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Abstract 

The wild-type Lactococcus lactis strain LAC460 produces two bacteriocin-like phage lysins, L ysL and L ysP. This study aimed to produce 
and secrete LysL in various heterologous hosts and an in vitro cell-free expression system for further functional studies. Initially, 
the lysL gene from L. lactis LAC460 was cloned into Lactococcus cremoris NZ9000 and L. lactis N8 strains, with and without the usp45 
signal sequence ( SS usp45 ), under a nisin-inducible promoter. Active LysL was primarily produced intracellularly in recombinant L. lactis 
N8, with some secretion into the supernatant. Recombinant L. cremoris NZ9000 lysed upon nisin induction, indicating successful lysL 
expr ession. Howev er, fusion with Usp45 signal peptide (SP Usp45 –L ysL) weakened L ysL acti vity, likel y due to incomplete signal peptide 
cleav a ge during secr etion. Acti v e LysL w as also produced in vitro , and analysed in SDS-PAGE, giving a 42-kDa band. However, the yield 

of LysL protein was still low when produced from recombinant lactococci or by in vitro expression system. Therefore, His-tagged LysL 
w as pr oduced in Esc heric hia coli BL21(DE3). Western b lot confirmed the intracellular pr oduction of a bout 44-kDa His-ta gged LysL in E. 
coli . His-ta gged acti v e LysL w as then purified by Ni-NTA affinity chr omatography yielding sufficient 4.34 mg of protein to be used in 

future functional studies. 

Ke yw ords: Lactococcus lactis ; phage lysin; heterologous expression; Usp45 signal peptide; protein purification; inhibitory tests 
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Introduction 

Lactococcus lactis is a lactic acid bacterium br oadl y a pplied as 
starter culture for fermentation of dairy products . T hus far, more 
than 40 different bacteriocins, ribosomally synthesized antimi- 
cr obial pr oteins , ha v e been c har acterized fr om Lactococcus spp.
(Takala et al. 2023 ). Bacteriocins are generally divided into three 
classes, although alternative classifications have also been pro- 
posed (Soltani et al. 2021 ). Nearly all lactococcal bacteriocins be- 
long to either class I or II bacteriocins, heat-stable peptides. Class 
I bacteriocins mostly act by cell membrane disruption and in- 
hibition of peptidoglycan synthesis (Simons et al. 2020 ). Class II 
bacteriocins cause cell death thr ough differ ent wa ys , mainly by 
disrupting membrane permeability (Lozo et al. 2017 ). To date, the 
only class III bacteriocins, heat-labile large antimicrobial proteins, 
identified from lactococci are prophage-encoded lytic enzymes 
LysL and LysP from L. lactis LAC460 (Takala et al. 2023 ). 

Lytic enzymes so far c har acterized fr om Lactococci ar e au- 
tol ysins and pha ge-r elated l ysins, whic h either contribute to au- 
tol ysis or behav e like bacteriocins (Vis wes waran et al. 2017 , Takala 
et al. 2023 ). To date, ther e ar e four main N -acetylglucosaminidases 
(AcmA, AcmB, AcmC, and AcmD) and one peptidase (YjgB) iden- 
tified in Lactococcus spp. genomes. N -acetylglucosaminidases are 
mostl y involv ed in cell separation and ar e involv ed in cell autoly- 
sis (Vis wes waran et al. 2013 ). YjgB is an endopeptidase, which de- 
grades the cell wall of lactococci (Redko et al. 2007 ). More recently,
Usp45, the major extr acellular pr otein of Lactococcus spp. was also 
reported to act as a peptidoglycan hydrolase that mediates cell 
separation (Hernandez-Valdes et al. 2020 ). As Usp45 is the most 
secr eted pr otein in Lactococcus spp., its signal peptide (SP Usp45 ) has 
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r e pr oduction in any medium, provided the original work is properly cited. For com
een used for producing many different heterologous proteins in 

actococci (Wan et al. 2015 , Bıyıklı et al. 2023 ). 
Pr opha ges and pr opha ge-like elements ar e pr esent in all lac-

ococcal genomes (Aucouturier et al. 2018 ). For instance, Kelle-
er et al. ( 2018 ) studied 30 strains of Lactococcus spp., and all of
hem carried 2–10 intact, questionable, or incomplete pr opha ge
egions. All intact and some incomplete lactococcal prophages 
arry genes encoding lytic enzymes called virion associated lysins 
VALs) and endolysins (Fernandes and São-José 2018 , Abdelrah- 

an et al. 2021 ). VALs are phage lysins with both enzymatic and
tructural functions . T he y help perforate the pe ptidoglycan layer
f target bacteria, allowing the viral genome to enter the target
ells . Endolysins , in contrast, act in the end of lytic cycle to de-
r ade the peptidogl ycan of the host bacteria (Abdelrahman et
l. 2021 ). Endol ysins ar e usuall y coexpr essed with holins, small
roteins facilitating the access of endolysins to peptidoglycan by 
orming pores in the cell membrane (Saier and Red d y 2015 ). This
rocess is follo w ed b y the lysis of the host cell, ultimately leading
o the release of phages. As demonstrated previously (de Ruyter
t al. 1997 ), heterologous expression of lactococcal phage lysins
n cheese starter strains accelerates cheese ripening by releasing 
ntr acellular enzymes fr om the l ysed starter bacteria. This could
e accomplished by pr oducing l ysins in a l ysin-sensitiv e c heese
tarter strain, follo w ed b y the lysis of the host, or by secreting the
 ysins fr om a l ysin-r esistant adjunct starter str ain. 

In our pr e vious w ork, w e found a pr opha ge-encoded
acteriocin-like l ysin, LysL, fr om the cultur e supernatant of
 . lactis strain LAC460 (Takala et al. 2023 ). LysL is a 385-aa
ysozyme + peptidase M23 from a defective prophage. Among 
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4 Lactococcus strains tested, 11 were sensitive to LysL, while it
ad no lytic effect on the producer strain. Ho w ever, there is no
xperimental evidence about the precise mode of action of LysL
r its secretion mechanism. T herefore , in order to study the
unction of LysL, expression and purification of the enzyme are
eeded. 

In this study, the lysL gene was cloned and the LysL protein was
r oduced in differ ent heter ologous hosts, as well as expressed in
itro . In addition, LysL protein was purified, and the secretion of
ysL was investigated. 

aterials and methods 

lasmids, strains, and culture conditions 

lasmids and bacterial strains used in this study are listed in
able 1 . Esc heric hia coli str ains wer e gr own in l ysogen y br oth (LB)
edium (1% tryptone, 0.5% yeast extract, and 1% NaCl) with shak-

ng at 37 ◦C. Lactococcus lactis and L. cremoris strains were incu-
ated in M17 medium (Oxoid Ltd. Basingstoke, UK) supplemented
ith 0.5% (w/v) glucose (M17G) at 30 ◦C. Solid media were made
y adding 1.5% agar to the liquid media. For selecting Lactococ-
us tr ansformants, erythr omycin was used at a concentr ation
f 10 μg/ml (M17GE). For E. coli transformants, 250 μg/ml ery-
hromycin or 150 μg/ml ampicillin was used. 

NA techniques 

ene amplifications were carried out by standard PCR (Eppendorf,
ambur g, German y) and using Phusion High-Fidelity DNA poly-
erase (Thermo Scientific, Waltham, MA, USA), according to the

nstructions of the manufacturers. PCR primers used are listed in
upplementary Table S1 . DNA purification of PCR products and
r om a gar ose gel wer e carried out using the GeneJET PCR Purifi-
ation Kit and GeneJET Gel Extraction Kit (Thermo Scientific), re-
pectiv el y. Plasmid DN A w as isolated fr om the r ecombinant cul-
ures with the GeneJET Plasmid Miniprep Kit (Thermo Scientific).
ransformation of the strains was done by electr opor ation with
ene Pulser (Bio-Rad Laboratories , Hercules , C A, USA). PCR prod-
cts were sequenced by an outsourced DNA sequencing service

n the Institute of Biotechnology (University of Helsinki, Finland). 

onstruction of expression vectors 

he lysL gene and SS usp45 were amplified by PCR using L. lactis
AC460 culture as template. SS usp45 was fused upstream of lysL
SS usp45 –l ysL ) using gel-extr acted amplicons of the pr e vious PCRs
s templates in ov erla p extension PCR (OE-PCR). The vector com-
osed of the replication genes repAC , the erythromycin resistance
ene ermC , and the nisin-inducible promoter P nisZ was amplified
y PCR from plasmid pWUST25 (Wan et al. 2016 ). The vector frag-
ent was cut with Nco I/ A pa I r estriction enzymes, and the lysL and

S usp45 –l ysL fr a gments with the compatible enzymes Bsp HI/ Apa I
Thermo Scientific) at 37 ◦C for 30 min, as recommended by the
upplier. Digested and purified DNA fr a gments wer e ligated us-
ng T4 DNA ligase (Thermo Scientific) overnight at room temper-
ture, as instructed by the manufacturer. Figure 1 illustrates the
onstruction of l ysL expr ession plasmid (pLEB823) and SS usp45 –lysL
xpression plasmid (pLEB824). The ligation mixtures were trans-
erred by electroporation into E. coli TG1, essentially according to
abar ovsky and Winber g ( 1990 ). Colonies wer e scr eened for the
ight constructs by PCR with P nisZ F and RSF ( repAC screening for-
 ar d) primers ( Supplementary Table S1 ). Plasmids were isolated

rom the right clones, follo w ed b y sequencing to verify correct
onstructs . T he l ysL expr ession plasmids pLEB823 and pLEB824,
s well as the control plasmid pVS2 were then electroporated
nto L. cremoris NZ9000 and L. lactis N8, essentially as described by
olo and Nes ( 1989 ). Lactococcus cremoris NZ9000 strains carrying
S usp45 –l ysL expr ession plasmid, l ysL expr ession plasmid, or pVS2
ere named as LA C474, LA C475, and LA C476, r espectiv el y. Lacto-

occus lactis N8 strains carrying SS usp45 –lysL expression plasmid,
 ysL expr ession plasmid, or pVS2 were named as LA C477, LA C478,
nd LAC479, r espectiv el y. 

ctivity assay 

actococcus cremoris LAC277 was chosen as the indicator for LysL
ctivity tests because it is LysL sensitive, and nisin and ery-
hr omycin r esistant without nisin pr oduction. Inhibitory activity
f the recombinant L. lactis N8 strains carrying the l ysL expr es-
ion plasmids against L. cremoris LAC277 was determined using
pot-on-lawn method as described by Wan et al. ( 2015 ). Briefly, five
imes sterile water-diluted overnight culture of L. cremoris LAC277
n M17GE was spread and left to dry onto an M17GE agar plate.
ell-free supernatant (CFS) of the overnight sample cultures were
btained by centrifugation at 5000 × g for 10 min followed by fil-
ering through 0.22 μm sterilized filter. 10 ml of CFSs were con-
entrated using 30 kDa centrifugal filters (Merck, Darmstadt, Ger-
any) according to manufacturer’s instructions. After centrifug-

ng (5000 × g , 10 min), the upper phase was washed twice with
 ml of PBS, and finally centrifuged to a final volume of 500 μl. 

The centrifuged cell pellets of the overnight sample cultures
ere used for obtaining the cell lysates. After centrifugation of the

ultures, the pellets were resuspended in the same volume of PBS
pH 7.2). 1 ml of each cell suspension was added to a 2-ml tube
ontaining 0.1 mm glass beads (Omni International, Kennesaw,
A, USA) and placed in Omni bead mill homogenizer (Bead Rup-

or Elite , Omni International). T he cell br eaka ge was performed at
he speed of 6 m/s for 40 s at 0 ◦C. The tubes’ contents were then
entrifuged at 4000 × g for 10 min, and the cell l ysates wer e ob-
ained by passing each supernatant through 0.22 μm sterilized fil-
er. 10 μl of the concentrated CFS or cell lysate samples were then
potted on the indicator plates and incubated at 30 ◦C overnight. 

In the case of L. cremoris NZ9000, the recombinant colonies were
ultivated in M17GE and incubated at 30 ◦C until the OD 600 value
 eac hed to 0.5 (about 5 h). The induction was then applied with
isin at the concentration of 0.5 IU/ml and the incubation was
ontinued for another few hours. 

n vitro expression 

ell-fr ee pr otein biosynthesis of LysL was done using the r a pid
ranslational system (RTS) 100 E. coli HY Kit (Biotec hr abbit GmbH,
erlin, Germany). Using the forw ar d primer lysL F OE T7 carrying
v erla p extension to T7 promoter, with the reverse primer lysL R
E RTS ( Supplementary Table S1 ), lysL containing homologous re-
ions of the R TS forw ar d adaptor sequence at the 5 ′ ends, and RTS
 e v erse ada ptor sequence at the 3 ′ ends was amplified. The puri-
ed PCR product was then used as a template for the second PCR
ith the primers RTS T7 F and RTS R ( Supplementary Table S1 ),
hich bear R TS forw ar d and R TS r e v erse ada ptor sequences, r e-

pectiv el y. Ther eby, T7 pr omoter and R TS forw ar d adaptor se-
uences were added upstream of lysL gene, and the RTS r e v erse
daptor sequence was fused downstream of that, forming the RTS
inear expr ession template. Finall y, 0.5 μg of the purified expres-
ion template was used for in vitro protein synthesis reaction in
 volume of 50 μl. The reaction was incubated for 6 h at 30 ◦C ac-
ording to the manufactur er’s instructions. One neutr al r eaction
as also run in parallel without template, serving as the control. 

https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnae065#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnae065#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnae065#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnae065#supplementary-data
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Table 1. Plasmids and bacterial strains used in this study. 

Name Description Reference 

pET-22b( + ) E. coli expression vector harboring pBR322 ori , ampR , PT7 GenScript Biotech (Leiden, Netherlands) 
pLEB823 l ysL expr ession plasmid for Lactococcus ; repAC , ermC , P nisZ , lysL This study 
pLEB824 SS usp45 –l ysL expr ession plasmid for Lactococcus ; repAC , ermC , P nisZ , SS usp45 –lysL This study 
pLEB844 6xHislysL in pET-22b( + ) under PT7 control This study 
pVS2 Control plasmid; repAC , ermC von Wright et al. ( 1987 ) 
pWUST25 Lactococcus expression plasmid; source of repAC , ermC , P nisZ Wan et al. ( 2016 ) 
E. coli BL21(DE3) Pr otein pr oduction str ain; IPTG inducible gene expr ession Studier and Moffatt ( 1986 ) 
E. coli ECO859 BL21(DE3) carrying lysL expression plasmid pLEB844 This study 
E. coli TG1 Cloning host Sambrook et al. ( 2001 ) 
L. lactis LAC460 Wild-type LysL producer; source of lysL gene Takala et al. ( 2023 ) 
L. cremoris LAC277 Indicator strain; resistant to nisin and erythrom ycin, sensiti ve to LysL Takala et al. ( 2004 ) 
L. cremoris NZ9000 Nisin inducible gene expression host; sensitive to LysL Kuipers et al. ( 1998 ) 
L. cremoris LAC474 NZ9000 carrying pLEB824; SS usp45 –lysL expression, Erm 

R This study 
L. cremoris LAC475 NZ9000 carrying pLEB823; lysL expression, Erm 

R This study 
L. cremoris LAC476 NZ9000 carrying pVS2; control strain, Erm 

R This study 
L. lactis N8 Constitutive gene expression host with nisin promoter; nisin producer, 

resistant to LysL 
Valio Ltd, Helsinki, Finland; (Wan et al. 

2021 ) 
L. lactis LAC477 N8 carrying pLEB824; SS usp45 –lysL expression, Erm 

R This study 
L. lactis LAC478 N8 carrying pLEB823; lysL expression, Erm 

R This study 
L. lactis LAC479 N8 carrying pVS2; control strain, Erm 

R This study 

Figur e 1. Schematic o verview of the construction procedure of the lactococcal lysL expression plasmid pLEB823, and the SS usp45 –lysL expression 
plasmid pLEB824. erm C, erythr omycin r esistance gene; repAC , plasmid r eplication genes; and P nisZ , nisin-inducible pr omoter. 
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SDS-PAGE 

SDS-PAGE was performed according to the method essentially 
described by Laemmli with modifications (Laemmli. 1970 ). The 
in vitro translation reactions were mixed with SDS-PAGE load- 
ing buffer (Bio-Rad Laboratories) and heated at 95 ◦C for 5 min.
0 μl of the samples were then loaded to a gradient SDS-PAGE
el (4%–20%; Bio-Rad Laboratories) and electrophoresed at 4 ◦C 

nder 200 V for 30 min. The gel was then fixed in a fixing so-
ution (100 mM ammonium acetate, 10% acetic acid, and 50%

ethanol) for 30 min with gentle agitating. It was then stained
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Figure 2. Construction of the E. coli lysL expression plasmid pLEB844. The lysL gene was amplified, digested, and ligated into the pET-22b( + ) backbone 
via Nde I/ Xho I restriction sites . T he vector contains T7 promoter and ampicillin resistance gene, ampC . 
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ith Coomassie Brilliant Blue R-250 (Bio-Rad Laboratories) for 1 h,
ollo w ed b y destaining for 2 h in a 10% acetic acid solution. 

loning of lysL gene into the pET-22b( + ) vector 
eter ologous expr ession of l ysL in E. coli BL21(DE3) was done us-

ng pET-22b( + ) as the expression vector. The gene lysL was am-
lified using the primers LysL F His-Tag Xa Nde I and LysL R Xho I
 Supplementary Table S1 ), which amplify lysL with 6 × His codons
lus the Factor Xa protease cleavage site for removal of His-Tag in
he N-terminus of LysL. The vector and insert were then cut using
de I/ Xho I restriction enzymes at 37 ◦C for 30 min and ligated, re-
ulting in the plasmid pLEB844 (pET-22b( + )- lysL ) (Fig. 2 ). Then, the
igation mixture was electroporated into E. coli BL21(DE3) similarly
s described above for E. coli TG1. Colon y PCR scr eening using T7
 and LysL R Xho I primers ( Supplementary Table S1 ), follo w ed b y
equencing of the insert, confirmed correct construct. The recom-
inant strain was stored as E. coli ECO859. 

estern blot 
00 ml LB Amp 

150 was inoculated with an overnight incubated
eed of E. coli ECO859, then incubated at 37 ◦C with shaking
200 rpm). The induction of protein expression was performed
y adding 1 mM isopropylthio- β-galactoside (IPTG) after OD 600 

 eac hed about 0.5. The incubation was then continued for pro-
ein production for another 20 h under the same conditions . T he
ells were then collected by centrifugation (5000 × g , 10 min). CFS
as pr epar ed by filtering the supernatant thr ough 0.22 μm ster-

lized filter. The cell pellet was dissolved in 50 ml of PBS (pH 7.2)
nd lysed four times with an Emulsiflex C3 high-pressure homog-
nizer (Avestin Inc., Otta wa, Canada). T hen, cell debris was sepa-
ated by centrifugation (30 000 × g , 4 ◦C, 20 min). 

Western blotting was done according to Towbin et al. ( 1979 ) and
urnette ( 1981 ) by the Protein Service core facility of the Tampere
niv ersity. SDS-PAGE electr ophor esis was performed for 30 μl of

he CFS and the pellet lysate, excluding the staining and destain-
ng steps. Briefly, the samples were separ atel y mixed with Tris–
lycine SDS-PAGE loading buffer (Bio-Rad Laboratories) with the
atio of 5:1 and heated at 95 ◦C for 5 min. 5 μl of the samples were
hen loaded into a gradient SDS-PAGE gel (AnykD; Bio-Rad Labora-
ories) and electr ophor esed at r oom temper atur e under 200 V for
0 min. The protein bands were electrotransferred from SDS gel to
 cellulose nitrate membrane under 120 V at 4 ◦C for 40 min. The
embrane was then incubated in blocking solution (10% (w/v)

ovine serum albumin) for 1 h with mild agitation. Next, the mem-
r ane was pr obed with 1:10 000 diluted in 5% Milk-TBST primary
ouse anti-His .H8 (T hermo Scientific) at 4 ◦C o vernight with mild

gitation. It was then incubated with horse antimouse IgG(H + L)
er oxidase (Vector Labor atories, Oxfordshir e, UK) at a 1:20 000 di-
ution in TBST buffer (0.1% Tween 20, 25 mM Tris, 150 mM NaCl,
H 7.5) at room temperature for 1 h. After the last three steps,
he membrane underwent three washes, each lasting 5 min, with
BST buffer. Protein bands were lastly detected using Western-
right ECL HRP substr ate (Adv ansta, San J ose , C A, USA) with the
hemiDoc MP Imaging System (Bio-Rad Laboratories) according

o the producer’s instructions. 

rotein purification 

ysL originating from 900 ml of IPTG-induced culture of E. coli
CO859 was purified with affinity c hr omatogr a phy using 6 × His-
ag as the purification tag b y outsour ced protein purification ser-
ice (Protein Service core facility of the Tamper e Univ ersity). Prior
o the c hr omatogr a phy step, 10 mM imidazole was separ atel y
dded to the pr epar ed CFS and pellet lysate samples (previous sec-
ion) to pr e v ent unspecific binding. The samples were then bound
o HisPur™ Ni-NTA a gar ose (Thermo Scientific) in a batc h mode
or 1 h at 4 ◦C. The bound protein was washed with 16 column vol-
mes of wash buffer (PBS, 250 mM NaCl, 50 mM imidazole, pH 7.2)
efore stepwise elution with Elution Buffer (PBS, 250 mM NaCl, pH
.2), which had an increasing concentration of imidazole (100, 150,
00, and 250 mM). The concentration (mg/ml) of the protein was
btained using the equation C = c(molar) × MW, in which, c(molar)
 Abs280 nm/extinction coefficient. 

https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnae065#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnae065#supplementary-data
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Figure 3. Inhibition of L. cremoris LAC277 by LysL from recombinant L. lactis N8 and wild-type L. lactis LAC460 concentrated CFSs (A) and cell lysates (B). 
10 μl of the lysates/20-fold concentrated CFSs were spotted onto L. cremoris LAC277 indicator lawn on M17GE and incubated overnight at 30 ◦C. LysL, L. 
lactis N8 transformed with the lysL expression plasmid; SP Usp45 –LysL, L. lactis N8 transformed with the SS usp45 –lysL expression plasmid; LAC460, L. lactis 
LAC460; and control, L. lactis N8 transformed with pVS2. A clearer and larger halo was created by the CFS of LysL producing L. lactis N8 than that of 
SP Usp45 –LysL producer. The cell lysate containing LysL caused a clear inhibition zone whereas the SP Usp45 –LysL lysate created a very diffuse halo. In 
case of LAC460, only CFS gave inhibition halo. The figure was digitally processed to enhance their quality. 
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Results 

Heterologous expression of lysL in Lactococcus 
spp 

As LysL originates from L. lactis , and the nisin-inducible heterolo- 
gous gene expression method for lactococci is known to be strong,
we aimed to ov er pr oduce LysL in Lactococcus str ains . T he lysL gene 
was cloned in L. cremoris NZ9000 and L. lactis N8, which carry nisin 

regulatory genes needed for gene expression with the nisin pro- 
moter. Also, in order to secrete LysL to the supernatant of the re- 
combinant cultures, SS usp45 was fused with the lysL gene (SS usp45 –
l ysL ), and par allel to l ysL , was cloned into the bacteria under the 
control of a nisin-inducible promoter. 

As shown in Fig. 3 (A), both concentrated CFSs from the recom- 
binant L. lactis N8 cultures gave halos on the indicator plates,
demonstrating that the expression of lysL , both with and with- 
out SS usp45 , was successful, and activ e LysL was secr eted to super- 
natant. The halo formed by SP Usp45 –LysL was weaker than that of 
native LysL. 

Next, the cells were lysed to investigate the activity of LysL and 

SP Usp45 –LysL inside the cell. As seen in Fig. 3 (B), the cell lysate con- 
taining LysL gave a clear halo on the indicator plate, while SP Usp45 –
LysL r esulted in m uc h weaker inhibition. Hence, either most of the 
SP Usp45 –LysL protein was secreted, or the activity of the SP Usp45 –
LysL fusion is lo w er than nativ e LysL. The str ong halo fr om con- 
centrated LAC460 CFS but not from its lysate shows that in the 
wild-type strain LAC460, LysL is completely secreted. Ho w ever,
when expressed in heterologous L. lactis N8, most of the produced 

LysL is found inside the cells, as the clear halo observed in Fig. 3 (A) 
r esults fr om 20-fold concentr ated CFS, r epr esenting about 200 μl 
supernatant, while the halo in Fig. 3 (B) r epr esents cells from about 
10 μl culture. 

The attempt to produce LysL in the LysL-sensitive strain L. cre- 
moris NZ9000 caused lysis of the producer after nisin induction.
igure 4 shows the lysis extent of NZ9000 producing LysL and
P Usp45 –LysL after induction with nisin. Compared with the con-
rol NZ9000(pVS2), the culture of LysL producing NZ9000 turned 

ompletely clear within 80 min, whereas SP Usp45 –LysL producing 
tr ain l ysed onl y partiall y. Further incubation of the latter culture
lso resulted in complete lysis (result not sho wn). The slo w er lysis
ould be explained by incomplete cleav a ge of SP Usp45 during se-
r etion, decr easing the activity of LysL. The result is comparable
ith that of L. lactis N8, where native LysL presented higher activ-

ty in CFS than when fused with SP Usp45 . It can be concluded that
n heterologous host, LysL is partly secreted without additional 
ignal peptide, and that it is active both inside and outside the
ell. Ther efor e, LysL could be pr oduced in sensitiv e str ain for the
ost autolysis, but not for purification purposes, as the secreted
nzyme lyses the host too fast. 

n vitro expression and identification of LysL 

ven though LysL produced from heterologous L. lactis N8 was
ighl y activ e and functional, the pr otein pr oduction le v el was still

ow for studying the mode of action of the enzyme . T her efor e,
e tested whether the cell-free in vitro gene expression system
ould give higher yield of LysL. The lysL template with T7 pro-
oter and the adaptor sequences for the in vitro system was pro-

uced by OE-PCR, and the reaction was performed in 50 μl volume.
upplementary Figure S2 shows the comparison of the activity of
ysL pr oduced fr om differ ent sources . T he in vitro system could
r oduce mor e LysL than the heter ologous L. lactis N8. Since the
xpression in the cell-free translational system was stronger, the 
 ysin pr oduced in vitro was c hosen for visualization on SDS-PAGE
el. The reaction solution of in vitro expression with lysL template,
s well as the reaction solution without template as a control were
lectr ophor esed in a gradient gel. Since the RTS 100 E. coli HY Kit
s based on E. coli lysate, other intracellular E. coli proteins are also

https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnae065#supplementary-data
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Figure 4. Autolysis of the LysL-producing recombinant L. cremoris NZ9000 cultures before and 80 min after induction by nisin. LysL, L. cremoris NZ9000 
pr oducing nativ e L ysL; SP Usp45 –L ysL, L. cremoris NZ9000 pr oducing SP Usp45 –LysL; and contr ol, L. cremoris NZ9000 carrying plasmid vector pVS2. After 5 h 
(OD 600 about 0.5) incubation at 30 ◦C, the cultures were induced by nisin (0.5 IU/ml) followed by 80 min incubation. Native LysL-producing culture 
turned completely transparent, whereas the SP Usp45 –LysL-producing culture remained partly clear. The control strain culture without any LysL 
production became turbid. The figure was digitally processed to enhance their quality. 
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resent in addition to the translated ones. As shown in Fig. 5 (A),
ysL (tr anslated fr om l ysL ) pr esents the onl y additional band in
he gel, when compared with the control. As marked in lane 1 the
and is in the expected size of about 42 kDa. The result identifies
he LysL protein, and further indicates that the antimicrobial ac-
ivity of the cell-fr ee tr anslational r eaction solution comes fr om
ysL. 

roduction of LysL in E. coli and purification of 
he recombinant protein 

lthough in vitro production of LysL was higher than that by the
actococcus r ecombinant str ains, the quantity v ersus costs was not
dequate for further investigation of the mode of action. In or-
er to obtain LysL in adequate quantity for further studies, LysL
xpression was carried out in E. coli and later purified by affinity
 hr omatogr a phy using a His-Tag. The sequence encoding 6 × His
as added to the 5 ′ -end of lysL , ligated with the vector pET-22b( + ),
nd cloned into E. coli BL21(DE3). Prior to purification, Western blot
as carried out to confirm the intracellular location of LysL, as
ell as to confirm the presence of the N-terminal 6 × His-Tag in

he produced LysL. The cell lysate obtained from overnight cul-
ure of E. coli ECO859 was used for anti-His antibody detection.
he strong distinct band at about 44 kDa r epr esents LysL carrying
he 6 × His-Tag recognized by anti-His antibody (Fig. 5 A). 

LysL was purified using 6 × His-Tag and HisPur™ Ni-NTA c hr o-
atogr a phy. The optim um concentr ation of imidazole for elution

f the bound protein in the last step was found to be 100 and
50 mM. From the 900 ml of the initial culture of E. coli ECO859, the
otal purified protein was 4.34 mg at a concentration of 0.7 mg/ml.
he activity test of the purified enzyme sho w ed that it was active
 Supplementary Figure S3 ). 

iscussion 

n this study, we expressed L. lactis prophage lysin gene lysL in dif-
er ent heter ologous hosts and in in vitro cell-fr ee gene expr ession
ystem. Pr oduction of activ e LysL enzyme was successful both
n Lactococcus spp. and cell-free in vitro system. Ho w e v er, the pr o-
ein yields obtained were insufficient for conducting further func-
ional studies. Consequently, LysL was then produced and purified
r om r ecombinant E. coli cells. 

Pha ge l ysins hav e pr e viousl y been expr essed in man y heter ol-
gous bacteria, including E. coli and Lactococcus spp. for various
urposes . For example , phage lysins can be produced in cheese
tarter strains to lyse the starter cells for speeding up the cheese
aturation step (de Ruyter et al. 1997 ). Still, the interest in phage

ysins has more commonly been focused on producing lysins
r om pha ges of pathogenic or spoila ge bacteria, and using the
ysins as specific antimicrobials . For instance , prophage-encoded
ndol ysin LysP108 fr om Staphylococcus aureus XN108, and se v er al
ha ge structur al genes fr om Klebsiella bacteriopha ge �K64-1 hav e
een expressed in E. coli , showing specific antimicrobial activity
 gainst the tar get bacteria (Lu et al. 2021 and Pan et al. 2017 ).
s examples of using Lactococcus spp. as hosts for heterologous

https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnae065#supplementary-data
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Figure 5. (A) Coomassie blue-stained SDS-PAGE visualizing pr oteins pr oduced in the cell-fr ee tr anslational system using an RTS 100 E. coli HY Kit. Lane 
1, reaction solution using lysL as a template; Lane 2, reaction solution without template as a control; and M, PageRuler Protein Ladder (Thermo 
Scientific). The figure was digitally processed to enhance their quality. (B) Western blot analysis of the cell lysate of the culture of E. coli BL21(DE3) 
carrying pET-22b( + )- lysL . The His-Tag antibody used recognized LysL containing a 6 × His-Tag in the N-terminus (lane 1), M, PageRuler Broad Range 
Protein Ladder (Thermo Scientific). 
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lysins, L. cremoris NZ9000 and L. lactis INIA 415 have been used 

to pr oduce endol ysins Endo88 fr om S. aureus bacteriopha ge 88,
and CTP1 L from Clostridium tyrobutyricum , respectively (Garde et 
al. 2020 , Chandran et al. 2022 ). Similar to our study here, these 
Lactococcus studies used nisin promoter to drive the lysin gene 
expr ession; constitutiv e expr ession in the nisin pr oducing str ain 

INIA 415, and nisin inducible production in the strain NZ9000.
The latter strain is undoubtedly the most commonly used Lac- 
tococcus for nisin controlled gene expression, also known as the 
NICE system (Mierau and Kleerebezem 2005 ). Nisin induction is 
gener all y r egarded as str ong and tightl y r egulated, and ther e- 
for e ov er pr oducing activ e LysL in another Lactococcus str ain felt 
a reasonable and safe strategy, in terms of e .g. a voiding pro- 
tein misfolding. Tight regulation of the gene expression was in- 
deed demonstrated, as the apparent suicide gene lysL could easily 
be cloned under nisin promoter in LysL sensitive NZ9000. How- 
e v er, the induced production of LysL enzyme was highly detri- 
mental for the host, and hence lar ge-scale pr oduction of the 
protein would be impossible . Nevertheless , successful produc- 
tion and secretion of LysL in different Lactococcus strains demon- 
strated its potential usefulness in cheese making. Production of 
LysL in a LysL-sensitive starter strain or a LysL-resistant adjunct 
starter would be expected to cause the release of starter cells’ 
cytosolic enzymes to the cheese matrix for accelerated cheese 
ripening. 

To ov er pr oduce LysL in heter ologous Lactococcus , we aimed to 
try both intracellular and extracellular production. We hypoth- 
esized that addition of the signal peptide of Usp45 to the N- 
terminus of LysL would impr ov e its secr etion, whic h could also 
be r equir ed for the activity of LysL. SP Usp45 has been widely used 

for secreting homologous and heterologous proteins in lactococci 
nd other bacteria. For instance, β-1,3–1,4-glucanase from Bacil- 
us sp. SJ-10 (Tak et al. 2019 ) and glucansucr ase fr om Leuconostoc

esenteroides (Skory and Côté 2015 ) have been secreted from the
ecombinant Lactococcus strains by SP Usp45 . Replacement of the na-
ive signal peptide with SP Usp45 has also been reported to enhance
ecr etion of r ecombinant pr oteins . For example , after deletion of
he signal peptide’s inherent sequence in cbh2 , bgl1 , and egl3 , also
sing SP Usp45 instead, the secretion in L. lactis was enhanced (Liu
t al. 2016 ). Ne v ertheless , in some cases , manipulating the signal
eptide of the r ecombinant pr oteins has impaired secretion. For
xample, Borr er o et al. ( 2011 ) reported that, when produced by
. hirae DCH5, antimicrobial activity of the r ecombinant hir acin
M79, in which the inherent signal peptide was replaced by SP Usp45 ,
as decr eased. Ther efor e, although SP Usp45 has been pr ov en to fa-

ilitate extr acellular secr etion of r ecombinant pr oteins in man y
tudies, there is no guarantee that it is better signal peptide than
he native one in all cases. Our study also provided an example for
P Usp45 not improving the yield of active enzyme in supernatant,
ince the fusion of SS usp45 with lysL in recombinant lactococci
aused lo w er inhibitory activity compared with the correspond-
ng native LysL producers. As shown in Fig. 3 (B), the lysate of the
isin producing L. lactis host N8 producing LysL created a strong
alo on the indicator plate, while the halo from SP Usp45 –LysL was
ignificantly fainter. This illustrates that SP Usp45 attached to LysL 
isturbs the activity of LysL, as all LysL in the lysate is expected to
e fused with SP Usp45 . Hence, it is possible that SP Usp45 impr ov ed
he secretion of LysL but decreased its activity due to incomplete
leav a ge of the leader. The weak halo from SP Usp45 –LysL in Fig. 3 (A)
r obabl y r eflects the portion of LysL in the CFS, which has been se-
r eted thr ough the Sec-dependent pathway, and fr om whic h the
P Usp45 had been cleaved. 
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Inter estingl y, in the wild-type producer strain LAC460, LysL was
ompletel y excr eted to the envir onment, as no activ e LysL was
ound in the cell lysate (Fig. 3 B). The protein seems not to contain
 typical signal peptide for secretion, and hence, the mechanism
f the secretion is unknown. It is still clear that LysL finds its way
ut of the LAC460 cells, whereas in the heterologous L. lactis host
8, LysL mostl y r emains inside the cell, suggesting that some fac-

ors needed for efficient secr etion ar e missing in the strain N8. As
he production of LysL in L. lactis N8 turned out to be somewhat
neffectiv e,ther efor e, we then aimed to produce LysL in a cell-free
n vitro system. 

Cell-fr ee pr otein synthesis may yield a higher pr oduction r ate
f r ecombinant pr oteins than cellular expr ession systems . T he
ystem is also useful for production of toxic proteins, or those
hat are difficult to express (Jin and Hong 2018 ), For instance,
ell-based production of colicin, a bacteriocin from E. coli , re-
uir es copr oduction of imm unity pr oteins, if pr oduced in E. coli ,
nd ther efor e the ov er expr ession of colicin is more convenient

n vitro (Jin et al. 2018 ). In our study, the in vitro production of
ysL pr ovided sufficientl y pr otein for antimicr obial tests and SDS-
AGE. Ho w e v er, the total protein yield fell short of expectation,
nd particularly the quantity versus costs was not reasonable
or pr oducing lar ge amounts of LysL by in vitro system. There-
ore, the decision was made to ov er pr oduce LysL in E. coli as the
ost. After all, the E. coli a ppr oac h pr ov ed to be both straight-

orw ar d and successful, resulting in significant quantities of ac-
iv e LysL pr otein suitable for subsequent functional studies with

inimal challenges such as protein misfolding or the forma-
ion of inclusion bodies. Esc heric hia coli has fr equentl y been used
s the host for ov er expr ession of l ysins (Wang et al. 2020 , Chu
t al. 2022 ). For instance, Dr eher-Lesnic k et al. ( 2015 ) demon-
trated the use of recombinant Lactobacillus phage lysin LysA2
or purity assays of probiotics, and Chu et al. ( 2022 ) highlighted
he antimicrobial potential of Abp013 against multidrug-resistant
cinetobacter baumannii , with both studies r el ying on purified

ysin. 
Ther e ar e se v er al possible explanations about the secretion

echanism of LysL in LAC460. To date, many protein secretion
athwa ys ha ve been disco v er ed in Gr am-positiv e bacteria, for ex-
mple the classical Sec and Tat pathwa ys , and at least se v en non-
lassical secretion mechanisms (Dai et al. 2022 ). Nonclassically
ecr eted pr oteins ar e pr oteins without a pr edictable signal se-
uence or known secretory pathwa ys , but whic h ar e still found

n the extracellular space. An a ppar ent secr etion mec hanism of
ysL in its native host LAC460 could be through a holin pore, as
r opha ge holins hav e been r eported to mediate nonl ytic secr etion
f pr oteins, particularl y pha ge endol ysins (Mukherjee et al. 2002 ,
almer et al. 2021 , Brüser and Mehner-Breitfeld 2022 ). The type of
olin determines whether it contributes to transferring proteins

nto the cell exterior thr ough secr etion, leaka ge, or membr ane l y-
is (Desvaux 2012 ). 

In any case, dozens of nonclassically secreted proteins have
een reported from Lactococcus , Listeria , Streptococcus , and other
r am-positiv e bacteria (Wang et al. 2016 ). Perhaps LysL is another
onclassical secretory protein, and its mechanism of secretion re-
ains to be investigated. 
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