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Lactobacillus curvatus CECT 904 and Lactobacillus sake CECT 4808 were selected on the basis of their
proteolytic activities against synthetic substrates. Further, the effects of whole cells, cell extracts, and a
combination of both enzymatic sources on muscle sarcoplasmic proteins were determined by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and reverse-phase high-performance liquid chromatography anal-
yses. Strains of both species displayed proteinase activities on five sarcoplasmic proteins. The inoculation of
whole cells caused a degradation of peptides, whereas the addition of cell extracts resulted in the generation
of both hydrophilic and hydrophobic peptides. This phenomenon was remarkably more pronounced when L.
curvatus was involved. Whole cells also consumed a great amount of free amino acids, while the addition of
intracellular enzymes contributed to their generation. L. sake accounted for a greater release of free amino
acids. In general, cell viability and also proteolytic events were promoted when cell suspensions were provided
with cell extracts as an extra source of enzymes.

Lactic acid bacteria are essential agents of the meat fermen-
tation process that contribute to the hygienic and sensory qual-
ities of meat products. This quality is achieved mainly by the
metabolic activities of these bacteria on carbohydrates and
proteins, resulting in sugar depletion, pH reduction, and the
generation of flavor compounds (5, 12). Most attention has
been focused on the development of starter cultures with ad-
equate fermentation characteristics, the number of studies of
the proteolytic activities of lactic acid bacteria is limited. The
protein breakdown that takes place during the ripening of dry
fermented sausages leads to an increase in the concentration of
peptides and free amino acids (6, 9, 15, 20). This increase is the
result of the proteolytic activities of both endogenous and
microbial enzymes, although the main role of microorganisms
seems to be confined to the secondary hydrolysis of oligopep-
tides and small peptides (32).

Lactobacillus sake and Lactobacillus curvatus are the most
prevalent microorganisms in dry fermented sausages, and their
use as starter cultures is also widespread (12, 14). However, a
detailed study of their proteolytic systems is lacking, and only
a dipeptidase (21), a tripeptidase (25), and an aminopeptidase
(26) of L. sake have been purified and characterized. The
activities of those purified peptidases have also been studied
under the effects of curing agents and other technologic factors
involved in the manufacture process (27–29). Nevertheless, a
few studies have dealt with the real effects of proteolytic en-
zymes on muscle proteins and derived peptides. Only exoge-
nous enzymes have been tested as potential enhancers of pro-
teolytic rates (4, 8, 11). The aim of this study was to determine
the proteolytic activities of different enzyme combinations
from L. curvatus and L. sake strains on sarcoplasmic proteins
to predict the suitability of these strains and their proteolytic
enzymes as starter cultures or additives, respectively, for the
processing of dry fermented sausages.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The following Lactobacillus strains
were used: L. curvatus CECT 904 and NCDO 2739 and L. sake CECT 4808 (24),
NCDO 2714, and L110, a commercial starter culture (Texel, Groupe Rhone-
Poulenc, Courbevoir, France). Cells of all strains were routinely grown in MRS
broth (Merck, Darmstadt, Germany) at 30°C for 24 h and then maintained at
either 4°C or 280°C in 15% (vol/vol) glycerol. For enzymatic assays growth
medium was inoculated with a microorganism (1%, vol/vol) that had been pre-
viously subcultured twice and incubated for 16 h at 30°C.

Preparation of cell suspensions and extracts. The endoproteolytic activity
against casein-fluorescein isothiocyanate (FITC) was assayed in whole-cell sus-
pensions. Cells were harvested by centrifugation (10,000 3 g for 20 min at 4°C),
washed twice in 0.085% (wt/vol) NaCl containing 20 mM CaCl2, and resus-
pended in a 2% initial volume of 50 mM Tris-HCl (pH 6.5). The optical densities
of cell suspensions were determined at 660 nm, and the corresponding dry
weights were deduced from a calibration curve.

Aminopeptidase activity was assayed in cell extracts (CE) obtained by a mod-
ification of the procedure described by Sanz and Toldrá (26). Cells were col-
lected as stated above, washed twice in 20 mM phosphate buffer (pH 7.0), and
resuspended in the same buffer (10% of initial volume) containing 1 mg of
lysozyme (Sigma, St. Louis, Mo.) per ml. Cells were also supplemented with 0.6
M sucrose and 5 mM MgCl2 for L. curvatus strains or 0.45 M sucrose for L. sake
strains. After incubation at 30°C for 1 h, the cell wall fraction was removed by
centrifugation (15,000 3 g for 20 min at 4°C). The pellet was washed in 20 mM
phosphate buffer (pH 7.0), resuspended in the same buffer, and sonicated for 15
min. Cell debris was removed by centrifugation (20,000 3 g for 20 min at 4°C),
and the supernatant constituted the CE.

Assay of proteinase and aminopeptidase activities. Proteinase activity was
determined, with casein-FITC type II (Sigma) as the substrate, by a modification
of the procedure described by Twining (31). The reaction mixture, consisting of
70 ml of 50 mM Tris-HCl (pH 6.5) (containing 0.4% FITC–casein and 20 mM
CaCl2) and 100 ml of whole-cell suspension, was incubated at 37°C for 1 h. The
resulting fluorescence was measured in a multiscan fluorimeter (Fluoroskan II;
Labsystems, Helsinki, Finland) at 485 and 538 nm as excitation and emission
wavelengths, respectively. One unit of activity was defined as the amount of
enzyme hydrolyzing 1 mmol of substrate per h at 37°C. Proteinase activity was
expressed as units per milligram of dry weight.

Aminopeptidase activity was measured against several aminoacyl-7-amido-4-
methyl coumarin (AMC) derivatives (L-Ala-, L-Lys-, L-Ser-, L-Phe-, L-Val-, L-
Arg-, L-Gly-, L-Leu-, L-Tyr-, L-Pro-, and L-Pyr-AMC [Sigma]) and L-Glu-1-4-p-
nitroanilide (Fluka Biochemika, Buchs, Switzerland) according to the method of
Sanz and Toldrá (26, 27). Reaction mixtures were incubated at 37°C for 15 min,
except for the chromogenic substrate, which was incubated for 1 h. One unit of
activity was defined as described above, and aminopeptidase activity was ex-
pressed as units per milligram of protein. Quadruplicate assays were performed,
with four samples and controls measured for each experimental point.
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Determination of protein concentration. The protein concentration was de-
termined by the bicinchoninic acid method with BCA protein assay reagent
(Pierce, Rockford, Ill.). Bovine serum albumin was used as the standard.

Activity on muscle protein extracts. (i) Extraction of muscle proteins. Sarco-
plasmic proteins were extracted according to the method of Molina and Toldrá
(19) but with 20 mM phosphate buffer, pH 6.5, for homogenization. The final
extract was filter sterilized through a 0.22-mm-pore-size filter (Millipore, Bed-
ford, Mass.). The sterility of the extract was confirmed by determining the
absence of bacterial growth in Plate Count Agar (Merck) as described below.
The protein content of the sarcoplasmic extract was 1.8 mg/ml.

(ii) Enzymatic mixtures. Three independent assays were carried out with as
the enzymatic sample either whole-cell suspensions, CE, or a combination (1:1)
of both for each of the strains tested (L. curvatus CECT 904 and L. sake CECT
4808). The reaction mixture consisted of 6 ml of whole-cell suspension or CE
aseptically added to 30 ml of protein extract. In the assay of the mixture of
whole-cell suspensions and CE, each part of the mixture was obtained as de-
scribed above but in a half volume (3 ml) and afterwards mixed and assayed for
activity. The mixtures were incubated at 37°C in a shaken water bath and
sampled initially (0 h) and after 96 h for further analyses.

(iii) Bacterial count and pH measurement. Bacterial counts were determined
on Plate Count Agar (Merck) and MRS agar (Merck) after incubation at 37 and
30°C, respectively, for 48 h. The pH values of the reaction mixtures were mon-
itored by using a model 2001 pH meter (Crison Instrument S.A., Barcelona,
Spain).

(iv) Gel electrophoresis. The hydrolysis of muscle proteins was monitored by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analy-
sis (18) with 12% (wt/vol) polyacrylamide gels and staining with Coomassie
brilliant blue R-250. The proteins used as standards were myosin (200 kDa),
b-galactosidase (116 kDa), phosphorylase b (97 kDa), serum albumin (66 kDa),
ovalbumin (45 kDa), carbonic anhydrase (31 kDa), trypsin inhibitor (21 kDa),
lysozyme (14 kDa), and aprotinin (6 kDa) from Bio-Rad (Richmond, Calif.).

(v) Peptide analyses. The evolution of the peptide profiles of protein extracts
was analyzed by reverse-phase high-performance liquid chromatography
(HPLC) with a model 1050 liquid chromatograph (Hewlett-Packard, Palo Alto,
Calif.), equipped with a multiwavelength UV detector and an automatic injector.
Two milliliters of each sample was deproteinized with 5 ml of acetonitrile. The
supernatant was concentrated by evaporation to dryness and resuspended in 200
ml of solvent A (0.1% [vol/vol] trifluoracetic acid in MilliQ water). Samples (25
ml) were applied onto a Symmetry C18 column (4.6 mm [inside diameter] by 250
mm [length]; Waters Corporation, Mildford, Mass.). The eluate system consisted
of solvent A, described above, and solvent B (acetonitrile-water [60:40] with
0.085% [vol/vol] trifluoroacetic acid). The elution was performed at a 0.9-ml/min
flow rate (40°C) isocratically in 1% solvent B for 5 min and then with a linear
gradient (from 1 to 100%) of solvent B for 25 min. Peptides were detected at 214
nm.

(vi) Amino acid and natural dipeptide analyses. The changes in amino acids
and natural dipeptide contents in muscle extracts were also monitored. Five
hundred microliters of each sample plus 50 ml of an internal standard (0.325 mg
of hydroxyproline per ml) was deproteinized with 1.375 ml of acetonitrile. Two
hundred microliters of the supernatant was derivatized to its phenylthiocarbamyl
derivatives according to the method of Bidlingmeyer et al. (3). The derivatized

amino acids were analyzed by reverse-phase HPLC according to the method
described by Aristoy and Toldrá (1).

RESULTS

Proteolytic activities against synthetic substrates. The en-
doproteinase and aminopeptidase activities of the five Lacto-
bacillus strains studied are shown in Table 1. Endoproteolytic
activities, measured as the hydrolysis of casein-FITC, were
considerably low in all cases. However, we observed broad
substrate specificities for the intracellular exopeptidases of the
studied strains, with high activities being detected against all
the assayed substrates except pyroglutamic acid-AMC. Strains
of both species showed the highest activities against alanine,
valine, and leucine. L. sake CECT 4808 was selected on the
basis of its generally higher endo- and exoproteolytic activities
for further studies of muscle proteins. L. curvatus CECT 904
was also selected mainly for its greater ability to hydrolyze
casein-FITC; such hydrolysis may be a limiting activity for
further utilization of generated small peptides by other intra-
cellular enzymes.

Bacterial counts and pH evolution in muscle protein mix-
tures. The viability of bacteria during the incubation with sar-
coplasmic proteins revealed that bacterial counts significantly
decreased at the end of the incubation period when whole cells
of both L. curvatus CECT 904 and L. sake CECT 4808 were
used as the enzymatic source. The combined use of whole cells
and CE resulted in a higher final viability, especially for L.
curvatus, remaining at levels of 105 CFU/ml. As expected, no
growth was detected when only the CE was added to the
muscle protein extracts. The pH values remained in the range
of 6.5 to 7.0 during the complete incubation period.

SDS-PAGE analyses. The protein patterns resulting from
the action of L. curvatus CECT 904 and L. sake CECT 4808 on
sarcoplasmic proteins are shown in Fig. 1 and 2, respectively.
Control samples did not reflect major proteolytic changes as a
result of the possible endogenous activity (data not shown).
The activities of whole cells from both strains studied resulted
in the disappearance and/or decrease in intensity of protein
bands at approximately 160, 97, 43, 37, and 26 kDa (Fig. 1). No
proteolytic changes were observed when the CE of L. curvatus

TABLE 1. Proteinase and aminopeptidase activities of Lactobacillus strains against synthetic substrates

Substrate

Activitya of:

L. curvatus L. sake

CECT 904 NCDO 2739 CECT 4808 NCDO 2714 L110

Casein-FITC 0.008 6 0.001 0.002 6 0.001 0.011 6 0.005 0.009 6 0.005 0.006 6 0.005
Ala-AMC 9.25 6 1.35 62.49 6 5.70 41.53 6 6.20 19.01 6 1.12 22.14 6 5.10
Lys-AMC 0.68 6 0.10 0.52 6 0.01 0.25 6 0.05 1.06 6 0.16 0.42 6 0.19
Ser-AMC 0.22 6 0.06 0.17 6 0.05 0.43 6 0.09 0.10 6 0.01 0.34 6 0.03
Phe-AMC 0.42 6 0.05 0.41 6 0.015 0.42 6 0.05 0.23 6 0.01 0.42 6 0.04
Val-AMC 1.15 6 0.17 8.36 6 0.02 12.24 6 0.55 3.49 6 0.42 11.45 6 0.04
Arg-AMC 1.23 6 0.06 1.22 6 0.11 0.98 6 0.09 2.13 6 0.55 0.67 6 0.03
Gly-AMC 0.12 6 0.004 0.19 6 0.05 0.25 6 0.04 0.06 6 0.01 0.19 6 0.007
Leu-AMC 7.29 6 0.49 18.30 6 1.08 20.29 6 2.66 5.80 6 0.4 16.53 6 0.42
Tyr-AMC 0.09 6 0.42 0.15 6 0.021 0.17 6 0.01 0.09 6 0.01 0.19 6 0.01
Pyro-AMC NHb NH NH NH NH
Pro-AMC 0.59 6 0.04 0.77 6 0.013 0.74 6 0.27 0.33 6 0.02 0.85 6 0.07
Glu-pNA 0.22 6 0.01 0.16 6 0.05 1.46 6 0.01 NH 0.05 6 0.01

a Proteinase activity was measured against casein-FITC and expressed as units per milligram of dry weight. Aminopeptidase activity was measured against amino
acid-AMC or –L-Glu-1-4-p-nitroanilide substrates and expressed as units per milligram of protein. The values shown are the means of results of four experiments 6
standard errors of the means.

b NH, nonhydrolyzed.
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CECT 904 was used (data not shown). In contrast, the mixture
of whole cells and CE of L. sake CECT 4808 (Fig. 2) caused a
severe degradation of bands of about 160 and 97 kDa, while
other bands were partially hydrolyzed (45 kDa).

Peptide analyses. Peptide mappings resulting from protein-
ase action of L. curvatus CECT 904 or L. sake CECT 4808 on
sarcoplasmic proteins are shown in Fig. 3 and 4, respectively.

The control profiles presented some minor changes, such as
the disappearance of peaks eluting at 5.8, 11.4 to 12.0, and 21.8
to 23.2 min, after the incubation period (Fig. 3A and B and 4A
and B). When whole cells of L. curvatus and L. sake strains
were inoculated, most of the peaks, eluting at more than 5 min,
disappeared (Fig. 3C and D and 4C and D, respectively).
However, the activity of the CE from L. curvatus (Fig. 3E and
F) resulted in an increase in the number of peaks (retention
times of 4.7 to 5.1, 25.8, and 29.3 min) and in the intensities of
others already present (retention times of 13, 15.5, 17.5, and 25
min). Different peptide mappings were observed with the CE
from L. sake (Fig. 4E and F). In this case, the hydrolysis of
most peptides in the regions eluting in the ranges 0 to 6 and
11.0 to 17.5 min was observed. When whole cells and CE from
L. curvatus were added together, a high number of new peaks
were detected in the range from 6 to 27 min of retention (Fig.
3G and H). The combination of whole cells and CE from L.
sake was not as relevant but also contributed to new peptides
in the region from 6.0 to 12.5 min (Fig. 4G and H).

Amino acid analyses. The net increment in free amino acids
and natural meat dipeptides after incubation with L. curvatus
CECT 904 and L. sake CECT 4808 is shown in Table 2. Whole
cells of both L. curvatus and L. sake strains consumed the free
amino acids present in the meat extracts, especially carnosine
and glutamine, resulting in net decreases in their concentra-
tions with respect to those of the control, except for threonine.
However, there were increases in the total amino acid contents
of 53.14 mg/100 ml for L. sake and 29.58 mg/100 ml for L.
curvatus when only the CE was added as the enzyme. The kinds
and rates of amino acids released varied. So, the activity of L.
curvatus resulted mainly in the generation of high amounts of
glutamic acid, b-alanine, histidine, alanine, arginine, and lysine
while the activity of L. sake raised the levels of glutamic acid,
b-alanine, g-aminobutyric acid, threonine, alanine, leucine,
phenylalanine, and ornithine. The results differed considerably

when the combination of whole cells and CE was added. With
L. curvatus, an important consumption of certain compounds,
such as proline, alanine, glycine, taurine, carnosine, and an-
serine, as a result of its higher survival in the extracts (Table 1),
and only slight increases in b-alanine, g-aminobutyric acid,
threonine, phenylalanine, and tyrosine were detected. L. sake
contributed to the increase of almost all amino acids, especially
glutamic acid, alanine, and b-alanine. The total amount of
generated free amino acid content was negative for L. curvatus
as a result of its metabolizing activity, while it was positive for
L. sake (104.59 mg/100 ml).

DISCUSSION
The endoproteolytic activity responsible for the initial

breakdown of protein in dry sausages has been attributed
mainly to endogenous muscle cathepsins (32). The control
protein patterns analyzed by SDS-PAGE did not show detect-
able changes according with results of previous reports (10).
These protein patterns showed the ability of L. sake and L.
curvatus to use the muscle sarcoplasmic proteins as substrates.
The extracellular proteinase activities of both studied species
seemed to have similar specificities for this substrate, although
the hydrolysis caused by L. sake appeared to be also due to
other intracellular enzymes. Moreover, the study of Parra et al.
(22) did not reveal increases in proteolysis when activities from
the CE of lactobacilli were incorporated into a model goat’s
milk curds.

The peptides initially present in meat mixtures could be
taken up by the cells and also hydrolyzed by the set of all
cellular enzymes, since a pronounced disappearance of peaks
along the chromatogram was detected only when whole cells
were inoculated. This hydrolytic activity did not reflect any
discrimination between hydrophobic and hydrophilic peptides,
although the existence of such specificity in intact cells, as
occurs in other lactic acid bacteria (16), cannot be excluded.
The preferential hydrolysis of hydrophobic peptides is re-
quired, as only hydrophilic peptides are related to desirable
curing flavors (2). The strongest effects on peptide changes
were detected when L. curvatus CECT 904 was involved. Thus,
it will be of the utmost interest to study its putative contribu-
tion to the generation of desirable peptides or the degradation
of bitter ones. Then, the nature of these compounds as well as

FIG. 1. SDS-PAGE of sarcoplasmic protein hydrolysis by L. curvatus CECT
904. Lane A, standards; lane B, samples containing whole cells at 0 h; lane C,
samples containing whole cells at 96 h of incubation.

FIG. 2. SDS-PAGE of sarcoplasmic protein hydrolysis by L. sake CECT
4808. Lane A, standards; lane B, samples containing whole cells plus CE at 0 h;
lane C, samples containing whole cells plus CE at 96 h of incubation.
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FIG. 3. Reverse-phase HPLC patterns of soluble peptides contained in meat extracts treated with L. curvatus CECT 904 at 0 and 96 h of incubation. The profiles
of control samples (A and B), samples containing whole cells (C and D), samples containing CE (E and F), and samples containing whole cells plus CE (G and H)
are shown.
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FIG. 4. Reverse-phase HPLC patterns of soluble peptides contained in meat extracts treated with L. sake CECT 4808 at 0 and 96 h of incubation. The profiles of
control samples (A and B), samples containing whole cells (C and D), samples containing CE (E and F), and samples containing whole cells plus CE (G and H) are shown.

582



the specificity of the proteolytic system of L. curvatus must be
elucidated.

The high consumption of free amino acids upon inoculation
of whole cells into the meat extracts was also according to the
high requirements for amino acids for the optimal growth of
lactic acid bacteria (23). Carbohydrate levels present in meat
were low and carbon sources were not added to the mixtures,
so the activation of alternative metabolism pathways was sup-
posed to occur. For instance, L. sake can use arginine as an
energy source by the arginine deiminase pathway under glu-
cose depletion conditions (17), and indeed, increases in argi-
nine levels were never detected for this species. The intracel-
lular enzymes of L. curvatus constitute a potential additive to
promote the release of free amino acids such as glutamic acid,
histidine, and alanine, although general increases were not
detected when whole cells were present. Undoubtedly, the
exoproteolytic activity of L. sake CECT 4808 is even more
interesting for the generation of free amino acids, which con-
tribute to the process either as direct flavor enhancers or as
precursors of other flavor compounds (17, 30). In fact, some of
the amino acids generated at higher rates, namely, glutamic
acid and alanine, are known to have flavor enhancement prop-
erties and sweet taste, respectively (13, 17). The predominant
release of alanine is in accordance with the specificities of the
purified aminopeptidase and tripeptidase (25, 26). The final
increases in the concentrations of hydrophobic and branched
amino acids were lower than expected considering the broad
enzyme specificity. Probably this is due to their conversion in
other volatile compounds also endowed with intense aromatic
characteristics (7, 17). In general, cell viability and also pro-
teolytic events were enhanced when cell suspensions were pro-
vided with CE as an extra source of enzymes. Blom et al. (4)

also found that cell growth and fermentation rates were stim-
ulated by incorporation of a purified bacterial proteinase.

In summary, this study constitutes an initial approach to the
proteolytic activities of two important species frequently
present in meat fermentation. The differences in proteolytic
activities observed in this study may lead to distinct flavor
profiles for final products. The ability of L. curvatus to modify
the peptide profile as well as the exopeptidase activity of L.
sake when acting on muscle proteins should be studied in more
detail in relation to their physiologies and sensory effects.
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