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Beta-hemolytic Streptococcus agalactiae is the leading cause of bacteremia and invasive infections. These diseases are treated
with �-lactams or macrolides, but the emergence of less susceptible and even fully resistant strains is a cause for concern. New
bacteriophage lysins could be promising alternatives against such organisms. They hydrolyze the bacterial peptidoglycan at the
end of the phage cycle, in order to release the phage progeny. By using a bioinformatic approach to screen several beta-hemolytic
streptococci, a gene coding for a lysin was identified on a prophage carried by Streptococcus dysgalactiae subsp. equisimilis
SK1249. The gene product, named PlySK1249, harbored an original three-domain structure with a central cell wall-binding do-
main surrounded by an N-terminal amidase and a C-terminal CHAP domain. Purified PlySK1249 was highly lytic and bacteri-
cidal for S. dysgalactiae (2-log10 CFU/ml decrease within 15 min). Moreover, it also efficiently killed S. agalactiae (1.5-log10

CFU/ml decrease within 15 min) but not several streptococcal commensal species. We further investigated the activity of
PlySK1249 in a mouse model of S. agalactiae bacteremia. Eighty percent of the animals (n � 10) challenged intraperitoneally
with 106 CFU of S. agalactiae died within 72 h, whereas repeated injections of PlySK1249 (45 mg/kg 3 times within 24 h) signifi-
cantly protected the mice (P < 0.01). Thus, PlySK1249, which was isolated from S. dysgalactiae, demonstrated high cross-lytic
activity against S. agalactiae both in vitro and in vivo. These encouraging results indicated that PlySK1249 might represent a
good candidate to be developed as a new enzybiotic for the treatment of systemic S. agalactiae infections.

Streptococcus agalactiae, or group B Streptococcus (GBS) (1), is a
common inhabitant of the gastrointestinal and genital tracts,

with an asymptomatic-carriage rate of 9% to 30% in adults. It is
the leading cause of invasive neonatal infections in children (2), in
whom it may cause bacteremia, pneumonia, and meningitis, with
mortality rates ranging from 5% to 20% (3). In addition, GBS
infection is now also increasingly reported in older children and
adults, in whom it provokes severe sepsis often complicated by
multiple deep-seated abscesses and sometimes endocarditis (4–6).

A major source of neonate GBS infection is asymptomatic
vaginal carriage by the mother. Therefore, prevention guide-
lines aim at interfering with mother-to-child transmission at
the time of birth and advocate parenteral administration of
penicillin G or amoxicillin to GBS-colonized women 4 h before
delivery (7). Recently, concerns regarding GBS isolates with
decreased susceptibility to penicillin (8, 9) and even resistance
to penicillin G and ceftriaxone have emerged (10). Moreover,
in some U.S. states, the prevalence of GBS resistant to erythro-
mycin and clindamycin has increased from 15.8% to 32.8% and
10.5% to 15%, respectively, between 1996 and 2003 (11). In
parallel, Bergseng et al. (12) also reported erythromycin and
clindamycin resistance in Norway, as well as an increase in the
rate of mortality from neonatal GBS infections (from 6.5% in
1996 to 16.5% in 2005), which seemed to correlate with the
drug resistance phenotype. This supports the necessity of
searching for alternative compounds against drug-resistant
bacteria in general and S. agalactiae in particular.

Bacteriophage lysins having peptidoglycan hydrolase activities
represent one such compound (13). These enzymes are produced
by both temperate and lytic phages in order to lyse their host cells
and release their progeny at the end of their life cycle. Because
purified lysins are able to reach and destroy the peptidoglycan of

Gram-positive bacterial cells when added from the outside, they
were successfully used either topically, to decontaminate colo-
nized tissues, or parenterally, in cases of severe infections (13).
Since a temperate bacteriophage integrates its genome into the
host chromosome, we used a bioinformatic approach to screen
sequenced bacterial genomes of beta-hemolytic streptococci in
order to identify new bacteriophage lysin genes. Here we describe
a new lysin encoded on a prophage-like region inserted into the
genome of Streptococcus dysgalactiae subsp. equisimilis strain
SK1249. The purified lysin, named PlySK1249, showed an uncom-
mon architecture with a central cell wall-binding domain. It not
only efficiently lysed and killed S. dysgalactiae but also had cross-
lytic activity against GBS and several representatives of beta-he-
molytic streptococci in vitro. Accordingly, PlySK1249 was very
potent in curing mice suffering from GBS-induced bacteremia.
Our results underline the cross-lytic activity of PlySK1249 be-
tween beta-hemolytic streptococci and suggest that it could con-
stitute a new alternative for the prevention and the treatment of
bacterial infections due to GBS.
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MATERIALS AND METHODS
Bacterial strains and reagents. Unless otherwise specified, chemicals
used in this study were purchased from Sigma-Aldrich (St. Louis, MO).
Restriction enzymes were obtained from Promega (Madison, WI), and
primers were synthesized by Microsynth AG (Balgach, Switzerland). All
strains used in this study (Table 1) were grown at 37°C with aeration
(250-rpm shaking), except for Streptococcus pneumoniae, which was
grown without aeration. Streptococci and enterococci were cultured in
brain heart infusion (BHI) and plated on Mueller-Hinton agar containing
5% sheep blood (bioMérieux SA, Marcy l’Etoile, France) and BHI agar,
respectively. Staphylococcus aureus was grown in tryptic soy broth (TSB)
and plated as streptococci. Escherichia coli strains were grown in Luria-
Bertani (LB) broth and plated on LB agar. Frozen stocks were made from
cultures in the exponential phase of growth supplemented with 20% glyc-
erol (vol/vol).

Cloning of PlySK1249. The gene HMPREF9964_0831, potentially
encoding a functional lysin, was identified using a bioinformatic ap-
proach and is referred to as PlySK1249 for convenience throughout
this paper, as described in Results. To further clone PlySK1249,
genomic DNA was prepared from S. dysgalactiae strain SK1249 using
the DNeasy blood and tissue kit (Qiagen, Valencia, CA) according to
the manufacturer’s instructions. PlySK1249 was PCR amplified with
specific primer pairs, i.e., plySK15bNdeIFw/plySK15bBamHIRv and

plySK28aNcoIFw/plySK28aXhoIRv (Table 1). PCR products were di-
gested with compatible restrictions endonucleases and ligated into ex-
pression vectors pET-15b and pET-28a (Merck KGaA, Darmstadt, Ger-
many). Two plasmids, namely, pPlySK124915b and pPlySK124928a (Table
1), were obtained in which the His tag was located at either the 5= or 3= end
of PlySK1249, respectively. Constructs were transformed in One Shot
BL21(DE3)pLysS chemically competent E. coli cells (Life Technologies
Europe B.V., Zug, Switzerland) and propagated on LB plates or broth
supplemented with ampicillin (100 �g/ml) and chloramphenicol (25 �g/
ml) for E. coli BL21/pPlySK124915b or kanamycin (30 �g/ml) and chlor-
amphenicol (25 �g/ml) for E. coli BL21/pPlySK124928a. All constructs
were validated by DNA sequencing using universal T7 primers (Table 1).

PlySK1249 expression and activity screening of the gene product. In
order to identify a clone expressing active PlySK1249 lysin, a protocol was
adapted from the work of Schmitz et al. (14). Briefly, BL21/pPlySK124915b

and BL21/pPlySK124928a transformants (Table 1) were replica plated on
LB agar supplemented with the appropriate antibiotics and 0.4 mM iso-
propyl-1-thio-�-D-galactopyranoside (IPTG). Following overnight incu-
bation at 37°C, colonies were exposed to chloroform vapors for 20 min.
Permeabilized cells were further overlaid with 15 ml of molten soft agar
containing autoclaved S. dysgalactiae SK1249 cells. Plates were incubated
at 37°C and observed for clearing zones surrounding colonies for up to 24
h. To prepare molten soft agar, an overnight culture of S. dysgalactiae

TABLE 1 Bacterial strains, plasmids, and oligonucleotides used in this study

Strain, plasmid, or
oligonucleotide Characteristics or origina

Source or
reference

Bacterial strains
E. coli BL21(DE3)pLysS F� ompT hsdSB (rB

� mB
�) dcm� gal (DE3) pLysS (Camr) Stratagene

E. coli BL21/pPlySK124915b E. coli BL21(DE3)(pLysS) transformed with pPlySK124915b This study
E. coli BL21/pPlySK124928a E. coli BL21(DE3)(pLysS) transformed with pPlySK124928a This study
S. dysgalactiae SK1249 Human, hemoculture
GBS FSL-S3-026 Bovine
GBS 17–2167 Human, endocarditis
GBS 532 Human
GBS GF Human, hemoculture
S. pyogenes ATCC 19615 Human, sore throat
S. gordonii DL1 Human
S. mutans ATCC 25175 Human, carious dentine
S. suis 19 Porcine
S. uberis ATCC 700407 Bovine
S. mutans ATCC 25175 Human, carious dentine
E. faecalis ATCC 29212 Human, urine
E. faecium D344 Human
S. pneumoniae D39 Human
S. aureus M32 Bovine, subclinical mastitis
S. aureus Laus102 Human, healthy patient
E. faecalis ATCC 29212 Human, urine

Plasmids
pET-15b Expression vector; Ampr Novagen
pET-28a Expression vector; Kanr Novagen
pPlySK124915b pET-15b carrying PlySK1249 This study
pPlySK124928a pET-28a carrying PlySK1249 This study

Oligonucleotides
plySK15bNdeIFw 5=-GGAATTCCATATGGGAAAACATCTAGTCATTTGTGGTCATGGGCAAGGGCG-3= This study
plySK15bBamHIRv 5=-CGCGGATCCTTAATGAAATTCTAAACCAACCAACAACTTTTCCAAGTTTAACTGTTCCAG-3= This study
plySK28aNcoIFw 5=-GCATGCCATGGGAAAACATCTAGTGATTTGTGGACATGGGCAAGGACG-3= This study
plySK28aXhoIRv 5=-GCCGCTCGAGTGAAATTCTAAACCAACCTACAACTTTTCCAAGTTTAACTGTTCCAG-3= This study
Universal T7 primer Fw 5=-TAATACGACTCACTATAGGG-3= Microsynth
Universal T7 primer Rv 5=-GCTAGTTATTGCTCAGCGG-3= Microsynth

a Ampr, ampicillin resistance; Camr, chloramphenicol resistance; Kanr kanamycin resistance. Restriction sites in oligonucleotides are underlined.
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SK1249 was centrifuged, washed with 1 vol of 0.9% NaCl, and resus-
pended in 0.25 vol of PBS, pH 7.4. The cell suspension was further sup-
plemented with granulated agar (7.5 g/liter), autoclaved for 15 min at
120°C, and stored at 4°C.

Purification of PlySK1249. A starter culture from an E. coli colony
carrying the BL21/pPlySK124928a construct and surrounded by a large
lysis zone in the above-mentioned screening test was grown overnight in
LB supplemented with kanamycin (30 �g/ml) and chloramphenicol (50
�g/ml). The following morning, 25 ml of the culture was diluted with 20
vol of preheated fresh LB and further grown at 37°C. At an optical density
at 600 nm (OD600) of 0.7, the culture was induced for 20 h at 18°C by the
addition of 0.4 mM IPTG. Cells were centrifuged, washed with 30 ml of
0.9% NaCl, and resuspended in 30 ml of binding buffer (20 mM imida-
zole, 20 mM phosphate buffer, 0.5 M NaCl [pH 7.4]). Aliquots of 15 ml
were frozen at �80°C, thawed, and sonicated on ice (Sonopuls; Bandelin
Electronics, Berlin, Germany). Cell debris was removed from pooled su-
pernatants by centrifugation (15,000 rpm, 30 min, 4°C). Supernatant
were further treated with 1 �g/ml RNase A and DNase I (Roche AG, Basel,
Switzerland) for 45 min at 4°C and filtered through 0.45-�m Acrodisc
filters (Pall, Ann Arbor, MI). The filtrate was applied to a 5-ml HisTrap
HP column (GE Healthcare, Glattbrugg, Switzerland) previously equili-
brated with binding buffer and coupled to an ÄKTA Prime apparatus (GE
Healthcare). After a washing with 50 ml of buffer A (50 mM imidazole, 20
mM phosphate buffer, 0.5 M NaCl [pH 7.4]), His-tagged PlySK1249 was
eluted in buffer B (500 mM imidazole, 20 mM phosphate buffer, 0.5 M
NaCl [pH 7.4]). Imidazole was removed by extensive dialysis against lysin
buffer (500 mM L-arginine, 50 mM phosphate buffer [pH 7.4]) using a
membrane tubing (molecular weight cutoff [MWCO], 12,000 to 14,000;
Spectra/Por, Rancho Dominguez, CA). PlySK1249 was analyzed on
NuPage 4 to 12% bis-Tris gels (Invitrogen, Carlsbad, CA).

In vitro quantification of PlySK1249 activity against S. dysgalactiae:
effect of bacterial growth phase and pH. PlySK1249 activity was mea-
sured by following the decrease in turbidity of a solution of S. dysgalactiae
SK1249 cells resuspended in lysis buffer (40 mM phosphate buffer, 200
mM NaCl [pH 7.4]). Briefly, bacterial cells were liquid cultured overnight,
subcultured (1:100) to an OD600 of �0.4 the next morning, and harvested
by centrifugation before being washed with 0.9% NaCl and finally resus-
pended in lysis buffer to an OD600 of 1. Activity was measured by mixing
150 �l of the bacterial cell suspension with 150 �l of serial 2-fold dilutions
of PlySK1249 in 96-well microtiter plates. Serial dilutions of the enzyme
were done in lysin buffer. The decrease in OD600 was monitored each min
for 1 h with an EL808 absorbance microplate reader run with Gen5 soft-
ware (BioTek, Winooski, VT) and set to 37°C. The well in which a de-
crease in the optical density of half in 15 min was observed was defined as
containing one unit (1 U) of purified enzyme (15). In order to test the
effect of the growth phase on the susceptibility of S. dysgalactiae to
PlySK1249, subcultured cells were harvested at OD600 of 0.13, 0.48, 0.85,
and 1.02 before being exposed to purified lysin (final concentration, 3.3
U/ml). To test the effect of pH on the PlySK1249 activity, S. dysgalactiae
cell suspensions and PlySK1249 solutions were both prepared in buffers
with pH values ranging from 4.0 to 9.0. Cells were then exposed to
PlySK1249 (final concentration, 3.3 U/ml), and the decrease in OD600 was
monitored after 15 min incubation at 37°C. All reactions were performed
in triplicate.

PlySK1249 host range. In order to determine the PlySK1249 host
range, subcultures of different bacterial species (Table 1) were harvested at
an OD600 of �0.4 and processed as described above before being exposed
to purified PlySK1249 (final concentration, 3.3 U/ml). The decrease in
OD600 was monitored after 15 min incubation at 37°C. All reactions were
performed in triplicate.

In vitro time-kill assays. To determine bacterial viability, time-kill
assays were performed in triplicate by exposing either a solution of S.
dysgalactiae SK1249 at 109 CFU/ml or a solution of GBS clinical strain
17-2167 at 5 � 108 CFU/ml resuspended in lysin buffer to purified
PlySK1249 (final concentration, 3.3 U/ml) at 37°C. At different times over

1 h of incubation, 100-�l aliquots were collected, serially diluted in 10 ml
0.9% ice-cold NaCl, and plated for colony counts. Viable colonies were
enumerated after 24 h of incubation at 37°C.

Transmission electron microscopy (TEM). S. dysgalactiae SK1249
was grown to an OD600 of 0.4, centrifuged, and resuspended in lysis buffer
to an OD600 of 1.0. Then 150 �l of this bacterial suspension was mixed
with 150 �l of PlySK1249 (final concentration, 3.3 U/ml). After 15 min of
incubation at 37°C, 1 �l of this solution was adsorbed on a glow-dis-
charged copper 200-mesh grid coated with Formvar-carbon (EMS, Hat-
field, PA) during 1 min at room temperature (RT). The grid was then
washed with two drops of distilled water followed by staining with 1% of
uranyl acetate in H2O (Sigma, St. Louis, MO) for 1 min. Excess uranyl
acetate was removed with blotting paper, and the grid was dried for 10 min
before image acquisition. Micrographs were taken with an FEI CM100
transmission electron microscope (FEI, Eindhoven, The Netherlands) at
an acceleration voltage of 80 kV and 11,000� magnification (pixel size of
0.93 nm) with a TVIPS TemCam-F416 digital camera (TVIPS GmbH,
Gauting, Germany).

PlySK1249 therapeutic trials in mice. Animal experimentation was
carried out in strict accordance with the recommendations of the Swiss
Federal Act on Animal Protection, and the protocol was approved by the
Committee on the Ethics of Animal Experiments of the Consumer and
Veterinary Affairs Department of the State of Vaud (permit number
2395). A total of 35 six-week-old CD1 Swiss female mice (Charles River
Laboratories, L’Arbresle, France) with an average weight of 22 � 1 g were
used. In order to validate the bacteremic state of mice at the time of the
initial treatment injection, i.e., 1 h after the bacterial challenge, the left
kidney and spleen were removed aseptically from three mice 45 min after
i.p injection of 106 CFU of GBS clinical strain 17-2167. Organs were ho-
mogenized in 1 ml of saline and briefly centrifuged, and supernatants were
plated on blood agar plates to determine the number of viable organisms
in tissues. For therapeutic experiments, animal sample sizes were esti-
mated with the formula for dichotomous variables (16). In a first series of
experiments conducted to evaluate the effect of a single bolus injection of
PlySK1249, two groups of mice were injected intraperitoneally (i.p.) with
106 CFU of the GBS 17-2167. Group 1 (treatment group) received 22.5
mg/kg of PlySK1249 in 200 �l i.p. 1 h after the bacterial challenge, while
group 2 (control group) received 200 �l of lysin buffer i.p. in parallel.

A second series of experiments was run to test the effect of dose esca-
lation. Two groups of mice were injected i.p. with 106 CFU of the GBS
17-2167, with the treatment group receiving 45 mg/kg of PlySK1249 in
200 �l i.p. 2, 20, and 24 h after the bacterial challenge, while the control or
untreated group received 200 �l of lysin buffer i.p at the same times.
Survival curves were drawn, analyzed, and compared with log rank (Man-
tel-Cox) and Gehan-Breslow-Wilcoxon tests using GraphPad Prism ver-
sion 5.00 for Windows (GraphPad Software, San Diego, CA).

Nucleotide sequence accession numbers. The full genomic se-
quence of S. dysgalactiae SK1249 has been deposited in GenBank as a
whole-genome shotgun sequencing project under accession number
AFIN00000000. The sequence of PlySK1249 has been submitted to
GenBank under accession number EGL49245.1.

RESULTS
Identification of prophage-like regions in the genome of S. dys-
galactiae strain SK1249 and identification of PlySK1249. Phage
search tool (PHAST) (17), a web tool finder and annotator of pro-
phage regions within bacterial genomes, found nine prophage-re-
lated regions in the sequenced genome of S. dysgalactiae SK1249
(http://phast.wishartlab.com/cgi-bin/change_to_html.cgi?num
	AFIN00000000).

HMPREF9964_0831, encoding a potential lysin, was identified
at chromosomal positions 550,441 to 551,910 within prophage-
related region 2, annotated as a questionable prophage by PHAST
(data not shown), and renamed PlySK1249 for convenience in this
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study. The analysis of the deduced gene product, named
PlySK1249, revealed a putative 489-amino-acid LysM domain
protein with a calculated molecular mass of ca. 53 kDa. PlySK1249
shares 98% and 80% identity with phage-associated cell wall hy-
drolases found in Streptococcus suis R61 (EHC01546.1) and S. aga-
lactiae FSL S3-026 (ZP_11943978.1), respectively.

The predicted primary structure of PlySK1249 is depicted in
Fig. 1. Conserved domain analysis using the Conserved Domains
Database (CDD) (http://www.ncbi.nlm.nih.gov/Structure/cdd
/cdd.shtml) indicated that PlySK1249 harbors three putative
functional domains: (i) an N-terminal catalytic domain with pre-
dicted amidase activity; (ii) a central LysM cell wall-binding do-
main that shares 38% identity (100% coverage) with a similar
domain found in the S. aureus LytN autolysin (18), and (iii) a
C-terminal catalytic domain that shares 27% (71% coverage) and
33% (40% coverage) identity with the cysteine histidine-depen-
dent aminohydrolase/peptidase (CHAP) domains of the LytN au-
tolysin (18) and the B30 lysin (19, 20), respectively. The conserved
cysteine and histidine residues of the CHAP domain were found at
positions 353 and 414 of the PlySK1249 sequence (see Fig. S1 in
the supplemental material).

Cloning of PlySK1249 and screening of PlySK1249 lytic ac-
tivity. PlySK1249 was successfully amplified by PCR from purified
genomic DNA of S. dysgalactiae SK1249 and cloned into pET-15b
and pET-28a expression vectors (leading to the constructs
pPlySK124915b and pPlySK124928a, respectively). Constructs were
transformed into E. coli BL21 cells (Table 1), and transformants
were recovered on LA plates supplemented with antibiotics as
described in Materials and Methods. Following IPTG induction,
chloroform permeabilization, and overlay with soft agar con-
taining autoclaved S. dysgalactiae SK1249 cells, lysis zones de-
veloped around BL21/pPlySK124928a colonies within 12 h of
incubation (see Fig. S2 in the supplemental material). In con-
trast, no lysis zones were observed around BL21/pet28a and BL21/
pPlySK124915b colonies (Fig. S2 and data not shown, respec-
tively). One BL21/pPlySK124928a colony, surrounded by a large
halo, was selected and further grown in order to purify PlySK1249.

Purification of PlySK1249. We obtained 8 mg of PlySK1249
from 1 liter of culture by a single-step passage of the crude extract,
obtained after sonication, on a 5-ml HisTrap HP column.
PlySK1249 was expressed, was soluble, and migrated at the ex-

pected molecular mass of 53 kDa on a 4 to 12% Novex bis-Tris gel
(Fig. 2, lanes 2.1, 2.2, and 3.1). A purity of ca. 90% was achieved
(Fig. 2, lane 3.1; also, see Fig. S3 in the supplemental material).
Purified PlySK1249 was stored at 4°C in lysin buffer (500 mM
L-arginine, 50 mM phosphate buffer [pH 7.4]) until further use.

In vitro quantification of PlySK1249 activity; effect of bacte-
rial growth phase and pH. The antibacterial activity of purified
lysins is commonly quantified by determining their capacity to
decrease the turbidity of a suspension of bacterial cells over time.
In such turbidity assays, 1 U of enzyme is defined as the amount of
enzyme that results in a 50% drop in turbidity (OD600) in 15 min
and at 37°C in a suspension of bacterial cells harvested in mid-

FIG 1 Schematic representation of relevant lysins. MurNac-LAA, amidase catalytic domain; CHAP, cysteine histidine-dependent aminohydrolase/peptidase
catalytic domain; GH25, glycoside hydrolase family 25 catalytic domain; LysM and SH3, substrate binding domains. Amino acid identities are presented between
the considered domains.

FIG 2 Electrophoretic profile of overexpressed PlySK1249. Lanes: 1.1 and 1.2,
noninduced total and cytoplasmic fractions, respectively; 2.1 and 2.2, induced
total and cytoplasmic fractions, respectively; 3.1 and 3.2, purified PlySK1249
and column flowthrough, respectively. Arrows indicate overexpressed
PlySK1249. Molecular masses of the Novex Sharp standard are given.
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logarithmic growth phase. Using this definition, which is com-
monly accepted, the calculated specific activity was 1 U/�g, which
was equivalent to 50 U/nmol of PlySK1249 (Fig. 3A).

Figure 3B depicts the pH activity profile in the presence of 3.3
U/ml of PlySK1249. The optimal pH was found to be between pH
7 and 8.5, with a ca. 50% decrease in OD600 achieved at these pH
values in 15 min. The activity was lower at acidic and basic pHs,
with, for instance, only a 7% OD600 decrease at pH 4.

It is well known that the activity of phage lysins is dependent on
the growth phase the bacterial targets are in when they are chal-
lenged by the enzyme. In order to test this growth phase-depen-
dent sensitivity to PlySK1249, aliquots of S. dysgalactiae SK1249
were harvested at different stages of growth (Fig. 3C) and further
challenged by purified PlySK1249 in turbidity assays (Fig. 3D).
We observed that bacterial cells harvested at early exponential
and mid-exponential phases were much more susceptible to
PlySK1249-induced lysis than cells harvested in the late exponen-
tial or stationary phase. For instance, while the turbidity of a so-
lution of cells harvested in the exponential growth phase (i.e., at an
OD600 of 0.48) decreased by 50% in 15 min, that of cells harvested
in the early stationary growth phase decreased by only ca. 5% (i.e.,
at an OD600 of 1.02) (Fig. 3D).

Host range. We used the turbidity assay to further determine

the activity of PlySK1249 against several different bacterial species.
All beta-hemolytic species tested (S. dysgalactiae, GBS, and Strep-
tococcus pyogenes) were susceptible to PlySK1249, with some
strain-to-strain variation for GBS (Fig. 4). Indeed, while a ca. 65%
turbidity decrease was observed for the GBS strain FSL-03, only a
ca. 15% decrease was achieved under the same conditions with
strain 532. Interestingly, Streptococcus uberis and Streptococcus suis
were also susceptible, with ca. 20% and ca. 30% decreases in tur-
bidity, respectively. PlySK1249 was active against Streptococcus
gordonii strain DL1 (ca. 45% turbidity decrease) but not against
Streptococcus mutans, S. pneumoniae, S. aureus, Enterococcus faeca-
lis, or Enterococcus faecium (
10% turbidity decreases in all cases)
(Fig. 4).

In vitro time-kill assays. In order to determine if the observed
loss of turbidity resulted from cell bursting and subsequent death,
we further tested the viability of bacterial cells exposed to
PlySK1249 in time-kill experiments (Fig. 5) and observed the ef-
fect of lysin on the cells by TEM (Fig. 6). To this end, a suspension
of S. dysgalactiae SK1249 harvested in mid-log phase was chal-
lenged with 3.3 U/ml of lysin and plated for numeration at differ-
ent incubation times (Fig. 5). Our data showed a ca. 2-log CFU/ml
decrease in 15 min, which was in agreement with the observed
decrease in turbidity. Similarly, a ca. 2-log10 CFU/ml decrease in

FIG 3 PlySK1249 in vitro activity. All experiments were done in OD600 turbidity assays using S. dysgalactiae SK1249 as the target. (A) The specific activity of
PlySK1249 was 1 U/�g. One unit of activity was defined as the amount of lysin resulting in a 50% decrease in OD600 in 15 min (closed diamonds, PlySK1249;
dotted line, controls). (B) The optimum pH was between 7 and 8.5, determined after a 15-min exposure of the cells to PlySK1249 (final concentration, 3.3 U/ml).
(C and D) PlySK1249 was more active against bacteria in the early than the late stage of growth. The OD600 at which the cells were harvested before challenge with
PlySK1249 (final concentration, 3.3 U/ml) are indicated.
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15 min was achieved with the same amount of PlySK1249 for the
GBS clinical strain 17-2167, which was used in the mouse model of
GBS-induced bacteremia. In parallel, TEM imaging of aliquots of
unchallenged (Fig. 6A) and challenged (Fig. 6B) S. dysgalactiae
cells revealed that exposure to PlySK1249 led to cytoplasm extru-
sion, resulting in ghost cells.

PlySK1249 efficacy in a mouse model of GBS-induced bacte-
remia. The therapeutic potential of PlySK1249 was tested in a
mouse model of GBS-induced bacteremia. To determine the nat-
ural history of early infection, three mice were challenged i.p. with
106 CFU of GBS 17-2167 in 100 �l of 0.9% NaCl. Animals were
euthanized 1 h postinfection, and various organs were tested for
viable GBS. We found �105 CFU/g in the spleen and kidneys (data
not shown), demonstrating that extensive bacterial seeding had
already occurred in the organs at this time point. On this basis,
PlySK1249 treatment was started 1 h after bacterial challenge in all
subsequent experiments.

In a first series of therapeutic experiments, mice were infected
by i.p. injection of 106 CFU of GBS 17-2167 in 100 �l of 0.9% NaCl

and treated i.p. 1 h later with either a single dose of 22.5 mg/kg
PlySK1249 in 100 �l lysin buffer (8 animals) or 100 �l of lysin
buffer alone (7 animals). Figure 7A shows that PlySK1249 im-
proved survival at 48 h and 72 h in this single-dose experiment.
However, the difference from untreated controls was not statisti-
cally significant (P � 0.05). Therefore, a second series of experi-
ments was attempted in which the total dosage and the frequency
of PlySK1249 injections were increased. Animals received three
injections of 45 mg/kg of PlySK1249 at 2, 20, and 24 h after bac-
terial challenge (Fig. 7B, arrows). This multidose treatment signif-
icantly improved survival at any time. Indeed, while only 2/10
(20%) of mice were still alive 5 days after bacterial challenge in the
control group, 8/10 (80%) of mice survived during the same pe-
riod in the PlySK1249 treatment group (P 
 0.01) (Fig. 7B).

DISCUSSION

Searching for potential new phage lysins against beta-hemolytic
streptococci, we focused on PlySK1249 of S. dysgalactiae SK1249
because of its unusual predicted three-domain structure, in which
the binding domain lay between the two catalytic domains. More-

FIG 4 Host range. All experiments were done in turbidity assays in the pres-
ence of purified PlySK1249 (final concentration, 3.3 U/ml) and bacterial cells
harvested in mid-exponential growth phase (i.e., at an OD600 of �0.5), which
had been previously washed and adjusted to an OD600 of �0.5 in lysis buffer.
Values are means and standard deviations from triplicates.

FIG 5 In vitro time-kill assays. S. dysgalactiae SK1249 (closed diamonds) and
S. agalactiae clinical strain 17-2167 (closed circles) were exposed to PlySK1249
(final concentration, 3.3 U/ml). Controls (open diamonds and circles) were
exposed to lysin buffer only. Each dot represents the mean of triplicates.

FIG 6 Visualization of PlySK1249 lytic activity by TEM (magnification,
�11,000). (A) S. dysgalactiae SK1249 treated with lysis buffer was not dis-
turbed. (B) S. dysgalactiae SK1249 treated for 15 min with PlySK1249 (final
concentration, 3.3 U/ml) showed cytoplasmic extrusion and ghost cells. Scale
bar, 1 �m.
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over, PlySK1249 was also interesting from the functional point of
view, as it demonstrated cross-lytic activity against several beta-
hemolytic streptococci (plus a selection of other streptococci) and
could successfully prevent mortality in a mouse model of GBS
bacteremia.

First, from the structure point of view, the PlySK1249 lysin was
different from the four anti-GBS lysins that have been described so
far. These include lysin B30 (isolated from GBS bacteriophage
B30) (19), PlyGBS (21), and LambdaSa1 and LambdaSa2, which
were isolated from GBS as well (22). Like PlySK1249, lysin B30
and PlyGBS carried two different catalytic domains. However, the
primary structure and the organization of these domains were
quite different, as shown in Fig. 1. For instance, although the three
enzymes contained a CHAP (for “cysteine histidine-dependent
amidohydrolase/peptidase”) endopeptidase domain, the second
functional domain of PlySK1249 was predicted to be an amidase,
whereas that of lysin B30 and PlyGBS was a glycoside hydrolase of
the GH25 family (19, 21). Likewise, PlySK1249 was also different
from LambdaSa1 and LambdaSa2 lysins, which harbored differ-
ent catalytic and binding domains (22). Finally, although some
hydrolytic functions were shared among these lysin species, their
overall amino acid homology was low, i.e., 
40%.

Second, from the structure-function point of view, it was in-

teresting that double-layer screening assays detected lytic activities
only around E. coli transformed with C-terminally His-tagged
pPlySK124928a constructs, not those transformed with N-termi-
nally His-tagged pPlySK124915b constructs. This suggests that ei-
ther the product of N-terminally His-tagged constructs was not
expressed or the His tag positioned at the N-terminal end (but not
the C-terminal end) of PlySK1249 abrogated the enzyme lytic ac-
tivity. Although we did not work out the definitive answer to this
question, it was previously shown that His tagging can affect en-
zymatic functions (23). Thus, it is quite possible that the N-termi-
nal amidase domain of PlySK1249 carried the major part of the
enzyme’s lytic activity and that this function was affected by the
His tag. As a consequence, any further development of this en-
zyme as a potential antimicrobial agent should take this point into
consideration.

Third, from the functional point of view, some salient aspects
of the PlySK1249 activity are relevant here, including pH and
growth phase dependency. The optimal pH-activity relationship
is well known for enzymatic activities in general and lysins in
particular. For instance, lysin B30 and PlyGBS are mostly active at
pH 4.5 to 6 and 4 to 6, respectively (19, 21), the optimal pH of the
major autolysin LytA is around 7 (24), and the optimal pH for
PlySK1249 is between 7.0 and 8.5. Beyond academic interest, these
differences may have pharmacokinetic/pharmacodynamic (PK/
PD) implications the development of these proteins for medical
purposes. Indeed, an optimal pH of 4.5 might be more adapted to
GBS decolonization of the vagina, where the surrounding pH is
acidic, as shown for the PlyGBS lysin (21). Therefore, lysins with
neutral optimal pH, such as PlySK1249, might have to be delivered
in an appropriate buffering carrier to circumvent this issue. In
contrast, PlySK1249 would be more suitable in any other infected
area, especially for parenteral therapy of severe GBS infection (al-
though the case of abscess environments, which are slightly acidic,
should be tested as well). Regarding growth dependency, lysis in-
duced by PlySK1249 (as determined in vitro) was faster in cells in
the exponential growth phase than cells in stationary phase. Sim-
ilar observations were reported for other lysins, including the B30
lysin (19). A greater susceptibility of the nascent peptidoglycan
was also shown for PlyGBS, since lysin-induced extrusion and
rupture of the cytoplasmic membrane occurred during cell divi-
sion in the region of the septum (21). The pertinence of these
observations for potential in vivo treatment success is not known.
Bacteria at infected sites are likely to span the whole array between
vegetative and dormant cells. However, the observation is concep-
tually similar to that made with the very large majority of antibi-
otics, which are active on growing but not dormant cells. Yet they
do confer treatment success. Thus, the definite proof of efficacy
must come from in vivo experimentation.

Toward this end, we tested the therapeutic potential of
PlySK249 in a mouse model of GBS-induced bacteremia. While

20% of untreated control animals survived, 80% survival was
observed in the animals treated with PlySK1249. Therapeutic ef-
ficacy was dose dependent, which is compatible with in vivo ob-
servations made with other lysins, such as the anti-pneumococcal
lysin Cpl-1 (25). Moreover, although we did not perform sophis-
ticated PK/PD measurements in these experiments, it is worth
noting that the specific activity of PlySK1249 (1 U/�g) was in the
same range as that of Cpl-1 (15).

Taken together, the present results demonstrate the in vitro
efficacy and the proof of concept for successful in vivo therapy

FIG 7 Therapeutic effect of PlySK1249 in a mouse model of GBS-induced
bacteremia. (A) CD1 Swiss mice were i.p. injected with 106 CFU of the GBS
clinical strain 17-2167. At 1 h postinfection (black arrow), animals received an
i.p. injection of 22.5 mg/kg PlySK1249 (closed circles). A control group re-
ceived lysin buffer only (open circles). (B) Mice were i.p. injected with 106 CFU
of the GBS clinical strain 17-2167. At 2, 20, and 24 h postinfection (arrows),
animals received an i.p. injection of 45 mg/kg, i.e., a total of 135 mg/kg over the
first 24 h, of PlySK1249 (closed circles). A control group received lysin buffer
only (open circles). Mice were monitored for survival over a period of 5 days,
and results were plotted in Kaplan-Meier survival curves. Survival curves were
compared with the log rank (Mantel-Cox) and Gehan-Breslow-Wilcoxon
tests.
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against GBS with the new PlySK249 lysin. Moreover, PlySK1249
represent a new lysin with cross-species lytic activity (26) against
several beta-hemolytic streptococci, including GBS, and some
other streptococcal species. This makes PlySK1249 a good candi-
date for more thorough preclinical testing. Larger-scale antimi-
crobial screening should be performed to broaden the informa-
tion on its spectrum. In addition, more in vivo studies could be
carried out in relevant situations before human trials are initiated,
for instance, in the veterinarian field against bovine- and swine-
associated pathogenic streptococci.
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