were performed for the indicated strains. BOAT assays were performed as in (A), and the boxplot shows the 
median distribution of the  Log10CFU values. The antimicrobial concentrations in the tricomponent combination were 625 μg/
ml for H1 and garvicin KS and 62.5 μg/ml for micrococcin P1. The control was performed by using the antimicrobials vehicles 
at their final concentration. (C) The S. haemolyticus strain 4069 was allowed to form biofilms on glass-bottomed chambers for 
24 h, prior to treatment with the indicated antimicrobials (lower set of panels) or the respective control-vehicles (upper set 
of panels) as detailed in (B). The biofilms were subsequently stained using the LIVE/DEAD biofilm staining kit and confocal 
microscope images were taken using a 63 × oil immersion objective. Scale bars correspond to 10 μm.
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to a dramatic and statistically significant (p < 0.0001) reduction of the biofilm-associated cell viability, with 
a drop in  Log10CFU values ranging between 3.3 and 3.8 compared with the non-treated control for all six S. 
haemolyticus strains. These results were further confirmed by LIVE/DEAD biofilm staining followed by confocal 
microscopy analysis (Fig. 4C) which indeed showed only dead (red) cells within the biofilms when treated with 
the tricomponent combination. On the other hand, mixtures of live (green) and dead cells were observed when 
treated with the single antimcrobials. It is interesting to note that the treatment with H1 led to the killing of the 
bacterial cells in the deepest layers of the biofilm while preserving the cell viability in upper layers. This effect 
could not be observed for GarKS and MP1, possibly reflecting a mode of action and/or pattern of penetration 
within the biofilm specific for H1.

In this study we described the generation of a hybrid bacteriocin (H1) obtained by the fusion of the N- and 
C-terminal parts of the enterocins K1 and EJ97, respectively. The resulting H1 shows much better activity against 
the important human pathogen S. haemolyticus compared with EJ97 and especially K1 (Table 1). Both parental 
enterocins are class-II leaderless antimicrobial peptides. They share high sequence homology with each other 
and both use the membrane-bound RseP as a receptor on target  cells23. We have previously shown that within 
the LsbB-group which contains LsbB, EJ97 and K1, the C-terminal part of these bacteriocins dictates their target 
specificity while the N-terminal part contains an amphiphilic alpha-helix which likely has the pore-forming 
 function23,57–60. Since H1 was composed of the C-terminal half of EJ97 and the N-terminal half of K1, it is rea-
sonable to think that the hybrid bacteriocin would have an inhibition spectrum similar to EJ97. This notion was 
generally in line with the result presented in Table S1 which showed an overlapping inhibition spectrum between 
H1 and EJ97. Nevertheless, there were some few important differences: H1 displayed an activity against certain 
strains of B. cereus, C. pisciola, L. garvieae and S. arlettae that overlapped with K1. On the other hand, compared 
to both parental enterocins, H1 showed a higher activity against members of the genera Staphylococcus (S. aureus, 
S. epidermidis and S. haemolyticus) and Streptococcus (S. termophilus and S. uberis) (Table S1). This indicates that 
the K1’s N-terminal half in H1, to some extent, also modulates the specificity of H1. Importantly, our analysis 
on 27 clinical S. haemolyticus strains indicated that the antimicrobial activity of K1 and EJ97 was highly strain-
dependent, whereas H1 retained a high level of antimicrobial activity against all S. haemolyticus strains (Table 1).

It is worth mentioning that another hybrid peptide (H2) with an inverse order to H1 was also made, i.e., with 
an N-terminal half from EJ97 and a C-terminal half from K1. However, unlike H1, the inverted peptide showed 
in general very low activity (data not shown), and therefore no further analysis was carried on this version. At 
present, we do not know why H2 had low antimicrobial activity, but this is beyond the scope of the present study.

Despite the increased activity against S. haemolyticus, the antimicrobial potential of H1 was unfortunately 
hampered by the rapid development of resistance. Previous studies highlighted that multicomponent antimi-
crobial combinations offer a superior efficacy in terms of antimicrobial activity and prevention of resistance 
 development20,41,61,62. In this study, we assessed the efficacy of H1 in combination with garvicin KS and micro-
coccin P1. The former is a multi-peptide bacteriocin composed of three non-modified peptides and belongs to 
the leaderless family of bacteriocins (class IId)46. Its mode of killing has not been elucidated in detail. However, 
it is supposed to disrupt the cell membrane integrity leading to the leakage of intracellular fluids, followed 
by cell lysis and death (unpublished data). On the other hand, micrococcin P1 belongs to a class of microbial 
ribosomally-synthesized and post-translationally modified peptides (RiPPs) known as  thiopeptides63; a group of 
protein synthesis  inhibitors42–45. The combination of H1 with garvicin KS and micrococcin P1 elicited a signifi-
cant reduction of the antimicrobial concentrations required to effectively inhibit the growth of both planktonic 
and biofilm-associated S. haemolyticus cells.

Consistent with our recent study on S. aureus  biofilms41, a discrepancy between the inhibition of biofilm-
associated metabolic activity and cell viability could be observed. Indeed, treatments that led to a complete 
abolishment of metabolic activity did not translate directly into a corresponding annihilation of the cell viability 
quantified by CFU counting. A likely explanation for such an effect is biofilm-associated cell dormancy. Bacterial 
dormancy is a well-documented phenomenon, which significantly contributes to the long-term persistence of 
bacterial  cells55,56. The dormant phenotype is characterized by low levels of metabolic activity, which confers the 
reduced susceptibility to antimicrobials as most antibiotics only attack active metabolic pathways such DNA, 
RNA, protein, cell wall  synthesis56,64. Therefore, it is conceivable that if persister cells do exist within the biofilms 
in our model, their metabolic activity might not be tracked in the BOAT assays; however, metabolic reactivation 
will occur once cells are transferred to an appropriate growth-promoting  environment65,66.

Bacteriocin-based antimicrobial combinations have been widely explored against a variety of pathogenic 
bacteria, including biofilm-forming  strains67,68. However, these studies primarily focused on investigating the 
interaction between bacteriocins and different classes of antibiotics or other bioactive  molecules68–72. Recently, 
also garvicin KS and micrococcin P1 have been tested in combination with penicillin G against MRSA, showing 
a potent antimicrobial  activity20,41. To our knowledge, the antimicrobial combination described in the present 
work is the first bacteriocin-based and antibiotic-free example. In our view, this has a significant advantage as 
it complies with the health authorities’ general recommendations: namely to reduce or, where possible, avoid 
the use of antibiotics to treat bacterial infections. Similar recommendations were set by the European Commis-
sion (2015/C 299/04) also in veterinary medicine, particularly in the food production chain. In treating certain 
medical conditions, such as mastitis in dairy cows, antibiotic therapy will result in drug accumulation into the 
milk, leading to short-term withdrawal of milk from antibiotic-treated cows and as a consequence, significant 
economic loss for farmers. Thus, our bacteriocin-based and antibiotic-free approach can be a valuable solution 
in this context.
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Our complementation studies using L. plantarum confirmed that RseP was indeed the target for H1 on the S. 
haemolyticus cells and was essential for its antimicrobial activity. Therefore it was very surprising to reveal that 
most S. haemolyticus H1-resistant mutants did not possess a disruptive mutation within the rseP gene. By WGS, 
we found that 4 out of 5 mutants contained mutations in the ecsAB gene pair, which encodes components of the 
ATP-binding cassette (ABC) transporter Ecs. The fact that mutations accumulated within the ABC transporter 
abolished the sensitivity to H1 might indicate a molecular link between Ecs and RseP. Interestingly, similar 
observations have also been found in other studies. In Bacillus subtilis the perturbation of the ecsAB gene locus 
leads to the disruption of RasP function (RasP is a RseP homolog). In addition, inactivation of rasP led to an 
overlapping phenotype with B. subtilis strains carrying mutations in ecsA39. In Enterococcus faecalis, EcsAB and 
Eep (the enterococcal homolog of RseP) are functionally connected in a quorum sensing pathway involved in 
 conjugation73. Eep is responsible for the processing of several pheromone precursors, including cCF10, cAD1 
and  cAD130,74, and the secretion of the mature sex pheromones is then mediated by  EcsAB73, resulting in the 
conjugative transfer of mobile genetic elements; including antibiotic resistance determinants 30,75. Similarly, 
the inactivation of an Eep-like metalloprotease in Streptococcus gordonii abolishes the secretion of the cAM373 
 pheromone76. Based on these similarities, it is tempting to speculate that a similar mechanism is involved in 
the H1-resistant S. haemolyticus ecs mutants. In such a model as depicted in Fig. 5A, EcsAB is working down-
stream of RseP, to export an unknown product provided by RseP. Mutations in rseP will destroy its receptor 
function thereby allow cells becoming resistant to H1 (Fig. 5B). Mutations in ecsAB will entail the accumulation 
of RseP-processed peptides in the cell membrane that may affect, in a feedback maner, the functionality of RseP, 
ultimately rendering RseP no longer suitable as the bacteriocin receptor (Fig. 5C). This model can also probably 
be applied to enterococci, since E. faecalis mutants which are resistant to EJ97 contain mutations either within 
ecsAB or rseP; however, a much higher frequency was observed in the  latter77. Therefore, it was unexpected to find 
high frequency of mutations in ecs relative to rseP in S. haemolyticus. The molecular nature behind the different 
mutation rates in rseP and ecsAB between these two pathogens is unknown, yet it might reflect the different roles 
of RseP in these two pathogens. Undoubtfully, the role of RseP and its connection with the Ecs system deserves 
further investigation in future studies.

Figure 5.  Proposed model for the EcsAB mediated H1-resistance in S.haemolyticus. (A) RseP is a inner-
membrane protease working together the ABC-transporter EcsAB to cleave the hormone prepeptide (Prephero) 
and export the mature hormone peptide (Phero) to the external milieu. RseP is acting also as the receptor for 
the bacteriocin H1 which forms pores and causes lethal cellular leakage across the membrane. (B) When rseP is 
mutated resulting in a non-functional receptor (RseP with glow), cells become resistant to H1. (C) When the ecs 
system is mutated, the malfunctional ABC transporter can no longer export the hormone peptide. This jammed 
situation of hormone prepeptide/peptide within the membrane results in a feedback (FB) loop somehow causing 
RseP inactivity. An inactive RseP (RseP with glow) loses its function as a bacteriocin receptor, and cells therefore 
become resistant to H1.
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The high degree of genome plasticity of S. haemolyticus3 allows this bacterium to readily acquire resistance 
mehcanisms toward many different antibiotics. Here we demonstrated that using multiple bacteriocins with dif-
ferent modes of action can overcome the resistance problem in S. haemolyticus. The tricomponent combination 
with the bacteriocins H1, MP1 and GarKS proves effective both against planktonic and biofilm-associated cells, 
the latter being much troublesome in therapeutic treatment due to the protective biofilm layers. Our data indicate 
that the antimicrobials in the mixture were able to peneterate the protective biofilm layer and kill the bacterial 
cells hiding underneath. Antimicrobial peptides are ubiquitous in nature, and they are very diverse in terms of 
amino acid sequence, structure, modification, and mode of action. By genetic means, or by de novo synthesis, 
new hybrid antimicrobial peptides can be easily made to improve potency and/or alter target specificity, as 
demonstrated in the present study with H1. This approach can be a precious path to create novel antimicrobials 
and combat bacterial infections and antibiotic resistance.

Bacterial strains used in this study are listed in Tables S1, 
S3 and S4. The following strains were cultivated in Brain heart infusion (BHI) broth (Oxoid): all indicator strains 
(30 °C, with shaking), all clinical S. haemolyticus isolates (Table S2) and Escherichia coli (DH5α, TG1) (37 °C, 
with shaking). Lactobacillus plantarum (WCFS1) was cultivated in MRS broth (Oxoid) at 37 °C without shak-
ing. Agar plates were prepared by supplementing the appropriate broth with 1.5% (w/v) agar (VWR chemicals). 
When appropriate, erythromycin was added to a final concentration of 200 μg/ml for E.coli and 10 μg/ml for L. 
plantarum.

Bacteriocins used in this study are listed in Table S5.  K123,  EJ9731, 
H1 and garvicin KS peptides (Gak-A, -B and -C)46 were synthesized by Pepmic Co., Ltd, China, with > 95% 
purity. These bacteriocins were all solubilized in 0.1% (vol/vol) trifluoracetic acid (TFA; Sigma-Aldrich). Micro-
coccin  P178 was purchased from Cayman Chemical, Michigan, USA  with3 95% purity and solubilized in a 50% 
(v/v) mixture of isopropanol (Merck) with 0.1% (v/v) TFA (Sigma-Aldrich) at a stock concentration of 1 mg/ml.

A semi-quantitative spot-on-lawn inhibitory assay was performed on 51 bacterial indicator strains (Table S1) 
to determine the bacteriocins inhibition spectra. Overnight cultures were diluted 1:100 in BHI soft agar and 
distributed on BHI agar plates. Once solidified, bacteriocins with various concentrations were applied on desig-
nated spots. The plates were incubated at appropriate temperature O/N and inhibition zones were measured the 
following day. To determine minimal inhibitory concentration  (MIC50) of H1 against clinical S. haemolyticus 
isolates (Table S2), as well as strains heterologously expressing RseP (Table S4), the microtiterplate antimicrobial 
assay was performed as previously  described41,79.  MIC50 was defined as the minimal bacteriocin concentration 
needs to inhibit the growth of a bacterial strain by at least 50%.

Synergistic interactions between antimicrobials were determined using the fractional inhibition concentra-
tion (FIC) as previously  described80. The FIC values were determined using a mirotiterplate checkerboard assay. 
Briefly, antimirobial A was applied in wells A1–H1 then diluted two-fold in wells 2–12. In a second microtiter 
plate, antimicrobial B was applied in wells A1–A12, then diluted two folds in wells B–H. Fifty μl of the serial 
diluted antimirobial A was transferred to the wells of a third microtiter plate, except for wells H1–H12. Similarly, 
50 μl of the serial diluted antimicrobial B was transferred to the same microtiter plate, except for wells A1–A12. 
Wells H1-12 and wells A1-12 contained only one of the antimicrobials and was used to estimate the MIC value 
of the pure substance. After combining the antimicrobials, 100 μl of a 1:25 diluted O/N of S. haemolyticus was 
transferred to each well of the third microplate, while 50 μl of medium was added to wells H1-12 and A1-12. The 
plates where incubated at 37 °C for 5, 24 or 48 h before the MIC values were scored. FIC values were calculated as 
follows: FIC = FICa + FICb + FICc, where the FICa means MIC of A in combination/MIC of A alone, FICb means 
MIC of B in combination/MIC of B, and FICc means MIC of C in combination/MIC of C alone. Effects were con-
sidered as synergistic if FIC was ≤ 0.5 for two components  mixture81 and ≤ 0.75 for three components  mixture82.

During the spot-on-lawn inhibitory assay on plates, H1-resistant S. 
haemolyticus isolates were observed within the inhibition zones. Resistant colonies within the inhibition zones 
with various H1-concentrations (1  mg/ml or 10  mg/ml) were re-streaked to obtain pure colonies. Glycerol 
stocks (15% glycerol v/v) of the pure cultures were made and stored at − 80 °C until use.

For rseP sequencing, rseP was PCR amplified using pure colonies or gDNA isolated 
from H1-resistant S. haemolyticus strains as a template. gDNA was isolated from the resistant mutants using 
NucleoSpin Genomic DNA kit from Microorganisms (Macherey–Nagel). rseP was amplified using Q5 Hot Start 
High-Fidelity DNA polymerase (New England Biolabs). PCR amplicons were purified using NucleoSpin Gel and 
PCR clean-up kit (Macherery-Nagel), sequenced at Eurofins GATC, Germany, and analysed using CLC Main 
Workbench (Qiagen) (https:// digit alins ights. qiagen. com). Primers used for sequencing and PCR amplification 
are listed in Table S6. For whole genome sequencing, genomic DNA was sequenced using Illumina Next Gen-
eration Sequencing. Contigs were assembled using Unipro  UGENE83, while SnapGene software (GSL Biotech), 
Blast (NCBI) and UniProt was applied in further downstream analysis.

rseP rseP (Uniprot: Q4L5W4) derived from S. haemolyticus 7067_4_21 
was heterologously expressed in the naturally H1-resistant L. plantarum  WCFS136 using the vector pSIP expres-
sion  system84,85. First, pLp1261_InvS, a pSIP401  derivative84,86, was linearized using FastDigest Restrictiction 
Enzymes NdeI and Acc65I (ThermoFisher Scientific) to isolate the vector part. Second, rseP was amplified by 
PCR using specially designed In-Fusion Primes (Table S6), giving amplicons with complementary ends to the 
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linearized vector. The In-Fusion HD cloning Kit (Takara Bio) was used to fuse rseP into the linearized vector, 
yielding pSIP401_SHRseP. The plasmid was subsequently transformed to E.coli TOP10 (ThermoFischer Sci-
entific). Plasmid DNA from E. coli was isolated using NucleoSpin Plasmid Kit (Macherey–Nagel). The DNA 
sequence of all PCR amplified fragments was verified by sequencing at Eurofins GATC, Germany, and before 
being electroporated into L. plantarum WCSF1 following the procedure described by Aukrust and  Blom87.

A microtiter dish biofilm formation assay was performed to determine the bio-
film forming ability of S. haemolyticus strains. Briefly, the optical density measured at 600 nm  (OD600) of O/N 
cultures was adjusted to 0.5 by diluting the cultures in 3% Tryptic Soy Broth (TSB; Sigma-Aldrich). This was 
followed by further diluting 10 ml of the relevant bacterial supentions in 90 ml of 3% TSB supplemented with 1% 
glucose in the appropriate wells of a 96-well plate (Sarstedt) and incubated at 37 °C for 24 h. Following incuba-
tion, the O/N culture medium was removed and the presence of biofilms within the inoculated wells was first 
assessed visually. For quantification, the biofilms were washed twice with 100 μl of 0.9% NaCl, incubated at 55 °C 
for 1 h to fix the biofilm forming cells to the plastic surface and then stained with a 0.5% crystal violet solution for 
10 min at room temperature. Excess crystal violet solution was removed, and the biofilms were further washed 
with 100 μl of 0.9% NaCl three times. The residual biofilm-bound crystal violet was then extracted by incubating 
the wells with 100 ml of absolute ethanol (Sigma-Aldrich) for 10 min. The extraction procedure was repeated 
twice, and the amount of crystal violet extracted was quantified at  OD600. The quantification of the crystal violet 
released from the biofilm is a surrogate measure of the biofilm formation ability of a strain.

To assess the antimicrobial effects of bacteriocins on bio-
film-associated S. haemolyticus cells, the metabolic activity of biofilm-associated cells was determined by using 
the biofilm-oriented antimicrobial test (BOAT), as previously  described41,52. H1, garvicin KS and micrococin P1 
were assessed individually or in combinations, using a serial two-fold dilution scheme of their concentration. 
Unless otherwise stated, the starting dilutions were 625 μg/ml for H1 and garvicin KS, 62.5 μg/ml for micrococ-
cin P1. Biofilms were allowed to form for 24 h as described above and subsequently challenged with the bacte-
riocins, individually or in combinations, for 5, 24 or 48 h at 37 °C. As negative control, the assay was performed 
using the vehicles to their working concentration (i.e., without bacteriocins).

The procedure for the BOAT assay was 
repeated as above, with one exception. Instead of monitoring the residual metabolic activity of biofilm-associ-
ated cells after the bacteriocin challenge, bacteriocin-treated cells were resuspended in TSB and further serially 
diluted. The serial diluted bacterial cells were plated on BHI agar plates and incubated at 37 °C for 24 h. Colony 
forming units (CFU/ml) were used to quantify the remaining surviving cells after antimicrobial challenge.

Biofilms were allowed to grow for 24 h as described above except that 
they were formed in the wells of chambered cover-glass plates (Thermo Fisher Scientific) before being chal-
lenged for 24 h with the single bacteriocins or combinations diluted in TSB. The biofilms were subsequently 
analyzed using the LIVE/DEAD Biofilm Viability Kit (Molecular Probes, Thermo Fisher Scientific) according 
to the manufacturer´s instruction. Z-stacks of the stained biofilms were then taken on a confocal laser scanning 
microscope (Zeiss), using a 488 nm argon laser line for exciting the SYTO-9 (green—live cells) dye and a 561 nm 
laser line for the propidium iodide (red—dead cells). The bacteriocin concentrations used were the same as 
described for the BOAT assay. The control vehicles for the single bacteriocins and their combination were used at 
the following concentrations: 0,0063% (v/v) TFA for H1; garvicin KS, 0,003% (v/v) TFA; 3,1% (v/v) 2-propanol 
for micrococcin P1.
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Figure S1| Heterologous expression of S. haemolyticus RseP in L. plantarum WCFS1. �
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Figure S2| Evaluation of S. haemolyticus biofilm formation abilitiy��("	���
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Figure S3| Evaluation of the three-component combination antibiofilm activity.�

%	��	�	�
�
��	�����	������A�(��������3�	�
����	��4���
���	
���
	����#�"����
�	�
�	�
�3�4�

�����
	����'P�"�����
�	�
�	�
�3�4���
"�
"	�
��������	�
���
������������������
����3D .�

+� �"��
� ���� D�6�  ��7�� ��
� .)�4� ��� ��
"� 
"	� ���
���� 32
��4� �	"���	�� ("	� ������� �	�	�

�	�����	
� ��� 
	�����	
� ��� 5����	� '��� ("	� ��,���
� ��� 
"	� ���"
� ���	�� 
	�����	�� 
"	�

�	���	�������	
���������
���
����
	�� 
"	���
����������� 
�	�
�	�
�3�	�	�� 
�� �����	�'�� ����


	
����4��8�
	�
"�
�
"	��	
���������
���
����
	����#�"�����
�	�
	�
����
"�
"	���
������������

�	����	
��	����
	
	�
���	��	�	������
��>*��������
��
����������	��	
��	�	�������	
�������

��
���
�� �	�	� �		�� �"	�� 
"	� 
�	�
�	�
� ���� 	,
	�
	
� 
�� 'P� "����6� 	��	������� �
� "��"�


���
�������
����3>#+>&4��



 

Table S1| Inhibition spectrum of K1, EJ97 and H1 as assessed by the spot-on-lawn assay 
against  a collection of indicator species (n=50).�

Indicator species Source or reference (*) 
Bacteriocins (**) 

K1  EJ97  H1  
Bacillus cereus  LMG 2805 LMG   + - + 
B. cereus  LMG 2711 LMG  + - + 
B. cereus LMG 2731 LMG  + - - 
Carnobacterium divergens NCDO 2306  NCDO  - - - 
C. piscicola LMG 2332 LMG  + - + 
Enterococcus avium LMG 3465 LMG  + +++ +++ 
E. faecalis V583 1 + + ++ 
E. faecalis LMG 2333 LMG + +++ +++ 
E. faecalis  LMG 3331 LMG + +++ +++ 
E. faecalis LMG  3330 LMG + +++ +++ 
E. faecalis  LMG 3332 LMG + +++ ++ 
E. faecium L50 2  ++ +++ ++ 

E. faecium P13 3  +++ +++ +++ 
E. faecium P21 4  ++ +++ +++ 
E. faecium AL41 5  ++ +++ +++ 

Esherichia coli DH5α  
ThermoFischer 

Scientific - - - 
E. coli TG1  LMG - - - 
Lactobacillus curvatus LTH 1174  6  +++ +++ ++ 
L. curvatus LMG 2353 LMG  +++ +++ ++ 
L. plantarum LMG 2352 LMG + ++ - 
L. sakei LMG 2380   LMG  ++ - - 
L. sakei 148  7 +++ - - 
L. salivarius UCC118  8 - - - 
Lactococcus garvieae  DCC43 9 +++ + +++ 
L. lactis LMG 2081 LMG - - - 
L. lactis IL1403 10  +++ +++ +++ 
L. gelidum LMG 2386  LMG - - - 
L. innocua LMG 2785 LMG +++ - +++ 
L. innocua LMG 2710  LMG  ++ +++ +++ 
L. ivanovii Li4  Nofima + + + 
L. monocytogenes 400  VET - - - 
L. monocytogenes 223 VET - - + 
L. monocytogenes 279 VET - - + 
L. monocytogenes  EDGe  11 + +++ +++ 
L. monocytogenes 403  VET - - + 
Staphylococcus arlettae LMG 4134 LMG - + - 
S. epidermidis LMG 3522 LMG - + ++ 
S. haemolyticus LMG 4133 LMG + ++ +++ 



S. homonis LMG 3129 LMG  ++ +++ +++ 
S. simulans LMG 3233 LMG  - - - 
S. aureus  LMG 3326 LMG - + ++ 
S. aureus LMG 3328 LMG - - + 
S. aureus  LMG 3263 LMG  - + + 
S. aureus  LMG 3325 LMG - - - 
S. aureus  LMG 3329 LMG - - + 
S. aureus  ATCC14458 Nofima - - - 
Streptococcus dysgalactiae 7649-3 MLM - - - 
S. thermophilus Sfi13  12  - - +++ 
S. uberis  8008-1 MLM - - ++ 
S. uberis 7904-3 MLM + - ++ 
*LMG: Laboratory of Microbial Gene Technology, Norwegian University of Life Sciences 
  NCDO: National Collection of Dairy Organisms, United Kingdom 
  Nofima: Norwegian Food Research Institute, Norway 
  VET: Faculty of Veterinary Medicine, Norwegian University of Life Science  
  MLM: Mastitis laboratorium in Molde, Norway  
** 5 μl of each bacteriocin at 1 mg/ml. Average inhibition score (n=3) indicates: “-“  = No 
inhibition; “+” = Unclear zone;  “++” = zone < 1 cm;  “+++”= zone > 1 cm. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



 
Table S2| Minimal inhibitory concentration (MIC) values (μg/ml) of H1 towards 
clinical and commensial S. haemolyticus isolates. 
 

S.haemolyticus 
strain 

Isolation source (*) MIC50   
H1 
( μg/ml) 

ENA  

Acc. No.  

Reference 

7067_4_39 Blood culture, OUH 0.78  ERS066281 (13) 

SH20  Commensal, skin, UNN  0.78  GCA_903969795 (13) 

SH14  Commensal, skin, UNN 0.78  GCA_903969855  (13) 

SH47  Commensal, skin, UNN 0.10  GCA_903969995 (13) 

SH10 Commensal, skin, UNN 0.10 GCA_903969755 (13) 

SH04  Commensal, skin, UNN 0.78  GCA_903969785 (13) 

SH09 Commensal, skin, UNN 0.78  GCA_903969725 (13) 

SH01 Commensal, skin, UNN 0.78  GCA_903969685 (13) 

SH46 Commensal, skin, UNN 0.78  GCA_903969985.1 (13) 

7067_4_60  Blood, Switzerland  0.10 ERS066392 (14) 

7067_4_21 Commensal, Japan  0.39 ERS066353 (14) 

7067_4_48 Blood, OUH 0.78  ERS066290 (14) 

7067_4_28 Blood, OUH 0.78  ERS066270 (14) 

7067_4_71 Urine, OUH  0.78  ERS066313 (14) 

7076_4_67 Blood, UNN 0.78  ERS066309 (14) 

7067_4_84 Blood, United Kingdom  0.78  N/A  (14) 

7067_4_49 Blood, OUH 0.78  ERS066291  (14) 

7067_4_66 Blood, UNN 0.78  ERS066308 (14) 

7067_4_63 Blood, Switzerland 0.78  ERS066395 (14) 

7067_4_56 Blood, OUH 0.78  ERS066298 (14) 

7068_7_48 Blood, Switzerland 0.78  ERS066380 (14) 

 4068 Leprosy-associated 
plantar skin ulcers, BPHRC 

0.39  N/A  This study  

4069 Leprosy-associated 
plantar skin ulcers, BPHRC 

0.78  N/A  This study 

4070 Leprosy-associated 
plantar skin ulcers, BPHRC 

0.78  N/A This study  

4071 Leprosy-associated 
plantar skin ulcers, BPHRC 

0.78  N/A  This study  



4072 Leprosy-associated 
plantar skin ulcers, BPHRC 

0.78 N/A This study  

4073 Leprosy-associated 
plantar skin ulcers, BPHRC 

0.78  N/A  This study 

* OUH: Oslo University Hospital, Rikshospitalet, Norway; UNN: University hospital of North Norway;   
BPHRC: Blue Peter Public Health and Research Centre, India  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S3|�MIC values (μg/ml) determined for planktonic cells after 5, 24 or 48 
hour exposure to H1, GarKS, MP1 or the�indicated combinations. 

Antimicrobial                                                      Strains 

 4068  4069 4070  4071 4072 4073 

Individual 
component 

      

H1                   5h 

                      24h  

                      48h 

 

0.78 

>100  

>100  

0.78  

0.78 

>100          

0.78   

>100  

>100             

0.78 

>100 

>100 

                      

0.78 

>100 

>100 

                      

0.78 

>100 

>100 

 

GarKS             5h 

                      24h  

                      48h 

 

6.5 

24  

25             

3.3             

13 

26  

12 

48 

51               

12.5 

51   

100               

23.6 

49 

52 

                     

12.5 

51 

51 

MP1                5h 

                      24h  

                      48h 

 

0.02 

0.023  

0.078         

0.15           

>10 

>10  

0.02 

0.33 

0.13 

 

0.043 

>10 

>10 

 

0.039 

>10         

0.63              

0.022 

0.072 

0.14 

 

 

Combination       

H1                   5h 

                      24h  

                      48h 

 

0.83  

3.1 

6             

1.4 

6 

6.5 

0.72 

3.3   

6.3              

1.6  

12 

24                 

1.5 

12 

13                 

1.7 

6.3 

12 

GarKS             5h 

                      24h  

                      48h 

 

0.83 

3.1 

6                 

1.4             

6 

6.5     

0.72 

3.3  

6.3                

1.6 

12 

24                 

1.5 

12 

13                 

1.7 

6.3 

12 

 

FIC*                5h 1.2 2.2 1.0 2.2 2.0 2.3 



                      24h  

                      48h 

 

0.16 

0.3             

8.16 

0.3 

0.1 

0.2 

0.36 

4.8                

0.36  

1.6                

0.19 

1.4  

Combination       

H1                   5h 

                      24h  

                      48h 

 

0.2 

0.78 

0.72           

1.5 

23  

48               

0.2 

2.8 

6 

                 

0.42 

1.4   

3                

0.36 

1.5 

1.6               

0.2 

0.36 

0.85  

MP1                5h 

                      24h  

                      48h 

 

0.02 

0.078 

0.072         

0.15 

2.3  

4.8 

0.02 

0.28 

0.6 

 

0.042 

0.14 

0.3 

                      

0.036 

0.15 

0.16 

               

0.02 

0.036 

0.01 

FIC*                5h 

                      24h  

                      48h 

 

0.36 

0.35 

0.1    
    

2.0 

29.7 

5.3 

0.36 

0.11 

0.1 

0.64 

0.028 

0.06              

0.55 

0.03 

0.04              

0.36 

0.05 

0.01 

Combination       

GarKS             5h 

                      24h  

                      48h 

 

0.2   

0.32 

0.68           

1.6 

25   

50              

0.2 

3.3 

6.3 

0.68  

6.3                

6.5 

0.73 

1.6 

3.1                

0.2 

0.73 

0.83 

MP1                5h 

                      24h  

                      48h 

 

0.02 

0.032 

0.068         

0.16 

2.5             

5 

0.02 

0.33              

0.63 

0.068 

0.63 

0.65 

0.073 

0.16 

0.31 

0.02 

0.073 

0.083 

FIC*                5h 

                      24h  

                      48h 

                   

0.13 

0.15 

0.12           
    

0.6 

2.2 

1.3 

0.12 

0.17              

0.2 

0.06 

0.19              

0.13 

0.2  

0.05 

0.1                

0.1 

0.12 

0.7 

Combination       

H1                   5h 

                      24h  

0.32 

0.78   

0.68 

3.3 

0.32 

2.8  

0.72 

1.6                

0.68 

1.6              

0.33 

0.78  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                      48h 

 

2.8             5.8 5.8               3.3 5.8 1.6 

GarKS             5h 

                      24h  

                      48h 

 

0.32 

0.78   

2.8             

0.68 

3.3             

5.8 

0.32 

2.8  

5.8 

0.72 

1.6                

3.3 

0.68 

1.6                

5.8 

0.33 

0.78 

1.6 

 

MP1                5h 

                      24h  

                      48h 

 

0.032 

0.078 

0.28 

0.068 

0.33           

0.58 

0.032 

0.28              

0.58 

0.072 

0.16              

0.33 

0.068 

0.16 

0.58 

0.033 

0.078  

0.16 

FIC**              5h 

                      24h  

                      48h 

                         

0.62 

0.38  

0.5             

1.12 

4.5 

0.4  

0.6 

0.17 

0.2 

1.2  

0.06              

0.1 

1.1  

0.06              

0.26 

0.6 

0.14 

0.15  

  * Synergy with fractional inhibition concentration (FIC) ≤ 0.5. 
** Synergy with fractional inhibition concentration (FIC) ≤ 0.75. 



Table S4| Bacterial strains and plasmids used for heterologous expression of RseP. 

Strain or plasmid Relevant characteristics (*) Reference  

 

Strain  

  

    S.haemolyticus                                      
hi7076_4_21  

                                                                     

Template for rseP  14 

   E. coli TOP10  Cloning host  ThermoFischer 
Scientific  

   L. plantarum WCFS1  

 

Host strain   15 

Plasmid    

   pEV Emr; empty expression vector, a 
derivative of pSIP401 

16 

   pLp1261_InvS  Emr; a derivative of the spp-based 
expression vector pSIP401. 

16,17 

   pSIP401_SHRseP Emr; a derivative of pLp1261_InvS, 
containing a S. haemolyticus rseP 

This study  

*Emr: Erythromycin resistant  

 
  



Table S5| Bacteriocins used in this study  

Bacteriocins (*) Amino acid sequence  Reference  

K1  MKFKFNPTGTIVKKLTQYEIAWFKNKHGYYPWEIPRC  
 

 18 

Ej97  MLAKIKAMIKKFPNPYTLAAKLTTYEINWYKQQYGRYPWERPVA  
 

 19 

H1 MKFKFNPTGTIVKKLTQYEINWYKQQYGRYPWERPVA  
 

This study  

GakA*  

 

GakB* 

 

GakC* 

 MGAIIKAGAKIVGKGVLGGGASWLGWNVGEKIWK  
 

 20 

 

 20 

 

 20 

 MGAIIKAGAKIIGKGLLGGAAGGATYGGLKKIFG  
 

 MGAIIKAGAKIVGKGALTGGGVWLAEKLFGGK  
 

Micrococcin P1** SCTTCVCTCSCCTT  
 

 21 

* Components of garvicin KS; ** Micrococcin P1 has exstensive post-translational modifications  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S6| Primers used in this study 

Primer and category  Sequence  (5’-3’) 

 

RseP amplification  

 

SH_7076_4_21 _RseP_F GGA GTA TGA TTC ATA TGA GCT ATT TAA TCA CTA TTG TCT 
CAT TT 

SH_7076_4_21 _RseP_R TCG AAC CCG GGG TAC CTT ACA AGA AAT AAC GTT GTA TAT 
CGT TC 

Sequencing   

SH_7076_4_21_RseP_Seq_F1 TTG AGT GCA CAT TTG ACT AGA C 

SH_7076_4_21_RseP_Seq_F2 ATC GCT CCA CGA CAT CGA C 

SH_7076_4_21_RseP_Seq_F3 GAA CGA AAC TTT GTA TAC CAT CCG 

SH_7076_4_21_RseP_Seq_R1 ACT CAA TGC TTC TGC TTC AGC 

SH_7076_4_21_RseP_Seq_R2 GCT GCA GAC TGA ATG TCA TC 

SH_7076_4_21_RseP_Seq_R3 ATG TAC TGG CAC TAA CAA ACT G 

SH_7076_4_21_RseP_Seq_R4 AAA TTC GAC CAC CAT CAA GTG C 
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The extracellular domain of site-2-metalloprotease RseP is
important for sensitivity to bacteriocin EntK1
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Enterocin K1 (EntK1), a bacteriocin that is highly potent
against vancomycin-resistant enterococci, depends on binding
to an intramembrane protease of the site-2 protease family,
RseP, for its antimicrobial activity. RseP is highly conserved in
both EntK1-sensitive and EntK1-insensitive bacteria, and the
molecular mechanisms underlying the interaction between
RseP and EntK1 and bacteriocin sensitivity are unknown. Here,
we describe a mutational study of RseP from EntK1-sensitive
Enterococcus faecium to identify regions of RseP involved in
bacteriocin binding and activity. Mutational effects were
assessed by studying EntK1 sensitivity and binding with strains
of naturally EntK1-insensitive Lactiplantibacillus plantarum–

expressing various RseP variants. We determined that site-
directed mutations in conserved sequence motifs related to
catalysis and substrate binding, and even deletion of two such
motifs known to be involved in substrate binding, did not
abolish bacteriocin sensitivity, with one exception. A mutation
of a highly conserved asparagine, Asn359, in the extended
so-called LDG motif abolished both binding of and killing by
EntK1. By constructing various hybrids of the RseP proteins
from sensitive E. faecium and insensitive L. plantarum, we
showed that the extracellular PDZ domain is the key deter-
minant of EntK1 sensitivity. Taken together, these data may
provide valuable insight for guided construction of novel
bacteriocins and may contribute to establishing RseP as an
antibacterial target.

Site-2-metalloproteases (S2Ps) are a family of
intramembrane-cleaving proteases involved in regulated
intramembrane proteolysis (RIP) (1, 2). In the RIP cascade, an
S2P cleaves its substrate, for example, a membrane-bound
anti-sigma factor, within the cell membrane, thereby medi-
ating transmembrane signaling to trigger an adaptive response.
S2Ps are conserved in all kingdoms of life and are crucial in
several biological processes, including stress response, sporu-
lation, cell polarity, virulence, and nutrient uptake (3–9). Due
to its vital role in both animal and human pathogens, RseP is
regarded as an attractive antimicrobial target. In fact, nature

itself targets RseP, which is a known target for antimicrobial
peptides belonging to the LsbB family of bacteriocins in
selected Gram-positive bacteria (10, 11). Little is known about
how these bacteriocins recognize and bind RseP and how this
interaction eventually leads to killing of target cells. More
insight into these issues is crucial for understanding bacte-
riocin function and for understanding how RseP may be
targeted in antimicrobial therapy.

The hallmarks of the S2P family are the conserved catalytic
motifs (HExxH and LDG) located on transmembrane seg-
ments (TMSs) of the protease (12). The S2P family of pro-
teases is divided into four subgroups based on membrane
topology and domain structure (13). Among the four groups,
only a few members have been characterized; these include
Escherichia coli RseP (EcRseP) from group I and the group III
members MjS2P and SpolVFB from Methanocaldococcus
jannaschii and Bacillus subtilis, respectively (12, 14, 15).
EcRseP is the most extensively studied S2P and was first
identified as a key modulator of stress response (16, 17). When
E. coli cells are exposed to stress, a site-1-protease cleaves the
membrane-bound anti-σE factor RseA. This primary cleavage
triggers a secondary cleavage by the S2P EcRseP, which leads
to release of RseA into the cytosol (16–18). RseA is further
processed in the cytosol to form the mature σE, which activates
genes involved in the stress response (19). It is believed that
most S2P signaling pathways follow this same general cascade.

Next to the catalytic motifs, several conserved regions are
thought to be involved in substrate interaction and catalysis by
EcRseP. These include the membrane-reentrant β-hairpin–like
loop (MRE β-loop), the GxG motif, and the PDZ domain
(Fig. 1) (20–22). The PDZ domain has been suggested to work
as a size-exclusion filter, preventing interaction with the sub-
strate prior to site-1-protease cleavage (21, 23).

In addition, conserved residues near the LDG catalytic
motif located in the third transmembrane segment (TMS3)
have been implicated in substrate binding and recognition,
in particular two asparagines and prolines in the sequence
motif NxxxxNxxPxPxLDG (24), here referred to as the
extended LDG motif. Despite the identification of these
potentially important features, the mechanism of substrate
recognition and binding by EcRseP remains somewhat
enigmatic.
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Bacteriocins are antimicrobial peptides produced by bacteria
to inhibit other bacteria in competition for nutrition and
ecological niches. They are considered promising alternatives
and/or complements to antibiotics, mainly due to their potent
activity against multidrug resistant pathogens. We have previ-
ously demonstrated that enterocin K1 (EntK1), a leaderless
bacteriocin belonging to the LsbB family, is especially potent
against Enterococcus faecium, including vancomycin-resistant
strains (11, 25). Leaderless bacteriocins are synthesized
without an N-terminal leader sequence and do not have post-
translational modifications, making this group of bacteriocins
ideal for synthetic production. Members of the LsbB family are
small (30–44 amino acids), cationic, and amphiphilic, with anN-
terminal helical structure and a disordered C-terminal end (11,
26). Interestingly, members of the LsbB family of bacteriocins
differ in their inhibition spectrum, with LsbB being active only
against Lactococcus lactis, while the inhibitory spectrum of
EntK1 and enterocin EJ97 (EntEJ97) is broader, including high
activity toward E. faecium and Enterococcus faecalis, respec-
tively (11). It has previously been shown that the antimicrobial
activity of bacteriocins of the LsbB family depends onRseP being
present in target cells (10, 11).

RseP of E. faecium (EfmRseP) and EcRseP, both from sub-
group 1, shares a 28% sequence identity and has the same
predicted membrane topology and conserved domains (Fig. 1).
Little is known about the function of RseP in E. faecium;
however, recent phenotypic analysis of rsePmutants suggests a

role in stress response (25). For E. faecalis, it has been shown
that RseP (EfsRseP) is a key regulator of the stress response
through RIP-mediated activation of the sigma factor SigV.
Deletion of either EfsrseP or sigV increases the susceptibility of
E. faecalis to multiple stressors, such as lysozyme, heat,
ethanol, and acid (27). In addition, EfsRseP is involved in sex
pheromone maturation and is therefore also referred to as Eep
(enhanced expression of pheromone) in this organism (28).
Lastly, deletion of EfsrseP has been shown to result in severely
attenuated virulence in a rabbit endocarditis model and a
catheter-associated urinary tract infection model, suggesting
an important role for EfsRseP in pathogenesis (7, 29).

Despite the evident role of RseP in enterococcal virulence,
critical features of enterococcal RseP, such as the substrate
recognition mechanism, remain unknown. The known sub-
strates of RseP-like S2P share no apparent sequence homology;
however, amphiphilic helices in the substrates have been
indicated as necessary for recognition (20, 30). Considering the
helical structure of EntK1, it is conceivable that EntK1 in-
teracts with enterococcal RseP in a similar manner as the
native substrates. Therefore, to gain more insight into bacte-
riocin action and possibly the interaction between RseP and its
natural substrates, we have studied the EntK1–RseP interac-
tion, focusing on the role of conserved regions of RseP. The
impact of mutations in these regions was assessed by
bacteriocin-binding assays and by analyzing bacteriocin
sensitivity of strains carrying mutated RseP. The results shed
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Figure 1. Schematic representation of the topology of EfmRseP and alignment of conserved S2P regions. A, schematic representation of the
predicted topology of Enterococcus faecium RseP with conserved S2P motifs indicated. TMS1-4 indicates the four predicted transmembrane segments. The
GxG motif, MRE β-loop, and the predicted PDZ domain are indicated. The box below shows the predicted active site, consisting of the conserved HEXXH and
LDG motifs. B, alignment of the amino acid sequences of active site and the extended LDG motif in RseP from four EntK1-sensitive species (E. faecium,
Enterococus faecalis, Lactococcus lactis, and Staphylococcus haemolyticus) and three EntK1-insensitive species (Lactiplantibacillus plantarum, Staphylococcus
arlettae, and Staphylococcus aureus), as well as Gram-negative Escherichia coli and Methanocaldococcus jannaschii. Arrow heads indicate residues subjected
to alanine substitutions. EntK1, Enterocin K1; MRE β-loop, membrane-reentrant β-hairpin–like loop; S2P, site-2-metalloprotease; TMS, transmembrane
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light on the interaction between EntK1 and RseP, providing
insights into bacteriocin specificity and giving valuable infor-
mation for the design of novel bacteriocins.

Results

Heterologous expression of RseP renders insensitive
Lactiplantibacillus plantarum sensitive to EntK1

L. plantarum WCFS1 is a Gram-positive bacterium for which
pSIP-based vectors have been developed for heterologous protein
expression (31, 32). In addition, the bacterium is insensitive to
EntK1 despite having an rseP ortholog on the chromosome.
Together, these properties make L. plantarum a suitable host for
expressing E. faecium RseP for binding and sensitivity studies. As
shown in Table 1, expression of RseP from E. faecium renders
L. plantarum sensitive to EntK1, with a minimum inhibitory
concentration (MIC50) of 0.01 μM, while L. plantarum carrying
the empty vector (pEV) exhibited a MIC50 greater than 22 μM,
which is considered fully resistant. We also overexpressed
L. plantarum RseP (LpRseP) in L. plantarum, to confirm the
inability of LpRseP to be a receptor for EntK1. As expected, the
LpRseP-overexpressing strain (LpRseP-His; see Table 2 for a
description of strain names) remained insensitive (i.e., MIC50

greater than 22 μM) (Table 1). These results suggest that the
L. plantarum strain is a suitable host for heterologous expression
of EfmRseP.Moreover, a pairwise sequence alignment ofEfmRseP
and LpRseP indicates that subtle sequence differences between
EfmRseP and LpRseP define the sensitivity toward EntK1 (Fig. S1).

Of note, while the pSIP vectors used for expression (Table 2)
have an inducible promoter, regulated by the inducer peptide
SppIP (31), all sensitivity and binding experiments were
performed using noninducing conditions. Under inducing
conditions (3–30 ng/ml SppIP), the transformants showed
aberrant growth on agar plates (data not shown), indicating a
cytotoxic effect likely due to the high amounts of the
membrane-protein RseP. Noninduced cells appeared to grow
normally. The inducible promotor sppA in the pSIP vector has
a low basal activity in L. plantarum, which permits low
expression of rseP genes under noninducing conditions
(as demonstrated by the results presented in Table 1).

Antimicrobial activity and binding of EntK1 to sensitive cells
depend on RseP

To examine whether the antimicrobial activity observed
above is directly linked to the ability of EntK1 to bind target

cells, we developed a binding assay for EntK1 to L. plantarum.
For this assay, EntK1 was chemically synthesized with an
N-terminal FITC fluorescent tag. The N-terminal fusion was
chosen as the C-terminal half of the LsbB family of bacterio-
cins and is thought to be necessary for receptor interaction
(26). The labeling of EntK1 with FITC reduced the antimi-
crobial potency, which, however, remained high for
L. plantarum–expressing EfmRseP (Table 1). Fluorescence
microscopy of EntK1-sensitive L. plantarum–expressing
plasmid-encoded EfmRseP showed strong fluorescent signals
following exposure to FITC-EntK1, consistent with EntK1
binding. In contrast, nonsensitive L. plantarum carrying the
empty vector (pEV) did not show any visible fluorescent sig-
nals under the same conditions, thus confirming lack of EntK1
binding (Fig. 2).

In accordance with the fluorescence microscopy, flow
cytometry analysis revealed that FITC-EntK1–exposed
L. plantarum–expressing RseP derived from E. faecium
exhibited strong fluorescent signals, while cells containing the
empty vector or overexpressing the LpRseP protein showed no
signal (Fig. 3). We have previously observed that EntK1 has
some antimicrobial activity toward strains of L. lactis,
E. faecalis, and Staphylococcus haemolyticus but not strains of
Staphylococcus aureus and Staphylococcus arlettae (33). To
confirm that the sensitivity is linked to RseP binding, rseP
genes derived from these sensitive and insensitive species were
heterologously expressed in L. plantarum. Table 1 shows that,
indeed, L. plantarum strains expressing rseP genes derived
from the sensitive strains of L. lactis (LlRseP-His), E. faecalis
(EfsRseP-His), and S. haemolyticus (ShRseP-His) were indeed
inhibited by EntK1. In addition, Figure 3 shows that these
strains had distinctly higher FITC signals than L. plantarum
strains expressing RseP from the insensitive strains S. aureus
(SasRseP-His) and S. arlettae (SaeRseP-His). Taken together,
these results provide strong evidence that there is a specific
interaction between EntK1 and RseP from bacteria that are
naturally sensitive to EntK1 but not between EntK1 and RseP
from bacteria that are insensitive to EntK1.

Defining the role of conserved S2P motifs in the EntK1:RseP
interaction

To define the regions of RseP involved in EntK1 sensitivity,
we initially focused on conserved regions that, based on pre-
vious studies of other members of the S2P family, seem to be
involved in substrate binding and catalysis. In addition to the

Table 1
MIC for EntK1 and FITC-EntK1 towards Lactiplantibacillus plantarum strains expressing heterologous RseP

Strains Characteristics

MIC50 (μM)

EntK1 FITC-EntK1

EfmRseP-His Expressing RseP from Enterococcus faecium 0.01 0.15
LpRseP-His Expressing RseP from Lactiplantibacillus plantarum >22 >20
EfsRseP-His Expressing RseP from Enterococcus faecalis 0.04 0.6
LlRseP-His Expressing RseP from Lactococcus lactis 0.09 >20
ShRseP-His Expressing RseP from Staphylococcus haemolyticus 0.17 >20
SaeRseP-Hisa Expressing RseP from Staphylococcus arlettae >22 >20
SasRseP-Hisa Expressing RseP from Staphylococcus aureus >22 >20
pEV Empty vector >22 >20

a Control experiments (Fig. S2) indicated low expression, which may contribute to low sensitivity.
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conserved residues of the active site found in all members of
the S2P family, E. faecium RseP contain multiple other
conserved motifs, including the MRE β-loop and the extended
LDG motif. These domains are conserved among members of
subgroup I and III in the S2P family, as well as the GxG motif
and PDZ domain which are only present in subgroup I (Fig. 1).
To examine how these conserved motifs of E. faecium RseP
affect the binding of and sensitivity toward EntK1, mutational
analysis of each motif was performed, by site-directed muta-
genesis, by creating hybrids of EfmRseP and LpRseP, and by a
truncation in EfmRseP.

The active site

The conserved motifs HExxH and LDG make up the active
site of the S2P family (Fig. 1) (14). It has previously been shown
that mutations of residues corresponding to EfmRseP His18,
Glu19, His22, and Asp372 substantially affect the protease
activity of RseP homologs from multiple species (12, 14, 34).
To examine whether proteolytic activity of RseP is needed for

EntK1 sensitivity, alanine substitutions were introduced in all
conserved residues in the active site. Single alanine sub-
stitutions in the active site (EfmH18A, EfmE19A, EfmH22A,
and EfmD372A) resulted in a slight increase of the MIC50 from
≤0.002 μM for 6His-tagged WT EfmRseP to 0.01 to 0.7 μM for
the 6His-tagged mutants (Table 3). In line with these obser-
vations, measurements of the populations with the single
alanine substitutions in the binding assay described above
showed only a slight reduction in binding with 59 to 80% of the
median fluorescence intensity of the L. plantarum population
expressing the native EfmRseP. The triple alanine substitution
(EfmAAxxA) resulted in a considerable increase in the MIC50,
to 2.7 μM (Table 3). However, the triple mutant was still more
than 8-fold more sensitive to EntK1 than pEV. The impact of
the mutations on the MIC50 values could be partly due to
variation in RseP expression, which was not assessed in detail.
For example, it is conceivable that the triple mutant is rather
unstable and was produced in lower amounts, leading to a
higher MIC50 value and low EntK1 binding. Nevertheless, the
fact that all variants remained sensitive and bound the

Table 2
Plasmids and bacterial strains used in this study

Strain or plasmid Relevant characteristic(s) Reference

Plasmid
pLp1261_InvS Spp-based expression vector, pSIP401 backbone, EryR (31, 41)

Strain
L. plantarum WCFS1 (Lp) Template for rseP (LpRseP) and expression host (53)
E. faecium P21 (Efm) Template for rseP (EfmRseP) (54)
E. faecalis V583 (Efs) Template for rseP (EfsRseP) NCBI:txid226185
L. lactis IL1403 (Ll) Template for rseP (LlRseP) NCBI:txid272623
S. aureus ATCC 14458 (Sas) Template for rseP (SasRseP) Nofima
S. arlettae LMGT 4134 (Sae) Template for rseP (SaeRseP) LMGT

S. haemolyticus LMGT 4106 (Sh) Template for rseP (ShRseP) LMGT
E. coli TOP10 Cloning host Thermo Fisher Scientific

L. plantarum WCFS1 Harboring pSIP401 encoding various RseP derivates, EryR

pEV Empty vector (41)
EfmRseP-His rseP from E. faecium P21 This study
EfmRsePa rseP from E. faecium P21, C-terminal 6× His-tag This study
EfsRseP-His rseP from E. faecalis V583 This study
LlRseP-His rseP from L. lactis IL1403 This study
LpRseP-His rseP from L. plantarum WCFS1 This study
LpRsePa rseP from L. plantarum WCFS1, C-terminal 6× His-tag This study
ShRseP-His rseP from S. haemolyticus 7067 (33)
SasRseP-His rseP from S. aureus ATCC 14458 This study
SaeRseP-His rseP from S. arlettae LMGT 4134 This study
EfmH18Aa EfmRseP with substitution H18A This study
EfmE19Aa EfmRseP with substitution H19A This study
EfmH22Aa EfmRseP with substitution H22A This study
EfmAAxxAa EfmRseP with substitutions H18A, H19A, H22A This study
EfmN359Aa EfmRseP with substitution N359A This study
EfmN364Aa EfmRseP with substitution N364A This study
EfmP367Aa EfmRseP with substitution P367A This study
EfmP369Aa EfmRseP with substitution P369A This study
EfmD372Aa EfmRseP with substitution D372A This study
Hyb1a Fusion of LpRseP (1–221) and EfmRseP (222–422) This study
Hyb2a Fusion of LpRseP (1–328) and EfmRseP (329–422) This study
Hyb3a Fusion of EfmRseP (1–221) and LpRseP (222–425) This study
Hyb4a Fusion of EfmRseP (1–325) and LpRseP (326–425) This study
Hyb5a Fusion of EfmRseP (1–200) and LpRseP (201–425) This study
Hyb6a Fusion of EfmRseP (1–170) and LpRseP (171–425) This study
Hyb7a Fusion of EfmRseP (1–32) and LpRseP (33–425) This study
Hyb8a Fusion of LpRseP (1–171, 222–425) and EfmRseP (172–221) This study
Hyb9a Fusion of LpRseP (1–201, 222–425) and EfmRseP (202–221) This study
Hyb10a Fusion of LpRseP (1–171, 326–425) and EfmRseP (172–325) This study
Hyb11a Fusion of LpRseP (1–201, 328–425) and EfmRseP (202–327) This study
Trunca Truncation of EfmRseP (1–39, 139–422) Δ40–138 This study

RseP homologs from the respective species are abbreviated with the species initials italicized (e.g., ShRseP is the RseP homolog in S. haemolyticus), while the strain names for each
L. plantarum strain expressing a variant of RseP is not italicized (e.g., ShRseP is L. plantarum WCFS1 harboring pSIP401 encoding ShRseP). For cases where the species initials are
ambiguous, both the first and last letter of the specific name is used (e.g., E. faecium and E. faecalis).
Abbreviations: EmR, erythromycin resistance; LMGT, laboratory of microbial gene technology; Nofima, norwegian institute of food, fisheries and aquaculture research.
a Harboring a C-terminal 6× His-tag.
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bacteriocin clearly shows that the mutant proteins were pro-
duced and that the catalytic activity of RseP does not play an
essential role in RseP binding and strain sensitivity.

The MRE β-loop and the GxG motif region

Previous studies on EcRseP indicate that the MRE β-loop
and the GxG motif region (Fig. 1) interact directly with the

substrate (20, 22). To examine the significance of this region
for the RseP:EntK1 interaction, residues 39 to 138 encom-
passing the MRE β-loop and the GxG motif were deleted
(Trunc, Fig. S1). The truncation significantly reduced EntK1
sensitivity, as judged by the increase in MIC50 of Trunc to
2.7 μM (Table 3). Using the binding assay, we observed that
FITC signals were also significantly reduced to 7.4% compared
to the full-length protein (Table 3). Nonetheless, the FITC
signal reflecting binding (7.4% versus 0.4%) and the sensitivity
towards EntK1 (MIC50 of 2.7 μM versus 22 μM) were higher
than that of the empty vector control strain (Table 3). It would
thus seem that the MRE β-loop and the GxG motif region are
not involved in the RseP:EntK1 interaction.

The extended LDG motif

A conserved motif in TMS3 (NxxPxPxLDG), which includes
the LDG catalytic site motif (Fig. 1B), has been suggested as a
prime candidate for S2P substrate binding (13). Moreover,
previous substrate-binding studies with EcRseP (24) suggest a
longer version of the LDG motif, referred as the extended LDG
motif (N359xxxxN364xxP367xP369xLD372G in EfmRseP),
may be important for substrate binding. The two asparagines
and two prolines in the extended motif were individually
mutated to alanine. Three of the four mutants remained
sensitive to EntK1 and showed strong EntK1 binding (Table 3).
However, the alanine substitution of Asn359 in EfmRseP
(named EfmN359A) resulted in complete resistance to EntK1,
and the binding of the bacteriocin was abolished (Fig. 3 and
Table 3).

The absence of EntK1 sensitivity and EntK1 binding could
be caused by failure to express the rseP variant. Therefore,
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Figure 2. Transmitted light phase contrast and fluorescence microscopy of Lactiplantibacillus plantarum expressing EfmRseP (EfmRseP-His) or
containing the empty vector (pEV) after exposure to FITC-EntK1. EfmRseP cells (upper panel) show strong fluorescent signals upon exposure to FITC-
EntK1 compared to the negative control containing pEV (lower panel). An overlay of the fluorescence and phase-contrast images is shown to the right
(Merged). EfmRseP, Enterococcus faecium RseP; EntK1, Enterocin K1.
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Figure 3. FITC-EntK1 binding assay of Lactiplantibacillus plantarum
clones expressing RseP from naturally EntK1-sensitive and EntK1-
insensitive bacteria. The figure shows representative histograms for
L. plantarum cells expressing RseP from EntK1-sensitive species Enterococcus
faecium (EfmRseP-His), Enterococcus faecalis (EfsRseP-His), Lactococcus lactis
(LlRseP-His), and Staphylococcus haemolyticus (ShRseP-His), and from EntK1-
insensitive species L. plantarum (LpRseP-His), Staphylococcus arlettae (SaeR-
seP-His), and Staphylococcus aureus (SasRseP-His), in addition to L. plantarum
carrying the empty vector and the N359A mutant of EfmRseP. An increase in
fluorescence indicates binding of the bacteriocin to the cells. EntK1,
Enterocin K1.
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EfmN359A (and all other variants displaying a complete loss of
sensitivity, discussed below) were exposed to EntEJ97, another
bacteriocin from the LsbB family. EntEJ97 targets RseP but has
a different antimicrobial spectrum compared to EntK1 (11),
which implies that its interaction with RseP differs from
EntK1. Fig. S2 shows that the control pEV clone displayed
limited sensitivity towards EntEJ97, while EfmN359A was
highly sensitive to the bacteriocin, showing that the alanine
substitution did not drastically alter the protein structure nor
the expression level and that the removal of the asparagine side
chain alone is likely responsible for the alteration in EntK1
sensitivity and binding. Interestingly, Asn359 and the extended
LDG motif are highly conserved among both EntK1-sensitive
and EntK1-insensitive species (Fig. 1B). Thus, the impact of
this residue on EntK1 sensitivity must relate to its interaction
with other less conserved regions of the protein.

Mapping the regions involved in EntK1 specificity.

To further identify regions determining EntK1 sensitivity,
we constructed several hybrid proteins in which parts of the
RseP from insensitive L. plantarum were replaced with the
corresponding parts of RseP from sensitive E. faecium (Hyb1-
11, Fig. S3). Previous studies had suggested that residues 328
to 428 in the C-terminal region of RseP from L. lactis (YvjB)
determine the sensitivity of L. lactis to LsbB (35). As LsbB and

EntK1 target the same receptor, belong to the same bacteriocin
family, and have a similar structure (10, 11, 26), we hypothe-
sized that the C-terminal region of RseP from E. faecium
would confer EntK1 sensitivity. To test the hypothesis, varying
parts of the C-terminal region of LpRseP were replaced with
the corresponding region of E. faecium RseP (Fig. S3). Sur-
prisingly, the resulting hybrid proteins, Hyb1 and Hyb2, did
not confer sensitivity to EntK1 (MIC50 > 22 μM) nor did they
show bacteriocin binding (Table 3). Control experiments with
EntEJ97 (Fig. S2) showed that Hyb1 and Hyb2 were produced.

Next, Hyb3 and Hyb4 (inverts of Hyb1 and Hyb2), con-
taining the N-terminal region of EfmRseP and the C-terminal
region of LpRseP were constructed (Fig. S3). Unlike Hyb1 and
Hyb2, Hyb3 and Hyb4 conferred sensitivity to EntK1 with
MIC50 values of 0.7 μM and ≤0.002 μM, respectively. Hyb3 and
Hyb4 also showed binding of the bacteriocin (Table 3). The
results obtained with Hyb1-4 show that the N-terminal region
of E. faecium RseP (residues 1–324) is involved in EntK1
binding. Although quantitative comparison of MIC50 values is
risky due to possible differences in expression, it is worth
noting that Hyb4, containing the complete EfmRseP PDZ
domain, was the most sensitive of the four hybrids.

To further narrow down the RseP region needed for EntK1
sensitivity, three additional hybrid proteins containing a
decreasing portion of EfmRseP were constructed (Hyb5-7,
Fig. S3). None of these hybrids, all lacking the PDZ domain
from E. faecium, could confer sensitivity to or binding of
EntK1 (Table 3), indicating that the PDZ domain is required
for activity. The control experiments of Fig. S2 showed that
Hyb5 and Hyb6 were produced, whereas Hyb7 likely has
reduced expression. To confirm the importance of the PDZ
region, we constructed four additional hybrid proteins in
which different parts of the PDZ domain of LpRseP were
replaced with the corresponding sequences of EfmRseP (Fig. 3,
Hyb8-11). Interestingly, only Hyb10 and Hyb11, which con-
tained the entire PDZ domain from EfmRseP were EntK1-
sensitive, with MIC50 values of 0.002 μM and 0.09 μM,
respectively (Table 3). Hyb8 and Hyb9, only containing parts
of the EfmRseP PDZ domain, were not sensitive to EntK1 with
MIC50 >22 μM (Table 3). A control experiment showed that
both Hyb8 and Hyb9 were highly sensitive to EntEJ97, indi-
cating that these hybrids are produced (Fig. S2).

Importantly, as noted above, all hybrids that did not confer
sensitivity or binding to EntK1, except for Hyb7, were sensitive
(i.e., inhibition zone >10 mm for EntEJ97; Fig. S2). This in-
dicates that Hyb1-6 and Hyb8-11 were properly expressed and
folded. Moreover, all clones of L. plantarum–expressing re-
combinant RseP showed growth comparable to EfmRseP,
suggesting that expression of the hybrids had no obvious toxic
effect on the host (data not shown).

Discussion

The S2P RseP is highly conserved in multiple species, yet the
potency of EntK1 varies considerably between species (11, 33).
To further develop EntK1 as a novel treatment option for bac-
terial infections, a detailed understanding of the determinants of

Table 3
EntK1 sensitivity and EntK1 binding of Lactiplantibacillus plantarum
expressing variants of RseP

Straina
EntK1 MIC50

(μM)
FITC-EntK1 rMFI %

(RSD)

EfmRseP ≤0.002 100 (8.3)
pEV >22 0.4 (4.2)
LpRseP >22 0.41 (9.7)
Active site
EfmH18A 0.02 61.6 (3.8)
EfmE19A 0.01 65.4 (3.3)
EfmH22A 0.01 59 (8.1)
EfmAAxxA 2.7 0.5 (5.2)
EfmD372A 0.7 80.6 (3.5)

GxG motif and the MRE β-loop
Trunc 2.7 7.4 (12.2)

Extended LDG
EfmN359A >22 0.41 (22.6)
EfmN364A 0.004 83.4 (3.4)
EfmP367A 0.004 89.1 (4.6)
EfmP369A ≤0.02 84.4 (6.9)

RseP hybrids
Hyb1 >22 0.42 (25.2)
Hyb2 >22 0.47 (18.3)
Hyb3 0.7 37.6 (24.4)
Hyb4 ≤0.002 97.6 (8.5)
Hyb5 >22 0.82 (36.6)
Hyb6 >22 0.51 (6.8)
Hyb7b >22 0.29 (10.4)
Hyb8 >22 0.82 (26.6)
Hyb9 >22 0.53 (18.2)
Hyb10 ≤0.002 78 (7.6)
Hyb11 0.09 54.8 (2.4)

The middle column shows MIC for EntK1 towards L. plantarum strains expressing
various RseP variants (see text, Figs. 1 and S1 for details). The strains are named by the
protein variant they express. The right column shows the binding of FITC-labeled
EntK1 to indicated strains. The FITC signals, indicating binding of the bacteriocin, are
presented as the relative median fluorescence intensity (rMFI) compared to the MFI
obtained for EfmRseP6His (100%) with percent relative standard deviations (RSD).
a All RseP variants contain a C-terminal 6× His-tag.
b Control experiments (Fig. S2) indicated low expression, which may contribute to low
sensitivity.
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bacteriocin sensitivity andbinding toRseP is essential. Therefore,
in this study, we explored the contribution of conserved S2P
motifs to the EntK1:RseP interaction and EntK1 sensitivity. To
do so, we first needed to establish a sensitivity and binding assay.
Although the antimicrobial activity of EntK1 depends on RseP
(11), it remains elusive whether the difference in EntK1 sensi-
tivity between species is solely due to variations in the RseP
protein or if other factors, such as cell surface composition and
gene expression levels, contribute. To avoid potential problems
related to these uncertainties, we expressed rseP from insensitive
and sensitive species in the same expression vector (pSIP) and
EntK1-insensitive host (L. plantarum). We demonstrated that
only rseP from sensitive bacterial species confers EntK1 sensi-
tivity to L. plantarum. Binding of the bacteriocin to the RseP-
producing L. plantarum strains was assessed using FITC-
labeled EntK1. The levels of FITC-EntK1 signals correlated
well with the MIC50 values (Table 3; higher binding correlates
with lower MIC50 values). These observations show that subtle
differences in the receptor alone likely determine variation in
EntK1 sensitivity.

EfmRseP belongs to group I of the S2P family, for which the
involvement of several conserved motifs in substrate binding
and substrate specificity has been explored to some extent
(20, 22, 24, 34). We considered that these motifs could be
involved in EntK1 sensitivity and, therefore, we targeted these
motifs in the mutagenesis studies to identify their role(s) in
RseP as a bacteriocin receptor. We initially focused on the
active site of E. faecium RseP, as there were indications in the
literature that alterations in the active site of RseP in E. faecalis
affects the sensitivity to a member of the LsbB bacteriocin
family (11). However, none of the mutations in the catalytic
center, including mutations known to abolish protease activity
in EcRseP (16, 36), led to EntK1 resistance, demonstrating that
the proteolytic activity of RseP is not essential for interaction
and the antimicrobial action of EntK1.

Two motifs of EcRseP known to interact with the substrate
are the MRE β-loop and a conserved GxG motif located on a
membrane-associated region between TMS1 and TMS2
(Fig. 1) (20, 22). If RseP-targeting bacteriocins mimic the
interaction of natural substrates with the receptor, these two
regions would likely interact with EntK1. Although deletion of
the MRE β-loop and the GxG motif led to a significant
reduction in EntK1 sensitivity, the removal of these nearly 100
amino acids did not result in total resistance toward EntK1
(Table 3), indicating that neither the MRE β-loop nor the GxG
motif is essential for the EntK1:RseP interaction. The reduced
sensitivity and binding upon truncation are likely due to global
structural changes in the receptor resulting from the large
deletion. Of note, the MRE β-loop and GxG motif of EfmRseP
are both predicted to be located on the cytoplasmic side of the
cell membrane (Fig. 1A); such a location would likely not allow
direct interaction with the bacteriocin which attacks target
cells from the outside. It should be noted that the predicted
topology of EfmRseP and the RseP hybrids was not confirmed
experimentally in this study. However, a similar topology for
the group 1 S2P EcRseP and SasRseP has been confirmed by
the fusion of alkaline phosphatase to specific regions of RseP

(6, 15), suggesting that the predicted topology may be
conserved among group 1 S2Ps.

Next, we explored the role of the extended LDG motif in
EntK1:RseP interaction. Substituting Asn364, Pro367, and
Pro369withalanine inEfmRseP resulted inonlyminor changes in
EntK1 sensitivity and binding (Table 3). This was surprising, as
these conserved asparagine and proline residues are known to be
important for substrate binding and correct processing in both
EcRseP and S2P from B. subtilis, known as SpoIVFB (12, 24, 37,
38). On the other hand, Asn359 was shown to be essential for
EntK1 sensitivity and binding (Table 3). Under noninduced
conditions, we were not able to detect RseP expression from
N359A, or any other clone, using a standard Western blot
(Fig. S4). However, when induced, expression levels of N359A
and EfmRseP were comparable, suggesting that the insensitivity
of the clone was due to the N359A substitution but not due to a
failure in expression. Moreover, EfmN359A remained highly
sensitive to EntEJ97, another bacteriocin of the LsbB family tar-
geting RseP, which strongly indicates that the observed changes
in sensitivity and binding were not caused by failure to express
mutated rseP (Fig. S2). Previous studies have exploited the known
substrates of RseP homologs to perform cleavage-based activity
assays to confirmproper protein folding and expression following
the introduction ofmutations (24). However, RseP has no known
substrates in E. faecium, which explains why cleavage-based ac-
tivity assays could not be used. Interestingly, Asn389 in EcRseP,
which corresponds to Asn359 in EfmRseP, plays an important
role in substrate recognition.When this asparagine was replaced
by cysteine, EcRseP showed reduced substrate binding as well as
reduced proteolytic activity (24). Despite the evident role of
Asn359 in EntK1:RseP binding, it is interesting to note that
Asn359 and the surrounding extended LDG domain are highly
conserved in the RseP proteins of both EntK1-sensitive and
EntK1-insensitive species (Fig. 1B). This suggests that other re-
gions of RseP play a role in bacteriocin binding and sensitivity.

Of the 11 constructed EfmRseP-LpRseP hybrid proteins,
only four (Hyb3, Hyb4, Hyb10, Hyb11) were EntK1 sensitive
(Table 3). Importantly, all EntK1-sensitive hybrids contain
parts of the EfmPDZ domain, with Hyb4, Hyb10, and Hyb11
containing the entire domain. Of the four sensitive hybrids,
hybrids containing the entire EfmPDZ domain exhibited the
lowest MIC50 (i.e., most sensitive), underpinning the important
contribution of this domain to the EntK1:RseP interaction.
Previous studies have shown that the PDZ domain is involved
in substrate recognition by RseP-like S2P (21, 23). It has been
suggested that the PDZ domain of EcRseP acts as a size-
exclusion filter, preventing substrates with large periplasmic
domains access to the active site (21). A similar role has been
suggested for the PDZ domain of the B. subtilis S2P homolog,
RasP (23). Several S2Ps process multiple substrates in vitro and
in vivo, yet the substrate specificity of these proteins is poorly
understood. We conclude that the PDZ domain of EfmRseP is
the defining region for EntK1 binding and thus the major
determinant of variation in EntK1 sensitivity.

To better understand the positions of EfmRseP motifs
investigated in this study, we predicted the structure of EfmRseP
using AlphaFold. AlphaFold is a protein structure prediction
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program based on artificial intelligence that predict protein
structures with greater accuracy than any other in silico method
(39). As illustrated in Figure 4,AlphaFold predicted that thePDZ
domain of EfmRseP forms a pocket which may prevent direct
access to core residues. Among the regions investigated in this
study, Asn359 in the extended LDG domain is located the
closest to the PDZ domain, while the GxGmotif and theMRE-β
loop appears to bemore distant (Fig. 4). Taken together with our
experimental data, it is conceivable that the initial docking of
EntK1 to the PDZ domain leads to subsequent interactions with
core residues such as Asn359.

During the finalization of this article, AlphaFold-Multimer
was published (R. Evans et al., Preprint at bioRxiv). AlphaFold-
Multimer is an extension of AlphaFold2 using an artificial in-
telligence model explicitly trained for multimeric input. This
allowed us to predict the EntK1:RseP complex, which strikingly
predicted the interaction between EntK1 and RseP to primarily
involve the PDZ domain and the region near Asn359 (data not
shown). However, while most of the residues of RseP in the
complex exhibited a high confidence score (pLDDT> 90), most
of the residues of EntK1 were ranked poorly (pLDDT < 50).
Confidence scores below 50 is a strong predictor of disorder,
suggesting that the peptide chain is unstructured at physiological
conditions or only structured as part of a complex. Indeed, EntK1
has been shown to be disordered in an aqueous environment by
NMR spectroscopy (11). Due to the low confidence scores pro-
duced for EntK1 in the complex, these structure predictions are
highly speculative and should be used cautiously.

While it remains unknown how the EntK1:RseP complex
eventually leads to cell death, the present study reveals mo-
lecular details of the interaction of EntK1 with its receptor.
Previous studies have shown that bacteriocins of the LsbB
family can be engineered to improve both potency and alter
the activity spectrum (33). The interpretation of these previous
results, as well as future efforts to develop improved RseP-
binding bacteriocins, will benefit from the deeper insight
into the bacteriocin–receptor interaction that we provide here.
Importantly, LsbB family of bacteriocins are attractive not only
because they act on vancomycin-resistant strains but also
because the bacteriocins are short, synthesized without an N-
terminal leader sequence, and contain no posttranslational
modification, which enables low-cost synthetic production.
The fact that RseP homologs have important roles in virulence
in several animal and human pathogens highlights RseP as an
attractive antimicrobial target in multiple species (9, 40). The
mutational analysis performed in this study combined with the
predicted EfmRseP structure may provide a powerful basis for
guided construction of novel bacteriocins and may contribute
to further development of RseP as a drug target.

Experimental procedures

Bacterial strains and cultivation conditions

Bacterial strains used in this study are listed in Table 2. The
following strains were cultivated in Brain heart infusion broth
(Thermo ScientificOxoid ): enterococcal strains (37 �C, without
agitation), staphylococcal strains (37 �C, 220 rpm), and E. coli

(37 �C, 220 rpm). L. plantarum and L. lactis were cultivated
without shaking in DeMan, Rogosa and Sharp (MRS) broth
(Thermo Scientific Oxoid ) at 37 �C and M17 broth (Thermo
Scientific Oxoid ) supplemented with 0.5% glucose at 30 �C,
respectively. Agar plates were prepared by supplementing the
appropriate broth with 1.5% (w/v) agar (VWR chemicals).
Erythromycin was added to a final concentration of 200 μg/ml
for E. coli and 10 μg/ml for L. plantarum when appropriate.

Construction of rseP orthologs, rseP hybrids, and site-directed
mutagenesis

Seven orthologs of rseP from EntK1-sensitive and EntK1-
insensitive species were expressed in L. plantarum using the
pSIP expression system (31, 32) (Table 2). Briefly,

TMS1

Deleted in TruncN-terminus C-terminus

Asn359

A

B

PDZ

Extended LDG

Active site

Trunc

HExxHTMS1 GxG TMS2 TMS4Ext. 
LDGTMS3PDZMRE-ß

Figure 4. RseP from Enterococcus faecium as predicted by AlphaFold.
A, schematic overview of the conserved RseP-like S2P motifs found in RseP
from E. faecium. B, structure of RseP from E. faecium as predicted by
AlphaFold with RseP-like S2P motifs highlighted. The HExxH motif of the
active site is indicated in yellow, the predicted PDZ domain is indicated in
blue, and the extended LDG domain is indicated in green. The region
deletion from Trunc, which encompasses the GxG and the MRE β-loop
motifs, is indicated in purple. MRE β-loop, membrane-reentrant β-hairpin–
like loop; S2P, site-2-metalloprotease.
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pLp1261_InvS, a pSIP derivative, was digested with NdeI and
Acc65I or XmaI (Thermo Fisher Scientific) (41). Genomic
DNA from the seven native rseP-containing strains was used as
a template for the amplification of rseP. PCR amplification of
all rseP variants was performed using Q5 Hot Start High-
fidelity DNA polymerase (New England BioLabs) with In-
Fusion primers to yield amplicons with ends complementary
to the linearized pSIP vector (Table S1). The amplified PCR
fragments were fused with the linearized vector using In-
Fusion HD cloning Kit (Takara Bio) and transformed into
competent E. coli TOP10 (ThermoFisher Scientific).

Site-directed mutants, truncations of RseP and RseP hybrids
were constructed using splicing by overlap extension PCR.
Briefly, two fragments of the rseP sequences were amplified in
separate PCR reactions using two primer pairs, each consisting
of an inner and outer primer (Table S1). The inner primers
generated overlapping complementary ends and acted as
mutagenic primers when introducing point-mutations. The
overlapping fragments were fused by a second PCR reaction
using the outer primers. Fused amplicons containing a
mutated rseP gene were purified, fused to the linearized vector,
and transformed to E. coli as described above.

All constructed plasmids were verified by DNA sequencing
at Eurofins GATC Biotech (Germany) and subsequently
transferred into electrocompetent L. plantarum as previously
described (42). Fig. S3 shows a schematic representation of all
hybrids and the truncated versions of RseP. Protein topology
and the PDZ domain were predicted using CCTOP and Pfam,
respectively (43, 44).

Antimicrobial assays

The bacteriocins used in this study, EntK1, EntEJ97, and
FITC-EntK1, were produced by Pepmic Co, LtD with >95%
purity. Bacteriocins were solubilized in 0.1% (vol/vol) TFA
(Sigma-Aldrich), except for FITC-EntK1 which was solubilized
in dH2O. For semiquantitative assessment of antimicrobial
activity, a spot-on-lawn assay was performed. Briefly, an
overnight culture was diluted 1:100 in soft-agar and distributed
on agar plates containing appropriate antibiotics. Bacteriocins
with various concentrations were applied on designated spots
on the solidified soft-agar. The agar plates were incubated at
appropriate temperatures overnight and inhibition zones were
measured the following day. For more accurate quantification,
EntK1 sensitivity was determined using a microtiter plate assay
to define MIC50 (45). The MIC50 was defined as the lowest
bacteriocin concentration needed to inhibit bacterial growth
by ≥50%. MIC assays were performed with three biological
replicates.

Binding assays

Overnight cultures of L. plantarum strains were diluted 50-
fold and grown until mid-log phase (4 h), after which cells
were harvested by centrifugation at 16,000g for 3 min and
resuspended in sterile 0.9 % (w/v) NaCl to an A600 of 1
(assessed using a SPECTROstar Nano reader; BMG Labtech).
Cell suspensions were diluted 20-fold in binding buffer [1 μM

FITC-labeled EntK1 in 100 μM triammonium citrate pH 6.5
(Sigma-Aldrich)]. The cells were incubated in the binding
buffer on a rotator (Multi Bio RS-24, Biosan, Latvia) at 6 rpm
for 20 min at room temperature. After incubation, cells were
harvested by centrifugation (16,000g, 3 min) and the binding
buffer was discarded. The cell pellets were resuspended in
sterile PBS to an appropriate cell density and analyzed using a
MACSQuant Analyzer flow cytometer with excitation at
488 nm and emission at 475 to 575 nm (500 V PMT). The
instrument was set to trigger on side-scattered light (SSC-A,
370 V PMT) with the threshold set to 8 to reduce false events.

Data and figures were prepared using the CytoExploreR
package (v 1.1.0) for the R programming language (v 4.0.5)
(https://github.com/DillonHammill/CytoExploreR [accessed
June 25, 2022], https://www.R-project.org/ [accessed June 28,
2022]). All binding assays were performed in triplicate. The
median fluorescence intensity (MFI) was calculated as the
average of three runs for each strain and expressed as a percent
relative to L. plantarum expressing RseP from E. faecium
(rMFI). Percent relative standard deviations were calculated as
the ratio of the sample SD to the MFI mean multiplied by
100%.

Phase contrast and fluorescence microscopy

The cells were stained with the FITC-labeled EntK1 as
described for the binding assay. After discarding the remaining
binding buffer, cells were resuspended in 25 μl of PBS, spotted
on a microscopy slide, and overlayed with 2% low melting
agarose in PBS to immobilize the cells. Phase-contrast images
and FITC fluorescence images were obtained using a Zeiss
Axio Observer with ZEN Blue software and an ORCA-Flash
4.0 V2 Digital CMOS camera (Hamamatsu Photonics) using
a 100 × phase-contrast objective. The excitation light source
was an HXP 120 Illuminator (Zeiss).

AlphaFold and structure analysis

The structure of RseP and complexes between RseP and
EntK1 were predicted using the published open source code
for AlphaFold according to the instructions by the AlphaFold
team (46). All required databases were downloaded on
February 10th 2022 and all templates prior to 2022 were
included (–max_template_date = 2022-01-01). Interactions
present in the predicted complexes were determined by the
fully automated protein-ligand interactions profiler (47) and
the interactions function implemented in the web-based mo-
lecular viewer iCn3D (48, 49). Figures were generated using
PyMOL (http://www.pymol.org/pymol). Amino acid se-
quences used for EfmRseP and EntK1 are presented in
Table S2.

Data availability

The AlphaFold computations were performed on resources
provided by Sigma2 (allocations NN1003K and NS1003K) -
the National Infrastructure for High Performance Computing
and Data Storage in Norway. For DNA sequence of the
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mutants and flow cytometry, the data will be shared upon
request.

Supporting information—This article contains supporting informa-
tion (50–52).
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Name Sequence (5’-3’) 
 
In-Fusion primers for amplification of rseP  
EfmRseP_F GAGTATGATTCATATGAAAACGATTCTGACATTTATC 
EfmRseP_R TCGAACCCGGGGTACCCTAGAAAAAGAATCGTTGAATATCGTTCC 
EfmRseP6H
is_R 

CGAACCCGGGGTACCCTAATGATGATGATGATGATGGAAAAAGAATCGTTG 

LlsRseP_Rs
eP_F 

GGAGTATGATTCATATGATAGAAACACTGATTACTTTTATT 

LlsRseP_Rs
eP_R 

TCGAACCCGGGGTACCTTAATTTACAAAGGCTCGGAGAATATC 

EfsRseP_F GGAGTATGATTCATATGAAAACAATTATCACATTCATTATT 
EfsRseP_R TCGAACCCGGGGTACCTTAAAAGAAAAAGCGTTGAATATCGTTC 
LpRseP_F GGAGTATGATTCATATGATCGTTACAATTATTACGTTCATTA 
LpRseP_R CTGTAATTTGAAGCTTTTAGAAGAAATATCGCTGAATATCATTC 
LpRseP6His
_R 

CTGTAATTTGAAGCTTTTAATGATGATGATGATGATGGAAGAAATATCGCTGAATATCAT
TC 

SasRseP_F GGAGTATGATTCATATGGTGAGCTATTTAGTTACAATAATTGCAT 
SasRseP_R TCGAACCCGGGGTACCTTATAAGAAATATCGTCGAATATCATTC 
SaeRseP_F GGAGTATGATTCATATGATAAAAATACGAGGTGTAGTTAATTTGA 
SaeRseP_R TCGAACCCGGGGTACCTTATAAGAAATAACGTTGTATATCATTCCTTCC 

 
Primers for site-directed mutagenesis  
EfmH18A_
F 

TCTGACATTTATCATCGTTTTTGGTATATTAGTGATTGTTGCGGAGTTTGGTCATTTCTTCT
TT 

EfmH18A_
R 

AAAGAAGAAATGACCAAACTCCGCAACAATCACTAATATACCAAAAACGATGATAAATG
TCAGA 

EfmE19A_F GGTATATTAGTGATTGTTCATGCGTTTGGTCATTTCTTCTTTGCG 
EfmE19A_R CGCAAAGAAGAAATGACCAAACGCATGAACAATCACTAATATACC 
EfmH22A_
F 

ATATTAGTGATTGTTCATGAGTTTGGTGCGTTCTTCTTTGCGAAACGATCAGGAATC 

EfmH22A_
R 

GATTCCTGATCGTTTCGCAAAGAAGAACGCACCAAACTCATGAACAATCACTAATAT 

EfmAAxxA_
F 

CGATTCTGACATTTATCATCGTTTTTGGTATATTAGTGATTGTTGCGGCGTTTGGTGCGTT
CTTCTTTGCGAAACGATCAGG 

EfmAAxxA_
R 

CCTGATCGTTTCGCAAAGAAGAACGCACCAAACGCCGCAACAATCACTAATATACCAAA
AACGATGATAAATGTCAGAATCG 

EfmN359A
_F 

GATGGCGCTTCTTTCAATGGCTCTCGGAATCGTCAATCTG 



 
 

EfmN359A
_R 

CAGATTGACGATTCCGAGAGCCATTGAAAGAAGCGCCATC 

EfmN364A
_F 

AATGAATCTCGGAATCGTCGCTCTGCTTCCGATTCCTGCC 

EfmN364A
_R 

GGCAGGAATCGGAAGCAGAGCGACGATTCCGAGATTCATT 

EfmP367A_
F   

CGGAATCGTCAATCTGCTTGCGATTCCTGCCTT 

EfmP367A_
R 

AAGGCAGGAATCGCAAGCAGATTGACGATTCCG 

EfmP369A_
F 

CGTCAATCTGCTTCCGATTGCTGCCTTAGATGG 

EfmP369A_
R 

CCATCTAAGGCAGCAATCGGAAGCAGATTGACG 

Efm_D372
A_F 

TGCTTCCGATTCCTGCCTTAGCTGGCGGGAAATTA 

Efm_D372
A_R 

TAATTTCCCGCCAGCTAAGGCAGGAATCGGAAGCA 

 
Primers used for construction of rseP hybrids 
Hyb1_F GCCCGTACGGCCGGTTTAAAAGAAAATGATGAGGTAGTCAGTGT 
Hyb1_R ATCATTTTCTTTTAAACCGGCCGTACGGG 
Hyb2_F CACGGGTTCAGTTTGGATAAATTAGGCGGACCTGTCA 
Hyb2_R TCCGCCTAATTTATCCAAACTGAACCCGTGAGTGA 
Hyb3_F TGCGGCAGAAGCAGGCATTCAAAAGGGCGATCAAATC 
Hyb3_R TCGCCCTTTTGAATGCCTGCTTCTGCCGCA 
LpRseP_Xm
aI_R 

TTGGCGCCTTCGAACCCGGGTTAATGATGATGATGATGATGGAAGAAATATCGCT 

Hyb4_F ACAGGTTTCAGTTTAAACGATTTAGGTGGGCC 
Hyb4_R CCCACCTAAATCGTTTAAACTGAAACCTGTAAATAGTGATC 
Hyb5_F ATGCAAGGTGGTGTTACGAGTACAACGACCCA 
Hyb5_R GGTCGTTGTACTCGTAACACCACCTTGCATAAATGCCA 
Hyb6_F TCGGCTAAATTGTGGCAACGAATGTTGACGAATTTTGC 
Hyb6_R CGTCAACATTCGTTGCCACAATTTAGCCGATTGGA 
Hyb7_F CGATCAGGAATCCTCGTGCGTGAATTTTCTGTCGGGA 
Hyb7_F2 CGATCAGGAATCCTCGTGCGTGAATTTTCTGTCGGGA 
Hyb8_R GTTGGTCAGCATACGTTGCCATAACTTGGCCGATT 
Hyb8_F GCCAAGTTATGGCAACGTATGCTGACCAACTTTGC 
Hyb9a_R AGTGTTCGTCACTTGAACACCACCCTGCATAAA 
Hyb9b_F ATGCAGGGTGGTGTTCAAGTGACGAACACTAATCGC 
 
Primers used for construction of truncated rseP  
Trunc_F GCGAATTTGCTATCAAAGACGTACAGTTCCAATCGGCT 
Trunc_R GGAACTGTACGTCTTTGATAGCAAATTCGCGGACGA 



 
 

�

Table S2| Amino acids sequences employed in AlphaFold-Multimer and structure 
analysis  

Name  Sequence  
  
EntK1  MKFKFNPTGTIVKKLTQYEIAWFKNKHGYYPWEIPRC 

 
RseP from E. 
faecium  

MKTILTFIIVFGILVIVHEFGHFFFAKRSGILVREFAIGMGPKIYGHQAKDGTTYTLRLLPIGGY
VRMAGNGDDETEMAPGMPLSLLLNSDGIVEKINLSKKIQLTNAIPMELSRYDLEDELTITGY
VNGDETEVVTYPVDHDATIIENDGTEIRIAPKDVQFQSAKLWQRMLTNFAGPMNNFILAI
VLFIILAFMQGGVQVTNTNRVGEIMPNGAAAEAGLKENDEVVSVDGKEIHSWNDLTTVIT
KNPGKTLDFKIEREGQVQSVDVTPKSVESNGEKVGQLGIKAPMNTGFMDKIIGGTRQAFS
GSLEIFKALGSLFTGFSLDKLGGPVMMYQLSSEAANQGITTVISLMALLSMNLGIVNLLPIPA
LDGGKLVLNIFEGIRGKPLSQEKEGILTLAGFGFLMLLMVLVTWNDIQRFFF 
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Figure S1| Pairwise sequence alignment of EfmRseP and LpRseP.��
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Figure S2| EJ97 inhibition zones in spot-on-lawn assays.�$�q�����/�
/?0&���
�/�
7��3'R
��-�q.4��������

	
�������������L. plantarum�����	��	,��	������
���	�	�
���
���	
�
�	����������%�	)������	�%�	)����
"	��	�	�
�������/�
/?0&6�����	��	
��	���
���
��
����
��
/�
/?0&�������	
�
��
"	�	��
���	�
����/G�������
���
	�����	�����
��
������
����
�������

"	�
���	
����
	���	,��	������������"���
����1��	����Z�-�����������	��	
���������"����
��
��
�����
���
��
��
	�
	
6�	,�	�
�����D��&6���	%�	)6����%�	)���
��/G����1��	����������	�

���/G��������	��	
�����D��&6���	%�	)���
����%�	)�3Y*���4��

 

 



 
 

 



 
 

 

Figure S3 A&B| Schematic representation of all RseP hybrids and truncated 
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Figure S4| Western blot.��/G6�/��%�	)���
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A novel platform for production and 
purification of integral membrane 
proteins using Lactiplantibacillus 
plantarum as expression host  
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Table 1 | Plasmids and bacterial strains used in this study 
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Expression screen to determine optimal protein expression conditions 
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Figure 2 |A schematic overview of the established workflow employed for 
construction, expression, and purification of recombinant RseP using L. plantarum 
as a production host. �4�2���
���
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Statistics and bioinformatics  
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Results  

Identification of an RseP ortholog for expression and purification 
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Small-scale optimization of protein production in L. plantarum  
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Figure 3 |Optimalization of RseP protein production. �4�D	
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Large-scale purification of recombinant EfmRseP from L. plantarum  
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Figure 4|Overview of the two-step purification of EfmRseP using L. plantarum as host. 
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Figure 5|Secondary structure analysis using circular dichroism (CD) spectroscopy. 
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Supplementary  

Table S1| Primers used in this study  

Primers Sequence  (5’-3’)* Ref.   
 
EFs_V583_RseP_F 
 

GGAGTATGATTCATATGAAAACAATTATCACATTCATTATT 
 

This 
study  

EFs_V583_Rsep_6
HIS_R 

TCGAACCCGGGGTACCTTAATGATGATGATGATGATGATGAAAGAAAAAG
CGTTGAAT  
 

This 
study  

IL1403JRseP_F GGAGTATGATTCATATGATAGAAACACTGATTACTTTTATT This 
study  

IL1403J_RseP6HIS_
R 

TCGAACCCGGGGTACCTTAATGATGATGATGATGATGATTTACAAAGGCTC
GGAGAATATC 

This 
study  

SH_RseP_F GGAGTATGATTCATATGAGCTATTTAATCACTATTGTCTCATTT This 
study  

SH_RseP6His_R TCGAACCCGGGGTACCTTAATGATGATGATGATGATGATGCAAGAAATAA
CGTTGTATATCGTTC  

This 
study  

* Introduction of the His-tag is marked in bold.  
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Figure S2| Effect of inducer concentration on protein production and growth. �4�
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Figure S3|Chromatographic separation of standard proteins and EfmRseP on a 
HiLoad® 16/600 Superdex® 200 pg.  
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Figure S4 |Western Blot analysis of protein production in E. coli harboring pet22b-
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