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Abstract The cell envelope-associated proteinase (CEP) of
Lactobacillus delbrueckii subsp. lactis CRL 581 (PrtL) has an
essential role in bacterial growth, contributes to the flavor and
texture development of fermented products, and can release
bioactive health-beneficial peptides during milk fermentation.
The genome of L. delbrueckii subsp. lactis CRL 581 pos-
sesses only one gene that encodes PrtL, which consists of
1924 amino acids and is a multidomain protein anchored to
the cell via its W domain. PrtL was extracted from the cell
under high ionic strength conditions using NaCl, suggesting
an electrostatic interaction between the proteinase and the cell
envelope. The released PrtL was purified and biochemically
characterized; its activity was maximal at temperatures be-
tween 37 and 40 °C and at pH between 7 and 8. Under optimal
conditions, PrtL exhibited higher affinity for succinyl-alanyl-
alanyl-prolyl-phenylalanine-p-nitroanilide than for succinyl-
alanyl-glutamyl-prolyl-phenylalanine-p-nitroanilide, while
methoxy-succinyl-arginyl-prolyl-tyrosyl-p-nitroanilide was
not degraded. A similar «- and (3-casein degradation pattern
was observed with the purified and the cell envelope-bound
proteinase. Finally, on the basis of its specificity towards
caseins and the unique combination of amino acids at residues
thought to be involved in substrate specificity, PrtL can be
classified as a representative of a new group of CEP.
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Introduction

Lactobacillus (L.) delbrueckii subsp. lactis is a
homofermentative thermophilic lactic acid bacterium (LAB)
widely used as starter cultures in several dairy fermentation
processes, such as fermented sour milks and Swiss- and
Italian-type cheeses. Comparative genome analysis of
lactobacilli revealed that dairy LAB such as L. delbrueckii
subsp. lactis, L. delbrueckii subsp. bulgaricus, and
Lactobacillus helveticus have lost the majority of their amino
acid biosynthetic genes (Callanan et al. 2008; Liu et al. 2010;
van de Guchte et al. 2006) and therefore, depend on exoge-
nous nitrogen sources for optimal growth (Hebert et al. 2004,
2008). The concentration of essential amino acids in milk is
very limited. Thus, the proteolytic system of LAB is crucial to
supply bacteria with essential amino acids from caseins during
growth in milk, thus ensuring successful fermentation. This
proteolytic system consists in a cell envelope-associated pro-
teinase (CEP), specialized transport systems to allow uptake
of the resulting peptides, and several intracellular peptidases
which degrade peptides to amino acids (Hebert et al. 2008;
Savijoki et al. 2006). The CEP plays a key role in this process
since it is responsible for the first step of casein breakdown
(Liu et al. 2010; Savijoki et al. 2006). This protease also
contributes to the flavor and texture development of fermented
products (Savijoki et al. 2006) and can release bioactive
health-beneficial peptides during milk fermentation (Hayes
et al. 2007; Hebert et al. 2010; Saavedra et al. 2013).

The CEP of lactococci and, to a lesser extent, those of
lactobacilli have been subject to extensive biochemical and
genetic characterization (Liu et al. 2010; Pescuma et al. 2013;
Savijoki et al. 2006). On the basis of degradation patterns of
&s1-, 3-, and k-caseins, two proteinase specificity classes have
initially been described in lactococci, CEP;, and CEPyy
(Exterkate et al. 1993). The primary substrate of CEP;-type
enzymes is 3-casein and, to a lesser extent, K-casein, while
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CEPyy-type enzymes hydrolyze -, 3-, and k-casein (Kunji
etal. 1996). In general, CEP are synthesized as preproteins of
~2000 residues, and comparative sequence analyses allowed
the prediction of several functional domains (Siezen 1999).
From the N-terminus, these domains include a pre-pro domain
(PPro), corresponding to a typical signal sequence, followed
by a prosequence that is removed by autocatalytic processing,
a catalytic protease domain (PR) with a small inserted (I)
domain, a domain A of unknown function, a domain B with
probably a stabilizing role, a helical spacer (H) domain, a
hydrophilic cell wall spacer or attachment domain (W), and
a cell wall anchor domain (AN), characterized by a sorting
signal (LPxTG) that covalently anchors the proteinase to the
cell envelope (Navarre and Schneewind 1994; Siezen 1999).
Not all domains are present in every CEP. For instance, differ-
ences in the C-terminal region among several CEP raise the
possibility of another anchoring mechanism to the cell enve-
lope. CEP of Lactococcus (Lc.) lactis (PrtP), Lactobacillus
paracasei (PrtP), Lactobacillus rhamnosus (PrtR), and
Streptococcus (S.) thermophilus (PrtS) possess the AN domain,
suggesting covalent attachment of the proteinase to the cell wall
(Savijoki et al. 2006). On the other hand, this AN domain is
absent in CEP of L. delbrueckii subsp. bulgaricus (PrtB) and
L. helveticus (PrtH), and these seem to be attached to the cell
envelope through their W domain (Savijoki et al. 2006; Siezen
1999). The W domain of PrtB is rich in lysine residues (~32 %),
suggesting that binding occurs through electrostatic interactions
(Gilbert et al. 1996; Siezen 1999).

In LAB, calcium-free buffer incubation was the most used
method to release CEP from the cell (Exterkate 1995; Martin-
Hernandez et al. 1994; Pederson et al. 1999; Tsakalidou et al.
1999). However, some thermophilic lactobacilli proteinases
are not released by this treatment (Espeche Turbay et al. 2009;
Laloi et al. 1991; Martin-Hernandez et al. 1994) and can be
extracted using detergent and chaotropic agents or enzymes
such as lysozyme. For instance, CEP of L. helveticus,
Lactobacillus acidophilus, or L. delbrueckii subsp. bulgaricus
were removed from the cell envelope by using NaOH, urea,
lysozyme, detergent (Nonidet P-40 or SDS), sonication, or
thermal shock (Jarocki et al. 2010; Laloi et al. 1991; Martin-
Hernandez et al. 1994; Stefanitsi et al. 1995), while the CEP
from L. helveticus Zuc2 was extracted using 5 M LiCl (Scolari
et al. 2000).

In the last few years, significant advances on L. delbrueckii
subsp. lactis CRL 581 proteolytic system were carried out.
This strain, isolated from a homemade Argentinian hard
cheese, possesses a CEP, named PrtL, which is able to release
a series of bioactive health-beneficial peptides (i.e., anti-in-
flammatory, antihypertensive, and phosphopeptides) from oc-
and (3-caseins (Espeche Turbay et al. 2012; Hebert et al. 2008;
Villegas et al. 2014). Considering the industrial importance of
CEP and the health-promoting attributes of CRL 581 strain in
the development of novel functional foods, the aim of this
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work was to carry out the biochemical characterization of
PrtL. Sequence analysis of the PrtL-encoding gene revealed
that PrtL is a member of the subtilisin-like serine proteinases.
For the first time, the CEP from L. delbrueckii subsp. lactis
CRL 581 was released by an alternative method using 1 M
NaCl, demonstrating that PrtL is non-covalently attached to
the cell envelope. This releasing method allowed us to char-
acterize the kinetics properties of the purified PrtL and to
compare its caseinolytic specificity to that of the attached
PrtL.

Materials and methods
Microorganisms, media, and growth conditions

L. delbrueckii subsp. lactis CRL 581, L. helveticus CRL 1062,
Lc. lactis CRL 1195, and S. thermophilus CRL 1185 strains
belonging to the culture collection of the Centro de Referencia
para Lactobacilos (CERELA-CONICET, Argentina) were
used. In this study, a previously formulated chemically de-
fined medium (CDM) containing 5 mM CaCl, (CDM-Ca)
was used (Hebert et al. 2004). CDM-Ca (pH 6.5) was prepared
from concentrated individual stock solutions which were
stored at 4 °C after filtration, except for the cysteine solution
which was freshly prepared. All amino acids, vitamins, pu-
rines, pyrimidines, and inorganic salts used were of analytical
grade (Sigma).

Working cultures of lactobacilli strains were grown twice
in MRS broth (Biokar Diagnostics) at 37 °C for 16 h, while
Le. lactis CRL 1195 and S. thermophilus CRL 1185 were
grown in LAPTg (1 % yeast extract, 1.5 % peptone, 1 %
tryptone, 0.1 % Tween 80, 1 % glucose) at 30 and 37 °C,
respectively, for 16 h. To eliminate carryover nutrients, cells
were harvested by centrifugation at 8000xg for 15 min,
washed twice in sterile 0.85 % (wt vol ') saline solution,
and resuspended in this solution to the original volume. This
cell suspension was used to inoculate the CDM-Ca at an initial
optical density at 560 nm (ODsg4() of 0.1.

Release of PrtL from the cell envelope

Cells grown in CDM-Ca medium were harvested by centrifu-
gation (8000 xg for 15 min at 4 °C) at the exponential growth
phase (ODss=0.80), washed twice with 0.85 % (wt vol ')
saline supplemented with 10 mM CaCl,, and resuspended to a
final ODsg of approximately 20 in 20 mM Tris—HCI buffer
(pH 7.5) containing either 5 mM CaCl,, or NaCl (0.5, 1, and
3 M) (Villegas et al. 2011). Cells were also treated with
20 mM Tris—HCI buffer (pH 7.5) without CaCl, addition
(calcium-free buffer). Samples were incubated during
30 min at room temperature and then centrifuged at 8000 xg
for 15 min. The supernatant was stored at 4 °C, and the pellet
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was washed, resuspended in 20 mM Tris—HCI buffer at the
original volume, and stored at 4 °C. Supernatant and pellet
fractions were subjected to proteolytic activity and SDS-
PAGE analyses. In order to biochemically characterize PrtL,
the 1 M NaCl supernatant fraction of L. delbrueckii subsp.
lactis CRL 581, obtained as previously indicated, was filtered
through a 100-kDa membrane (100,000 MWCO, Amicon,
Millipore) according to the manufacturer’s instruction, yield-
ing a partially purified PrtL.

SDS-PAGE and MALDI-TOF analyses

SDS-PAGE was performed as described by Laemmli (1970)
on vertical slab gels. Resolving and stacking gels contained 8
and 4 % acrylamide, respectively. Electrophoresis was run at
10 mA for 5 h, and the proteins were visualized by staining
with Coomassie Brilliant Blue G-250 (Candiano et al. 2004).
Molecular masses were estimated using the linear relationship
between the log of the molecular weight of the standards
(Promega) and relative mobility (r D 0:99). Individual bands
on the SDS-PAGE were excised from the gels and subjected to
mass spectrometry analyses carried out by CEQUIBIEM
(Facultad de Ciencias Exactas y Naturales, UBA,
Argentina). Protein identity from peptide mass fingerprints
was determined by the MASCOT program (Matrix Science
Inc. http://www.matrix sciende.com/search-form-select.html).
Fragmentation was carried out with more intense MS peaks
(MS/MS).

Proteinase activity assay

Proteolytic activity was measured at 37 °C with the chromo-
genic substrate succinyl-alanyl-alanyl-prolyl-phenylalanine-
p-nitroanilide (S-Ala; Sigma), as described by Espeche
Turbay et al. (2009). One unit of proteinase was defined as
the amount required to liberate 1 nmol of nitroaniline per
minute; specific activity was expressed as proteinase units
per milligram of protein. Protein concentration was deter-
mined using a protein assay according to the instructions of
the manufacturer (Bio-Rad). Cell lysis was determined by
following the release of either lactate dehydrogenase
(Thomas 1975) or lysyl-aminopeptidase using L-lysine p-
nitroanilide as substrate as described previously (Hebert
et al. 2002).

Effect of temperature and pH on proteinase activity

The effect of temperature on the activity of the purified PrtL
was determined over a range of temperature from 20 to 70 °C
and at pH 7.0. The enzyme was incubated in the reaction
buffer with the chromogenic substrate S-Ala for 10 min at
the corresponding temperature. The effect of pH on PrtL
activity was determined with the S-Ala substrate at 37 °C for

10 min in a range of pH from 4 to 9 with the following 50 mM
buffers: sodium acetate, pH 4.5 to 5.5, sodium phosphate,
pH 6.5 to 8.0, and Tris—HCI, pH 9.

Determination of kinetics parameters

The specificity and values of the kinetics constants (V;,.x and
K., of PrtL were determined by measuring the proteinase
activity at optimal conditions, using different substrate con-
centrations up to 2000 uM: S-Ala, succinyl-alanyl-glutamyl-
prolyl-phenylalanine-p-nitroanilide (S-Glu; Bachem) and
methoxy-succinyl-arginyl-prolyl-tyrosyl-p-nitroanilide (MS-
Arg; Kabi Diagnostica). Kinetics constants were calculated
by directly fitting data to the Michaelis—Menten equation by
nonlinear regression.

Casein hydrolysis

Casein degradation was carried out following the protocol
described by Espeche Turbay et al. (2009). Whole cell-bound
PrtL and purified PrtL were incubated with 3 mg mI™" of o,
f3-, and k-casein (Sigma), previously dissolved in 100 mM
phosphate buffer (pH 7.0), at a ratio of 1:1 (vol vol ') at
37 °C for 4 h. Samples were taken at 0, 15, 30, and 240 min.
When necessary, cells were removed by centrifugation, and the
supernatants containing different peptide fractions were stored
at —20 °C. Casein hydrolysis was monitored by SDS-PAGE as
previously described (Espeche Turbay et al. 2009) and visual-
ized by silver staining (Bio-Rad).

Nucleotide sequencing and sequence analyses

Whole-genome sequencing of L. delbrueckii subsp. lactis
CRL 581 was performed with a 454 GS Titanium
pyrosequencer at INDEAR, Argentina (Hebert et al. 2013).
The data from this whole-genome shotgun project were de-
posited in GenBank under accession number
ATBQO00000000.

Protein homology searches were carried out with the
SWISS-PROT database with the EMBL BLAST and EMBL
FASTA servers. PrtL sequence analyses (alignments, compar-
isons, translations) were completed using DNAman 5.5.2
(Lynnon BioSoft).

Statistical analyses

Statistical analyses were performed with the software package
Minitab 14 (Minitab Inc.) using ANOVA general linear
models followed by Tukey’s post hoc test, and P<0.05 was
considered significant. Unless otherwise indicated, all values
were the means of three independent trials+standard devia-
tion. No significant differences were observed between indi-
vidual replicates.
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Results
Identification, DNA sequencing, and analysis of PrtL

The genome of L. delbrueckii subsp. lactis CRL 581 was
sequenced and analyzed, showing the presence of only one
gene that encodes a cell envelope-associated serine proteinase,
named PrtL (Hebert et al. 2013). No sequences homologous to
the proteinase maturation protein PrtM were found in the
genome of L. delbrueckii subsp. lactis CRL 581. Analysis of
the deduced PrtL sequence showed that this proteinase con-
sists in 1924 amino acids, and a precursor-predicted relative
molecular mass of 209,215 Da. PrtL is organized in several
structural and/or functional domains characteristic of CEP
from LAB (Savijoki et al. 2006; Siezen 1999). This enzyme
is synthesized as a preproprotein and becomes mature upon
removal of the PPro domain, which consists of a putative 34-
amino acid signal sequence and a prosequence of 158 amino
acids (Fig. 1), being the residues between Thr'** and Asp'®?,
the predicted cleavage site. Therefore, the processed mature
PrtL protein would contain 1733 residues with a predicted
molecular mass of 188 kDa and an isoelectric point of 6.32.
The N-terminal region of the mature PrtL proteinase (497
amino acids) is the catalytic domain (PR), which contains a
large insert (I, 144 amino acids). This PR domain has similar-
ity to the subtilisin-like serine proteinases known as subtilases;
thus, PrtL can be classified within this family (Siezen 1999).
This domain is characterized by a catalytic triad, Asp>’, His™,
and Ser*® (Fig. 1). The subsequent domains are the A domain
(386 amino acids), the B domain (657 amino acids), and the
W domain (192 amino acids) (Fig. 1). The AN domain de-
scribed in some proteinases (Siezen 1999), which contains the
LPxTG motif and functions as an anchor to the peptidoglycan
layer, was not found in PrtL, suggesting that PrtL. does not

1 234 377 497

bind to the cell surface via the sortase machinery (Marraffini
et al. 2006; Navarre and Schneewind 1994).

PrtL extraction by high ionic strength

To assess the involvement of electrostatic interactions in the
binding of PrtL to the bacterial cell envelope, L. delbrueckii
subsp. lactis CRL 581 cells were incubated under different
ionic strength conditions and centrifuged, and the proteolytic
activity was assayed in the pellet and supernatant fractions
(Table 1). After incubating CRL 581 cells with buffer con-
taining 0.5 M NaCl, PrtL remained mainly associated to the
cell. However, upon cell treatment with 1 M NaCl, 80 % of
PrtL was released in the supernatant (Table 1). A similar PrtL
release percentage was obtained with 3 M NaCl treatment
(data not shown). These results were corroborated by SDS-
PAGE analysis; a band of ~190 kDa (which is close to the
mature PrtL-predicted molecular mass) was found mostly in
the supernatant fraction after treatments with 1 and 3 M NaCl
(Fig. 2). This ~190-kDa protein band was excised from the gel
and identified by MALDI-TOF MS-MS analysis as PrtL
(gi|511181292), a subtilase family protein derived from
L. delbrueckii subsp. lactis CRL 581. Since increasing salt
concentration reduces the strength of ionic binding by provid-
ing competing ions for the charged residues (Alberts et al.
2002; Heimburg and Marsh 1995), these results indicated that
PrtL binding is primarily controlled by electrostatic forces.
In order to compare the binding mechanism of different
CEP of LAB to the cell, we subjected the proteinases from
L. helveticus CRL 1062 (PrtH), Lc. lactis CRL 1195 (PrtP),
and S. thermophilus CRL 1185 (PrtS) to different ionic
strength treatments (Table 1). In the presence of 0.5 M
NaCl, approximately 80 % of PrtH activity was found in the
supernatant fraction, suggesting that the ionic interaction of

883 1540 1732
1075 1732 1924

PrtL

% of identity

CEP
PrtB 87 96
PrtH 31
PrtH2 7 25
PrtP 8 31
PrtR ’ 28
PrtS % ns

91
27
15
26
18
nd

Fig. 1 Schematic representation of the predicted domains of PrtL and
multiple sequence alignment percentages of PrtL with different CEP of
LAB. Each number indicates the last amino acid of a domain; top
numbers refer to the mature proteinase, and bottom numbers indicate
the unprocessed enzyme. The catalytic triad and the amino acid number
corresponding in the catalytic domain are indicated. PPro preprodomain,
PR catalytic proteinase domain, / insert domain, 4 A domain, B B
domain, ¥ cell wall domain. The analysis was performed for PrtL. of
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L. delbrueckii subsp. lactis CRL 581 (accession number EPB98635),
PrtB of L. delbrueckii subsp. bulgaricus NCDO1489 (accession number
148487), PrtH (accession number AAD50643), and PrtH2 (accession
number WP_020829174) of L. helveticus CNRZ 32, PrtP of Lc. lactis
subsp. cremoris SK11 (accession number A32364), PrtR of L. rhamnosus
BGT10 (accession number CAD43138), and PrtS of S. thermophilus
CNRZ 385 (accession number AAG09771). nd domain not found, ns
not significant (i.e. <25 %)
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Table 1
S. thermophilus CRL 1185

Effect of NaCl on the release of CEP of L. delbrueckii subsp. lactis CRL 581, L. helveticus CRL 1062, Lc. lactis CRL 1195, and

Treatment  Proteinase activity (%)”
L. delbrueckii subsp. lactis CRL 581 L. helveticus CRL 1062 Le. lactis CRL 1195 (PrtP) S. thermophilus CRL 1185
(PrtL) (PrtH) (PrtS)
Cell-bound Released Cell-bound Released Cell-bound  Released  Cell-bound Released
No NaCl 97.5+3.6 2.5+3.5 92.0+4.2 8.0+4.3 91.7+5.6 8.3+5.1 100 0
0.5 M NaCl 81.94+5.8 18.1+5.8 19.6+8.5 80.4+7.0 81.0+9.9 19.0+£6.8 100 0
1 MNaCl 11.842.5 88.2+2.5 20.0+3.7 80.0+6.4 83.3+4.1 16.7+4.0 100 0

#The values of proteinase activity are expressed as percentages of proteinase activity with regard to untreated cells. Activity values are the means=

standard deviations from three independent experiments

PrtH with the cell envelope was weaker than that observed for
PrtL. The W domains of PrtL and PrtH are basic with a content
of 31.8 and 15.9 % of lysine residues, respectively. On the
other hand, PrtP and PrtS, which are anchored to the cell wall
by a dedicated sortase LPxTG motif (Marraffini et al. 2006;
Navarre and Schneewind 1994; Siezen 1999), were not re-
leased from the cells upon salt treatment (Table 1).

Purification and biochemical characterization of PrtL

In order to study the biochemical properties and substrate
specificity of L. delbrueckii subsp. lactis CRL 581 proteinase,
the released enzyme after 1 M NaCl treatment was retained by
an ultrafiltration membrane with a cutoff of 100 kDa. This
step allowed us to remove most of the contaminating proteins,
obtaining a partially purified proteinase, as observed by the
presence of a band with the expected molecular mass in the
SDS-PAGE (Fig. 3, lane 3).

Fig. 2 SDS-PAGE analysis of

Whole cell

The optimal temperature for the S-Ala hydrolysis by the
purified PrtL. was observed between 37 and 40 °C, decreasing
sharply with temperatures above 45 °C (Fig. 4a). On the other
hand, the maximum PrtL activity levels were observed be-
tween pH 7.0 and 8.0, decreasing afterwards. The enzyme was
relatively stable at pH 6.0, still showing approximately 60 %
of the activity observed at pH 7.5. At pH 5.0 and pH 9.0, the
enzyme showed about 35 % of the activity presented at
optimal pH (Fig. 4b).

In order to gain information about the substrate specificity
of the purified PrtL, the kinetics of the enzyme reaction with
different p-nitroanilide derivatives, S-Ala (a non-charged
chromophoric peptide), S-Glu (a negatively charged chromo-
phoric peptide), and MS-Arg (a positively charged chromo-
phoric peptide), was determined (Table 2). Proteolytic activity
with S-Ala and S-Glu showed a classical Michaelis and
Menten saturation, with no significant difference in the V.
values. However, PrtL exhibited higher affinity for S-Ala than

Supernatant

PrtL of L. delbrueckii subsp. [
lactis CRL 581 extracted from the
cell under high ionic strength 1 2

) 3 6 7 8 9

conditions. SDS-PAGE of PrtL 225
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CRL 581 with 20 mM Tris—HCI
buffer (pH 7.5) in the presence of
different concentrations of NaCl.
Lanes 2 and 6 without NaCl,
lanes 3 and 7 incubated with

0.5 M NaCl, lanes 4 and 8
incubated with 1 M NaCl, lanes 5
and 9 incubated with 3 M NaCl.
Lane I molecular weight marker o
(kDa; Promega). The 8 % gel was —
stained with Coomassie Brilliant -
Blue G-250. Data are
representative of three 35 -
independent experiments
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——
|—=—
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Fig. 3 SDS-PAGE of the purified PrtL of L. delbrueckii subsp. lactis
CRL 581. Lane I molecular weight marker (kDa; Promega), lane 2 whole
cells of L. delbrueckii subsp. lactis CRL 581, lane 3 1 M NaCl
supernatant fraction obtained after filtered through a 100-kDa
membrane (100,000 MWCO, Amicon, Millipore). Gel was stained with
Coomassie Brilliant Blue G-250. Data are representative of three
independent experiments

for S-Glu as measured by its K, values (Table 2). On the
contrary, no detectable activity was observed with MS-Arg as
substrate.

Casein fraction hydrolysis

The caseinolytic specificity of the purified and bound PrtL
was also analyzed. The ability of purified PrtL to hydrolyze
-, 3-, and k-casein was tested at different times and com-
pared with those of the cell envelope-bound proteinase
(Fig. 5). A similar degradation pattern was observed for the
partial purified as well as by the cell-bound proteinase; PrtL.
hydrolyzed (3-casein predominantly and «-casein at a lower
rate (Fig. 5). However, the kinetics of hydrolysis was different
as the purified proteinase was more efficient in the degrada-
tion of (3-casein. On the other hand, no k-casein hydrolysis
was observed for the purified PrtL, as previously observed for
the cell-bound PrtL (data not shown) (Hebert et al. 2008).

Discussion

The CEP of L. delbrueckii subsp. lactis CRL581 plays a key
role in milk fermentation processes because it enables this
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Fig. 4 Thermal and pH profile of PrtL activity of L. delbrueckii subsp.
lactis CRL 581. Proteolytic activity of purified PrtL was measured at
different temperatures (a) and pH (b) using the chromogenic substrate
succinyl-alanyl-alanyl-prolyl-phenylalanine-p-nitroanilide. In each case,
data were normalized by the enzymatic activity at 37 °C and pH 7.5. Data
are representative of three independent experiments

strain to grow in milk, thereby ensuring successful fermenta-
tion. Furthermore, this CEP contributes to the health-
beneficial properties of fermented milk products because it
can release bioactive peptides during milk fermentation
(Hayes et al. 2007; Hebert et al. 2010; Saavedra et al. 2013;
Villegas et al. 2014). Sequence analysis of L. delbrueckii
subsp. lactis CRL 581 genome revealed the presence of only
one gene that encodes PrtL (Hebert et al. 2013). In Lc. lactis,

Table 2 Kinetics parameters of PrtL in the presence of different
substrates

Substrates Vinax Ky?
S-Ala 317.9+47 461.7+£55
S-Glu 369.2+45 553.5+40
MS-Arg ND ND

ND not detected

Ve and K, were expressed as nmol pNA min~' mg prot ! and uM,

respectively
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Fig. 5 Caseinolytic profiles of cell-bound and released PrtL of
L. delbrueckii subsp. lactis CRL 581. Hydrolysis of «-casein (a) and f3-
casein (b) by the cell envelope-bound and the purified PrtL. Incubation
times 0 min (lanes I and 5), 15 min (lanes 2 and 6), 30 min (lanes 3 and 7),
and 240 min (lanes 4 and 8). Data are representative of three independent
experiments

Lactobacillus johnsonii, L. rhamnosus, Lactobacillus casei,
and L. paracasei, the proteinase gene (prtP) is preceded by a
divergently transcribed gene encoding a membrane-bound
lipoprotein (PrtM) that was shown to be essential for autocat-
alytic maturation of the proteinase (Haandrikman et al. 1991,
Holck and Naes 1992; Liu et al. 2010). However, in
L. delbrueckii subsp. lactis CRL 581, as well as in
L. acidophilus, L. helveticus, S. thermophilus, and
L. delbrueckii subsp. bulgaricus, no prtM gene was identified
in the prtL flanking regions (Liu et al. 2010).

The PrtL molecular mass is close to that reported for other
described CEP such as PrtP from L. paracasei subsp.
paracasei (Holck and Naes 1992), Lc. lactis subsp. cremoris
Wg2 (Vos et al. 1989), Lc. lactis subsp. lactis NCDO763
(Kiwaki et al. 1989), Lc. lactis subsp. cremoris SKI11
(Bruinenberg et al. 2000), PrtR from L. rhamnosus (Pastar
et al. 20006), PrtB from L. delbrueckii subsp. bulgaricus
(Gilbert et al. 1996), and PrtH and PrtH2 from L. helveticus
CNRZ 32 (Genay et al. 2009).

In most cases, the isolation of CEP from LAB was
achieved by repeated treatment of cells with a calcium-free
buffer, which induces the loss of weakly bound Ca*" ions,

leading to the exposure of a sequence that is highly susceptible
to autoproteolytic attack. Previously, we demonstrated that
PrtL activity, stability, and release were independent of the
presence of Ca®" ions in the medium, and the release of PrtL
occurred mainly at pH above 6 (Espeche Turbay et al. 2009).
The C-terminal region of PrtL lacks the LPxTG motif (AN
domain) necessary for a covalent linkage with the cell enve-
lope. Meanwhile, its W domain contains a high content of
lysine (31.8 %), suggesting that PrtL binding to the cell wall
occurs through electrostatic interactions with the negatively
charged teichoic acids of the cell wall. Here, we demonstrated
that PrtL was released from the cell envelope after treatment
with 1 M NaCl. Since increasing salt concentration reduces
the strength of ionic binding by providing competing ions for
the charged residues (Alberts et al. 2002; Heimburg and
Marsh 1995), our results confirmed, for the first time, that
PrtL binding is primarily controlled by electrostatic forces.
Electrostatic interactions between PrtL and the cell wall can
also be modulated by changing the protonation/deprotonation
state of charged residues via environmental pH. When the pH
is below the isoelectric point of PrtL (p/=6.32), lysine resi-
dues are protonated and carry positive charges, leading to
electrostatic interactions with the cell. On the other hand,
when the pH is higher than the pZ, lysine residues tend to be
deprotonated, resulting in repulsive interactions between PrtL
and the teichoic acids of the cell wall. Therefore, at a working
pH of 7, the electrostatic repulsion forces that arise upon
deprotonation could be an extra driving force for PrtL releas-
ing (Espeche Turbay et al. 2009).

The CEP extraction method used in this study effectively
released LAB proteinases that are non-covalently linked to the
cell envelope. Several advantages were observed for the pro-
posed extraction method: (1) it is a mild treatment that did not
modify or collapse cellular integrity, (2) it allowed ~90 % of
proteinase release, which is highly efficient when compared
with the values reported after pH treatment (Espeche Turbay
et al. 2009), and (3) it did not compromise the CEP structure
since no modification in the proteinase activity or SDS-PAGE
band size was detected; proteinase release by incubation of the
cells with a calcium-free buffer leads to a truncated proteinase
(Bruinenberg et al. 2000; Exterkate and Alting 1999), some-
times with a decrease in specific activity and a dramatic
reversible reduction in thermal stability (Exterkate and
Alting 1999).

After 1 M NaCl extraction, PrtL was purified and biochem-
ically characterized. Our results differed from the crude pro-
teinase extract from L. delbrueckii subsp. lactis ACA-DC 178,
obtained by Tsakalidou et al. (1999), which showed highest
activity at pH 6.0 and 40 °C. It is worth to mention that this
proteinase showed different specificity respect to PrtL from
L. delbrueckii subsp. lactis CRL 581 (Hebert et al. 2008;
Tsakalidou et al. 1999). In addition, the CEP from
L. delbrueckii subsp. lactis ACA-DC 178 was removed from
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Table 3  Substitution of amino acids at positions relevant for substrate binding in PrtL and other CEP of LAB
CEP Sequence at indicated site®

Source 131 138 142 144 166 177 222 747 748
PrtL L. delbrueckii subsp. lactis CRL 581 Ser Gly Asp Ile Val Gln Ala Gly Thr
PrtB L. delbrueckii subsp. bulgaricus NCDO1489 Ser Gly Asp Ile Val Gln Thr Gly Thr
PrtP L. paracasei NCDO151 Thr Thr Ala Leu Asp Leu Thr Gln Thr
PrtP Le. lactis subsp. cremoris Wg2 Thr Thr Ser Leu Asp Leu Thr Leu Thr
PrtP Le. lactis subsp. cremoris SK11 Ser Lys Ala Val Asn Leu Ser Arg Lys
PrtH L. helveticus CNRZ 32 Ser Ser Thr Ile Val Val Asn Ala Thr
PrtH2 L. helveticus CNRZ 32 Gly Asn Leu Met Gly Gln Gly Val Glu
PrtR L. rhamnosus BGT10 Asp Asp Asn Ile Gly Gln Nd Thr Thr
PrtS S. thermophilus CNRZ 385 Ser Thr Ala Tyr Ala Thr Ala Gly Asp

#Numbering corresponds to the mature PrtP of Lc. lactis subsp. cremoris SK11

the cell envelope by washing the cells with a calcium-free
buffer, denoting that this CEP is distinct than PrtL. On the
other hand, PrtB of L. delbrueckii subsp. bulgaricus CNRZ
397, PrtS of S. thermophilus CNRZ 385, and PrtH of
L. helveticus 189 and L. helveticus CRL 1062 showed an
optimum temperature of 42, 37, 50, and 42 °C and an opti-
mum pH of 5.5, 7.5, 6.2, and 7.0, respectively (Fernandez-
Espla et al. 2000; Hebert et al. 1999; Laloi et al. 1991; Martin-
Hernandez et al. 1994).

To study the substrate specificity of the purified PrtL, three
different p-nitroanilide derivatives were used. Among them,
the substrates MS-Arg and S-Glu can be used to distinguish
between CEP; and CEPyy; the activity of CEP; is lower, and
that of CEPyy; is higher toward the S-Glu substrate than the
respective activities toward MS-Arg (Exterkate et al. 1993).
While PrtL presented activity with S-Ala and S-Glu, no de-
tectable activity was observed with MS-Arg, a feature also
shared by the proteinase of L. delbrueckii subsp. bulgaricus
CNRZ 397 (PrtB) (Laloi et al. 1991). Protein engineering
studies employing hybrid Wg2 (CEP;)-SK11 (CEPy;) pro-
teinases of Lc. lactis identified the N-terminal fragment of the
mature proteinase (particularly positions 131, 138, 142, 144,
166, 177, and 222 of'the Lc. lactis subsp. cremoris SK11 PrtP)
as well as the large C-terminal containing residues 747 to 748
as sites that significantly affect casein cleavage specificity
(Table 3) (Kunji et al. 1996; Vos et al. 1991). These substrate
binding regions are different among PrtL, PrtB, PrtH, PrtP,
PrtR, and PrtS (Table 3). PrtL has a unique amino acid
substitution at position 222 (Ala) compared to PrtB
(Table 3). The highest sequence identity among the CEP from
LAB is within the N-terminal catalytic domain, showing
PrtL an identity of about 95, 46, and 45 % with PrtB, PrtH,
and PrtP, respectively (Fig. 1). Unlike PrtB, PrtL does not
show the involvement of cysteine residues in catalysis. These
data, together with the specificity of PrtL towards the different
chromophoric peptides and the unique combination of amino
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acids at residues thought to be involved in substrate specific-
ity, indicate that this enzyme does not fit into any of the groups
distinguished so far among the lactococcal CEP variants
(Exterkate et al. 1993) and can be classified as a new group
of CEP. On the other hand, a similar degradation pattern was
observed for the purified as well as by the cell-bound protein-
ase. These results suggested that the released proteinase did
not change its conformation since no modification in the
stability and caseinolytic activity was observed.

The data presented in this study contribute to enlarge the
limited knowledge on thermophilic lactobacilli CEP; PrtL was
extracted from the cell under high ionic strength conditions,
purified, and biochemically characterized. The use of 1 M
NaCl did not affect the stability, activity, and substrate spec-
ificity of PrtL. These results are important from an industrial
point of view since during the manufacture of hard cheeses,
high concentrations of NaCl are present, and PrtL. would
remain active either bound to the cell or released, maintaining
the beneficial health effects of the fermented milk products.
The proteolysis reactions are quite complex; thus, it is neces-
sary to study extensively the proteinase mechanism to control,
for instance, the qualities in industrial and biotechnological
products (Nielsen 2002). In addition, the broad knowledge
about mechanism of anchoring proteins to the cell envelope
and the development of efficient and commercially viable
methods for CEP extraction will open new possibilities of
their applications.
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