Appl Microbiol Biotechnol (2015) 99:9037-9048
DOI 10.1007/s00253-015-6778-8

@ CrossMark

APPLIED GENETICS AND MOLECULAR BIOTECHNOLOGY

Versatile vector suite for the extracytoplasmic production
and purification of heterologous His-tagged proteins

in Lactococcus lactis

Jolanda Neef - Fin J. Milder? - Danny G. A. M. Koedijk' - Marindy Klaassens' -
Erik C. Heezius” « Jos A. G. van Strijp” - Andreas Otto® - Dorte Becher? -

Jan Maarten van Dijl' - Girbe Buist'

Received: 1 May 2015 /Revised: 5 June 2015 / Accepted: 17 June 2015 /Published online: 10 July 2015
© The Author(s) 2015. This article is published with open access at Springerlink.com

Abstract Recent studies have shown that the Gram-positive
bacterium Lactococcus lactis can be exploited for the expres-
sion of heterologous proteins; however, a versatile set of vec-
tors suitable for inducible extracellular protein production and
subsequent purification of the expressed proteins by
immobilized metal affinity chromatography was so far lack-
ing. Here we describe three novel vectors that, respectively,
facilitate the nisin-inducible production of N- or C-terminally
hexa-histidine (Hisg)-tagged proteins in L. lactis. One of these
vectors also encodes a tobacco etch virus (TEV) protease
cleavage site allowing removal of the N-terminal Hisg-tag
from expressed proteins. Successful application of the devel-
oped vectors for protein expression, purification and/or func-
tional studies is exemplified with six different cell wall-bound
or secreted proteins from Staphylococcus aureus. The results
show that secretory production of S. aureus proteins is affect-
ed by the position, N- or C-terminal, of the His¢-tag. This
seems to be due to an influence of the Hisg-tag on protein
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stability. Intriguingly, the S. aureus IsdB protein, which is
phosphorylated in S. aureus, was also found to be phosphor-
ylated when heterologously produced in L. lactis, albeit not on
the same Tyr residue. This implies that this particular post-
translational protein modification is to some extent conserved
in S. aureus and L. lactis. Altogether, we are confident that the
present vector set combined with the L. lactis expression host
has the potential to become a very useful tool in optimization
of the expression, purification and functional analysis of
extracytoplasmic bacterial proteins.

Keywords L. lactis - Expression vectors - NICE - Usp45 -
Histidine tag - Secretion

Introduction

Over the past decades, a wide range of bacterial expression
systems for heterologous protein production has been devel-
oped (Zerbs et al. 2009). Today, the Gram-negative bacterium
Escherichia coli is one of the most commonly used organisms
for large-scale heterologous protein production (Terpe 2006).
This is due to the ease of handling, the multitude of available
expression vectors and the relatively simple fermentation pro-
cedures for E. coli (Zerbs et al. 2009; Chen 2012). Despite
these advantages, some clear disadvantages of the use of
E. coli are evident. In the first place, E. coli is not capable of
efficiently secreting heterologous proteins into the growth me-
dium since exported proteins usually remain confined in the
periplasm. Secondly, overexpression of heterologous proteins
in E. coli often leads to the formation of high-density aggre-
gates of misfolded proteins known as inclusion bodies.
Thirdly, the post-translational modification of proteins that
are heterologously produced in E. coli is likely to be different
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from the modification that these proteins undergo in their
original host. Lastly, the inherent production of the well-
known endotoxin lipopolysaccharide (LPS) is a major draw-
back for the clinical application of E. coli-derived recombi-
nant proteins (Braun et al. 1999; Petsch and Anspach 2000;
Sarvas et al. 2004; Westers et al. 2004; Neef et al. 2014).

While E. coli has become a preferred host for the cytoplas-
mic production of structurally simple biotherapeutics, other
bacterial species, especially Gram-positive bacteria, are pre-
ferred hosts for the secretory production of structurally more
challenging types of proteins. For example, Bacillus species
are highly popular expression platforms for enzymes (Terpe
2006). Importantly, organisms such as Bacillus subtilis are
generally regarded as safe (GRAS). Moreover, they can se-
crete proteins directly into the fermentation broth to high con-
centrations, thereby simplifying their downstream processing.
However, bacilli often secrete endogenous proteases at high
levels, which often requires the use of multiple protease-
deficient strains (Li et al. 2004; Krishnappa et al. 2013).
Alternatively, the Gram-positive bacterium Lactococcus lactis
has been successfully applied for the secretory production of
protease-sensitive proteins (Morello et al. 2008; Neef et al.
2014). This relates to the fact that this GRAS organism pro-
duces only two proteases that can potentially interfere with
protein production. These two proteases, the cytoplasmic
ClpP protease and the extracytoplasmic HtrA protease, are
completely dispensable and their removal strongly reduces
product degradation (Morello et al. 2008; Poquet et al. 2000;
Miyoshi et al. 2002; Cortes-Perez et al. 2006). Moreover, the
unwanted autolysis of L. lactis cells is prevented by the re-
moval of the major autolysin AcmA which, combined with an
htr4 deletion, leads to the stable and efficient production of
secreted proteinaceous antigens of Staphylococcus aureus
(Neef et al. 2014).

Several inducible expression systems have been developed
for L. lactis (Morello et al. 2008) of which the nisin-inducible
(NICE) system is the most efficient and extensively used
(Mierau 2005). This system is based on the regulation of the
nisA promoter by the food-grade lantibiotic nisin, which acti-
vates the NisRK two-component regulatory system (De
Ruyter et al. 1996). The NICE system has thus been used
for production of a wide range of homologous and heterolo-
gous proteins, including vaccines (Zhou et al. 2006).

The purification of overproduced proteins can be facilitated
by particular tags that bind with high affinity to a specific
matrix. The hexa-histidine (Hisg)-tag is the most widely used
tag and ensures efficient separation by metal affinity chroma-
tography (Jones et al. 1995). However, the exact placement of
these tags can influence the solubility and/or stability of
overproduced proteins (Woestenenk et al. 2004). To circum-
vent the latter problems, changing the location of the Hisg-tag
from the N- to the C-terminus or vice versa may prove bene-
ficial. Notably, although the His¢-tag has usually limited
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impact on protein structure or function (Terpe 2003), it is
desirable to remove it prior to structure-function studies
(Arnau et al. 2011). Therefore, a specific protease cleavage
site, e.g. for the tobacco etch virus (TEV) protease, is often
placed between the target protein and the affinity tag.

In this study, we describe an expression vector set that
facilitates convenient exploration of nisin-inducible protein
production in L. lactis. As shown with a representative panel
of extracytoplasmic proteinaceous antigens from S. aureus,
the overproduced proteins can be purified by metal affinity
chromatography using N- or C-terminal Hisg-tags. The latter
is useful since our present results show that, also in L. lactis,
the exact position of the His¢-tag affects production efficiency
and/or protein stability. In one vector configuration, the Hisg-
tag can be removed from the expressed proteins by cleavage
with the TEV protease. Of note, we show that L. lactis is
capable of phosphorylating the IsdB protein of S. aureus.

Materials and methods
Bacterial strains and growth conditions

Strains and plasmids are listed in Table 1. £. coli was grown at
37 °C in Lysogeny broth (LB; Becton Dickinson, Breda,
The Netherlands) with ampicillin (100 pg/ml) for plasmid
selection. L. lactis was grown at 30 °C in M17 broth (Oxoid
Limited, Hampshire, UK) supplemented with 0.5 % glucose
(w/v) (GM17). Chloramphenicol (5 png/ml) was added when
needed. For nisin production, the L. lactis NZ9700 strain was
cultured in GM17 and the cell-free supernatant was used for
induction of the P ;4 promoter in a 1:1000 dilution at ODggp~
0.5 (Kuipers et al. 1997).

General molecular biology

Enzymes and buffers were from New England Biolabs
(Ipswich, UK) and Fermentas (Landsmeer,
The Netherlands). PCR was performed using a Bio-Rad
C1000 Thermal Cycler (Richmond, CA). Primers were from
Eurogentec (Maastricht, The Netherlands) (Table 2 and
Table S1). The polymerases PFU (Fermentas, Landsmeer,
The Netherlands), Pwo (Roche, Woerden, The Netherlands)
and Taq (Life Technologies, Bleiswijk, The Netherlands) were
used according to the manufacturer. PCR products were puri-
fied using the High Pure PCR Purification Kit from Roche
(Woerden, The Netherlands). Plasmid purification was per-
formed using the Plasmid Isolation Kit from Analytik Jena
AG (Jena, Germany); L. lactis was lysed by incubation with
lysozyme (4 mg/ml; Sigma-Aldrich, Zwijndrecht,
The Netherlands) for 10 min at 55 °C in resuspension buffer
followed by addition of lysis buffer. L. lactis was transformed
by electroporation using a Gene Pulser (Biorad; Leenhouts
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Table 1  Bacterial strains and plasmids used in this study

Strain or plasmid

Relevant phenotype(s) or genotype(s)

Source and reference

Strains

L. lactis NZ9700 Nisin producer

L. lactis PA1001
expression, AacmA AhtrA

S. aureus Newman NCTC 8178 clinical isolate

S. aureus USA300

S. aureus N315
S. aureus NCTC8325

Hospital-acquired MRSA

cured of all known prophages

MG1363 pepN::nisRK, allows nisin-inducible

Community-acquired MRSA isolate

Restriction-deficient derivative of NCTC 8325;

NIZO culture collection, Ede,
The Netherlands
(Kuipers et al. 1993)

Mucosis culture collection, Groningen,
The Netherlands

(Bosma et al. 2006)

PHE culture collection NCTC8178

(Duthie and Lorenz 1952)

ATCC strain BAA-1717

(McDougal et al. 2003)

(Kuroda et al. 2001)

WDCM culture collection 154
(Kreiswirth et al. 1983)

Plasmids

pET302/NT ApR, containing Py, lacO, MCS, hiss, T7 terminator Life Technologies

pEF110 pET302/NT derivative, Ap®, containing Prs, hiss, Laboratory collection J.A.G. van Strijp
BamHI/EcoR1-Xbal/Notl cloning sites

pEF111 pET302/NT derivative, Ap®, containing Pr7, hiss, Laboratory collection J.A.G. van Strijp
TEV cleavage site, BamHI/EcoR1-Xbal/Notl cloning sites

pEF210 pET302/NT derivative, Ap®, containing P17, Laboratory collection J.A.G. van Strijp
BamHI/EcoRI-Xbal/Notl cloning sites, his,

pNG400 Cm®, containing P,,;s4, SS,p45, and a transcription terminator (Bosma et al. 2006)

pNG4110 pNG400 derivative, containing his, This study
BamHI/EcoRI1-Xbal/Notl cloning sites

pNG4111 pNG400 derivative, containing hiss, TEV cleavage site, This study
BamHI/EcoRI-Xbal/Notl cloning sites

pNG4210 pNG400 derivative, containing BamHI/EcoRI-Xbal/Notl This study

cloning sites, his4 followed by a Stop codon

ApR ampicillin resistance gene, Cm® chloramphenicol resistance gene, P77 IPTG inducible T7-promoter, P, 4 nisin-inducible promoter, Ais4 6 histidine

tag, SS,spes signal sequence of usp45, MCS multiple cloning site

and Venema 1993). Nucleotide sequence analysis was per-
formed by Eurofins DNA (Ebersberg, Germany).

Construction of expression vectors

The E. coli pEF vector set is based on plasmid pET302/NT. A
total of three primer pairs were created (NHis F/NHis_R for
pEF110, CHis F/CHis R for pEF210, NHisTEV_F/
NHisTEV_R for pEF111) (Table 2) containing an Ndel and
Bglll overhang at their 5" and 3" ends. These primers were
annealed by incubation at a 1:1 ratio at 94 °C and stepwise-
controlled temperature drops to room temperature. The frag-
ments were ligated into the Ndel and BamHI digested
pET302/NT vector resulting in deletion of the original
vector-derived BamHI site and introduction of a multiple clon-
ing site comprising BamH]I, EcoRI, Xhol and Notl restriction
sites (Fig. 1). Following transformation in E. coli TOP10F
cells, the prepared constructs were sequence-verified.

L. lactis vectors were constructed based on the pEF vectors
by amplifying the multiple cloning site together with the Hisg-

tag and the TEV cleavage site (encoded by the specific amino
acid sequence EQLYFOG (Arnau et al. 2011) using the
primers in Table 2. For construction of pNG4110 and
pNG4111, the primer combinations pEF110.fw/pEF110.rev
and pEF111.fw/pEF111.rev were used with plasmids
pEF110 and pEF111 as templates, respectively. PCR products
were digested using HindIll and BsmBI resulting in HindIII
and Ncol overhangs and ligated into plasmid pNG400
digested with HindIIl and Ncol. For the construction of
pNG4210, primers pEF210.fw/pEF210.rev were used with
plasmid pEF210 as template DNA. The PCR products and
receiving plasmid pNG400 were digested using Ncol and
HindlIlIl. After ligation, the resulting vectors were used to
transform L. lactis PA1001. For expression of extracellular
proteins of S. aureus in L. lactis, the respective genes were
amplified by PCR with Pwo polymerase from chromosomal
DNA of S. aureus strains USA300 or NCTC8325 (see
Table 3). Genes amplified with the fl/r2 primer sets were
cloned in pNG4110 and pNG4111, and genes amplified with
the f1/rl primer sets in pNG4210 using the BamHI/Notl
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Table 2 Primers used for the construction of the expression vectors

Primer 5'—3' nucleotide sequence® Restriction site”
NHis_F TATGCACCATCACCATCACCATGGATCCGAATTCCTCGAGGCGGCCGCATAAA
NHis_R ACGTGGTAGTGGTAGTGGTACCTAGGCTTAAGGAGCTCCGCCGGCGTATTTCTAG
CHis_F TATGGGATCCGAATTCCTCGAGGCGGCCGCACACCATCACCATCACCATTAAA
CHis_ R ACCCTAGGCTTAAGGAGCTCCGCCGGCGTGTGGTAGTGGTAGTGGTAATTTCTAG
NHisTEV_F TATGCACCATCACCATCACCATGAGAACCTGTACTTCCAGGGAT
CCGAATTCCTCGAGGCGGCCGCATAAA
NHisTEV_R ACGTGGTAGTGGTAGTGGTACTCTTGGACATGAAGGTCCCTAGG
CTTAAGGAGCTCCGCCGGCGTATTTCTAG
pEF110.f CCCCGTCTCCCATGCACCATCACCATCATCATGGATCCGAA BsmBI
pEF110.r CCCAAGCTTTTACCATGGTGCGGCCGCCTCGAGG HindIII and Notl
pEF111.f CCCCGTCTCCCATGCACCATCACCATCACCATGAG BsmBI
pEF111l.r CCCAAGCTTTTATGCGGCCGCCTCGAGG HindIII
pEF210.f CCCCCATGGGATCCGAATTCCTCGAGGC Ncol
pEF210.r CCCAAGCTTTTAATGGTGATGGTGATGGTGTGC HindIII

# Restriction site underlined, stop codon in bold
® BsmBl restriction resulting in Ncol overhang in italic

restriction sites (Table S1). Ligation mixtures were introduced
into L. lactis PA1001. The resulting vectors were sequence-
verified.

Lithium dodecyl sulphate-polyacrylamide gel
electrophoresis and Western blotting

For lithium dodecyl sulphate-polyacrylamide gel electropho-
resis (LDS-PAGE), cells were resuspended in LDS buffer
(Life Technologies) and disrupted by bead beating with
0.1 um glass beads (Biospec Products, Bartlesville, USA)
using a Precellys24 (Bertin Technologies, Montigny-le-
Bretonneux, France), while secreted proteins in the culture
medium were precipitated with 10 % trichloroacetic acid
(TCA). Protein samples were incubated for 10 min at 95 °C,
separated by LDS-PAGE using 10 % NuPAGE gels
(Invitrogen) and stained with SimplyBlue™ SafeStain (Life
Technologies). For Western blotting, proteins were transferred
to a nitrocellulose membrane (Protran®, Schleicher & Schuell,

Dassel, Germany). Immunodetection was performed using
anti-His-tag antibodies (Life Technologies). Bound antibodies
were visualized using fluorescently labeled secondary anti-
bodies (IRDye 800 CW from LiCor Biosciences, NE, USA).
Membranes were scanned for fluorescence at 800 nm using
the Odyssey Infrared Imaging System (LiCor Biosciences).

Protein production and isolation

Overnight cultures of L. lactis were diluted 1:20 in GM17
medium containing chloramphenicol. Induction of P4 with
nisin was performed for 16 h. Cells producing S. aureus pro-
tein SA0620 were resuspended in binding buffer (20 mM so-
dium phosphate, pH 7.4, 0.5 mM NaCl, 50 mM imidazole)
and disrupted by bead beating. The S. aureus proteins SA2100
and pro-Atl were precipitated from the growth medium of
L. lactis with 10 % TCA. The SA0620 protein in cell-free
extracts and the TCA-precipitated SA2100 and pro-Atl pro-
teins were purified by metal affinity chromatography with His

sEF1 10 | M | His6 BamHI/ECOR| | == == == == == == [ XballNoti | ]
pEF210 | W BamHI/EcoRI = = = = = = < XbaliNofi | His6 ]
pEF111 | ™ | His6 | TEV | BamHI/EcoRI = == = XballNotl | ]
b

pNG4110 [N SPUspa5 | His6 | BamH/ECORI |= = = = = = = XbalNotl ]| |
pNG4210 [ I SPUsp45 | BamHIECORI |= == == == == = = Xbal/Noti | His6 kM ]
pNG4111 [N SPUspa45 | Hisé | TEV | BamHlEcoRI P~ = = Xbal/Noti | ]

Fig. 1 Expression cassettes present in the vectors for heterologous
protein production in E. coli or L. lactis. a Expression cassettes of the
E. coli pEF vectors, encoding an N-terminal Hisg-tag (pEF110), a C-
terminal Hisg-tag (pEF210) or a TEV-removable (TEV) N-terminal
Hisg-tag (pEF111). Restriction sites for cloning (BamHI/EcoR1 or Xbal/
Notl, respectively), start codons (M) and stop codons (*) are indicated. b
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Expression cassettes of the L. lactis pNG vectors, encoding an N-terminal
Hise-tag (pNG4110), a C-terminal Hiss-tag (pNG4210) or a TEV-
removable (TEV) N-terminal Hisg-tag (pNG4111). Restriction sites for
cloning (BamHI/EcoRI or Xbal/Notl, respectively), start codons (M), the
Usp 45 signal sequence (SP Usp45) and stop codons (*) are indicated
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Table 3  S. aureus proteins used in this study

Name and function NCBI* Aa® pI kDa® Constructs
SA0620, Secretory antigen USA300HOU_0686 26-265 6.44 27.2 pNG4110-5a0620
SsaA homologue (ssaA like) 6.26 28.0 PNG4111-5a0620
6.44 27.1 pNG4210-5a0620
FtsL, cell division USA300HOU 1120 66-133 9.41 8.9 pNG4110-fisL
9.02 9.7 pNG4111-ftsL
9.41 9.1 pNG4210-fisL
CIfB, clumping factor B USA300HOU_2630 45-567 4.68 57.8 pNG4110-c/fB
4.65 58.6 pNG4111-cifB
4.68 57.9 pNG4210-cifB
Hypothetical protein SA2100, similar to autolysin E USA300HOU_2288 27-258 8.95 27.7 pNG4110-5a2100
8.62 28.5 pNG4111-sa2100
8.95 279 pNG4210-sa2100
Pro-Atl, pro-peptide autolysin Atl SAOUHSC_0099%4 29-199 9.02 19.0 pNG4110-pro-atl
7.87 19.8 pNG4111-pro-atl
9.02 18.9 pNG4210-pro-atl
IsdB, iron-regulated heme-iron binding protein 41-609 9.18 64.9 pNG4110-isdB
9.10 65.7 pNG4111-isdB
9.18 65.2 pNG4210-isdB

#NCBI genome annotation of S. aureus strain USA300_ TCH1516 (SAUSA300) or NCTC8325 (SAOUHSC)
> Numbers of first and last amino acid residues of the proteins expressed in L. lactis

¢ Isoelectric point

4Molecular weight

Mag SepharoseTM Ni beads (Mag beads; GE Healthcare,
Little Chalfont, UK). Incubation with Mag beads was per-
formed for ~1 h at room temperature; unbound proteins were
removed by washing with binding buffer, and bound proteins
were eluted with elution buffer (20 mM sodium phosphate,
pH 7.4, 0.5 M NaCl and 500 mM imidazole).

Protein activity assays

To analyse the possibility of the TEV cleavage, L. lactis cul-
ture medium containing Hisg-TEV-FtsL, was dialysed against
phosphate buffered saline (PBS) and incubated 16 h at 4 °C
with 10 U TurboTEV protease (Eton Bioscience, Inc., San
Diego, CA). Proteins were separated on a 10 % NuPAGE
gel and stained with SimplyBlue.

Cell wall hydrolase activity of Hise-tagged derivatives of
the SA2100 protein was analysed in zymograms using sodium
dodecyl sulfate-polyacrylamide (SDS-PAA) gels (12.5 %)
containing 0.15 % autoclaved, lyophilized Micrococcus
lysodeikticus ATCC 4698 cells (Sigma-Aldrich.), as described
(Buist et al. 1997).

Clumping activity of CIfB was analysed by growing in-
duced PA1001 cells expressing c/fB in a 12-well microtitre
plate. After overnight induction with nisin, the plate was

gently stirred. Cell clumping was visualized using a G-Box
Chemi XT16 (Syngene, Cambridge, UK).

Analysis of phosphorylation

Phosphorylation of Hise-IsdB and Hiss-TEV-IsdB was visu-
alized by LDS-PAGE and subsequent staining with Pro-Q®
Diamond phosphoprotein gel stain (Life Technologies).
Cytosolic cell fractions were produced by bead beating of
overnight nisin-induced cells. Cell debris was removed by
centrifugation. Prior to separation by LDS-PAGE, cytosolic
and secreted proteins were delipidated and desalted according
to the instructions for use of the Pro-Q stain. Protein staining
was visualized with the G-Box.

Gel pieces containing putatively phosphorylated proteins
were prepared for mass spectrometric (MS) analysis as de-
scribed (Bonn et al. 2014). Peptides were eluted and subjected
to high-resolution and high mass accuracy MS measurements
on an Orbitrap Elite coupled online to a Proxeon EASY-nLC
1000. The Orbitrap Elite was operated in data-dependent MS/
MS mode at a resolution of R=60,000 in the MS1 with the
lockmass option enabled. Data-dependent triggering of frag-
ment scans was set on the 20 most intense precursor ions.
Multistage activation (MSA) was used for enhanced fragmen-
tation of putative phosphate group containing ions as
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described (Basell et al. 2014). MS/MS spectra were searched
against a target-decoy database including all protein se-
quences of S. aureus USA300 extracted from the UniProt
database in addition to common laboratory contaminants and
an appended set of the reversed sequences. Database
searching was performed by Sequest (Thermo Fisher
Scientific, San Jose, CA, USA; version v.27, rev. 11).
Peptide hits were filtered with Scaffold (version
Scaffold 4.3.4, Proteome Software Inc., Portland, OR).
Mass tolerance for peptide identification on MS and MS/MS
peaks were 10 ppm and 1 Da, respectively. Up to two missed
tryptic cleavages were allowed. Methionine oxidation and
cysteine carbamidomethylation, as well as phosphorylation
at serine, threonine or tyrosine, were set as variable modifica-
tions. Peptide identifications were accepted if they matched
the following criteria: deltaCn scores of greater than 0.10 and
XCorr scores of greater than, 2.5, 3.5 and 3.5 for doubly, triply
and quadruply charged peptides. Protein identifications were
accepted if they contained at least two identified peptides.
Proteins that contained similar peptides and could not be dif-
ferentiated based on MS/MS analysis alone were grouped to
satisfy the principles of parsimony.

Results

Development of a pNG vector set for heterologous protein
production in L. lactis

In previous studies, the pEF vector set was successfully used
for heterologous protein expression in E. coli (Bardoel et al.
2012; Pel et al. 2014). This vector set offered convenient pos-
sibilities for N- or C-terminal His¢-tagging of expressed pro-
teins (pEF110 and pEF210, respectively) and for TEV-
mediated tag removal (pEF111; Fig. 1a). We therefore imple-
mented the respective cloning sites, Hiss-tag sequences and
TEV cleavage site sequence in the pNG series of L. lactis
expression vectors. In addition, the pNG vectors were provid-
ed with the nisA promoter and the signal sequence of Usp45
for nisin-inducible secretory protein production. Specifically,
this resulted in pPNG4110 for expression of N-terminally Hise-
tagged proteins, pNG4210 for expression of C-terminally
Hisg-tagged proteins and pNG4111 for expression of proteins

with a TEV protease-removable N-terminal Hisg-tag (Fig. 1b).

The versatility of the pNG vectors was tested by expressing
six different extracytoplasmic proteins of S. aureus. Notably,
these included a secreted protein (SA0620), a membrane-
associated protein (FtsL), two covalently cell wall-bound pro-
teins (CIfB and IsdB), a non-covalently cell wall-bound pro-
tein (SA2100) and the pro-peptide of the major autolysin Atl
(Table 2). To express these proteins, the L. lactis strain
PA1001 was used, which has an improved stability due to a
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deletion of the acmA gene and a reduced proteolytic activity
due to deletion of the Atr4 gene (Neef et al. 2014).

Position of the Hisq-tagging affects SA0620 production
in L. lactis

In a previous study, we observed that the secretory antigen
SsaA homologue SA0620 was not produced in L. lactis
PA1001 when expressed with a C-terminal Hisg-tag from plas-
mid pNG400 (Neef et al. 2014). To test whether this might be
due to the location of the Hisg¢-tag, the gene for SA0620 was
cloned in plasmids pNG4110, pNG4111 and pNG4210. After
overnight induction with nisin, the expression of the resulting
Hisg-tagged proteins was analysed by LDS-PAGE and
Western blotting. This showed that effective expression of
the full-length SA0620 precursor and mature proteins (30.4
and 27.7 kDa, respectively) was only achieved when this pro-
tein was synthesized with an N-terminal His¢-tag as provided
by pNG4110 (Fig. 2a). Precursor forms of SA0620 were ob-
served in low amounts when expressed from pNG4111 or
pNG4210, and in the latter case, also a degradation product
of approximately 17 kDa was detectable (Fig. 2a). For the
Hisg-TEV-SA0620 variant produced from pNG4111, not even
a degradation product was detectable. Notably, despite the
fusion of SA0620 to the signal peptide of Usp45, no
SA0620 or fragments thereof were detectable in the growth
medium (Fig. 2a). Nevertheless, the expression in pNG4110
did allow purification of the mature SA0620 protein and a
degradation product from cells disrupted by bead beating
and subsequent treatment with 6 M urea, as illustrated in
Fig. 2b. Together, these data show that the N-terminal location
of the Hisg-tag is critical for successful production and subse-
quent isolation of the full-length S. aureus antigen SA0620.

TEYV protease-mediated Hiss-tag removal
from the secreted Hiss-TEV-FtsL protein

To determine whether the Hisg-tag can proteolytically be re-
moved from proteins expressed from the pNG4111 vector, by
means of the encoded TEV cleavage site, the S. aureus cell
division membrane protein FtsL was used. Specifically, the
ftsL gene was expressed lacking the transmembrane helix.
After induction with nisin, the Hisg-TEV-FtsL fusion protein
was efficiently secreted into the culture medium of L. lactis
(Fig. 3). Upon removal of cells by centrifugation, dialysis
against PBS and incubation with the TurboTEV protease,
cleavage of Hisg-TEV-FtsL was analysed by LDS-PAGE
and SimplyBlue staining. In the samples incubated in the ab-
sence of TurboTEV protease, the presumably complete fusion
protein was detectable upon LDS-PAGE and SimplyBlue
staining (Fig. 3). Of note, the apparent molecular weight
(Mw) of the fusion protein judged by its mobility on LDS-
PAGE was ~12 kDa, while the predicted Mw is only 9.5 kDa.
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Medium

Fig. 2 Production and purification of the S. aureus SA0620 protein. a
Cell lysates (Cells) and TCA-precipitated growth medium (Medium) of
L. lactis PA1001 expressing Hisg-SA0620 (4110), Hise-TEV-SA0620
(4111) or SA0620-Hisg (4210) were analysed by Western blotting using
anti-Hisg antibodies. The black arrowhead indicates a potential precursor
form of SA0620, the grey arrowhead indicates the mature-sized SA0620
protein and the white arrowhead indicates a degradation product. b The
Hisg-SA0620 (4110) was purified form the disrupted cells in the presence
of 6 M urea. The start material (S), flow-through fraction (F), wash
fractions (W) and elution fractions (E) were analysed by LDS-PAGE
and separated proteins were detected by silver staining. The position of
Hisg-SA0620 is indicated by an arrow and a co-purified degradation
product of this protein is marked (*). The positions of Mw marker
proteins are indicated

Upon incubation in the presence of the TEV protease, an
additional protein band with an apparent Mw of ~10 kDa
was detectable. This is in agreement with the predicted mass
reduction of the Hisg-TEV-FtsL fusion by ~1.7 kDa upon
cleavage at the TEV site. The cleavage product was not de-
tected in the control sample, solely TurboTEV protease, indi-
cating the product is Hisg-TEV-FtsL derived (Fig. 3).
Together, these findings show that efficient extracellular pro-
tein production can be achieved with pPNG4111 and that the
Hisg-tag can be removed from the secreted fusion product by
cleavage with the TEV protease.

4111-FtsL

TEV

75
50 — —

37 ~ TurboTEV

25
20

15
P
10 <

Fig. 3 TEV cleavage of Hise-FtsL. Production of the Hiss-TEV-FtsL
protein by L. lactis PA1001 pNG4111-ftsL was induced overnight with
nisin. Growth medium containing Hiss-TEV-FtsL was dialysed against
PBS and then the TurboTEV protease (52 kDa) was added. Fractions with
or without TurboTEV were separated by LDS-PAGE and stained with
SimplyBlue. The positions of Mw marker proteins are indicated

Functional expression of CIfB in L. lactis

To assess whether pNG4110, pNG4111 and pNG4210 facili-
tate the expression of proteinaceous antigens in L. lactis that
are covalently bound to the cell surface of S. aureus, the CIfB
protein was used. Specifically, the c/fB gene was introduced
into the pNG expression vectors without the 3’ sequences that
encode the LPxTG motif for sortase recognition and cleavage
and the C-terminal transmembrane domain. Furthermore, the
original signal peptide of CIfB was replaced with the Usp45
signal peptide. Remarkably, clumping of CIfB-expressing
L. lactis strains was detectable (Fig. 4a) in cultures upon over-
night induction with nisin. Interestingly, this clumping pheno-
type was not observed for control cells not expressing CIfB,
which suggests that CIfB lacking the LPXxTG motif still asso-
ciates to the cell surface. To verify CIfB production and pos-
sible secretion, the cells were separated from the growth me-
dium and both fractions were analysed by LDS-PAGE. Gels
were then either stained with SimplyBlue (Fig. 4b) or used for
Western blotting and immunodetection using anti-Hisg anti-
bodies (Fig. 4c). Hisg-tagged proteins were detectable both in
the cellular and growth medium fractions (Fig. 4b, c) indicat-
ing CIfB was efficiently expressed from all three vectors
(pPNG4110, pNG4111 and pNG4210). Notably, several degra-
dation products of the C-terminally Hise-tagged CIfB were
detectable in the cell and growth medium fractions, while this
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Fig. 4 Functional expression of the S. aureus CIfB protein in L. lactis. a
Clumping of L. lactis PA1001 cells producing Hise-C1fB (4110), Hisg-
TEV-CIfB (4111) or CIfB-Hiss (4210) upon overnight induction with
nisin. No clumping was observed in the absence of nisin, as shown
under (C) for a non-induced control culture of L. lactis PA1001
harbouring pNG4110-c/fB. b and ¢ Cell and growth medium fractions
of L. lactis PA1001 producing Hise-CIfB (4110), Hise-TEV-CIfB (4111)
or CIfB-Hiss (4210) were analysed by LDS-PAGE. Gels were either
stained with SimplyBlue SafeStain (b) or used for Western blotting (c)
with anti-histidine antibodies. As a control, non-induced L. lactis PA1001
pNG4110-c/fB was included in the analysis (C). The positions of Mw
marker proteins are indicated

was not the case for the N-terminally His¢-tagged forms of
CIfB. This suggests that C-terminal Hise-tagging makes CIfB
more prone to degradation by as yet unknown proteases of
L. lactis. Furthermore, the results shown in Fig. 4 suggest that
the location of the Hiss-tag may influence ClfB-mediated
clumping of L. lactis cells, since cells expressing CIfB-Hisg
from pNG4210 showed a milder clumping phenotype than
cells expressing Hisg-CIfB or Hisg-TEV-Clfb from pNG4110
or pNG4111, respectively. Whether this relates to differences
in the produced amounts of Hisg-tagged CIfB is difficult to say
since the position of the Hisg-tag seems to influence either the
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efficiency of SimplyBlue protein staining or of
immunodetection with Hisg-specific antibodies.

Peptidoglycan cleavage activity of SA2100

To investigate whether non-covalently cell wall-bound pro-
teins of S. aureus can be produced in L. lactis using
pNG4110, pNG4111 and/or pNG4210, the gene encoding
the S. aureus SA2100 protein was cloned in these vectors. In
the process, the native signal sequence of SA2100 was re-
placed with the Usp45 signal sequence. As shown in Fig. 5,
cell-associated and secreted mature forms of SA2100 were
only detectable by expression from pNG4110 or pNG4111,
i.e. with N-terminal Hise-tags, and not when expressed from
the pNG4210 vector that encodes the C-terminally Hisg-

a 4110 4111 4210
| | | | | |
C M C M __C M

37

| 4

> » S

25

b 4110 4111

e

Fig.5 Functional expression ofthe S. aureus SA2100 protein in L. lactis.
a Cells (C) and growth medium (M) fractions of L. lactis PA1001
producing Hisg-SA2100 (4110), Hise-TEV-SA2100 (4111) or SA2100-
Hisg (4210) were analysed by LDS-PAGE and stained with SimplyBlue
SafeStain. The black arrowhead indicates a potential precursor form of
Hise-SA2100, and the grey arrowhead indicates matured SA2100. The
positions of Mw marker proteins are indicated. b The cell wall
hydrolyzing activity of Hiss-SA2100 (4110) and Hiss-TEV-SA2100
(4111) was analysed by zymography upon SDS-PAGE in gels
containing M. lysodeikticus cell wall extract. Upon electrophoresis and
renaturation of separated proteins, the gel was stained with methylene
blue as described in the “Materials and methods” section. A zone of
cell wall-degrading activity, which corresponds to the position of
mature SA2100 in the gel upon electrophoresis is indicated with an arrow
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tagged protein. Furthermore, a precursor from of Hisg-
SA2100 was detectable in cells expressing this protein from
pNG4110. Together, these observations support the view that
the location of the Hisg-tag can be critical for effective protein
production in L. lactis.

Notably, SA2100 is homologous to the autolysin E protein
of S. aureus and contains a C-terminal domain with similarity
to the so-called lysozyme subfamily 2 (LYZ2, smart00047;
see the CCD database of NCBI at http://www.ncbi.nlm.nih.
gov/Structure/cdd/cdd.shtml). The latter protein family has a
peptidoglycan-hydrolyzing activity that is comparable to
muramidase activity (Buist et al. 1995). To investigate wheth-
er the heterologously expressed and secreted form of SA2100
displays such an activity, a zymogram assay for the degrada-
tion of cell wall fragments from M. lysodeikticus was
employed. As shown by zymographic analysis, the purified
Hisg-SA2100 and Hisg-TEV-SA2100 were both capable of
degrading cell wall fragments of M. lysodeikticus (Fig. 5b),
which demonstrates that SA2100 is indeed a cell wall-
degrading enzyme.

Expression of the Atl pro-peptide in L. lactis

In a recent study, the N-terminal pro-peptide of the bifunction-
al autolysin Atl of S. aureus is reported to be recognized by
antibodies in the plasma of patients with the genetic blistering
disease epidermolysis bullosa (van den Berg et al. 2015). This
intriguing finding initiated an effort to express the pro-Atl
(amino acids 29-199) in L. lactis using the three vectors,
pNG4110, pNG4111 and pNG4210. As shown in Fig. 6a,
the N-terminally Hisg-tagged pro-Atl as expressed from
pNG4110 and pNG4111 was efficiently produced and secret-
ed (Fig. 6a). In fact, most of these Hisg-tagged forms of pro-
Atl were detected in the growth medium from which they
were readily purified by metal affinity chromatography
(Fig. 6b). Compared to the N-terminally Hiss-tagged pro-
Atl, only a minute amount of C-terminally His¢-tagged pro-
Atl as expressed from pNG4210 was detectable by Western
blotting (Fig. 6a).

Secretion of phosphorylated IsdB by L. lactis

Recent studies by Basell et al. have shown that residues
Tyr440 or Tyr444 of the covalently cell wall-attached IsdB
protein of S. aureus are phosphorylated (Basell et al. 2014).
To determine whether IsdB produced and secreted by L. lactis
PA1001 is also phosphorylated, a 3'-truncated isdB gene lack-
ing the sequences encoding the sortase recognition site was
expressed from pNG4110 and pNG4111. As shown in Fig. 7,
the N-terminally Hisg-tagged forms of IsdB were efficiently
produced by L. lactis, and in fact, most of the protein is se-
creted into the growth medium. Importantly, phosphorylated
Hisg-tagged IsdB was clearly detectable by gel staining with
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Fig. 6 Production and purification of the S. aureus pro-Atl pro-peptide. a
Cells and growth medium fractions of L. /lactis PA1001 producing Hisg-
Pro-Atl (4110), Hise-TEV-Pro-Atl (4111) or Pro-Atl-Hisg (4210) were
analysed by LDS-PAGE and subsequent Western blotting using anti-
Hisg antibodies. As a control, non-induced L. lactis PA1001 pNG4110-
pro-atl was included in the analysis (C). Pro-Atl is indicated with an
arrow. b Purification of Hisg-Pro-Atl and Hisg-TEV-Pro-Atl from the
supernatant of cells that were induced with nisin overnight. The LDS-
PAGE shows (/) induced cells producing Hisg-Pro-Atl, (2) the culture
supernatant fraction of cells producing Hisg-Pro-Atl, (3) the culture
supernatant fraction of cells producing Hiss-TEV-Pro-Atl, (4/5) the first
two elution fractions of Hisg-Pro-Atl upon metal affinity chromatography
and (6/7) the first two elution fractions of Hisg-TEV-Pro-Atl upon metal
affinity chromatography. The position of Hiss-tagged Pro-Atl is marked
with an arrow, and the positions of Mw marker proteins are indicated

the Pro-Q® Diamond Phosphoprotein Gel Stain, showing
L. lactis facilitates this post-translational modification.
Whether the cytoplasmic forms of Hisg-IsdB and Hisg-TEV-
IsdB as observed by Western blotting are also phosphorylated
is presently unclear due to limited sensitivity of the Pro-Q
staining in these extracts.

To pinpoint the site of IsdB phosphorylation in L. lactis, the
secreted Hisg-TEV-IsdB was purified by metal affinity chro-
matography and applied to an LDS-PAA gel. The Hisg-TEV-
IsdB band was subsequently excised from the gel, destained,
washed and cleaved overnight with trypsin. Liberated pep-
tides were analysed by MS/MS, which showed that Hiss-
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TEV-IsdB was phosphorylated on the Tyr311(") residue in the
peptide KYMVMETTNDDY WKDFMVEGQR
(Supplementary Fig. S1). The same Tyr residue was also
shown to be phosphorylated when TCA-precipitated Hise-
TEV-IsdB from the culture supernatant of L. lactis PA1001
containing pNG4111-IsdB was used for the MS/MS analysis.

Discussion

In the present study we describe a set of three cloning vectors
for heterologous protein expression in L. lactis. These vectors
enable easy exchange of the gene of interest for expression of
protein variants with (i) a N-terminal Hisgs-tag, (ii) a C-
terminal Hisg-tag and (iii) a TEV protease cleavable C-
terminal Hisy protein. Examples of the successful use of the
three vectors are presented for expression of six
extracytoplasmic proteins from S. aureus, two of which were
subsequently purified in one step by metal affinity
chromatography.

Importantly, the position of the Hisg-tag purification label,
either at the N- or the C-terminus, can have a major impact on
the production level of S. aureus originated proteins expressed
in L. lactis. This was particularly evident for SA0620, SA2100
and pro-Atl, which were only detectable when expressed as N-
terminal Hisg-tagged protein. In contrast, no effect of the Hisg-
tag position was observed for the production of FtsL, CIfB and
IsdB (data not shown for FtsL and IsdB). The reason(s) for the
negative impact of a C-terminal His¢-tag on the production of
SA0620, SA2100 and pro-Atl is presently not clear. For the
SA0620 protein, the tag appears to interfere with the protein
stability/folding as indicated by the presence of a degradation
product. Similar degradation products are observed for the C-
terminally Hisg-tagged CIfB, whereas these are not observed
for the N-terminally Hisg-tagged CIfB. Similarly, the TEV
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cleavage site as encoded by pNG4111 may influence the pro-
tein production level. This was most evident for SA0620,
although effects of the TEV cleavage site on the levels of
detected product were also observed for CIfB and pro-Atl.
However, for the latter two proteins, it is presently not entirely
clear whether the TEV site interfered with protein production
per se or with the immunodetection of the His¢-tag with anti-
Hisg-tag antibodies. The latter idea would be supported by the
experiments on CIfB production, where there was a discrep-
ancy between the CIfB levels detected by SimplyBlue gel
staining and immunodetection.

With the exception of SA0620, all S. aureus proteins
expressed in L. lactis were secreted into the growth medium
with the help of the vector-encoded Usp45 signal peptide. The
cause of the deviating behaviour of SA0620, which is part of
the core exoproteome of S. aureus (Sibbald et al. 2006;
Ziebandt et al. 2010), is unknown. Apparently, this protein
has a particular unidentified feature that interferes with its se-
cretion in L. lactis. This could, for example, relate to its
targeting to the Sec secretion machinery, pre-translocational
control of folding by chaperones or efficient post-
translocational folding by dedicated folding catalysts that could
be present in S. aureus but absent from L. lactis.(Sarvas et al.
2004; Bolhuis et al. 1999; Tjalsma et al. 2004)

The expression host strain used for the present studies was
L. lactis PA1001, which lacks the major lactococcal proteases
PrtP and HtrA (Poquet et al. 2000; Liu et al. 2010). Despite the
absence of these two proteases, our results show that proteol-
ysis of expressed proteins can still occur. This focuses atten-
tion on the remaining proteases that could be responsible for
this unwanted effect. Conceivably, the responsible protease
could be located in the cytoplasm (e.g. ClpP; Frees et al.
2001), the membrane (e.g. FtsH or a RseP-like protease;
Dalbey et al. 2012) or an as yet unidentified protease in the
cell wall. The elimination of this remnant protease activity
could be beneficial for further production strain improvement,
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similar to what was shown for heterologous protein pro-
duction in B. subtilis where the deletion of multiple
protease genes resulted in large improvements in the
production of heterologous proteins (Pohl et al. 2013;
Krishnappa et al. 2014).

Lastly, our analysis of the production of S. aureus IsdB in
L. lactis shows that this heterologous expression host does
phosphorylate the IsdB protein as is the case in S. aureus
(Basell et al. 2014). However, while in S. aureus either
Tyr440 or Tyr444 are phosphorylated, the IsdB protein
expressed in L. lactis was found to be phosphorylated on
Tyr311. At present, the molecular basis for this apparently
different choice of phosphorylation sites in S. aureus and
L. lactis is not clear. One possible reason for the different
results could be that the sample preparation was performed
differently. While Basell et al. (2014) applied a gel-free pro-
teomics analysis where phosphopeptides were enriched with
TiO,, in the present analyses the IsdB protein was extracted
from gel slices. Another perhaps more plausible reason
could be that we expressed in L. lactis a 3'-truncated isdB
gene lacking the sequences encoding the sortase recognition
site and encoding a TEV protease cleavable N-terminal
Hisg-tag. This may have resulted in an aberrant presentation
of IsdB to the as yet unknown kinase responsible for phos-
phorylation of this protein. In contrast, the study in S. aureus
addressed the authentic IsdB protein synthesized with the
sortase cleavage site and, therefore, covalently anchored to
the cell wall. A third possibility would be that the kinases
responsible for IsdB phosphorylation in S. aureus and
L. lactis have somewhat different specificities. A careful
comparative analysis of the mechanisms of IsdB phosphor-
ylation in S. aureus and L. lactis may pinpoint possible host-
specific differences.

In conclusion, based on our present findings, we are
confident that the newly developed vectors combined with
the L. lactis expression host PA1001 have the potential to
become very useful tools for the extracytoplasmic produc-
tion and purification of bacterial antigens. Such a tool
facilitates structural and functional studies on previously
hard-to-produce proteins and may provide a starting point
for vaccine development.
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