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Abstract Development of novel antibacterial agents is

required to control infection with multidrug-resistant

Streptococcus suis. HolSMP and LySMP, the holin and

lysin of S. suis serotype 2 bacteriophage, named SMP, are

responsible for lysis of host cells and release of progeny

phage. HolSMP and LySMP expressed in Escherichia coli

BL21(DE3) exerted efficient activity at 37 �C, pH 5.2, with

addition of 0.8 % b-mercaptoethanol. Lytic spectra of

purified HolSMP, LySMP or HolSMP ? LySMP mixture

were investigated. HolSMP, exhibiting a narrow lytic

spectrum, was effective against Staphylococcus aureus and

Bacillus subtilis, which were insensitive to LySMP.

Moreover, HolSMP was identified as a promising anti-

bacterial agent which was able to extend the spectrum of

LySMP. The data suggest that combined use of holin and

lysin could be a candidate strategy for resolution of drug

resistance.

Introduction

Overuse of antibiotics has led to an increase in the

worldwide prevalence of antibiotic-resistant bacteria

[6, 14, 19, 23]. S. suis is an important zoonotic pathogen

that leads to economic losses and severe invasive diseases

in humans, with meningitis being the most common clin-

ical presentation [4, 12, 21]. It has been reported that 421

isolates of S. suis from clinically healthy sows in China

exhibited high level resistance to commonly used antibi-

otics, including tetracycline, sulfisoxazole, clindamycin,

erythromycin and trimethoprim/sulfamethoxazole [10, 26,

28]. Novel antibiotics can be developed, but the pathogens

ultimately become resistant to such drugs. To break this

vicious cycle, phage therapy has been recommended,

including the use of phage products, as a drug-independent

strategy to control bacterial infection [15].

For most bacteriophages, lysis of the host requires at

least two proteins: lysin and holin [11]. Lysins are phage-

encoded proteins and act to degrade the bacterial host cell

wall before the release of phage, and have been reported

as the best example of phage antimicrobial agents.

Indeed, the utilization of phage lysins as enzybiotics is a

hot research topic [8, 18]. Holins are small phage-encoded

proteins that accumulate in the cytoplasmic membrane

during the period of late-protein synthesis after infection

and assist lysins to complete lysis of the host cell [9]. In

this respect, holins have the potential to be used as

therapeutic agents in their own right [7]. Moreover, the

antibacterial activities of several holin-like proteins, such

as the tmp1 gene encoded protein identified from a goat

skin surface metagenome and BhlA protein of B. lichen-

iformis, have been reported over past decade [1, 22].

However, the combining antibacterial activity of holin

with lysin was not well studied.
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SMP is a S. suis serotype 2 (SS2) lytic bacteriophage

isolated from nasal swabs of healthy Bama minipigs [13].

Streptococcal strains SS2-4, SS2-6, and SS2-H are sensi-

tive in plaque assays [16, 27]. LySMP is the endolysin of

SMP, and shows efficient degradation of S. suis treated

with phenylmethanesulfonyl fluoride (PMSF) or lysozyme

at 37 �C and pH 5.2, and exhibited a broader spectrum of

activity than whole phage against bacteria investigated

[27]. Moreover, LySMP almost completely disperses the

biofilms formed by S. suis [16].

Here, we aimed to characterize the antibacterial activity

of HolSMP, the holin of SMP, and determine the syner-

gistic antimicrobial activity of HolSMP and LySMP

against S. suis, as the next step towards developing novel

therapeutic agents against bacterial infection.

Materials and Methods

Bacterial Strains, Plasmids, Bacteriophages and Growth

Media

S. suis SS2, SS7, and SS9 strains were isolated from

diseased pigs between 1998 and 2005 in China. Strepto-

coccus equi ssp. zooepidemicus (SEZ) reference strain

ATCC35246, S. aureus reference strain ATCC25923 and

B. subtilis reference strain ATCC6633 were purchased

from the American Type Culture Collection (ATCC).

Salmonella enterica strain ATSEL0114 and E. coli strain

MC1061 were donated by Professor Lu of Nanjing Agri-

cultural University. E. coli strains DH5a and BL21(DE3)

were purchased from Tiangen Biotech (Beijing, China). All

of the S. suis strains and SEZ were cultured in Todd–He-

witt broth (THB) or agar medium, supplemented with 2 %

(v/v) newborn bovine serum, at 37 �C, while the other

strains were cultured in in Luria–Bertani (LB) broth.

Plasmid pET-28a(?) (Novagen) and pET-lys containing

the LySMP gene was propagated in strain BL21 in LB

broth containing 50 lg/ml kanamycin, as described previ-

ously [27]. SMP is an S. suis serotype 2 lytic bacteriophage

first isolated by Ma et al. from nasal swabs of healthy

Bama minipigs [13]. Bacteriophages were prepared as

described previously [27].

DNA Extraction and Plasmids Construction

DNA was isolated from SMP as described previously [27].

According to the sequence of SMP (GenBank accession no.

EF116926), primers were designed to amplify the HolSMP

gene by PCR (forward primer: GCGGAATTCatggttat-

gatgttat; reverse primer: ATCCTCGAGGCTTTGAT-

TAGTTtca; new restriction sites EcoRI and XhoI were

indicated by shadow, and lowercase letters represented

sequences corresponding to that of HolSMP) from the

purified phage genomic DNA. The amplified holin gene

was then cloned into the pET-28a(?) prokaryotic expres-

sion vector using the EcoRI and XhoI restriction sites

incorporated into the PCR primers, designated as pET-hol.

The ligation product was transformed into competent

E. coli DH5a cells. Plasmids were extracted from positive

transformants and sequenced.

Expression Analysis of HolSMP and LySMP

The recombinant plasmids pET-lys and pET-hol were

transformed into competent E. coli BL21(DE3) cells.

Overnight grown culture of BL21(DE3) containing plasmid

pET-lys or pET-hol was diluted 1:100 and incubated to

OD600 0.5–0.6. Protein expression was induced by addition

of isopropyl-b-thiogalactopyranoside (IPTG) to a final

concentration of 1 mM and shaking at 30 �C at 150 rpm

for 4 h. The growth of clones after induction was moni-

tored by measuring OD600.

Purification of HolSMP and LySMP

Protein expression was induced as described above. To

obtain E. coli lysates containing HolSMP, the pellet of 1-L-

induced culture was resuspended in 15 ml of lysis buffer

(50 mM sodium phosphate, pH 8.0, 300 mM NaCl).

Detergent-soluble material on cytoplasmic membrane was

extracted as previously described, except that the detergent

was replaced with dialyzable detergent N-octyl-b-D-

glucopyranoside (OGP) [24]. The recombinant HolSMP in

solution with detergent was purified using nickel-affinity

chromatography. All of the buffers used in purification

contained 1 % OGP. LySMP was prepared according to the

method of Wang [27]. Then, the purified proteins were

dialyzed and concentrated as described previously [24].

Concentrations of HolSMP and LySMP were estimated

[25].

SDS-PAGE and Zymography

Purified HolSMP or LySMP was subjected to SDS-PAGE

at 80 V in a 5 % polyacrylamide gel gradient and then at

120 V in a 12 % gradient. Protein bands were detected by

dying with Coomassie brilliant blue R250. Zymography

was performed as previously described with S. suis SS2-H

cells as an indicator [27]. IPTG-induced BL21 cells con-

taining pET-28a(?) were used as a control.

Characterization of HolSMP Activity

For turbidity reduction assay, B. subtilis was used as an

indicator. Culture was grown to mid-log phage (OD600
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0.5), collected and resuspended in buffers at specific pH to

OD600 1.0. A 100 ll of purified HolSMP with a final

concentration of 100 lg/ml and 100 ll indicator cells were

mixed and added to 96-well plates. Plates were incubated

for 30 min. Changes in OD600 were recorded. The effect of

pH on HolSMP bactericidal activity was determined in

several buffers (20 mM sodium acetate, pH 4.0, 20 mM

sodium acetate, pH 5.2, 20 mM PBS, pH 6.8, 10 mM PBS,

pH 7.2, 20 mM Tris–HCl, pH 8.5). Likewise, the ability of

HolSMP at different temperatures (4, 17, 27, 37, and

42 �C) and the optimum concentration of b-mercap-

toethanol (0, 0.5, 0.8, 1, 3, and 5 %) for refolding of protein

were also tested.

Antibacterial Activity of Phage Lytic Proteins

Antibacterial activities of HolSMP, LySMP or HolS-

MP ? LySMP mixture were tested by addition of purified

proteins to a well in an agar plate overlaid by indicator

cells. Twenty-three strains of SS2, SS7, SS9, SEZ,

S. aureus, E. coli, and S. enterica were investigated. Cul-

tures were grown to mid-log phase (OD600 0.8), collected

and resuspended in PBS (pH 5.2) at 1 % of the original

culture volume. The bacterial pellet was washed three

times with PBS. THB agar plates containing a 1 % inoc-

ulum of indicator Streptococcus strain were prepared.

Likewise, S. aureus, E. coli and S. enterica were inoculated

in LB agar or THB agar plates. Four wells with a diameter

of 0.5 cm were cut into the agar, and 20 ll purified

HolSMP (with 20 ll PBS and 0.8 % of b-mercap-

toethanol), LySMP (with 20 ll PBS and 0.8 % b-mercap-

toethanol), mixture of HolSMP and LySMP (20 ll

respectively and 0.8 % b-mercaptoethanol) and 40 ll PBS

with 0.8 % of b-mercaptoethanol as a control were added

to these wells, respectively. All experiments were per-

formed in triplicate. After incubation for 5 h at 37 �C, clear

halos around the wells indicated antibacterial activity.

Results

Expression, Purification of HolSMP and LySMP

Recombinant phage proteins, HolSMP and LySMP, were

expressed in host strain E. coli BL21(DE3) in LB broth

containing ampicillin by addition of IPTG. The proteins

were purified, dialyzed, concentrated and checked for

antibacterial activity. SDS-PAGE analysis was performed

to examine the purified target proteins. Bands of approxi-

mately 16 and 55 kDa were HolSMP and LySMP,

respectively (Fig. 1 lane 1 and Fig. 2a lane 1). In the

zymogram of autoclaved cells of SS2-H as the substrate,

LySMP showed highly efficient degradation of the cell

wall (Fig. 2b lane 2). E. coli BL21(DE3) harboring pET-

28a(?) (Fig. 2b lane 1) was performed as a negative

control.

Characterization of HolSMP

Employing the turbidity reduction assay, the optimum pH,

temperature conditions and concentration of b-mercaptoethanol

1 2
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Fig. 1 SDS-PAGE analysis of purified HolSMP. Purified HolSMP

was pointed by the arrow (lane 1), and the marker was shown on lane
2
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Fig. 2 SDS-PAGE and Zymogram analysis of LySMP. a SDS-PAGE

of purified LySMP. The purified LySMP was pointed by the arrow
(lane 1), and marker was shown on lane 2. b Zymogram analysis of

LySMP. E. coli BL21(DE3) harboring pET-28a(?) (lane 1) was

performed as a negative control of E. coli BL21(DE3) harboring pET-

hol(?) (lane 2). The lytic activity of LySMP appeared as a translucent

band pointed by arrow on the opaque background. The marker was

shown on lane 3
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for the holin were determined. Greatest enzymatic activity

was obtained at pH 5.2 (Fig. 3a). Turbidity decrease was

high at pH 8.5 in comparison to pH 7.2, presumably due to

autolytic activity of bacteria in an alkaline background. A

temperature profile for HolSMP activity was also deter-

mined. The bacterial cells were most susceptible to HolSMP

at 37 �C (Fig. 3b). The decrease in turbidity was relatively

high by addition of 0.5–1 % b-mercaptoethanol (Fig. 3c).

Antibacterial Activity of HolSMP and Its Combination

with LySMP

Antibacterial activities were tested by addition of purified

proteins into wells in agar plates overlaid by indicator cells

(Fig. 4). Twenty-four different cell substrates, including 19

clinical isolates of S. suis, an SEZ strain, an S. aureus

strain, an E. coli strain, an S. enterica strain and a B.

subtilis strain were used as indicators. Only S. aureus and

B. subtilis HolSMP were sensitive to HolSMP (Table 1).

Five out of 17 strains of SS2 could be lysed by LySMP, as

well as SS7 and SS9. However, 10 more strains of SS2 and

a strain of S. enterica were sensitive to the mixture of

HolSMP and LySMP. Combined usage of HolSMP with

LySMP exhibited an extensive spectrum of lytic activity

against the bacteria investigated.

Discussion

Phage antimicrobial agents, using phage themselves or

their products, have recently been proposed for resolution

of antibiotic resistance. In recent years, the application of

living phages, non-replicating, genetically modified pha-

ges, lysins, and ‘‘protein antibiotics’’ has been reported [2],

but the practical application of the first two has been lim-

ited to a narrow host spectrum and has several safety

issues.

In this study, we found that HolSMP, the holin protein,

could be a novel antimicrobial agent. Holins are small

phage-encoded proteins with a different lytic mechanism

from that of lysins. During progress of progeny phage

release, holins accumulate non-specifically and form

lesions in the cytoplasmic membrane, while lysins target

and degrade bacterial murein. When applied exogenously,

we found that HolSMP was effective against S. aureus and

was able to kill the cells. The holin-like protein from

B. licheniformis has also been reported consistently to be

effective at killing several types of Gram-positive bacteria,

such as methicillin-resistant S. aureus (MRSA) and

Micrococcus luteus [1]. Compared with Streptococcus

spp., S. enterica and E. coli, many S. aureus strains have no

capsule but a slime layer, so it is possible that it might be

easier for holin to target the membrane of S. aureus, but

further study is needed to establish the exact antimicrobial

mechanism of holins.

Phage-encoded lysins, which could degrade peptido-

glycan of Gram-positive bacteria exogenously, are

considered to be new and potent weapons against drug-

resistant pathogens. Lysins against a number of Gram-

positive pathogens, such as B. anthracis and Streptococcus

pyogenes, were reported [3, 17].The engineered lysin ClyS,

constructed by fusing the catalytic domain and a unique
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Fig. 3 Characterization of HolSMP activity. Percent reduction in the

turbidity of B. subtilis after treatment with 10 lg of HolSMP for

30 min. a pH profile of HolSMP antibacterial activity. b Temperature

profile of HolSMP antibacterial activity. c b-Mercaptoethanol profile

of HolSMP antibacterial activity. Values represent mean ± SD
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binding domain from two different phages infecting

Staphylococcus, was considered as a prototype of the

research on improvement of lytic efficiency of lysins. ClyS

showed synergistic effect with vancomycin and oxacillin in

treatment of S. aureus infection as well [5]. Moreover, the

antibodies developed after repeated CylS exposure did not

inhibit ClyS activity [20]. These findings implied a bright

future of lysins as antibacterial agents.

Our research focused on the combined antibacterial

activity of holin and lysin. A previous study on LySMP has

reported that 15 out of 17 strains of S. suis SS2 treated with

PMSF could be lysed, as well as strains SS7 and SS9, SEZ

and S. aureus. In particular, LySMP can efficiently disrupt

biofilms formed by S. suis. In the present study, two SS2

strains 05-465 and ZY05722, which were insensible to

SMP, were lysed by LySMP. These results suggested that

lysin exhibited a larger bacteriolytic spectrum than its

corresponding phage. Nonetheless, SS2 strains, such as

HA05729-1, SS2-9, and SS-N, were insensitive or less

sensitive to the LySMP under ‘‘physiological’’ conditions.

Therefore, it was also a major issue to improve the avail-

ability of LySMP. Although the simple HolSMP only

exhibited a narrow lytic spectrum, it could lyse two strains

of S. aureus and B. subtilis, which were insensitive to

LySMP. Moreover, 12 more strains, including strains of an

S. aureus, B. subtilis strain and S. enterica were lysed by a

mixture of HolSMP and LySMP. HolSMP showed syner-

gistic activity with LySMP. It was encouraging that both

HolSMP and LySMP had greatest activity at 37 �C and pH

5.2 with 0.8 % b-mercaptoethanol. The average body

temperature of mammals is 37 �C, and the pH of oral

cavity, saliva, nasal cavity and vagina is 4.0–5.5. On the

one hand, this could facilitate in vivo animal tests. On the

other hand, the simultaneous administration of HolSMP

and LySMP is feasible. Therefore, the combined applica-

tion of LySMP and HolSMP to control S. suis infection has

potential.

To improve the activity and facilitate purification of

HolSMP, an oligohistidine tag was fused to HolSMP. We

found that such an addition at one terminus fundamentally

changed the character of HolSMP, altered the triggering

time and weakened its lesion-forming activity (Fig. 5).

Further research suggested that insertion of an oligohisti-

dine tag after codon 139 yielded HolSMP that showed

essentially normal timing and lysis profiles (Fig. 6), which

might be helpful for preparation and application of
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Fig. 4 Antibacterial activity of

HolSMP and LySMP. Purified

HolSMP and LySMP were

added into the wells of agar

plates. The results of B. subtilis,

S. aureus, S. suis (SS2-H and

HA9801) were presented as

prototypes. After incubation, a

clear halo around the well

indicated lysis
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Table 1 Bacterial strains testing for antibacterial activity

Strain Description Serotype Results of cellsa Plaque assay

HolSMP LySMP HolSMP ? LySMP

SS2-9 S. suis 2 - - ? -

HA9801 S. suis 2 - - ? -

HA9802 S. suis 2 - - ? -

05-465 S. suis 2 - ? ?? -

15 S. suis 2 - - ? -

19-2(A) S. suis 2 - - ? -

SS2-4 S. suis 2 - ? ?? ?

C166 S. suis 2 - - - -

zy05719 S. suis 2 - - - -

006731 S. suis 2 - - - -

HA05729-1 S. suis 2 - - ? -

ZY05722 S. suis 2 - ? ?? -

SS2-H S. suis 2 - ? ? ?

13 S. suis 2 - - - -

SS2-6 S. suis 2 - ? ?? ?

SS-N S. suis 2 - - ? -

2-4 S. suis 2 - - ?? -

SH040805 S. suis 7 - ? ?? -

SH040817 S. suis 9 - ? ?? -

ATCC35246 SEZ - - - -

ATCC25923 S. aureus ? - ? -

ATSEL0114 S. enteria - - ? -

MC1061 E. coli - - - -

ATCC6633 B. subtilis ? - ? -

a ?? strong intensity,? weak intensity, - absence of lysis (no clearing lytic zone)
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Fig. 5 Lysis profiles of BL21(DE3)pLysS harboring plasmids bear-

ing the HolSMP gene with inserts encoding an oligohistidine tag at

either the N or C terminus. The oligohistidine tag was indicated by

t. Thus, the N-terminally tagged HolSMP allele and the C-terminally

tagged one were defined as tHolSMP and HolSMPt, respectively
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Fig. 6 Lysis profiles of BL21(DE3)pLysS harboring plasmids bear-

ing the HolSMP gene with inserts encoding an oligohistidine tag after

codon 125, 131, 136, 137, 138, 139. The oligohistidine tag was

indicated by t. For example, the HolSMP with oligohistidine tag

behind codon 125 was defined as HolSMP125t
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HolSMP in the future. The plasmids, primers, and strate-

gies of plasmids construction used on oligohistidine-tag-

encoding insertions were given in Online Resource 1.

The combined application of HolSMP and LySMP

proved that holin and lysin had a synergistic effect when

administered exogenously. Further investigation of com-

bined usage of phage antibacterial agents and a candidate

strategy for solution of drug resistance is now warranted.
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