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Abstract
Background: Bacterial infection by antibiotic-resistant Staphylococcus aureus strains is a worldwide concern and the development of
novel antistaphylococcal agents is acutely needed. Lysostaphin, an example of such novel agents, is a bacteriocin secreted by S. simulans to
kill S. aureus through proteolysis of the Staphylococcus cell wall.
Objectives: The aim of this study was to evaluate the in vitro and in vivo antistaphylococcal activity of recombinant lysostaphin.
Materials and Methods: The in vitro study of the recombinant lysostaphin activity against S. aureus was determined by turbidimetric
assay. For in vivo investigation, two groups of rats were inoculated with 1.4 × 109 CFU S. aureus. Five days after the nasal instillation of S.
aureus, treatment in one of the groups was performed with a single dose (200 μg/dose) of recombinant lysostaphin formulated in Eucerinbased cream.
Results: Recombinant lysostaphin at 100 μg/mL concentration showed a significant decrease of the optical density compared to the
control samples. The in vivo study demonstrated that a single dose (200 μg/dose) of recombinant lysostaphin cream significantly reduced
nasal colonization in all the treated animals compared to the untreated ones.
Conclusions: These results demonstrated that the recombinant lysostaphin produced in this study was able to kill nasal S. aureus in rats.
It can be recommended for human clinical trial studies.
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1. Background
Lysostaphin is a glycine-glycine endopeptidase produced by Staphylococcus simulans which specifically
cleaves the glycine-glycine bond unique to the inter-peptide cross-bridge of S. aureus cell wall. Due to its unique
specificity, lysostaphin has a high potential for treating
antibiotic-resistant staphylococcal infections. Staphylococcus aureus causes a wide range of infections from localized or systemic abscesses, septicemia, and endocarditis
to septic emboli (1). Staphylococci have become the most
common causes of nosocomial and community-acquired
infections (2) and the emergence of multidrug-resistant
variants has been a serious problem in the treatment of S.
aureus infections (3).
The main niche for S. aureus in humans is the anterior
nares (4) and nasal colonization of this pathogen promotes the risk of development of S. aureus infections.
Almost 20% of people persistently carry S. aureus, 60%
are intermittent carriers, and 20% are noncarriers in
the anterior nares (5). Hospitalized patients (6), patients with diabetes mellitus, eczema, and those with
diminished immunity (5) show high levels of S. aureus

nasal colonization. This suggests that great populations are at risk for development of S. aureus infections
and eradication of S. aureus from nose demonstrated to
be effective in reducing this risk (7-9). Mupirocin ointment is the current standard care for the clearance of
S. aureus nasal colonization, but resistance to this antibiotic has been shown (10). Therefore, this issue has
promoted a search for new active therapeutic agents
against this group of pathogens (11).
Unlike an antibiotic that interferes with bacterial
growth, lysostaphin is highly effective in the lysis of S.
aureus cells in all the metabolic stages. Lysostaphin is
effective against both quiescent S. aureus cells including staphylococci in biofilms as well as actively dividing cells (12). Lysostaphin kills methicillin-resistant S.
aureus (MRSA) (13), vancomycin-intermediate S. aureus
(VISA) (14), and resistant strains of S. aureus to other antibiotics (15) through the digestion of the peptidoglycan pentaglycine interpeptide which causes disintegration of the cell wall and lysis of the bacteria. Previous
studies have shown lysostaphin as an effective agent
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for the treatment of various staphylococcal infections,
which has an in vitro inhibitory activity against many
staphylococcal species (16). Previously, we produced a
new recombinant lysostaphin (rLysostaphin) by Escherichia coli BL21 (DE3) pLysS expression system using
pET32a vector (17).

2. Objectives
In this study, we evaluated the antistaphylococcal activity of rLysostaphin produced in our laboratory against S.
aureus under in vitro and in vivo conditions.

3. Materials and Methods
3.1. Chemicals, Strain and Media

Commercial lysostaphin (sigma, USA) and S. aureus
ATCC 25923 (health reference laboratory in Ministry of
Health and Education) were used in this study. Tween 20
(sigma) and Mueller Hinton Broth (MHB) (Merck, Germany) were used for bacterial culture.

3.2. Recombinant Lysostaphin Production
The rLysostaphin was produced and purified according to a previous study (17) and was dialyzed in pH 7.2
phosphate buffer for storage at -20°C. Briefly, E. coli BL21
(DE3) pLysS was transformed with pET32a-lys and grown
in LB broth (Merck, Germany) supplemented with Ampicillin (100 μg/mL) and chloramphenicol (35 μg/mL) at
37°C with agitation. For the expression of the recombinant protein, 500 μL of the culture was added to 50 mL
LB broth (per liter containing: 10 g yeast extract (Difco,
USA), 20 g Bacto tryptone broth (Difco, USA), 0.2% (mass/
vol) glucose, 10 g NaCl, 1 g KCl, 0.5 g MgCl2, 0.5 g CaCl2,
100 μg/ mL ampicillin and 35 μg/mL chloramphenicol)
and the mixture was incubated at 37°C and 200 rpm
shaking with vigorous agitation until the optical density reached 0.6 at 600 nm. The expression of the rLysostaphin protein was then induced by the addition of
isopropyl thio-β-D-galactosidase (IPTG) to a final concentration of 1 mM and the incubation was continued
for four hours. The expressed protein was purified by
Ni-NTA agarose resin affinity chromatography according to the manufacture’s instruction (Qiagen, USA). The
quality and quantity of the purified rLysostaphin was
analyzed by SDS polyacrylamide gel electrophoresis
(SDS-PAGE 12%) and Bradford methods, respectively.

3.3. In vitro Study

The in vitro antimicrobial activity assay of rLysostaphin was conducted according to Satishkumar et al. (18).
Briefly, the pellet of S. aureus culture was resuspended
in sterile PBS and washed twice with 10 mM PBS; then,
a bacterial suspension with an optical density (OD600)
of 0.55 was prepared. One milliliter of the suspended
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bacteria equivalent to 107 CFU (confirmed by pour plate
method) was added to each tube containing PBS and
MHB, separately. Six tubes including bacterial suspension without enzyme (negative control), bacteria with
commercial lysostaphin (positive control), and bacteria with purified rLysostaphin (case) in PBS and MBH,
separately, were subjected for the in vitro study. The
turbidity assay was performed with 100 μg/mL of lysostaphin (Sigma) and purified rLysostaphin, respectively. Then, the samples were incubated under shaking at
37°C for five hours and the rate of cell lysis was monitored by measuring the OD600 at different intervals and
compared with the control samples.

3.4. In vivo Study

Ethical approval was obtained from Arak University of
Medical Sciences Ethics Committee (91-128-6).

3.4.1. Nasal Colonization Model

Cotton rat nasal colonization model is an adaption
of the mouse nasal colonization model described by
Kiser et al. (19). In this study, nasal colonization was performed by S. aureus (ATCC 25923) in Wistar male rats.
For the in vivo study, 6 - 7-week rats were inoculated intranasally with 1.4 × 109 CFU in 10 μL of S. aureus suspension, as previously reported by Schaffer et al. (20). The
procedure was similar to the method employed by Kokai-Kun et al. (21). Briefly, S. aureus was grown overnight
in MHB at 37°C to a mid-log phase. The bacteria were
pelleted and suspended in PBS at a concentration of 1.4
× 109 CFU/mL. One milliliter of the bacterial suspension
was resuspended in 10 μL of PBS for each rat. The rats
were anesthetized with a combination of ketamine and
xylazine hydrochloride (25 and 2.5 mg/kg) (21). Each
animal received 10 μL of cell suspension (~ 1.4 × 109 CFU
S. aureus) intranasally which was distributed equally
in each nostril of rat. Nasal colonization was evaluated
by excision of the nose tissue and quantitative cultures
from a separate group of rats which were sacrificed five
days after the nasal colonization of S. aureus.

3.5. Lysostaphin Treatment
Intranasal treatment was performed five days after
the nasal instillation of S. aureus. The treatment was performed with a single dose of purified rLysostaphin (200
μg/animal of lysostaphin), formulated in Eucerin-based
cream. rLysostaphin cream was slowly injected into the
nostrils of the anaesthetized rats with a 2-mL syringe.
Twenty four hours after the nasal treatment, animals were
sacrificed and their noses were washed with 500 μL of PBS
containing 0.5% Tween 20 and were vortexed severely for
30 seconds to release bacterial colonization. Then, 50 μL of
the supernatant was plated on blood agar supplemented
with 7.5% NaCl to inhibit the growth of nonstaphylococcal
bacteria. The plates were incubated for 48 hours at 37°C
and then the S. aureus colonies were counted.
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3.6. Statistical Analysis

4. Results

0.6

4.1. Turbidimetric Assay and Antistaphylococcal
Activity

4.2. Nasal Colonization in Wistar Rats by Staphylococcus aureus
To determine the nasal colonization, we inoculated
the Wistar rats with 1.4 × 109 CFU/animal S. aureus
(ATCC25923). Five days after the instillation of S. aureus,
the animals were sacrificed and nasal colonization was
determined on blood agar plates supplemented with
7.5% NaCl. All the rats became intranasally colonized
by S. aureus, with an average of 2417 CFU/nose. These
results indicated a high level of nasal colonization in
Wistar rats.

4.3. Treatment of Nasal Colonization With Staphylococcus aureus by Purified Lysostaphin Cream

Five days after the rats were colonized with S. aureus, a
group of animals were treated with a single dose (200 μg/
animal) of lysostaphin cream. Twenty four hours after the
instillation of cream, nasal colonization was determined,
as described in materials and methods. A single treatment with lysostaphin cream significantly (P = 0.004)
reduced S. aureus nasal colonization in all the animals,
but not eradicated. The treated animals remained colonized (Mean: 452/6 ± 312/4 CFU/nose) whereas the mean S.
aureus colony count in untreated animals was 2385 ± 677
CFU/nose (Table 1).

4.4. Statistical Analysis
Significant (P < 0.05) difference between the obtained
results for two Wistar rat groups was determined by the
Mann-Whitney test.
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Figure 1. turbidity assay results for three samples at different time courses in phosphate buffered saline.
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Monitoring of the optical density showed a significant decrease in the optical density from 0.55 to 0.11 in
PBS and from 0.55 to 0.19 in MHB medium by purified
rLysostaphin compared to negative control samples
with change in optical density from 0.55 to 0.44 in PBS
and from 0.55 to 1.136 in MHB medium. In addition, the
results of optical density assay indicated that the decrease in turbidity with rLysostaphin was more than
the commercial lysostaphin in both PBS and MHB after
five hours. Figures 1 and 2 illustrate the results of cell
lysis in three samples at different time courses in both
PBS and MHB.
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The statistical analysis of data was performed using
Mann-Whitney test by SPSS software (version 18, SPSS Inc.
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Figure 2. turbidity assay results for three samples at different time course
in Muller-Hilton broth.

Table 1. Staphylococcus aureus Nasal Colonization of Rats Following rLysostaphin Intranasal Treatment With a Single Dose (200
μg/animal) of Lysostaphin Cream a
rLysostaphin-Treated Animals
760
880
460
330
98
188

Untreated Animals
2300
1620
1840
2150
3300
3100

a Data are presented as No. of colonization, CFU/nose.
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5. Discussion

Lysostaphin was first identified in S. simulans (Schindler
and Schuhardt, 1964). Unlike an antibiotic that interferes
with bacterial growth, lysostaphin is highly effective in
lysing S. aureus cells throughout the metabolic stage.
Earlier methods for the production of lysostaphin endopeptidase aimed to purify it from crude extract of S.
simulans (11). Nowadays, lysostaphin expressed in E. coli is
commercially available from different companies. It is essential for genetic studies on Staphylococcus, for DNA isolation (22), formation of protoplasts, and segregation of
Staphylococcus strains (23). In our study, the in vitro and in
vivo antibacterial activity of expressed rLysostaphin in E.
coli and purified in laboratory against S. aureus was evaluated. The results indicated that purified rLysostaphin was
highly effective on S. aureus cell lysis; thus, has a potential
for employment in research applications. Studies on lysostaphin as an antistaphylococcal agent are abundant.
However, the availability of new rLysostaphin produced
in our laboratory provided an opportunity to investigate
the enzymatic activity of lysostaphin.
In this study, turbidimetric assay was performed in PBS
and MHB. The results indicated that purified rLysostaphin and commercial lysostaphin had enzymatic activity in
both media. Commercial lysostaphin activity was almost
the same in PBS and MHB, but the turbidity of the cell
suspension decreased faster in PBS using rLysostaphin.
Comparing the turbidimetric assay results between rLysostaphin and commercial lysostaphin showed that rLysostaphin decreased the turbidity more than commercial lysostaphin because commercial lysostaphin had
its maximum activity only within the first hour of the
reaction and almost got inactive after one hour at 37°C,
whereas rLysostaphin had activity within the five hours
under in vitro conditions.
In this study, the ability of rLysostaphin to clear S. aureus nasal colonization was also evaluated. Nasal carriage
is a known risk factor for staphylococcal infections (24).
Topical lysostaphin treatment has been applied safely
and effectively to eliminate the nasal carriage of S. aureus
in human (25). A previous study reported the efficacy of
lysostaphin cream for the clearance of nasal colonization
of S. aureus in cotton rat model (21). Cotton rat (Sigmodon
hispidus) is a well model for consistent and high levels of
nasal colonization (26). In this study, the efficacy of purified rLysostaphin cream in nasal decolonization of S.
aureus in Wistar rats was determined through rat colonization model. According to the results, a high level of
S. aureus colonization was observed in this group of animals. Therefore, they have the potency to be used in other
nasal colonization experiments.
A single application (dose: 200 μg/animal) of rLysostaphin cream significantly decreased S. aureus nasal
colonization in all the animals compared to the control
group. Therefore, rLysostaphin cream could be instilled
in nose and the in vivo susceptibility of S. aureus to the
4

rLysostaphin cream in nose illustrated the ability of the
enzyme to retain the cell lysis activity in cream for at
least 24 hours. These findings suggest that purified rLysostaphin could be efficient in the prevention of nasal
colonization by S. aureus in carrier individuals and hospitalized patients.
The application of a single dose of recombinant lysostaphin produced in this study significantly reduced the
number of S. aureus in the nose of Wistar rats. Therefore,
higher doses or application of several doses during several days may be effective for its eradication.
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