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Lactobacillus helveticus WSU19 is the adjunct culture of Cougar Gold, a Cheddar-
type cheese with non-bitter taste after extensive aging. The objective of the present study was
to clone genes encoding for selected peptidases from Lb. helveticus WSU19 and to
characterize the activities of these peptidases on chymosin-derived peptides, B-CN £193-209
and o-CN f1-23.

The pepN, pepE, pepO, pepO2, and pepO3 genes from Lb. helveticus WSU19 were
successfully cloned in Escherichia coli DH5a using the corresponding genes from Lb.
helveticus CNRZ32 as probes. Primer walking of 5 genomic inserts (2.7-5.8 kb) revealed
open reading frames encoding for the PepN, PepE, PepO, PepO2, and PepO3 enzymes. The
deduced amino acid sequences of the cloned genes share 97-99% identities with the
corresponding sequences from Lb. helveticus CNRZ32.

PepN cleaves the bitter peptide, B-CN £193-209, at Tyr;93-Glnj94 and Glnjg4-Glnyos
bonds. Degradation of a,;-CN f1-23 by PepN occurs in the presence of PepO, PepO2, or

PepO3. PepE cleaves B-CN £193-209 in the presence of PepN or PepO-like endopeptidases.



The Lyss-Hiss bond is the preferred cleavage site of PepE in a5-CN f1-23. PepO, PepO2,
and PepO3 possess post-proline activities on B-CN £193-209. The Pro;¢s-Val 97 and Proyge-
Ile,p7 bonds are the preferred cleavage sites of PepO, PepO2, and PepO3 in B-CN £193-209.
In addition, PepO and PepO3 cleave at the Pro,g-Valyg; bond. In contrast to PepO3, PepO
hydrolyzed Leu;9s-Gly 99 and Valyg;-Argo; upon prolonged incubation. The Gln;3-Glu;4 and
Gluy4-Val;s bonds are the preferred cleavage sites of PepO, PepO2, and PepO3 in a-CN f1-
23.

Hydrolysis of B-CN £193-209 by the combination of PepN and PepE produced a
peptide with a MW of 898 Da, corresponding to B-CN 1202-209. This peptide, with a
bitterness threshold of 0.004 mM, is one of the most bitter peptides reported. Combinations
of PepN-PepO or PepN-PepO3 degrade -CN f193-209 into peptides with MW less than
1000 Da. In contrast to the PepN-PepE combination, none of the peptides formed by PepN-
PepO or PepN-PepO3 combinations was previously identified as bitter. Based on these
results, construction of double-peptidase mutants of Lb. helveticus WSU19 (ApepNApepO,
ApepNApepO3, ApepEApepO, and ApepNApepE) is recommended to determine the role(s) of

these enzymes in cheese ripening.
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CHAPTERI:

General Introduction



Proteolysis of caseins contributes to the flavor development of aged Cheddar-type
cheeses via production of peptides and amino acids (Lemieux and Simard, 1992; Steele,
1995; Fox et al., 1996; McSweeney, 1997; Sousa et al., 2001). Casein-degrading enzymes
that influence cheese ripening include proteinase from coagulant, indigenous proteinase of
milk, and proteinases and peptidases from starter and non-starter lactic acid bacteria. Despite
the development of desirable flavor, the actions of proteinases from coagulant and starter
lactic acid bacteria on caseins produce bitter peptides, low molecular weight peptides that are
high in hydrophobicity. Overproduction or inadequate degradation of the bitter-tasting
peptides is responsible for the accumulation of bitter peptides, resulting in bitterness of
cheese. Although bitter notes may contribute to the desirable flavor of ripened cheese,
excessive bitterness limits the acceptance of the cheese (Shinoda et al., 1985a; Lemieux and
Simard, 1991; Sousa et al., 2001). Bitterness is recognized as a major taste defect in Gouda
and Cheddar cheeses (Lemieux and Simard, 1991).

Utilization of adjunct cultures in cheesemaking in addition to the starter culture is an
approach to reduce bitterness (Bartels et al., 1987; El Abboudi et al., 1991; Drake et al.,
1997; Fox et al., 1998; Fajarrini, 1999; El Soda et al., 2000). Adjunct cultures consist mainly
of lactobacilli possessing high proteolytic and peptidolytic activities to enhance degradation
of bitter peptides. Besides degradation of bitter peptides, adjunct cultures contribute to the
improvement of flavor of aged cheese (El Soda et al., 2000).

To date at least 16 peptidases from lactobacilli have been characterized at the
molecular level (Christensen et al., 1999; Christensson et al., 2002; Chen et al., 2003;
Sridhar, 2003). However, the key peptidases that play important roles in the ripening of

cheese are still under debate. Using recombinant lactococcus starters, Guinec et al. (2000)



reported the importance of PepN, PepT, and PepX for cheese ripening, while Guldfeldt et al.
(2001) indicated the important roles of PepN and PepC in flavor development and reduction
of bitterness. Courtin et al. (2002) reported that proline-specific peptidases PepW, PepX, and
PepQ were the most efficient peptidases in increasing the amounts of amino acids during
cheese ripening. Conversion of amino acids into aroma compounds is important for the
development of cheese flavor. Understanding the key peptidases during ripening of cheese
will be useful for screening of adjunct cultures as well as for improving starter cultures via
enzyme over-expression technology.

Lactobacillus helveticus WSU19 is used as an adjunct culture in the manufacture of
Cougar Gold cheese, a white Cheddar-type cheese with a sharp, nutty flavor. The cheese is
ripened for at least one year prior to sale. Despite the long ripening time, Cougar Gold cheese
develops little bitterness, which makes the cheese unique. The addition of Lb. helveticus
WSU19 as an adjunct culture is believed to play roles in the prevention of bitterness and the
development of flavor in Cougar Gold cheese.

Studies have been conducted by our research group to reveal the role of Lb. helveticus
WSUI19 in the prevention of bitterness in cheese. Olson (1998) demonstrated the debittering
activity of cell-free extract (CFE) from Lb. helveticus WSU19 on bitter cheese made with
coagulant only. Fajarrini (1999) reported the debittering activity of Lb. helveticus WSU19 as
an adjunct culture in Cheddar cheese made with a starter culture known as a bitter-cheese
producer. Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass
spectrometry spectra of water-soluble extract (WSE) of the bitter cheeses identified a major
peak with mass-to-charge (m/z) ratio of 1881 Da, which corresponds to the mass of bitter

peptide B-casein (-CN) f193-209 (Soeryapranata et al., 2002a). The debittering activity of



Lb. helveticus WSU19 was accompanied by a marked decrease of the 1881-Da peak
intensity. Soeryapranata et al. (2002b) successfully correlated the concentration of 3-CN
£193-209 in the WSE of Cheddar cheese with bitterness intensity of the cheese after 6-month
aging. Soeryapranata et al. (2004) indicated the importance of general aminopeptidase (AP)
and endopeptidase activities of Lb. helveticus WSU19 in hydrolyzing the bitter peptide -CN
£193-209. The hydrolysis rate of B-CN £193-209 by CFE from Lb. helveticus WSU19 was 10
times more rapid than the hydrolysis rate by CFE from Lb. helveticus WO00R, a poor
debittering adjunct culture (Soeryapranata et al., 2004).

The role of Lb. helveticus WSU19 in the debittering of Cougar Gold cheese underlies
our studies to elucidate the contribution of peptidases from Lb. helveticus WSU19 to the
production of high quality, non-bitter cheese. Despite detailed characterization of peptidases
from Lb. helveticus strains CNRZ32 and 53/7, the specificities of peptidases from Lb.
helveticus WSU19 in degrading casein fragments are unknown. Lb. helveticus strains are
known to possess wide variability in proteolytic and peptidase activities (Fortina et al., 1998).

Our long-range goal is to completely characterize the biochemistry and genetics of
the peptidases from Lb. helveticus WSU19 and to determine their contribution to the
prevention of bitterness and the development of cheese flavor. Understanding the
enzymology of Lb. helveticus WSU19 will allow a systematic development of improved
adjunct cultures for the dairy industries. Specifically, the objectives of the current study are:

1. To clone the genes of selected peptidases from Lb. helveticus WSU19 that are
potentially important in debittering of cheese, namely endopeptidase E (pepE),
endopeptidase O (pepO), endopeptidase O2 (pepO2), endopeptidase O3 (pepO3), and

general aminopeptidase N (pepN) genes,



2. To determine the specificities of these peptidases on chymosin-derived peptides, -
CN 193-209 and o;-casein (o -CN) f1-23.
In addition to the specific objectives, the current study has initiated the development of a
gene transfer system for Lb. helveticus WSU19 and the construction of isogenic strains of Lb.
helveticus WSU19 that are deficient in PepE or PepO2 activity. The isogenic strains of Lb.
helveticus WSU19 will be used to determine the role(s) of the peptidase(s) in the ripening of

cheese and the growth of the bacterium.



CHAPTER II:

Literature Review



1. Chemistry of caseins

Milk proteins consist of caseins and whey proteins (Swaisgood, 1992; Fox et al.,
2000). Caseins comprise approximately 80% of the total protein in bovine, ovine, caprine,
and buffalo milk. Unlike whey proteins, caseins are insoluble at pH 4.6 and 20°C (Fox and
McSweeney, 1997). In rennet-coagulated cheese, most of the whey proteins are lost in the
whey. Therefore, studies on milk protein in cheese are usually focused on caseins.

The predominant proteins in bovine caseins, i.e., 0s1-, Os2-, -, and K-caseins,
comprise approximately 40%, 10%, 35%, and 12% of the total casein, respectively (Fox and
McSweeney, 1997). Bovine caseins contain minor proteins as a result of limited proteolysis
by plasmin. The action of plasmin on o,;-CN and -CN produces A-caseins and y-caseins and

proteose peptones, respectively (Swaisgood, 1992; Fox and Mc Sweeney, 1997).

1.1. Phosphorylation

Phosphorylation occurs in all caseins as a result of post-translational modification
(Swaisgood, 1992). The phosphate groups are esterified predominantly at serine residues, in
a cluster of SerP-X-SerP-SerP-SerP where X is leucine or isoleucine (Swaisgood, 1992;
Dalgleish, 1997; Fox et al., 2000). The os;-, a2, and B-caseins contain 8-9, 10-13, and 4-5
moles of phosphate groups per mole of protein, respectively (Fox et al., 2000).

Strong affinity of the phosphate groups for polyvalent cations, such as calcium,
causes precipitation of the o;-, 052, and B-caseins at calcium concentrations above 6 mM.
Since most k-casein (kK-CN) molecules contain only 1 mole of phosphate group per mole, the
protein binds calcium weakly and therefore, is not sensitive to high calcium concentration.

The x-CN can stabilize the calcium-sensitive caseins by forming micelles (Fox et al., 2000).



1.2. Hydrophobicity

The hydrophobicity of caseins is due to the presence of many non-polar amino acid
residues (Swaisgood, 1992; Dalgleish, 1997). Among the caseins, 3-CN is the most
hydrophobic, while a,;-casein (as-CN) is the least. The hydrophilicity of a-CN is due to
the presence of three clusters of anionic phosphorseryl and glutamyl residues (Swaisgood,
1992). The hydrophobicity of caseins is responsible for the high propensity of casein
hydrolysates to be bitter (Fox et al., 2000).

The hydrophobic, polar, and charged amino acid residues in caseins occur as
hydrophobic or hydrophilic patches (Swasigood, 1992; Dalgleish, 1997). Most of the charged
and polar amino acids in B-CN are located at the N-terminus (residues 1-40), while the
remaining molecule is strongly hydrophobic. The N-terminus of k-CN (residues 1-105) is
hydrophobic, while the C-terminal region (residues 106-169) is hydrophilic. Glycosylation of
k-CN enhances the hydrophilicity of the C-terminal region (Swaisgood, 1992). The
distribution of hydrophilic and hydrophobic residues in the o;-CN and o;-CN is more

uniform than in the B-CN and k-CN, but still exhibits the hydrophobic patch phenomenon.

1.3. Casein micelles

Two models describing the internal structure of casein micelles were proposed by
Walstra (1990) and Holt (1992), respectively. The ‘hairy’ model by Walstra (1990) assumes
that casein micelles are roughly spherical. The micelles are composed of smaller units of
about 14 nm diameter, called submicelles. Aggregation of the submicelles occurs via calcium
phosphate bridges, hydrophobic interaction, and hydrogen bonds. The hydrophobic core of

the submicelles is composed of the calcium-sensitive caseins and the N terminus of k-CN.



The hydrophilic C-terminus of k-CN protrudes from the micelle surface, forming a hairy

layer that prevents further aggregation of the submicelles (Figure 1).

O submicelle
protruding
> peptide chain
calcium phosphate

50 nm

Figure 1. ‘Hairy’ model of casein micelle (Walstra, 1999)

In contrast to Walstra (1990), Holt (1992) suggests that calcium phosphate
nanoclusters are the centers from which casein micelles grow. Caseins bind to the calcium
phosphate via phosphoserine residues to form submicelles, which coalesce gradually due to
hydrophobic interaction. The k-CN has a tendency to be on the outside, while the minerals
tend to be associated with the phosphoserine residues of the caseins. In this model, calcium
acts as a negative-charge neutralizer instead of a cross-linker. The resulting micelles have

discontinuous distribution of caseins and calcium phosphate.

% Casein

.. Calcium
% phosphate

Figure 2. Casein micelle proposed by Holt (Creamer and MacGibbon, 1996)
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1.4. Secondary structure of caseins

Caseins possess low levels of secondary and tertiary structures (Dalgleish, 1997; Fox
et al., 2000). The presence of large amounts of proline in caseins, particularly B-casein,
prevents the formation of a-helical and B-sheet structures. Furthermore, the o-CN and -
CN do not contain cysteine residues, and consequently are unable to form inter- and
intramolecular disulfide bonds. The lack of stable secondary structure increases caseins
susceptibility to proteolysis, which is important in cheese ripening (Fox et al., 2000).

Despite lack of stable secondary structure, caseins do not exhibit random coil or
unordered structures (Swasigood, 1992). Approximately 50% of the amino acid residues in
caseins are present in o-helix, B-strand, or B-turn structures. Holt and Sawyer (1993)
described the flexible structure of caseins as rheomorphic (meaning formed under flow). This
concept hypothesized that the regular casein structures do not occur without the formation of
aggregates. Farrell et al. (2002) proposed the concept of tensegrity to describe the structural
properties of caseins. In this concept, stabilization of caseins structure is obtained through a
balance between rigidity and flexibility. The sheet-turn-sheet motifs centered on proline
residues in caseins provide rigid rod-like structure, while loops and helices contribute to

flexibility.

2. Bitterness in cheese

Human tongues recognize at least four basic tastes, which are most commonly
recognized sweet, salty, sour, and bitter. Bitter taste is perceived most acutely by the taste

buds at the back of the tongue (Lemieux and Simard, 1992; McSweeney, 1997). Response to
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bitter taste is slow, but the taste tends to linger, suggesting long duration binding of bitter
compounds by the bitter taste receptor.

While bitter notes may contribute to the desirable flavor of aged cheese, excessive
bitterness will limit the acceptability of cheese (Shinoda et al., 1985a; Lemieux and Simard,
1991; McSweeney, 1997; Sousa et al., 2001). Besides Gouda and Cheddar cheeses, the bitter
taste defect has been reported in Camembert, French Camembert, Swiss mountain,
Butterkése, Gorgonzola, and Ragusano cheeses (Lemieux and Simard, 1991; Fallico et al.,
2005).

During aging of cheese, glycolysis and lipolysis are important for the production of
aroma compounds, while proteolysis influences the taste of cheese via the production of
peptides and amino acids (McSweeney, 1997). Bitterness in cheese usually results from the
imbalance in the formation and degradation of hydrophobic peptides originating from o;-
and B-caseins (Sullivan and Jago, 1972; Richardson and Creamer, 1973; Visser et al., 1983a;
Lee et al., 1996; Gomez et al., 1997; Broadbent et al., 1998; Frister et al., 2000; Sousa et al.,
2001; Soeryapranata et al., 2002b).

Table 1 summarizes bitter peptides isolated from various cheeses. Sullivan and Jago
(1972) indicated cheese peptides with the strongest bitterness intensity were composed of 2
to 23 amino acids. This indication was in agreement with Lee et al. (1996) findings that the
strongest bitterness intensity was exhibited by cheese peptides with molecular weight (MW)
between 500 and 3000 Da.

Bitter compounds must be at least slightly soluble in water (Lemieux and Simard,
1992; McSweeney, 1997). In full fat cheeses, the hydrophobic peptides might partition into

the fat phase, which reduces the bitter perception (Fox et al., 1996). Consequently, bitterness
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can be more problematic in low fat than full fat cheeses due to the reduction in partitioning of

the hydrophobic peptides into the fat phase.

Table 1. Bitter peptides isolated from cheese

Cheese Origin Peptide Sequence Reference
Cheddar o51-CN f1-7 Arg-Pro-Lys-His-Pro-lIle-Lys Lee et al. (1996)
os-CN f1-9 Arg-Pro-Lys-His-Pro-lle-Lys-His-GIn Broadbent et al.
(1998)
os-CN f1-13 Arg-Pro-Lys-His-Pro-Ile-Lys-His-GlIn- Lee et al. (1996)
Gly-Leu-Pro-Gln
os-CN f11-14 Leu-Pro-GIn-Glu Lee et al. (1996)
as-CN f14-17 Glu-Val-Leu-Asn Richardson and
Creamer (1973)
o -CN f17-21 Asn-Glu-Asn-Leu-Leu Hamilton et al.
(1974)
os-CN 126-32 Ala-Pro-Phe-Pro-Glu-Val-Phe Richardson and
Creamer (1973)
o1-CN 126-33 Ala-Pro-Phe-Pro-Glu-Val-Phe-Gly Hamilton et al.
(1974)
B-CN f8-16 Val-Pro-Gly-Glu-lle-Val-Glu-Ser-Leu Lee et al. (1996)
B-CN f46-67 GlIn-Asp-Lys-lle-His-Pro-Phe-Ala-Gln- Richardson and
Thr-GlIn-Ser-Leu-Val-Tyr-Pro-Phe-Pro- Creamer (1973)
Gly-Pro-Ile-Pro
B-CN f46-84 GlIn-Asp-Lys-lle-His-Pro-Phe-Ala-Gln- Hamilton et al.
Thr-GlIn-Ser-Leu-Val-Tyr-Pro-Phe-Pro- (1974)
Gly-Pro-Ile-Pro-Asn-Ser-Leu-Pro-Gln-
Asn-Ile-Pro-Pro-Leu-Thr-GIn-Thr-Pro-
Val-Val-Val
B-CN f193-209 Tyr-GIn-GIn-Pro-Val-Leu-Gly-Pro-Val- Fox et al. (1995)
Arg-Gly-Pro-Phe-Pro-Ile-Ile-Val
Gouda B-CN f84-89 Val-Pro-Pro-Phe-Leu-Gln Visser et al.
(1983a)
B-CN f193-207 Tyr-Gln-Gln-Pro-Val-Leu-Gly-Pro-Val- ~ Visser et al.
Arg-Gly-Pro-Phe-Pro-Ile (1983a)
B-CN f193-208 Tyr-Gln-Gln-Pro-Val-Leu-Gly-Pro-Val- ~ Visser et al.
Arg-Gly-Pro-Phe-Pro-lle-Ile (1983a)
B-CN £193-209 Tyr-GIn-GIn-Pro-Val-Leu-Gly-Pro-Val- Visser et al.
Arg-Gly-Pro-Phe-Pro-Ile-Ile-Val (1983a)
Alpkase 0-CN f198-199  Leu-Trp Guigoz and Solms
(1974)
Butterkase  B-CN f61-69 Pro-Phe-Pro-Gly-Pro-Ile-Pro-Asn-Ser Huber and
Klostermeyer

(1974)
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2.1. Relationship between structure of bitter peptides and bitterness intensity

According to Ney (1979), bitterness of a peptide does not relate to specific amino
acid or peptide sequence. The average hydrophobicity (Q) of a peptide is the important factor
determining its bitterness intensity. Bitterness threshold decreases with the number of
hydrophobic amino acid residues and increases with the number of hydrophilic residues
(McSweeney, 1997). The Q value is the sum of hydrophobicity of amino acid residues (ZAf)
divided by the number of amino acid residues in the sequence (n). Bitterness occurs only
when the Q value is above 1400 cal/residue for peptides with MW between 100 and 6000 Da
(Table 2). When the Q value is between 1300 and 1400 cal/residue, the bitterness of a peptide
is not predictable. Peptides with MW above 6000 Da are not bitter, although the Q value may

be higher than 1400 cal/residue.

Table 2. Relationship between bitterness of a peptide and its average hydrophobicity (Ney,
1979)

Non-bitter taste

Q <1300 cal/res
Molecular weight (MW): 100-10,000 Da

Q > 1400 cal/res
Molecular weight (MW): 6,000-10,000Da
Bitter taste

Q > 1400 cal/res,
Molecular weight (MW): 100-6,000 Da

Ney’s hypothesis on the importance of hydrophobicity in bitterness of a peptide
concurred with the studies reported by Matoba et al. (1970), Minamiura et al. (1972),
Hashimoto et al. (1980), and Ishibashi et al. (1988a). Matoba et al. (1970) isolated 3 bitter

peptides rich in hydrophobic amino acids, particularly proline and phenylalanine, which were
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bitter in their free forms. Similar to Matoba et al. (1970), Minamiura et al. (1972) reported a
bitter peptide with the sequence of bitter core of Gly-Pro-Pro-Phe, while Hashimoto et al.
(1980) synthesized a bitter-tasting peptide with the sequence of H-Gly-Pro-Phe-Pro-Ile-Ile-
Val-OH. Ishibashi et al. (1988a) reported bitter peptides composed of valine and some
hydrophobic amino acid residues, such as leucine, isoleucine, and phenylalanine. The latter
study indicated the side chains of a peptide should consist of at least three carbon atoms to
exhibit bitterness. Otherwise the peptide was either sweet or tasteless.

In contrast to the above results, Lee et al. (1996) isolated 3 bitter peptides with
relatively low hydrophobicity from Cheddar cheese. The isolated peptides were o -CN f1-13
(MW = 1538 Da), a5 -CN f11-14 (MW = 484.4 Da), and B-CN 8-16 (MW = 939.7 Da), with
Q values of 1363, 1367, and 1390 cal/residue, respectively. Similar to Lee et al. (1996), an
earlier study by Matoba et al. (1970) reported stronger bitterness intensities of peptides than
were expected from the hydrophobicity of amino acids composing the peptides. These
findings suggested no direct correlation between the average hydrophobicity and bitterness
intensity. Furthermore, the findings by Matoba et al. (1970) and Lee et al. (1996) suggested
the importance of peptide structure and the position of amino acids in the peptide in
developing and enhancing bitterness intensity.

Besides the average hydrophobicity, distribution of hydrophobic amino acids along a
peptide chain affects bitterness intensity of the peptide (Lemieux and Simard, 1992; Habibi-
Najafi and Lee, 1996). Shinoda et al. (1985b) reported an increase in bitterness intensity of
the peptides through the introduction of hydrophobic amino acids, however the number of
hydrophobic amino acids alone did not control the bitterness intensity of the peptides. Otagiri

et al. (1983), Kanehisa et al. (1984), Kato et al. (1985), and Shinoda et al. (1985a) suggested
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the presence of a hydrophobic amino acid at the C-terminus and a basic amino acid, such as
arginine residue, at the N-terminus of a peptide increased bitterness of the peptide. Ishibashi
et al. (1988b) confirmed the increase of bitterness intensity when arginine was at the N-
terminus. Ishibashi et al. (1987) reported bitterness of a peptide was more pronounced when
leucine was at the C-terminus than at the N-terminus or in the middle.

The importance of amino acid distribution in determining bitterness intensity of a
peptide relates to the mechanism of the bitter taste sensation. Ishibashi et al. (1988c)
hypothesized the participation of two determinant sites in the perception of bitter taste of a
peptide. The primary site was a hydrophobic group composed of at least 3 carbon atoms,
while the secondary site was another hydrophobic group or a bulky basic group, such as a
guanidino group or an a-amino group. This hypothesis coincided with Belitz et al. (1979)
description on the structure of bitter compounds, which consisted of a combination of one
polar group and one hydrophobic group or a combination of two hydrophobic groups. The
primary and secondary sites bound to the bitter taste receptor via a binding unit (BU) and a
stimulating unit (SU), respectively (Figure 3). The distance between the two sites in the steric
conformation of the peptide was essential and was estimated to be 4.1A. Ishibashi et al.
(1988b) demonstrated the role of the imino ring of a proline residue in peptide bitterness by
altering the conformational folding of a peptide to position the BU and SU adjacently,
suitable for the bitter taste receptor. Miyake et al. (1983) and Otagiri et al. (1983) confirmed
the importance of spatial structure in peptide bitterness.

Based on these studies, bitterness intensity of a peptide is determined not only by the

hydrophobicity of the amino acids making up the peptide, but also by: (i) the number of
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carbon atoms composing the amino acid side chain; (ii) the features of the BU and SU; and

(ii1) the distance between the two units.

\ BITTER TASTE RECEPTOR J

arr< A gy

BITTER PEPTIDE

Where BU: binding unit (hydrophobic group)
SU: stimulating unit (hydrophobic or basic group)

Figure 3. Model of the binding of bitter peptide to bitter taste receptor (Redrawn from

Ishibashi et al., 1988c¢)

2.2. Development and control of bitterness in cheese

Accumulation of hydrophobic peptides in cheese is believed to be responsible for the
development of bitter cheese. Studies have been done to elucidate the roles of enzymes that
are essential for the formation and degradation of the bitter-tasting peptides, and
consequently prevent the accumulation of the bitter peptides in cheese.

Czulak (1959) proposed that rennet was responsible for the degradation of caseins to
bitter peptides. According to Czulak (1959), production of lactic acid by starter culture
decreased cheese pH, which reduced the ability of the starter culture to degrade peptides
produced by rennet. In contrast to the starter culture, the decrease in cheese pH increased
rennet activity, and resulted in the accumulation of bitter peptides. Olson (1998) reported

bitter cheese made with rennet only, without the addition of starter culture. Bitterness of the
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cheese made by Olson (1998) was due to the accumulation of C-terminal fragment of B-CN
produced by rennet (Soeryapranata et al., 2002a). Singh et al. (2005) confirmed the bitterness
of the peptide from the C-terminal of B-CN in water, milk, and cheese matrices.

In contrast to Czulak (1959), Lowrie and Lawrence (1972) hypothesized that starter
culture was important in developing bitter flavor in Cheddar cheese. According to Lowrie
and Lawrence (1972), rennet degraded caseins to produce high MW peptides, which were
mostly non-bitter. These peptides were subsequently degraded to smaller MW bitter peptides
by the starter proteinases. Peptidases from the starter cultures could further degrade the bitter
peptides to non-bitter peptides and amino acids. According to this model, starter cultures
were responsible for both developing and reducing bitterness. Studies by Richardson and
Creamer (1973), Broadbent et al. (1998), and Soeryapranata et al. (2002b) supported the role
of starter cultures in developing bitterness in cheese.

Lowrie and Lawrence (1972) proposed that all starters had the potential to be bitter
and non-bitter starters. Population of the starter culture reached during cheesemaking, in
response to the selected manufacturing conditions, such as cooking temperature, determined
the presence or absence of bitterness in cheese (Lowrie et al., 1972). In contrast, Stadhouders
et al. (1983) reported that only certain starter bacteria form bitter peptides in cheese. The
degrading enzymes were present in all strains, but location of the enzymes was probably
more or less restricted in bitter and non-bitter starters, respectively. Martley and Lawrence
(1972) indicated that non-bitter starters exhibited less proteolytic activity in cheese than bitter
starters and degraded the high MW peptides at a slower rate. The peptidolytic activity, on the

other hand, was expected to be higher in non-bitter than bitter strains.
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Visser et al. (1983b) reported the formation of bitter peptides from B-CN by
independent action of rennet and proteinases from the cell wall of certain starter cultures. The
bitter peptides were further hydrolyzed by the peptidase system in the cytoplasmic membrane
or in the cytoplasm. Addition of salt decreased permeability of the cell wall and promoted a
strong hydrophobic association of the bitter B-CN fragments, which rendered the latter
resistant to the peptidase system.

Sorensen et al. (1996) and Broadbent et al. (2002) confirmed the role of starter
proteinase in the formation of bitter Danbo cheese and reduced fat Cheddar cheese,
respectively. Bitterness of Danbo cheese decreased when the cheese was made with
proteinase-negative starter culture (Sorensen et al., 1996). Similarly, reduced fat Cheddar
cheese made with proteinase-positive starter culture was more bitter than the cheese made
with a proteinase-negative isogen (Broadbent et al., 2002). Pillidge et al. (2003) reported an
increase in bitterness of dry-salted Gouda cheese made with starter strain containing plasmid-
encoded cell wall proteinase type I (lactocepin Pi-type).

The ability of the peptidase system to hydrolyze bitter peptides was confirmed by
several studies. Cliffe and Law (1990) reported the use of intracellular peptidase extract from
Streptococcus lactis NCDO 712 to reduce bitterness in Cheddar cheese slurries, prepared
using proteinase from Bacillus subtilis. Aminopeptidase from Pseudomonas fluorescens was
reported by Gobbetti et al. (1995) to hydrolyze synthetic bitter pentapeptide H-Leu-Trp-Met-
Arg-Phe-OH and bitter tetrapeptide H-Val-Pro-Leu-Leu-OH. The aminopeptidase from Ps.
Sfluorescens was reported to play a role in the debittering of aged Italian Caciotta type cheese.
Tan et al. (1993a) reported debittering activity of aminopeptidase N from Lactococcus lactis

subsp. cremoris Wg2 on tryptic digest of B-CN. Lee et al. (1996) utilized the intracellular
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peptidases from Lc. lactis subsp. cremoris SK11 to hydrolyze bitter peptides from Cheddar
cheese, and consequently decreased the bitterness of the cheese. Baankreis et al. (1995), Smit
et al. (1996), Koka and Weimer (2000), Chen et al. (2003), and Soeryapranata et al. (2004)
used peptidases from starter and adjunct cultures to hydrolyze synthetic bitter peptides from
o51-CN and B-CN.

The importance of peptidases in the reduction of bitterness in cheese underlies the use
of lactobacilli as debittering starter adjuncts in cheesemaking. Gomez et al. (1996) reported
debittering effects of peptidases from adjuncts Lb. plantarum ESI1144 and Lb. paracasei
subsp. paracasei ESI207 in bitter cheese prepared using Neutrase®. Drake et al. (1997) used
a Lb. helveticus adjunct to reduce bitterness in reduced fat Cheddar cheese. Soeryapranata et
al. (2002b) reported that adjunct Lb. helveticus WSU19 reduced bitterness in Cheddar-type
cheese made with bitter starter. Benech et al. (2003) reported that incorporation of Lb. casei-
casei L2A adjunct culture decreased bitterness of cheese made with nisin-producing starter
Lc. lactis subsp. lactis biovar. diacetylactis UL719.

Besides peptidase activities, bitterness in cheese is also affected by lytic ability of the
starter culture (Boutrou et al., 1998). Cell lysis was reported to release the intracellular
peptidase debittering enzymes (Kunji et al., 1998). Cheeses made with high lytic strain Lc.
lactis subsp. cremoris RD251 that was low in peptidase activities were bitter (Boutrou et al.,
1998). The same result was reported for cheeses made with low lytic strain Lc. lactis subsp.
lactis RD232 that possessed high proteolytic activity (Boutrou et al., 1998). Lepeuple et al.
(1998) confirmed that lysis of the starter strains resulted in increased free amino acid
production rate and a decrease of bitterness in Saint-Paulin pressed-type cheese. Crow et al.

(1995) reported that bitter flavor was prominent in Cheddar cheese made with high rennet
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concentration in the absence of high lytic starter culture. In agreement with the hypothesis of
Boutrou et al. (1998) on cell lysis and debittering of cheese, Meijer et al. (1998) and Benech
et al. (2003) reported that cheeses made with nisin-producing starters, Lc. lactis subsp.
cremoris SK110::Tn5276-NI and Lc. lactis subsp. lactis biovar. diacetylactis UL719,
respectively, were bitter due to the decrease of the susceptibility of cells to lysis. Morgan et
al. (2002) developed a three-strain starter system to increase starter lysis. This starter
combination consisted of a bacteriocin-producing (lactococcin A, B, and M) starter, which
lysed a second starter sensitive to bacteriocin, and a third starter resistant to bacteriocin
activity for acid production in cheesemaking. Cheese made with bacteriocin-producing
starter exhibited a decrease in bitterness over cheeses made without the bacteriocin-

producing starter.

3. Proteolysis of caseins in cheese

Enzymes involved in the hydrolysis of caseins in cheese include: (i) milk coagulating
enzyme (e.g. chymosin, pepsin, microbial or plant acid proteinase); (ii) indigenous milk
proteinase (e.g. plasmin and perhaps cathepsin D); (iii) proteinases and peptidases from
starter and non-starter lactic acid bacteria; (iv) enzymes from secondary cultures (e.g.
Penicillium camemberti in Camembert and Brie-type cheeses, P. roqueforti in blue cheese,
Propionibacterium freudenreichii in Swiss-type cheese); (v) exogenous proteinases or
peptidases or both, added to accelerate ripening (Sousa et al., 2001; Stepaniak, 2004;
McSweeney et al., 2004).

Figure 4 illustrates hydrolysis of caseins to free amino acids during ripening of

Cheddar-type cheeses (Steele, 1995). Proteolysis contributes to the softening of cheese
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texture during ripening due to the hydrolysis of the casein matrix of the curd and a decrease
in the water activity of the curd (McSweeney, 2004). Furthermore, proteolysis affects cheese
flavor through the production of free amino acids, which serve as precursors for a series of
catabolic reactions. Low molecular weight peptides produced during proteolysis of caseins

may contribute to bitterness of cheese.

Caseins

Chymosin
Plasmin

v Proteinases

High Mol.Wt. Peptides

Proteinases
Endopeptidases
Aminopeptidases

Low Mol. Wt. Peptides

Aminopeptidases
Di- & Tripeptidases

Amino Acids

Figure 4. Hydrolysis of caseins to amino acids (Redrawn from Steele, 1995)

3.1. Proteolysis by chymosin

Bovine rennet consists of two proteolytic enzymes, i.e. chymosin (EC 3.4.23.4; 88-
94% of milk clotting activity, MCA) and bovine pepsin (EC 3.4.23.1; 6-12% MCA), used for
coagulating milk in cheesemaking (Fox et al., 2000; Sousa et al., 2001). Chymosin and
pepsin are aspartyl proteinases containing two aspartyl residues (Asps, and Asps;s) at their

active sites (Chitpinityol and Crabbe, 1998; Stepaniak, 2004). About 0-15% of the rennet
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activity added to milk is retained in the cheese curd, depending on cooking temperature and
pH at whey drainage (Sousa et al., 2001; McSweeney, 2004). The retained rennet activity is
important for the initial proteolysis of caseins during cheese ripening (Fox et al., 1996).
Bovine pepsin is more sensitive to denaturation by pH than chymosin, therefore pepsin
activity retained in the curd depends on the pH of milk at setting (Sousa et al., 2001).
Chymosin loses its activity at pH 3-4, a pH not attained in cheese, due to autodegradation
(Chitpinityol and Crabbe, 1998).

Chymosin hydrolyzes k-CN at Phe;os-Met;os, which destabilizes casein micelles and
initiates the coagulation of milk (Farkye, 1995; Fox et al., 2000; McSweeney, 2004;
Stepaniak, 2004). The cleavage of k-CN results in the formation of para-k-CN (k-CN f1-
105), which remains in the casein micelle, and glycomacropeptide (k-CN f106-169), which is
lost in the whey. The para-x-CN is resistant to chymosin, reflecting the relatively high level
of secondary structure in k-CN compared to other caseins (McSweeney, 2004).

Hydrolysis of os;-, as-, and B-caseins occurs in cheese ripening, not in the milk
coagulation step (Fox et al., 1996). The action of chymosin on -CN during ripening of
cheese is primarily at Leu;,-Tyri93 (Fox et al., 2000; McSweeney, 2004). The peptide
fraction B-CN f193-209 formed by this cleavage is very bitter (Visser et al., 1983a; Singh et
al., 2005). Awad et al. (1998) reported that hydrolysis of the Leu;9,-Tyr 93 bond by chymosin
is strongly inhibited by 5-10% NaCl, a level not generally found in most cheeses.

The primary cleavage site of chymosin in o-CN during cheese ripening is at Phes-
Phe,s (McSweeney, 2004). Cleavage at this site is responsible for the softening of cheese
texture and the production of a5 -CN f1-23, which is further hydrolyzed by cell envelope

proteinases. In addition to the Phe,3;-Pheys bond, chymosin cleaves o -CN at Leu;o;-Lysio2
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during cheese ripening (McSweeney, 2004). In contrast to 3-CN, NaCl concentration does
not have a marked effect on the proteolysis of a;-CN (Awad et al., 1998).

Compared to a,;-CN, a2-CN is more resistant to hydrolysis by chymosin. Cleavage
of as>-CN by chymosin is limited to the hydrophobic regions, i.e. sequences 90-120 and 160-

207 (McSweeney, 2004).

3.2. Proteolysis by plasmin

Plasmin (EC 3.4.21.7), the principal indigenous milk proteinase, is a serine proteinase
with an optimum pH of 7.5-8.0 and optimum temperature of 37°C (Fox et al., 2000; Forde
and Fitzgerald, 2000; Nielsen, 2002). Although plasmin has an alkaline optimum pH, the
enzyme is stable over a broad pH range. The enzyme is a glycoprotein and exists as a dimer
with monomers linked by disulfide bonds (Nielsen, 2002; Stepaniak, 2004). Cleavage by
plasmin activity is restricted to the carboxyl end of L-lysine, and to a lesser extent the L-
arginine residues (Nielsen, 2002; McSweeney, 2004).

Plasmin exists in milk primarily in the inactive form, plasminogen (Nielsen, 2002;
Stepaniak, 2004). The presence of plasminogen activators (PAs) is essential to convert the
inactive plasminogen to active plasmin for milk protein degradation (Nielsen, 2002).
Plasmin, plasminogen, and PAs are extremely heat stable, while plasmin inhibitor and PA
inhibitors are heat labile (Bastian and Brown, 1996; Broome and Limsowtin, 1998, Nielsen,
2002). Plasmin, plasminogen, and PAs can survive pasteurization and UHT processes
(Bastian and Brown, 1996; Broome and Limsowtin, 1998).

Somers and Kelly (2002) reported that increasing cooking temperature from 38°C to

55°C during cheesemaking increased plasmin activity and plasminogen activation during
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ripening of cheese, but decreased chymosin activity. Inactivation of PA inhibitor during heat
treatment contributes to the increase of plasmin proteolytic activity (Nielsen, 2002). The
increase of plasmin activity in late lactation milk increases the clotting time of milk and
reduces the firmness of cheese curd (Farkye, 1995).

Plasmin, plasminogen, and PAs are associated with the casein micelles in the pH
range 4.6-6.6 and consequently are retained in the cheese curd (Broome and Limsowtin,
1998, Nielsen, 2002; Stepaniak, 2004). Plasmin inhibitor and PA inhibitor are lost in the
whey fraction (Stepaniak, 2004). Lysine residues in plasmin play a role in the association
between plasmin and the protein in casein micelles.

Plasmin activities in various cheeses are as follows: Romano > Emmental (Swiss) >
Gouda > Cheddar > Cheshire, depending on the cooking temperature during cheesemaking
and the pH during ripening (Farkye, 1995; Nielsen, 2002). Proteolysis in high-cooked and
washed-curd cheeses primarily results from the action of plasmin (Farkye, 1995; Fox et al.,
2000). The importance of plasmin in these types of cheese is due to the inactivation of
chymosin by high-cooking temperatures and the removal of inhibitors of PA (Bastian and
Brown, 1996; McSweeney, 2004). However, the importance of plasmin in cheese ripening is
still under debate since the optimum pH of plasmin is far from the pH of cheese (Farkye,
1995; Bastian and Brown, 1996; Nielsen, 2002).

Plasmin is active on most caseins, especially B-CN and os;-CN (Fox and
McSweeney, 1997; Stepaniak, 2004). In contrast, k-CN is quite resistant to plasmin activity
(Sousa et al., 2001; McSweeney, 2004). Creamer (1975) suggested that hydrolysis of B-CN

in cheese is mainly due to plasmin. The primary plasmin cleavage sites on 3-CN are Lys;s-

Lysa9, Lysios-Hisi06, and Lys;7-Glu,os to produce y-caseins and proteose peptones (Sousa et
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al., 2001). The y-caseins, released in the hydrolysis of B-CN by plasmin, are used as an
indicator of plasmin activity during cheese ripening (Fox and McSweeney, 1997; Stepaniak,
2004). However, the y-caseins are not found in the aqueous extract of cheese, which implies

little contribution of plasmin to the formation of water-soluble nitrogen in cheese (Farkye,

1995).

3.3. Proteolysis by lactic acid bacteria

Lactic acid bacteria (LAB) require external nitrogen sources for growth to high
numbers (10°-10" cfu/mL) because of a limited ability to synthesize amino acids (Sousa et
al., 2001; McSweeney, 2004). In a medium containing large concentrations of protein but
small amounts of free amino acids such as milk, LAB depend on a proteolytic system to
degrade caseins as the major source of amino acids.

The proteolytic system of LAB (Fig. 5) consists of: (i) cell-envelope proteinase (CEP
or lactocepin or PrtP) for breaking down casein into oligopeptides; (ii) intracellular
proteinases; and (iii) intracellular peptidases for hydrolyzing the oligopeptides to amino acids
(Pritchard and Coolbear, 1993; Mulholland, 1997; Sousa et al., 2001; McSweeney, 2004).
Proteinases and peptidases of LAB are essential in cheese ripening since most of the peptides
produced by chymosin and plasmin are too large to contribute to cheese flavor (Fox et al.,

1995; Mulholland, 1997; McSweeney, 2004).
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Figure 5. Proteolytic system of Lactococcus sp. (McSweeney, 2004)

3.3.1. Proteinases of LAB

Lactocepin (PrtP), the principal lactococcal proteinase, is expressed as a preproteinase
with a MW of >200 kDa (Hutkins, 2001). A leader sequence directs the inactive proteinase
across the cytoplasmic membrane. After removal of the leader sequence, the remaining
protein is loosely attached to the cell envelope via Ca*” (Hutkins, 2001; McSweeney, 2004).
Activation of the preproteinase occurs through the action of maturation protein (PrtM) that
induces autolytic cleavage at the proline region of the enzyme. The mature PrtP possesses a
MW of 180-190 kDa (Pritchard and Coolbear, 1993; Hutkins, 2001).

PrtP is a serine-type proteinase with acidic pH optimum (pH 5.5-6.5) (Tan et al.,
1993b; McSweeney, 2004). The active site of PrtP is a triad consisting of Aspso, Hisgs, and
Sersss (Law and Haandrikman, 1997; Mulholland, 1997). Small concentrations of Ca’" can

either activate or stabilize PrtP (Mayo, 1993).
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The primary role of PrtP in cheese ripening is to hydrolyze casein-derived peptides
produced by chymosin or plasmin into small fragments suitable as substrates for intracellular
peptidases (Fox et al., 1995; Law and Mulholland, 1995; McSweeney, 2004). McSweeney et
al. (1993) reported the inability of PrtP from Lc. lactis subsp. cremoris HP and Lc. lactis
subsp. lactis JL3601 and JL521 to readily hydrolyze B-CN in 6-month old Cheddar cheese.
The failure of PrtP to hydrolyze B-CN in cheese was likely due to the hydrophobic
interaction of B-CN in cheese causing the susceptible bonds to be inaccessible. In contrast to
McSweeney et al. (1993), Juillard et al. (1995) reported the ability of P;-type proteinase from
Lc. lactis subsp. cremoris Wg2 to hydrolyze B-CN in solution into more than 100
oligopeptides.

Originally, PrtP was classified into 3 groups based on the specificity on casein
degradation, i.e., Pi-type (HP-type), Pi-type (AM1-type), and intermediate P; /Pyy-type (U-
type) (Pritchard and Coolbear, 1993; Tan et al., 1993b; Hutkins, 2001; Pillidge, et al., 2003;
McSweeney, 2004; Stepaniak, 2004). Pi-type PrtP degrades B-CN rapidly, but acts slowly on
o51-CN and k-CN. Pyj-type PrtP attacks -CN at different sites from the Pi-type in addition to
k-CN and o;-CN (Law and Haandrikman, 1997; Broome and Limsowtin, 1998; Hutkins,
2001; Stepaniak, 2004). Two regions in the PrtP protein contribute to the differentiation in
substrate specificity of Pi-type and Pyy-type PrtP (Tan et al., 1993b). The first region is
around the center of the active site and is homologous with the substrate-binding site of
subtilisin. The second region is the amino acid residues at 747-748.

The B-CN cleavage site of Pi-type PrtP is characterized by glutamine and serine
residues and is usually located in the region having low charge, high hydrophobicity, and

high proline content (Tan et al., 1993b; Mayo, 1993; Fox et al., 1995). Pi-type PrtP cleaves
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B-CN at Glx-X or X-GlIx peptide bonds, where X is generally a hydrophobic residue such as
methionine, phenylalanine, leucine, or tyrosine. The broader specificity of Py-type PrtP than
the Pi-type towards B-CN causes the production of fewer bitter peptides from casein by Pyy-

producing strains. Table 3 summarizes the peptides formed during 1 h in-vitro incubations of

casein fractions with PrtP.

Table 3. Peptides produced by the lactococcal proteinase (Pj- or Pyy-type) within 1-h

incubation with caseins (Law and Mulholland, 1995)

Casein peptide  Amino acid sequence

B-CN f176-182  Lys-Ala-Val-Pro-Tyr-Pro-Gln

B-CN f183-193 Arg-Asp-Met-Pro-Ile-Gln-Ala-Phe-Leu-Leu-Tyr

B-CN f194-207  GIn-GIn-Pro-Val-Leu-Gly-Pro-Val-Arg-Gly-Pro-Phe-Pro-Ile

B-CN f194-209  GIn-GIn-Pro-Val-Leu-Gly-Pro-Val-Arg-Gly-Pro-Phe-Pro-Ile-Ile-Val

Kk-CN 196-106 Ala-Arg-His-Pro-His-Pro-His-Leu-Ser-Phe-Met

k-CN f161-169  Thr-Val-Gln-Val-Thr-Ser-Thr-Ala-Val

a-CN f143-148  Ala-Tyr-Phe-Tyr-Pro-Glu

o-CN f162-169  Gly-Ala-Trp-Tyr-Tyr-Val-Pro-Leu

o-CN f170-199  Gly-Thr-Gln-Tyr-Thr-Asp-Ala-Pro-Ser-Phe-Ser-Asp-Ile-Pro-Asn-
Pro-Ile-Gly-Ser-Glu-Asn-Ser-Glu-Lys-Thr-Thr-Met-Pro-Leu-Trp

Exterkate et al. (1993) proposed another scheme to classify lactococcal PrtP based on
specificity of hydrolysis of o -CN f1-23. The scheme classified PrtP into 7 groups, i.e. group
a to group g (Figure 6). Group a in this classification was formerly reported as Py-type PrtP,
while group e was formerly Pj-type PrtP. Broadbent et al. (1998) added group h PrtP to the
Exterkate et al. (1993) classification. The latter PrtP was reported to produce o;-CN f1-9

that was responsible for bitterness in Cheddar cheese (Broadbent et al., 1998; Broadbent et

al., 2002).
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Figure 6. Classification of strains of Lc. Lactis according to PrtP specificities on o-

CN f1-23 (Exterkate et al., 1993)

In addition to the lactococcal PrtP, different specificites of PrtP were reported in

lactobacilli (Bockelmann, 1995; Hebert et al., 2002; Oberg et al., 2002). Tsakalidou et al.

(1999) isolated a PrtP from Lb. delbrueckii subsp. lactis ACA-DC178, which is similar to P;-

type lactococcal PrtP. Hebert et al. (2002) reported the activities of cell-surface proteinases

from Lactobacillus on o-CN and -CN and their inhibition by peptides in the peptide-rich

medium and chemically defined medium supplemented with Casitone, a pancreatic digest of

casein. Oberg et al. (2002) reported the specificities of PrtP from 14 strains of Lb. delbrueckii

subsp. bulgaricus and 8 strains of Lb. helveticus on o5 -CN f1-23. The results indicated 6
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groups of lactobacilli PrtP specificities based on the primary and secondary products of o -

CN f1-23 hydrolysis (Table 4).

Table 4. Specificities of lactobacilli PrtP on a-CN f1-23 (Oberg et al., 2002)

Group  Species  Strains Primary products Secondary products
I Ldb 1,2,26 f1-13 +114-23 f1-9+f10-13
Lh 29 f1-16+1f17-23 f1-6 +f7-13
I Lh 10,12,36  f1-9+f10-23 f1-6 +17-13
f1-13 +f14-23
111 Ldb 4,5,6,8 f1-9 +£10-23 f1-6 +17-13
f1-13 +f14-23 f1-9+f10-13
f1-17
v Ldb 7 f1-13 +f14-23 f1-9+f10-13
f1-6 + £7-13
f1-7
\Y% Ldb 13 f1-9 +£10-23 f1-6 +17-13
Lh 9,11 f1-16 +f17-23
VI Lh 3,37,41 f1-8+19-23 f1-6+17-13
Ldb 38 f1-9+£10-23

f1-13 +f14-23
f1-16 +f17-23

Ldb — Lb. delbrueckii subsp. bulgaricus, Lh — Lb. helveticus.

Besides proteinases attached to the cell-surface, LAB also possess intracellular

proteinases (Zevaco and Desmazeaud, 1980; Shin et al., 2004). However, the importance of

intracellular proteinase in cheese ripening is not clear (McSweeney, 2004). Zevaco and

Desmazeaud (1980) isolated intracellular neutral proteinase from Lc. lactis subsp. lactis

biovar diacetylactis. The enzyme degraded B-CN slowly at Pro;gs-1le;g7 and Ala;go-Phe .

The enzyme was also reported to be active on B-CN f193-209, with cleavage site at Prosoe-

Ilezg7, and B-CN £165-189, with cleavage sites at Lysjeo-Val;79 and Lys;76-Ala;77. Shin et al.

(2004) purified an intracellular proteinase from Lb. casei subsp. casei LLG. The latter
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proteinase was reported to be more active on -CN than on o;-CN and k-CN (Shin et al.,

2004).

3.3.2. Peptidases of LAB

Intracellular peptidases are important in the degradation of casein fragments and the
release of free amino acids as precursors for flavor formation during cheese ripening
(McSweeney, 2004). Location of the peptidases in the cytoplasm indicates the importance of
cell lysis for the development of flavor of ripened cheese (Pritchard and Coolbear, 1993).
The intracellular peptidases in LAB are classified as aminopeptidases, proline-specific
peptidases, dipeptidases, tripeptidases, and endopeptidases (Christensen et al., 1999; Hutkins,
2001; McSweeney, 2004). Table 5 summarizes the intracellular peptidases purified and
characterized from LAB.

Most of the intracellular peptidases isolated from lactococci, such as PepN, PepC,
PepO, PepO2, PepF, PepV, PepX, and PepQ, were detected in lactobacilli (Bockelmann,
1995; Christensen et al., 1999; Chen et al., 2003). To date, PepA and PepP were reported
only in Lactococcus sp., while PepD, PepR, PepL, PepE, PepO3, and PepG were reported
only in Lactobacillus sp. (Christensen et al., 1999; Sridhar et al., 2003). Dako et al. (1995)
and Sasaki et al. (1995) reported higher peptidase activity in lactobacilli compared to
lactococci. Takafuji et al. (1995) showed significant difference of R,, values on
polyacrylamide gel between the corresponding peptidases from lactobacilli and lactococci,

suggesting lactobacilli might have proteolytic enzymes different from lactococci.



Table 5. Peptidases from LAB (Hutkins, 2001)

Peptidase Abbreviation Substrate of Specificity”
Aminopeptidase A PepA Glu/Aspy(X)n
Aminopeptidase C PepC X4 (X)n
Aminopeptidase L PepL LeudX or Leud X—X
Aminopeptidase N PepN X4 (X)n
Aminopeptidase P PepP X4 Pro—(X)n
Aminopeptidase X PepX X—Prod(X)n
Pyrrolidone carboxylyl peptidase ~ PCP Glud(X)n
Dipeptidase V PepV XX

Dipeptidase D PepD XIX

Tripeptidase T PepT XIX-X
Proiminopeptidase Pepl ProyX—(X)n
Prolidase PepQ X4 Pro

Prolinase PepR ProlX
Endopeptidase F PepF (X)n—X-X4X—(X)n
Endopeptidase O PepO (X)n-X + X—(X)n
Endopeptidase E PepE (X)n-X + X—(X)n
Endopeptidase G PepG (X)n-X 4 X—(X)n

* The position of the hydrolyzed peptide bonds are shown by arrows.
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Aminopeptidase N (PepN) is a general aminopeptidase with specificities for peptides

containing residues that are basic (Lys- and Arg-) or hydrophobic (Leu-) at the N terminus

(Pritchard and Coolbear, 1993; Law and Haandrikman, 1997; Christensen et al., 1999). PepN

activity is negligible when Gly-, Pro-, Asp-, and Glx- residues are at the N-terminus. The

ability of PepN to release hydrophobic amino acids from peptides suggests the possibility to
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use PepN as a debittering enzyme. Tan et al. (1993a) reported the ability of PepN to debitter
a tryptic digest of B-CN. Baankreis (1992) showed an increase of bitterness in Gouda cheese
manufactured with a pepN negative strain starter culture. Guldfeldt et al. (2001) reported
flavor improvement and low bitterness in cheeses made with strains overexpressing pepN
gene from Lc. lactis subsp. cremoris Wg2. Courtin et al. (2002) reported the increase of
aromatic amino acids, proline, and glutamic acid in cheese made with Lc. lactis MG1363
expressing pepN gene from Lb. helveticus 53/7. Guinec et al. (2002) reported reduction in the
total amino acid from cheeses made in the absence of PepN. In contrast to these studies,
McGarry et al. (1994) reported no significant changes between control and experimental
cheeses made using strains overexpressing pepN gene from Lc. lactis subsp. lactis MG1363
with respect to the body, flavor, and texture characteristics. Christensen et al. (1995) reported
similar results for cheeses made with strains overexpressing the pepN gene from Lb.
helveticus CNRZ32. Joutsjoki et al. (2002) reported a decrease of recombinant PepN activity
to an undetectable level at pH and salt concentration resembling cheese ripening.

Aminopeptidase C (PepC) is a general aminopeptidase having broader specificity
than PepN. The enzyme is active on peptides with N-terminus containing residues that are
basic (Lys-, His-, and Arg-), acidic (Glu- and Asp-), hydrophobic/uncharged (Ala- and Leu-),
or aromatic (Phe-) (Law and Mulholland, 1995; Law and Haandrikman, 1997; Christensen et
al., 1999). Guldfeldt et al. (2001) reported that overexpression of pepC gene produced cheese
with low bitterness and improved flavor. However, Guinec et al. (2002) reported no
significant changes in the level of amino acids in cheeses made in the absence of PepC.

Both PepN and PepC are not able to hydrolyze N-terminal or penultimate proline

residues, which causes LAB to depend on the proline-specific peptidases (Mayo, 1993; Tan
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etal., 1993b; Fox et al., 1995; Law and Haandrikman, 1997; Christensen et al., 1999). X-
prolyl dipeptidyl aminopeptidase (PepX) is essential for casein hydrolysis due to the large
amounts of proline in B-CN (Law and Mulholland, 1995). PepX cleaves the N-terminal X-
Pro from X-Pro-Y... oligopeptides containing 3-7 amino acids (Tan et al., 1993b;
Christensen et al., 1999). PepX exhibits highest activity when the N-terminus is uncharged or
basic (Christensen et al., 1999). The action of PepX on oligopeptides results in the release of
dipeptides containing C-terminal proline, mainly Glx-Pro, Leu-Pro, Val-Pro, Phe-Pro, Gly-
Pro, and Tyr-Pro (Tan et al., 1993b; Pritchard and Coolbear, 1993). The X-Pro dipeptides are
hydrolyzed by prolidase (PepQ), a dipeptidase specific for dipeptides with C-terminal proline
(Law and Haandrikman, 1997; Christensen et al., 1999). Baankreis (1992) showed that
Gouda cheese manufactured with a pepX negative strain starter culture developed poor
organoleptic quality but did not develop bitterness.

Aminopeptidase A (PepA), often referred to as glutamyl aminopeptidase, specifically
cleaves peptides with acidic amino acid residues (Glu- or Asp-) at the N-terminus (Fox et al.,
1995; Christensen et al., 1999). PepA might have a significant effect in the development of
cheese flavor during ripening since glutamate is well known as a flavor enhancer (Fox et al.,
1995). Glutamic acid/glutamine was found as the major free amino acid in the water-soluble
fraction of Cheddar cheese aged 10-27 months (Lee and Warthesen, 1996).

Besides removal by PepA, the N-terminal glutamyl residues can undergo spontaneous
intramolecular cyclization, forming an N-terminal 2-pyrrolidone 5-carboxylic acid (PCA;
pyroglutamate) residue (Fox et al., 1995; Law and Haandrikman, 1997). Pyrollidone
carboxylyl peptidase (PCP) is a specific aminopeptidase for hydrolyzing the pyroglutamic

acid residue, which may be formed in cheese due to the large amounts of glutamate in casein
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hydrolysates. Mucchetti et al. (2002) reported in-vitro synthesis of pyroglutamate from Gln-
Gln dipeptide by cyclotransferase (cyclase) activity of Lb. helveticus strains.

Dipeptidase D (PepD) and dipeptidase V (PepV) are dipeptidases with broad
substrate specificities (Christensen et al., 1999). PepD hydrolyzes dipeptides containing
hydrophobic/uncharged residue at the N-terminus, except for Val-X (X is -Arg, -Gly, -Leu)
or Ile-X (X is -Gln, -Val). PepV is active on dipeptides containing basic (Arg-, Lys-, His-),
hydrophobic/uncharged (Ala-, Ile-, Leu-, Val-), aromatic (Phe-, Tyr-), and methionine
residues at the N-terminus. Both PepD and PepV do not hydrolyze peptides containing Gly-,
Gln-, or Pro- residue at the N-terminus. Tripeptidase T (PepT) hydrolyzes the N-terminal
residue of tripeptides without proline at the penultimate position (Tan et al., 1993b; Law and
Haandrikman, 1997). The tripeptidase is not active on dipeptides, tetrapeptides, or
oligopeptides.

Oligopeptidase F (PepF) and neutral endopeptidase O (PepO) are both intracellular
endopeptidases (Mulholland, 1997). PepF is active on peptides containing 7-17 amino acids,
while PepO is active on peptides containing more than 5 amino acids (Mulholland, 1997).
PepO, isolated from Lc. lactis subsp. cremoris Wg2, seems to be closely related to the neutral
oligopeptidase (NOP) from Lc. lactis subsp. cremoris C13 (Baankreis et al., 1995; Stepaniak
and Fox, 1995). Under cheese-like conditions, NOP was essential to degrade o;-CN f1-23
and B-CN f193-209 (Baankreis et al., 1995). Stepaniak and Fox (1995) isolated a 70kDa
endopeptidase from proteinase negative Lc. lactis subsp. lactis MG1363, which is
immunologically identical with PepO. This endopeptidase from MG1363 hydrolyzed the
Leujog-Trpi99 bond from o5-CN f165-199. The dipeptide Leu;os-Trpigg is known to be a bitter

peptide in Alpkase cheese (Guigoz and Solms, 1974).



CHAPTER III:

Materials and Methods
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1. Bacterial strains, growth media, and culture conditions

Lb. helveticus WSU19 (WSU Creamery, Pullman, WA) and Lb. helveticus CNRZ32
(Dr. James L. Steele, University of Wisconsin, Madison, WI) were grown in Lactobacilli
MRS Broth (Becton, Dickinson and Company, Sparks, MD) at 37°C without shaking.
Escherichia coli DH5a was grown at 37°C with vigorous shaking in Luria Bertani (LB)
Broth Base (Invitrogen, Carlsbad, CA), while the recombinant E. coli DH5a and E. coli
SURE cells were grown in the same media in the presence of 1 mg/mL of erythromycin (Em)
(Fisher Scientific, Fairlawn, NJ). Bacteria were maintained as frozen stocks at —80°C. The
frozen stocks of Lactobacillus sp. were prepared by mixing 0.3 mL of cultures with 0.3 mL
of sterile 50% glycerol (Sigma-Aldrich Co., St. Louis, MO) and 1 mL of sterile 11% non-fat
dry milk in cryovials. The frozen stocks of wild type and recombinant E. coli were prepared
by mixing 0.7 mL of cultures with 0.3 mL of sterile 50% glycerol in cryovials.

Screening for peptidase-positive clones, using blue/white screening and colony
hybridization, was conducted on LB agar plates containing 1 mg/mL of Em. The plates were
prepared by adding 1.5% of Granulated Agar (Becton, Dickinson and Company, Sparks,
MD) to the liquid medium. For blue/white screening (a.-complementation) experiments, 5-
bromo-4-chloro-3-indolyl--D-galactopyranoside (X-Gal) and isopropyl-B-D-thiogalactoside
(IPTG) (Fisher Scientific, Fairlawn, NJ) were added at concentrations of 40 pg/mL and 120
pg/mkL, respectively, to the liquid medium. The LB agar plates with and without X-Gal/IPTG
were incubated aerobically at 37°C.

The Em stock solution (50 mg/mL) was prepared in 95% ethanol (Sigma-Aldrich Co.,
St. Louis, MO) and stored at —20°C. The X-Gal stock solution was freshly prepared at a

concentration of 20 mg/mL in N, N-dimethylformamide (Sigma-Aldrich Co., St. Louis, MO).
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The IPTG stock solution was prepared at a concentration of 0.1 M in deionized water,
sterilized using 0.45 pm Sterile Acrodisc® Syringe Filter (Pall Life Sciences, Ann Arbor,

MI), and stored at —20°C.

2. Molecular biology techniques

DNA manipulation and cloning essentially followed procedures described by
Sambrook et al. (1989). Genomic DNA was isolated from Lactobacillus sp. using QTAGEN®
Genomic-Tip 500/G, QIAGEN®™ Genomic DNA Buffer Set, QLTAGEN® Protease, and
RNaseA (Qiagen, Valencia, CA), lysozyme, and mutanolysin (Sigma-Aldrich Co., St. Louis,
MO). DNA fragments for cloning experiments were extracted from agarose gels using
QIAEX-II® Gel Extraction Kit or QIAquick”® Gel Extraction Kit (Qiagen, Valencia, CA).
DNA fragments after restriction digestions, ligations, and PCR reactions were purified using
QIAprep” Spin Column or QIAquick® PCR Purification Kit (Qiagen, Valencia, CA). Plasmid
DNA was extracted from recombinant E. coli cells using QIAprep” Spin Miniprep Kit
(small-scale), QITAGEN®™ Plasmid Midi Kit (medium-scale), or QTAGEN® Maxi Kit (large-
scale) (Qiagen, Valencia, CA). Plasmid and genomic DNAs were dissolved in elution buffer
EB (10 mM Tris-HCI, pH 8.5) (Qiagen, Valencia, CA). Restriction enzyme digestions were
performed according to the enzyme manufacturers’ instructions (Invitrogen, Carlsbad, CA;

New England Biolabs Inc., Beverly, MA; Promega Corp., Madison, WI).

3. Isolation of genomic DNAs from Lb. helveticus WSU19 and CNRZ.32

Frozen stocks of Lb. helveticus strains (100 uL) were inoculated into 10 mL of

Lactobacilli MRS broth and incubated at 37°C for 24 h without shaking. The cultures (300
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uL) were transferred into 30 mL of MRS broth and grown at 37°C for 16 h without shaking.
The cells were harvested by centrifuging for 10 min (5,000 x g at 4°C) using an Avanti  J-25
centrifuge (Beckman Coulter, Fullerton, CA). The supernatants were discarded and the
pellets were used for genomic DNA isolations following the QIAGEN Genomic DNA
Handbook.

The bacterial pellets were resuspended in 11 mL of bacterial lysis buffer B1 (50 mM
Tris-HCI, pH 8.0; 50 mM EDTA, pH 8.0; 0.5% Tween"-20; 0.5% Triton™ X-100) by
vortexing at maximum speed. The resuspended pellets were mixed with 22 uLL of 100 mg/mL
RNase A, 300 pL of 100 mg/mL lysozyme, and 500 uL of 20 mg/mL QIAGEN® protease.
To facilitate lysis of Lb. helveticus CNRZ32 cells, 250 uL of 10,000 U/mL mutanolysin
(Sigma-Aldrich Co., St. Louis, MO) was used. The addition of mutanolysin was not needed
for the isolation of genomic DNA from Lb. helveticus WSU19. The cell suspensions were
incubated at 37°C for 16-17 h. After incubation at 37°C, the lysates were mixed with 4 mL of
bacterial lysis buffer B2 (3 M guanidine HCI; 20% Tween®-20) and incubated at 50°C for 30
min or until the lysates became clear.

The cleared lysates were vortexed at maximum speed for 10 s and applied to the
QIAGEN" Genomic-tips 500/G, pre-equilibrated with 10 mL of equilibration buffer QBT
(750 mM NacCl; 50 mM MOPS, pH 7.0; 15% isopropanol, 0.15% Triton® X-100). The
lysates moved through the Genomic-tips by gravity. The tips were washed twice with 15 mL
of wash buffer QC (1.0 M NaCl; 50 mM MOPS, pH 7.0; 15% isopropanol). The genomic
DNAs were eluted with 15 mL of elution buffer QF (1.25 M NaCl; 50 mM Tris-HCI, pH 8.5;
15% isopropanol), and precipitated by adding 10.5 mL (0.7 volumes) of room temperature

isopropanol (JT Baker Inc., Phillipsburg, NJ).
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The precipitated DNAs were recovered by centrifuging for 30 min (7,500 x g at 4°C).
The supernatants were carefully decanted. The DNA pellets were washed with 4 mL of cold
70% ethanol, mixed, and centrifuged for 10 min (7,500 x g at 4°C). The supernatants were
carefully decanted. The DNA pellets were air-dried and re-dissolved in 500 pL of elution
buffer EB overnight on an orbital shaker VWR DS-500 at 60 rpm (VWR International, West
Chester, PA). The concentrations and purities of DNAs were measured at 260 nm and 280

nm using a Lambda 35 spectrophotometer (PerkinElmer, Boston, MA).

4. Cloning of the complete pepE, pepO, pepO2, and pepO3 genes

4.1. Isolation of plasmid DNAs from the recombinant E. coli cells carrying peptidase

oenes from Lb. helveticus CNRZ32

The following E. coli clones expressing the peptidase genes from Lb. helveticus
CNRZ32 (Dr. James L. Steele, University of Wisconsin, Madison, WI) were the sources of
plasmids to be used as DNA templates for the pepE, pepO, and pepO2 gene probe syntheses:
E. coli SURE(pTRKL2::pepE), E. coli DH5o(pTRKL2::pepO), and E. coli
DH5a(pJDC9::pepO?2), respectively.

Frozen stocks of the E. coli clones (100 puL) were inoculated into 10 mL of LB broth
containing 1 mg/mL of Em and incubated at 37°C for 16 h with vigorous shaking. The
cultures (5 mL) were transferred into 500 mL of LB broth containing 1 mg/mL Em and
incubated at 37°C for 16 h (Ago ~ 4.0) with vigorous shaking. Cell densities were measured
at 600 nm using a Lambda 35 spectrophotometer (PerkinElmer, Boston, MA). The cells were
harvested by centrifuging for 15 min (6,000 x g at 4°C) using an Avanti  J-25 centrifuge

(Beckman Coulter, Fullerton, CA). The supernatants were discarded. The pellets were used
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for large-scale plasmid DNA preparation following the QTAGEN® Plasmid Purification
Handbook protocols.

The bacterial pellets were resuspended in 10 mL of resuspension buffer P1 (50 mM
Tris-HCI, pH 8.0; 10 mM EDTA; 100 pg/mL RNase A) by vortexing at maximum speed.
The suspensions were transferred into 50 mL sterile centrifuge tubes. Ten mL of lysis buffer
P2 (200 mM NaOH, 1% SDS) was added to the suspensions and mixed gently by inverting
the tubes 4-6 times. The lysates were incubated at room temperature for 5 min. After
incubation, 10 mL of chilled neutralization buffer P3 (3.0 M potassium acetate, pH 5.5) was
added to the lysates and mixed gently by inverting the tubes 4-6 times. The mixtures were
incubated on ice for 20 min, and then centrifuged for 30 min (22,000 x g at 4°C) using an
Avanti  J-25 centrifuge (Beckman Coulter, Fullerton, CA). The supernatants containing
plasmid DNAs were transferred to clean, sterile 50 mL centrifuge tubes and re-centrifuged
for 15 min (22,000 x g at 4°C).

The supernatants containing plasmid DNAs from the second centrifugation were
applied promptly to the QTAGEN®-tips 500, pre-equilibrated with 10 mL of equilibration
buffer QBT (750 mM NaCl; 50 mM MOPS, pH 7.0; 15% isopropanol, 0.15% Triton™ X-
100). The supernatants flowed through the tip by gravity. The columns were washed twice
with 30 mL of wash buffer QC (1.0 M NaCl; 50 mM MOPS, pH 7.0; 15% isopropanol).
Plasmid DNAs were eluted with 15 mL of elution buffer QF (1.25 M NaCl; 50 mM Tris-
HCI, pH 8.5; 15% isopropanol) and precipitated with 10.5 mL (0.7 volumes) of room
temperature isopropanol. The precipitated DNAs were recovered by centrifuging for 30 min

(22,000 x g at 4°C).
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After carefully decanting the supernatants, the plasmid DNA pellets were washed
with 5 mL of room temperature 70% ethanol, and then centrifuged for 10 min (22,000 x g at
4°C). The supernatants were decanted carefully. The plasmid DNA pellets were air-dried and
re-dissolved in 500 pL of elution buffer EB overnight on an orbital shaker VWR DS-500 at
60 rpm (VWR International, West Chester, PA). DNA concentrations were estimated by
restriction enzyme digestions of the plasmid DNAs, followed by gel electrophoresis in 0.8%
agarose (Invitrogen, Carlsbad, CA). The High DNA Mass Ladder was used as the standard

(Invitrogen, Carlsbad, CA).

4.2. Probe syntheses

4.2.1. DNA amplification via PCR

Four sets of oligonucleotide primers (Table 6) were designed to synthesize the pepE
(1.3kb), pepO (1.9 kb), pepO2 (1.9 kb), and pepO3 (1.9 kb) gene probes using the coding
sequence of the corresponding peptidase genes from Lb. helveticus CNRZ32. GenBank
accession numbers for the pepE, pepO, pepO2, and pepO3 genes from Lb. helveticus
CNRZ32 are U77050, AF019410, AF321539, and AY365128, respectively. Primers for
DNA amplification were designed using Vector NTI® Suite 2 Version 7 (Invitrogen,
Carlsbad, CA) and were synthesized by Invitrogen Life Technologies (Carlsbad, CA). The
primers (approximately 50 nmoles each) were dissolved in elution buffer EB to final
concentrations of 150 pmoles/uL.

The following plasmids, containing the previously cloned peptidase genes from Lb.
helveticus CNRZ32, were used as DNA templates for the pepE, pepO, and pepO2 gene

probes: pTRKL2::pepE, pTRKL2::pepO, and pJDC9::pepO2 (Dr. James L. Steele,
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University of Wisconsin, Madison, WI). Genomic DNA from Lb. helveticus CNRZ32 was
used as the template for the pepO3 gene probe. Plasmid and genomic DNA templates were

diluted in elution buffer EB to 2 ng/uL and 60 ng/uL, respectively.

Table 6. Forward and reverse primers for endopeptidase probe syntheses

Primers Sequence

PepE forward | 5’-ATGGCTCATGAATTAACTGTG-3’
PepE reverse 5’-TTAAGCAAGTGAATCCCATG-3’
PepO forward | 5~ AGAAGATATTTAGCTGTACG-3’
PepO reverse | 5>-TAATTCTATCTTCAGGATCA-3’
PepO2 forward | 5’-TGAATTTAGCAAAAATCCGC-3’
PepO2 reverse | 5~ ACCAAATGACTACGCGCTTA-3’
PepO3 forward | 5~ ATAAAATGACTGTACGCGGC-3’
PepO3 reverse | 5’-ACACGTTTTTCAGGATCGAG-3’

The probes were labeled with nonradioactive digoxigenin-dUTP (DIG) using PCR
DIG Probe Synthesis Kit (Roche Diagnostics Corp., Indianapolis, IN). For PCR reactions,
the following reagents were mixed in a PCR tube: 10 pL of 10X PCR buffer containing
MgCly; 5 uL of 10X PCR DIG probe synthesis mix; 5 uL of 10X dNTP stock solution, 2 uLL
of 150 pmoles/pL forward primer, 2 uL of 150 pmoles/pL reverse primer, 1.5 pL. of enzyme
mix Expand High Fidelity, 1 uL of template DNA, and sterile deionized water to make the
volume to 100 uL. For synthesis of the pepE gene probe, 10 uL of 10X PCR DIG probe
synthesis mix was used, without the addition of 10X dNTP stock solution. The PCR mixtures
were scaled up to 800 uL to prepare the probes for both Southern and colony hybridizations.

DNA amplifications were performed using a GeneAmp® PCR System 2700 (Applied
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Biosystems, Foster City, CA) at the following thermal cycle: a single cycle of 95°C for 2 min
(initial denaturation); 30 cycles of 95°C for 30 s (denaturation), 60°C for 30 s (annealing),

72°C for 15 min (elongation); and a single cycle of 72°C for 7 min (final elongation).

4.2.2. Gel extraction of probes

The synthesized probes were purified using QIAquick”™ Gel Extraction Kit. Probe
DNAs were electrophoresed in 1% agarose gel at 75 V for 55 min. Gel electrophoresis was
performed using a Bio-Rad Power Pac 300 (Bio-Rad Laboratories, Hercules, CA). The gels
were stained for 10 min with 0.5 pg/mL of ethidium bromide (Sigma-Aldrich Co., St. Louis,
MO) and DNA fragments were visualized on a VWR Benchtop Ultraviolet Transilluminator
(VWR International, West Chester, PA). The DNA fragments of interest were cut out of the
gels and excised in 350-400 mg gel slices. The gel slices were placed in sterile 1.5 mL
microcentrifuge tubes.

Solubilization and binding buffer QG was added to the tubes at a ratio of 3 volumes
to 1 volume of gel slice (100 mg ~ 100 pL). The tubes were incubated at 50°C for 10 min or
until the gel slices dissolved completely. During incubation, the tubes were vortexed every 2-
3 min to facilitate the dissolution of the gel slices. After the gel slices completely dissolved,
color of the solutions should have remained yellow; otherwise 10 uL of 3 M sodium acetate
(pH 5.0) was added to turn the color to yellow.

The dissolved gel solutions were applied to QIAquick® columns (750 uL at a time).
To increase probe concentrations, solutions of 2 gel slices were applied to a single column.
The columns were centrifuged for 1 min (16,100 x g at room temperature) using an

Eppendorf® Microcentrifuge 5415D (Brinkmann Instruments, Westbury, NY). The flow-
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through fractions were discarded. Buffer QG (500 pL) was added to the columns for removal
of traces of agarose. The columns were centrifuged for 1 min (16,100 x g at room
temperature). After discarding the flow-through fractions, 750 uL of wash buffer PE was
added to the columns to wash out the remaining salt. The columns were centrifuged for 1 min
(16,100 x g at room temperature). The flow-through fractions were discarded and the
columns were re-centrifuged for an additional 1 min (16,100 x g at room temperature).

The columns were placed in sterile 1.5 mL microcentrifuge tubes. The probe DNAs
were eluted with 50 pL of elution buffer EB, added to the center of the QIAquick®™
membranes. The columns were centrifuged for 1 min (16,100 x g at room temperature). The

flow-through fractions containing probe DNAs were stored at —20°C until used.

4.2.3. Dot blot estimation of probe concentrations

Dot blot was performed using DIG Nucleic Acid Detection Kit (Roche Diagnostics
Corp., Indianapolis, IN), following the manufacturer’s instructions, with modifications. All
chemicals for the dot blot experiments were purchased from Sigma Aldrich Co. (St. Louis,
MO). Serial dilutions of DIG-labeled control DNA (pBR328 DNA/BamHI; 5 pg/mL) were
prepared in DNA dilution buffer to obtain concentrations of 1 ng/uL; 100 pg/uL; 10 pg/uL; 1
pg/uL; and 0.1 pg/uL. Dilution factors to attain these concentrations were 1/5; 1/50; 1/500;
1/5,000; and 1/50,000, respectively. Serial dilutions of DIG-labeled probe DNAs were
prepared using the same dilution factors as the DIG-labeled control DNA.

The diluted DIG-labeled control DNA (1uL) was spotted alongside the DIG-labeled
probe DNA (1uL) of the same dilution factor on a positively charged nylon membrane

(Roche Diagnostics Corp., Indianapolis, IN). After air-drying, DNA samples were fixed to
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the membrane using a Stratalinker™ 2400 UV Crosslinker (Stratagene, La Jolla, CA). The
membrane was equilibrated with 10 mL of washing buffer (0.1 M maleic acid; 0.15 M NacCl;
0.3% Tween®-20; pH 7.5) for 5 min at room temperature with shaking.

The equilibrated membrane was incubated in 10 mL of blocking solution for 5 min at
room temperature with shaking, followed by incubation in 10 mL of antibody solution for 5
min. The blocking solution was freshly prepared by mixing 1 part of 10% blocking reagent
(Roche Diagnostics Corp., Indianapolis, IN) in maleic acid buffer with 9 parts of maleic acid
buffer (0.1 M maleic acid; 0.15 M NaCl; pH 7.5). The antibody solution was freshly prepared
by diluting 2 L. of Anti-DIG-alkaline phosphatase (AP) conjugate (Roche Diagnostics
Corp., Indianapolis, IN) in 10 mL of blocking solution.

Following incubation with the antibody solution, the membrane was transferred to a
clean container and washed twice, 5 min each, in 10 mL of washing buffer at room
temperature with shaking. After the second wash, the membrane was incubated in 10 mL of
color substrate solution in the dark to allow for color development. The color substrate
solution was prepared by diluting 100 uL of nitroblue tetrazolium chloride /5-bromo-4-
chloro-3-indolyl-phosphate (NBT/BCIP) stock solution (Roche Diagnostics Corp.,
Indianapolis, IN) in 5 mL of detection buffer (0.1 M Tris-HCI; 0.1 M NaCl; pH 9.5). Once
the desired spots were detected, the membrane was rinsed with deionized water to prevent
over-development of the color. The diluted DIG-labeled control DNA with the closest color
intensity to the diluted DIG-labeled probe DNA was used as the reference for calculating the

probe DNA concentration.
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4.3. Southern hybridization

Southern hybridization was conducted essentially as described by Southern (1975)
and Sambrook et al. (1989). All chemicals for Southern and colony hybridizations were
purchased from Sigma-Aldrich Co. (St. Louis, MO).

4.3.1. Digestion of genomic DNA from Lb. helveticus WSU19 with single restriction

enzyme

Genomic DNA from Lb. helveticus WSU19 was digested with 17 restriction
enzymes, including BamHI, Clal, Dral, EcoR1, EcoRV, Hindlll, Kpnl, Nrul, Pstl, Pvull,
Sacl, Sacll, Sall, Smal, Spel, Sphl, and Xbal. The concentration of genomic DNA from Lb.
helveticus WSU19 in each digestion mixture was approximately 0.1 pg/uL. Digestion was

performed for 20 h at 37°C, except for Smal at 30°C.

4.3.2. Gel electrophoresis of the digested genomic DNASs

Agarose gels (0.8%) were prepared using 15x7 cm tray and 20-well comb (Bio-Rad
Laboratories, Hercules, CA) by dissolving 0.56 g agarose in 70 mL of 1X TAE buffer (40
mM Tris, pH 8.0; 20 mM acetic acid; 1 mM EDTA) (Bio-Rad Laboratories, Hercules, CA).
Gel electrophoresis was performed at 75V for 55 min. The ladder used was the DIG-labeled
DNA MW Marker VII (Roche Diagnostics Corp., Indianapolis, IN). After staining for 10
min with 0.5 pg/mL of ethidium bromide (Sigma-Aldrich Co., St. Louis, MO), the DNA
samples were visualized under UV light in a Multilmage™ Light Cabinet (Alpha Innotech
Corp., San Leandro, CA). Pictures of the gels were taken using an Alpha Imager” Imaging

System Version 5.5 (Alpha Innotech Corp., San Leandro, CA). The gels were soaked in
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sterile, deionized water for 10 min at room temperature on an orbital shaker VWR DS-500 at

60 rpm (VWR International, West Chester, PA).

4.3.3. Southern transfer

The agarose gels were submerged in depurination solution (250 mM HCI) for 10 min
at room temperature on an orbital shaker at 60 rpm to improve the transfer of DNA fragments
larger than 10 kb. The DNAs were denatured by soaking the gels in denaturation solution
(0.5 N NaOH; 1.5 M HCI) for 60 min at room temperature on an orbital shaker at 60 rpm.
After the denaturing step, the gels were submerged in neutralization solution (1.0 M Tris-
HCI; 1.5 M NacCl; pH 8.0) for 60 min at room temperature on an orbital shaker at 60 rpm.

Southern transfer was facilitated by applying pressure to the gels using PosiBlot"™ 30-
30 Pressure Blotter and Pressure Control Station (Stratagene, La Jolla, CA). Two pieces of
Whatman 3 MM Chr paper (Whatman Inc., Florham Park, NJ) were cut to the gel size,
saturated with 10X SSC solution (diluted from 20X SSC solution: 3 M NaCl; 0.3 M sodium
citrate; pH 7.0), and placed on top of the membrane support pad of the Pressure Blotter.
Positively charged nylon membrane was saturated with 10X SSC solution and placed on top
of the Whatman 3 MM Chr paper. The membrane was smoothed out so that no wrinkles or
air bubbles were present. A mask with a windowed area was placed over the membrane such
that the membrane was located within the windowed area. The gel was placed over the mask,
within the windowed area. Two pieces of Whatman 3 MM Chr paper were saturated with
10X SSC solution and placed on top of the gel, followed by a sponge saturated with 10X

SSC. The DNA was blotted from the gel for 2 h at 70 mmHg pressure.
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After blotting, the membrane was soaked in 5X SSC solution and placed on a filter
paper to air-dry. The DNA was fixed to the membrane using Stratalinker™ 2400 UV
Crosslinker (Stratagene, La Jolla, CA). The crosslinking was performed twice using
Autocross-link program. The gel was stained with ethidium bromide for 10 min and the gel

picture after Southern transfer was documented.

4.3.4. Prehybridization and hybridization

The membranes were placed in 150 x 35 mm hybridization tubes containing 15 mL of
prehybridization solution (5X SSC; 1% blocking reagent; 0.1% N-lauroylsarcosine; 0.02%
SDS; 50% formamide). Prehybridization steps were conducted under a high stringency
condition at 42°C for 6 h, using a PersonalHyb"™ Hybridization Oven (Stratagene, La Jolla,
CA). The prehybridization solution for the pepO3 gene did not contain 50% formamide, and
therefore the high stringency condition was achieved at 68°C. The used prehybridization
solutions were discarded. Probes were heated at 65°C for 10 min to denature the DNAs, and
then added to 15 mL of fresh prehybridization solutions to provide final probe concentrations
of 25 ng/mL (hybridization solutions). After mixing, the hybridization solutions were added
to the membranes in the hybridization tubes. Hybridization steps were conducted under a
high stringency condition for 12 h. The used hybridization solutions were stored at —20°C for

later use.

4.3.5. Detection
The membranes were washed twice with 15 mL of 2X wash solution (2X SSC; 0.1%

SDS), 5 min per wash, at room temperature in the hybridization tubes. The membranes were
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washed twice with 15 mL of 0.5X wash solution (0.5X SSC; 0.1% SDS), 15 min per wash at
68°C in the hybridization tubes. After the stringency washes, the membranes were
equilibrated with 15 mL of washing buffer for 5 min at room temperature in the hybridization
tubes. After equilibration, the membranes were incubated at room temperature in 20 mL of
blocking solution for 60 min, followed by incubation in 20 mL of antibody solution for 60
min. Compositions of the washing buffer, blocking solution, and antibody solution are
described in Section 4.2.3.

After incubation with the antibody solution, the membranes were transferred to clean
containers. The membranes were washed twice with 100 mL of washing buffer, 15 min per
wash at room temperature on an orbital shaker at 60 rpm. After the washing steps, the
membranes were equilibrated in detection buffer at room temperature for 5 min on an orbital
shaker at 60 rpm. After equilibration, the membranes were incubated in 10 mL of color
substrate solution in the dark to allow for color development. Preparations of the detection
buffer and color substrate solution are described in Section 4.2.3. When the desired bands
were detected, the membranes were rinsed with deionized water to prevent over-development

of the color.

4.3.6. Digestion of senomic DNA from Lb. helveticus WSU19 with two restriction

enzymes and the second Southern hybridization

Restriction enzymes that produced a single band in the first Southern hybridization
were used in combination to digest the genomic DNA from Lb. helveticus WSU19 for the
second Southern hybridization. Simultaneous digestions were used for pepE, pepO, and

pepO2, while sequential digestion was done for pepO3. All digestions were performed for 20
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h. In the simultaneous digestion, genomic DNA was digested in the buffer that provided the
highest activities for both restriction enzymes. No DNA purification was necessary at the end
of the digestion.

In the sequential digestion, genomic DNA after the first digestion was purified using
QIAprep” Spin column prior to the second digestion. Purification of the DNA followed the
QIAprep” Miniprep Handbook protocols. Binding buffer PB was added at a ratio of 5
volumes to 1 volume of the DNA solution. After mixing, the mixture was applied to the
QIAprep” Spin column and centrifuged for 1 min (16,100 x g at room temperature) using an
Eppendorf” Microcentrifuge 5415D (Brinkmann Instruments, Westbury, NY) to draw the
DNA to the QIAprep® membrane. After discarding the flow-through fraction, the column
was washed with 750 pL of wash buffer PE and centrifuged for 1 min (16,100 x g at room
temperature). The flow-through fraction was discarded and the column was re-centrifuged to
remove residual wash buffer. The column was placed in a sterile 1.5 mL microcentrifuge
tube. The DNA was eluted with 30 uL of elution buffer EB and incubated at room
temperature for 1 min before centrifugation (1 min; 16,100 x g at room temperature). To
increase the DNA yield, the elution buffer EB was warmed to 70°C before being added to the
column. The flow-through fraction containing DNA was digested with the second restriction
enzyme.

The second Southern hybridization was conducted as described in Sections 4.3.1 to
4.3.5. The ladder used in the second Southern was DIG-labeled DNA MW Marker II instead

of VII (Roche Diagnostics Corp., Indianapolis, IN).
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4.4. Preparation of insert DNAs

4.4.1. Digestion of genomic DNA from Lb.helveticus WSU19 with cloning enzyme(s)

The restriction enzyme(s) used for cloning of the endopeptidase genes based on the
results of the first and second Southern hybridizations were Pstl for pepE; Hindlll and Sall
for pepO; Sphl and Xbal for pepO2; and Kpnl for pepO3. The genomic DNA from Lb.
helveticus WSU19 was digested with these restriction enzymes according to the enzyme
manufacturers’ instructions. Simultaneous digestion was used for cloning with 2 restriction
enzymes. The amounts of genomic DNA used in each digestion were approximately 27 pug
per 300 pL digestion mixture for pepE and 24 ug per 150 pL digestion mixtures for pepO,

pepO02, and pepO3. Digestions were performed at 37°C for 20 h.

4.4.2. Gel extraction of hybridization-positive DNA fragments

The sizes of DNA fragments to be extracted were determined based on the
hybridization-positive fragments from Southern hybridizations. The digested genomic DNAs
from Lb. helveticus WSU19 were gel electrophoresed in 0.8% agarose. The ladder was the
non DIG-labeled DNA MW Marker II (Roche Diagnostics Corp., Indianapolis, IN). The
DNA marker was heated at 65°C for 10 min and chilled quickly on ice for 1 min prior to use.

Gel extraction of the hybridization-positive DNA fragment containing the pepE gene
was conducted following the QIAquick”™ Gel Extraction Kit Protocol described in Section
4.2.2. Extraction of genomic DNA using the QIAquick”™ column caused smearing of the
DNA. Therefore, QIAEX—II® Gel Extraction Kit, as described below, was used for extracting

DNA fragments containing the pepO, pepO2, pepO3, and pepN genes.
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The DNA fragments were gel electrophoresed in 0.8% agarose, stained with ethidium
bromide for 10 min, and visualized on a VWR Benchtop Ultraviolet Transilluminator (VWR
International, West Chester, PA). The DNA fragments containing the genes of interest were
cut out of the gels in 300-350 mg gel slices. The gel slices were placed in sterile 1.5 mL
microcentrifuge tubes. For DNA fragments larger than 4 kb, solubilization and binding buffer
QXI1 (3 volumes) and sterile deionized water (2 volumes) were added to the gel slices (100
mg ~ 100 pL). For DNA fragments smaller than 4 kb, buffer QX1 (3 volumes) were added
per volume of gel slices. The QTAEX-II suspension was vortexed for 30 sec and then 30 puL.
of the suspension was added to each tube. The mixtures were incubated at 50°C for 10 min or
until the agarose solubilized. The tubes were inverted and flicked every 2 min to keep the
QIAEX-II in suspension. Color of the mixtures should have remained yellow at the end of
incubation; otherwise 10 pL of 3 M sodium acetate (pH 5.0) was added to turn the color to
yellow. The mixtures were centrifuged for 30 sec (16,100 x g at room temperature) using an
Eppendorf® Microcentrifuge 5415D (Brinkmann Instruments, Westbury, NY).

After decanting the supernatants, buffer QX1 (500 uL) was added to the pellets for
removal of residual agarose contaminants. The pellets were resuspended by vortexing. The
suspensions were centrifuged for 30 sec (16,100 x g at room temperature). The supernatants
were discarded and the pellets were washed twice with 500 puL of wash buffer PE to remove
residual salt contaminants. The pellet suspensions were centrifuged for 30 sec (16,100 x g at
room temperature) in each washing step.

After air-drying for 30 min, the pellets were re-suspended in 20 puL of elution buffer
EB. The suspensions were incubated at 50°C for 5 min for DNA fragments between 4 and 10

kb. For DNA fragments smaller than 4 kb, incubation was conducted at room temperature for
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5 min. The suspensions were centrifuged for 30 sec (16,100 x g at room temperature) after
incubation. The supernatants containing DNA were pipetted into a sterile 1.5 mL
microcentrifuge tube. The elution step was repeated twice. The insert DNAs were stored at

—20°C until used.

4.5. Preparation of pJDC9 vector DNA

4.5.1. Digestions of pJDC9 plasmid DNA with cloning enzyme(s)

The pJDC9 plasmid DNA (Dr. Donald A. Morrison, University of Illinois, Chicago)
was the vector used for cloning of the endopeptidase genes from Lb. helveticus WSU19. The
plasmid was isolated from E. coli DH5a(pJDC9) following the procedure described in
Section 4.1. For isolation of pJDC9 plasmid DNA, the recombinant E. coli DH5a was grown
in 100 mL of LB broth containing 1 mg/mL Em and the DNA was dissolved in 250 pL. of
elution buffer EB.

For each gene of interest, the pJDC9 plasmid DNA was digested with the same
restriction enzyme(s) used for the digestion of the insert genomic DNA from Lb. helveticus
WSU19 (Section 4.4.1). The amount of pJDC9 vector DNA used in each digestion was
approximately 1.5 pg per 100 puL digestion mixture. The digestions were performed at 37°C

for 5 h.

4.5.2. Purification of the digested pJDC9 plasmid DNAs

The digested pJDC9 plasmid DNAs were purified following the QIAquick™ PCR
Purification Kit Protocol. The digested plasmid DNAs (1 volume) were mixed with 5

volumes of binding buffer PB. The mixtures were applied to the QIAquick”™ columns and
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centrifuged for 1 min (16,100 x g at room temperature) using an Eppendorf® Microcentrifuge
5415D (Brinkmann Instruments, Westbury, NY). After discarding the flow-through fractions,
the columns were washed with 750 pL of wash buffer PB and centrifuged for 1 min (16,100
x g at room temperature). The flow-through fractions were discarded and the columns were
re-centrifuged for 1 min. After centrifuging, the QIAquick® columns were placed in sterile
1.5 mL microcentrifuge tubes. The plasmid DNAs were eluted with 50 uL of elution buffer
EB, applied to the center of the QIAquick™ membranes. The columns were centrifuged for 1
min (16,100 x g at room temperature). The flow-through fractions containing digested vector
DNAs were stored at —20°C until used. Concentrations of the digested vector DNAs were

estimated by agarose gel electrophoresis, using High DNA Mass Ladder as the standard.

4.5.3. Dephosphorylation of digested pJDC9 vector DNA (for single cloning enzyme)

The pJDC9 vector DNA digested with single cloning enzyme was dephosphorylated
using Shrimp Alkaline Phosphatase (SAP; 1U/uL) (Promega Corp., Madison, WI). Three
units (3U) of SAP were added per pg of the digested vector DNA. SAP buffer (10X) was
added to a final concentration of 1X. Sterile deionized water was added to make the volume
to 50 uL. The dephosphorylation mixture was incubated at 37°C for 30 min, followed by heat
inactivation of SAP at 65°C for 15 min. The mixture was immediately chilled on ice after
heat inactivation. The dephosphorylated vector DNA was purified following the QIAquick®
PCR Purification Kit Protocol described in Section 4.5.2. The vector DNA was eluted in 40

puL of elution buffer EB.
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4.6. Ligation of insert genomic DNAS into pJDC9 vector DNA

Ligations of the insert genomic DNA into the pJDC9 vector DNA were facilitated by
T4 DNA ligase (1U/uL; Invitrogen, Carlsbad, CA). Six ligation mixtures were prepared by
varying the volume ratio of insert and vector DNA. The volumes of vector DNA (15 ng/uL)
ranged from 2.5 pL to 10.0 pL, while the volumes of insert DNA ranged from 15.0 uL to
22.5 pL. The ligation mixtures were prepared in total volumes of 50 uL. The T4 DNA ligase
and DNA ligase buffer (5X) were added at 12.5 and 10 pL, respectively. Ligations were
performed at 16°C for 20-24 h. The ligated DNAs were purified using QIAprep” Spin

column described in Section 4.3.6. The DNAs were eluted in 40 uL of elution buffer EB.

4.7. Electroporation of licated DNAs into electrocompetent E. coli DHS5a. cells

Sterile electroporation cuvettes (0.2 cm gap; Bio-Rad Laboratories, Hercules, CA)
and sterile microcentrifuge tubes were chilled on ice. Frozen cells of electrocompetent E. coli
DH5a (ElectroMAX™ DHS5a-E™; Invitrogen, Carlsbad, CA) were thawed on ice. After
thawing, 20 pL of the electrocompetents E. coli DH5a were mixed with 20 pL of the ligated
DNA:ss in the chilled microcentrifuge tubes, and then transferred to the chilled electroporation
cuvettes. The cuvettes were placed in the cuvette holder of the MicroPulser (Bio-Rad
Laboratories, Hercules, CA) and zapped using Ec2 program (2.5 kV; 10 uF; 600 ohms). One
mL of S.0.C medium (2% tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCI, 10 mM
MgCl,, 10 mM MgSOs, and 20 mM glucose; Invitrogen, Carlsbad, CA) was added to the
cuvettes at room temperature. The cells in S.0.C medium were transferred into sterile 5 mL
tubes and incubated at 37°C for 1 h with shaking at 250 rpm. The cell suspensions were

diluted to 10" and 10 The diluted and undiluted suspensions were plated in triplicate, 100
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pL each, on LB agar containing X-Gal/IPTG and 1 mg/mL Em as described in Section 1. A
total of 9 plates were prepared for each ligated DNA sample. The plates were incubated

aerobically at 37°C for 48-72 h.

4.8. Colony hybridization

4.8.1. Replica plating

White colonies on LB agar containing X-Gal/IPTG plates were further screened for
hybridization-positive clone(s) using colony hybridization. Approximately 1000 white
colonies were screened for each gene of interest. Each white colony was inoculated on 3 LB
agar plates containing 1 mg/mL Em. Each plate could hold 50 colonies. A total of 20-22 sets
of triplicate plates were prepared in each cloning. The plates were incubated aerobically at
37°C for 16 h. Except for pepO3 cloning, the E. coli(pJDC9) and E. coli clone expressing the
corresponding endopeptidase gene from Lb. helveticus CNRZ32 served as the negative and

positive controls, respectively.

4.8.2. Colony lifts

Colony lifts were performed according to the Nylon Membranes for Colony and
Plaque Hybridization Instruction with modifications (Roche Diagnostics Corp., Indianapolis,
IN). One of the triplicate plates were pre-cooled at 4°C for 1 h. Nylon membranes for colony
and plaque hybridization (82 mm diameter; Roche Diagnostics Corp., Indianapolis, IN) were
carefully placed on the surface of the pre-cooled plates. The membrane discs were left on the
plates for 5 min at room temperature, then removed carefully with sterile filter tweezers, and

briefly blotted on Whatman 3 MM Chr paper.
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The membrane discs were placed side up for 15 min at room temperature on 2 pieces
of Whatman 3 MM Chr paper, saturated with denaturation solution (0.5 M NaOH; 1.5 M
NaCl). The discs were air-dried on Whatman 3 MM Chr paper, then placed upside for 15 min
at room temperature on 2 pieces of Whatman 3 MM Chr paper, saturated with neutralization
solution (1.5 M NaCl; 1.0 Tris-HCI; pH 8.0). The discs were air-dried on Whatman 3 MM
Chr paper, and then placed upside for 10 min at room temperature on 2 pieces of Whatman 3
MM Chr paper, saturated with 2X SSC solution. The 2X SSC solution was diluted from 20X
SSC solution (3 M NacCl; 0.3 M sodium citrate; pH 7.0). The transferred DNAs were
subsequently crosslinked to the membranes using a Stratalinker™ 2400 UV Crosslinker. The
crosslinking was conducted twice using Autocross-link program.

The colony lifts were treated with proteinase K (Roche Diagnostics Corp.,
Indianapolis, IN) for removal of cell debris. The proteinase K (>600 units/mL, 14-22 mg/mL)
was diluted 1:10 in 2X SSC solution. The diluted enzyme (500 uL) was added to each
membrane disc, which was placed on a foil, and distributed evenly. The discs were incubated
at 37°C for 1 h. After incubation, the discs were placed between 2 pieces of Whatman 3 MM
Chr paper pre-soaked in sterile deionized water. The paper was pressed firmly onto the discs
using a ruler or test tube. The debris was removed by gently pulling off the paper. This step

was repeated if visible debris was still on the membrane disc.

4.8.3. Prehybridization and hybridization

Prehybridization and hybridization steps were carried out in a 2.7 L round
Rubbermaid container on an orbital shaker at 50 rpm. Prehybridization steps were performed

in 600 mL of prehybridization solution (5X SSC; 1% blocking reagent; 0.1% N-
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lauroylsarcosine; 0.02% SDS) under a high stringency condition at 68°C for 6-12 h. The used
prehybridization solutions were discarded. Probes, after being denatured at 65°C for 10 min,
were added to 600 mL of fresh prehybridization solutions to obtain final concentrations of 25
ng/mL. Probe syntheses and determination of probe concentrations are described in Section
4.2. When frozen hybridization solutions were utilized, the solutions were heated in boiling
water for 10 min before adding to the membrane discs. Hybridization steps were conducted
under a high stringency condition at 68°C for 12 h. The used hybridization solutions were

stored at —20°C for later use.

4.8.4. Detection

The membrane discs were washed twice with 600 mL of 2X wash solution (2X SSC;
0.1% SDS), 15 min per wash, at room temperature. The discs were washed twice with 600
mL of 0.5X wash solution (0.5X SSC; 0.1% SDS), 30 min per wash at 68°C. After the
stringency washes, the membranes were equilibrated with 600 mL of washing buffer for 5
min at room temperature. After equilibration, the membranes were incubated at room
temperature in 600 mL of blocking solution for 60 min, followed by incubation in 600 mL of
antibody solution for 30 min. All incubations were performed on an orbital shaker at 50 rpm.
Preparations of the washing buffer, blocking solution, and antibody solution are described in
Section 4.2.3.

After incubation with the antibody solution, the membranes were transferred to a
clean container. The membranes were washed twice with 600 mL of washing buffer, 15 min
per wash at room temperature on an orbital shaker at 50 rpm. After the washing steps, the

membranes were equilibrated in 100 mL of detection buffer at room temperature for 5 min
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on an orbital shaker at 50 rpm. After equilibration, the membranes were incubated in 5 mL of
color substrate solution in the dark to allow for color development. Preparations of the
detection buffer and color substrate solution are described in Section 4.2.3. When the desired
spots were detected, the membranes were rinsed with deionized water to prevent over-

development of the color.

4.9. Confirmation of peptidase-positive clone(s)

4.9.1. Small-scale plasmid DNA preparation from hybridization-positive colonies

If the colony hybridization screening resulted in less than 3 hybridization-positive
colonies, plasmids from these colonies were prepared in medium-scale for restriction enzyme
analyses and 5°, 3° end DNA sequencing. Otherwise, plasmids were prepared in small-scale
for restriction enzyme analyses before proceeding to medium- and large-scale for further
confirmations.

Hybridization-positive colonies were inoculated in 10 mL of LB broth containing 1
mg/mL Em and incubated at 37°C for 16 h with vigorous shaking. The cultures (1.5 mL)
were harvested by centrifuging for 1 min (16,100 x g at room temperature) using an
Eppendorf® Microcentrifuge 5415D (Brinkmann Instruments, Westbury, NY). The
supernatants were decanted. The pellets were used for small-scale plasmid preparation
following the QIAprep”™ Miniprep Handbook protocols.

The bacterial pellets were re-suspended in 250 pL of resuspension buffer P1
containing 100 pg/mL RNaseA by vortexing at maximum speed. The cells were lysed in 250

pL of lysis buffer P2 for 5 min. The tubes were inverted gently 4-6 times to mix. Addition of

350 uL of neutralization buffer N3 stopped the lysis reaction. After the addition of buffer N3,
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the tubes were immediately, gently inverted 4-6 times to avoid localized precipitation. The
solutions were centrifuged for 10 min (16,100 x g at room temperature).

Supernatants were decanted to the QIAprep” Spin columns and centrifuged for 1 min
(16,100 x g at room temperature). The flow-through fractions were discarded and the
columns were washed with 500 uL of binding buffer PB, followed by centrifugation for 1
min (16,100 x g at room temperature). The flow-through fractions were discarded. The
columns were washed with 750 uL of wash buffer PE and centrifuged for 1 min (16,100 x g
at room temperature). After discarding the flow-through fractions, the columns were re-
centrifuged for an additional 1 min to remove residual wash buffer.

The QIAprep” columns were placed in sterile 1.5 mL microcentrifuge tubes. The
plasmid DNAs were eluted with 50 puL of elution buffer EB, centrifuged for 1 min (16,100 x
g at room temperature). The flow-through fractions containing plasmid DNAs were used for

restriction enzyme analysis for confirmation of the positive clone(s).

4.9.2. Restriction enzyme analyses

Plasmid DNAs were digested with the cloning enzymes to confirm the presence of
the endopeptidase genes of interest. The pJDC9 vector DNA digested with the same
restriction enzymes served as the control. Digestion mixtures were prepared in a total volume
of 20 pL by mixing 10 uL of plasmid DNA with 2 uL of 10X buffer, 1 puL of restriction
enzyme, and sterile deionized water to make up the volume. Digestions were performed at

37°C for 5 h, followed by gel electrophoresis in 0.8% agarose.



62

4.9.3. Chloramphenicol-permeabilized cells / cell-free extract (CFE) assay for

confirmation of PepE activity

The chloramphenicol-permeabilized cells / CFE assay for peptidase activity followed
the procedure developed by Bhowmik and Marth (1988), with some modifications. A single
hybridization-positive colony was inoculated in 10 mL of LB broth containing 1 mg/mL Em
and incubated at 37°C for 16 h with vigorous shaking. The culture (0.2 mL) was mixed with
2.8 mL of 50 mM Hepes buffer (pH 7.0; Sigma-Aldrich Co., St. Louis, MO).
Chloramphenicol (4-5 drops; JT Baker Inc., Phillipsburg, NJ) was added to the mixture and
vortexed well. Substrate N-Benzoyl-Phenylalanine-Valine-Arginine-p-Nitroanilide. HCI
(Sigma-Aldrich Co., St. Louis, MO) was dissolved in methanol to a concentration of 3 mM
and added to the mixture (100 uL). After vortexing, the mixture was incubated at 37°C with
shaking (~250 rpm). The E. coli SURE(pTRKL2::pepE) and E. coli DH5a(pJDC9) served as
positive and negative controls, respectively. Peptidase-positive clones carrying the pepE gene

developed yellow color after approximately 2 h incubation.

4.9.4. Medium-scale plasmid DNA preparation from hybridization-positive colonies

Frozen stocks of the hybridization-positive E. coli DH5a (100 puL) were inoculated in
10 mL of LB broth containing Em and incubated at 37°C for 16 h with vigorous shaking. One
mL of the cultures were transferred into 100 mL of LB broth containing 1 mg/mL Em and
incubated at 37°C for 16 h with vigorous shaking. The cells were harvested by centrifuging
for 15 min (6,000 x g at 4°C) using an Avanti  J-25 centrifuge (Beckman Coulter, Fullerton,
CA). The supernatants were discarded. The pellets were used for medium-scale plasmid

preparation following the QTAGEN® Plasmid Purification Handbook protocols.



63

The bacterial pellets were resuspended in 4 mL of resuspension buffer P1 (50 mM
Tris-HCI, pH 8.0; 10 mM EDTA; 100 pg/mL RNase A) by vortexing at maximum speed.
The suspensions were transferred to sterile 50 mL centrifuge tubes. Four mL of lysis buffer
P2 (200 mM NaOH, 1% SDS) was added to the suspensions and mixed gently by inverting
the tubes 4-6 times. The lysates were incubated at room temperature for 5 min. After
incubation, 4 mL of chilled neutralization buffer P3 (3.0 M potassium acetate, pH 5.5) was
added to the lysates and mixed gently by inverting the tubes 4-6 times. The mixtures were
incubated on ice for 15 min, and then centrifuged for 30 min (22,000 x g at 4°C) using an
Avanti  J-25 centrifuge (Beckman Coulter, Fullerton, CA). The supernatants containing
plasmid DNAs were transferred to clean, sterile 50 mL centrifuge tubes and re-centrifuged
for 15 min (22,000 x g at 4°C).

Supernatants containing plasmid DNAs from the second centrifugation were applied
promptly to the QTAGEN®-tips 100, pre-equilibrated with 4 mL of equilibration buffer QBT
(750 mM NaCl; 50 mM MOPS, pH 7.0; 15% isopropanol, 0.15% Triton™ X-100). The
supernatants flowed through the tips by gravity flow. The columns were washed twice 10 mL
of wash buffer QC (1.0 M NaCl; 50 mM MOPS, pH 7.0; 15% isopropanol). Plasmid DNAs
were eluted with 5 mL of elution buffer QF (1.25 M NaCl; 50 mM Tris-HCI, pH 8.5; 15%
isopropanol) and precipitated with 3.5 mL (0.7 volumes) of room temperature isopropanol.
The precipitated DNAs were recovered by centrifuging for 30 min (22,000 x g at 4°C).

After carefully decanting the supernatants, the plasmid DNA pellets were washed
with 2 mL of room temperature 70% ethanol, and centrifuged for 10 min (22,000 x g at 4°C).
The supernatants were decanted carefully. The plasmid DNA pellets were air-dried and re-

dissolved in 150 uL of elution buffer EB overnight on an orbital shaker at 60 rpm. DNA
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concentrations were estimated by restriction enzyme digestions of the DNAs followed by gel

electrophoresis in 0.8% agarose. The High DNA Mass Ladder was used as the standard.

4.9.5.5° and 3’ end DNA sequencing

The Laboratory for Biotechnology and Bioanalysis I (LLB 1) at Washington State
University (Pullman, WA) performed the 5’ and 3” end DNA sequencing using M13 forward
and reverse universal primers. The plasmid DNAs prepared from hybridization-positive
colonies, as described in Section 4.9.4., were used as the sequencing templates. For
confirmation of the pepO clone(s), additional sequencing was performed using the PepO
forward and reverse primers from Lb. helveticus CNRZ32 (Table 6). Nucleic acid and protein
identities searches were performed using Basic Local Alignment Search Tool (BLAST)
through the National Center for Biotechnology Information (NCBI) website. Positive insert
DNAs confirmed by the 5° and 3’ end DNA sequencing were subjected to primer walking for

complete sequencing of the genomic inserts.

4.9.6. Large-scale plasmid DNA preparation from peptidase-positive clones

Plasmid DNAs were prepared in a large-scale from peptidase-positive clones that
were confirmed by the 5’ and 3° end DNA sequencing. The large-scale plasmid DNAs were
used as the templates for complete sequencing of the genomic inserts. The large-scale
plasmid preparation is described in Section 4.1. If cloning of a particular endopeptidase gene
resulted in more than one positive clone, one of the positive clones was selected for complete

sequencing.
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4.9.7. Primer walking DNA sequencing

The Nucleic Acid and Protein Facility at the University of Wisconsin Biotechnology
Center (Madison, WI) conducted the primer walking for complete sequencing of the genomic
inserts. Primer walking was performed using universal (M13 forward and reverse) and
custom primers. The DNA sequences were analyzed using Vector NTT Advance™ 9.0
(Invitrogen, Carlsbad, CA). Nucleic acid and protein identities searches were performed

using BLAST through the NCBI website.

5. Cloning of the pepN structural gene from Lb. helveticus WSU19

5.1. Design of degenerate primers

A set of degenerate primers was designed based on the sequence of the pepN genes
and PepN enzymes from Lb. helveticus CNRZ32, Lb. helveticus 53/7, Lb. gasseri, Lb.
plantarum WCFS1, and Lb. delbrueckii ssp. lactis DSM7290. GenBank accession numbers
for the pepN genes from these bacteria are U08224, 230323, AJ506050, AL935254, and
721701, respectively. Figures 7 and 8 illustrate protein alignments of PepN enzymes from
these bacteria for the forward and reverse degenerate primers, respectively. Figures 9 and 10
illustrate nucleotide alignments of the coding sequences of the pepN genes.

Based on these alignments, the sequences of the forward and reverse degenerate
primers were 5’-CGAGCTCACWTTYCAHCCAGAWCAYTAYRATHTN-3’ and 5°-
GCTCTAGARTCCATCTTRATYTCMCGVBTHAR-3’, respectively. The Sacl and Xbal
sites, indicated by the underlined nucleotides, were added to the forward and reverse

degenerate primers, respectively. To increase the efficiency of digestion, additional 1-2
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nucleotides were added to flank the restriction sites. The size of PCR product was expected

to be 2.4 kb.

5.2. PCR amplification of the pepN structural gene from Lb. helveticus WSU19

Amplification of the pepN structural gene utilized genomic DNA from Lb. helveticus

WSU19 as the template. The DNA was diluted in elution buffer EB to a final concentration
of approximately 150 ng/uL. The degenerate primers were dissolved in elution buffer EB to a
final concentrations of 100 pmoles/uL.. DNA polymerase used in the amplification reaction
was Cloned Pfu DNA polymerase (2.5 U/uL; Stratagene, La Jolla, CA).

For the PCR reaction, the following reagents were mixed in a PCR tube: 10 uL of
10X Cloned Pfu buffer containing MgCly; 8 uL. of 10 mM dNTP mix (Stratagene, La Jolla,
CA), 1 uL of forward degenerate primer, 1 uL of reverse degenerate primer, 2 puL of cloned
Pfu DNA polymerase, 2 pL of template DNA, and sterile deionized water to make the
volume to 100 pL. The PCR reaction was performed using the following thermal cycle: a
single cycle of 95°C for 45 s (initial denaturation); 30 cycles of 95°C for 45 s (denaturation),
55°C for 45 s (annealing), 72°C for 5 min (elongation); and a single cycle of 72°C for 10 min
(final elongation). The PCR product was purified following the QIAquick® PCR Purification

Kit Protocol described in Section 4.5.2.
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Figure 7. Protein alignment of PepN enzymes for designing the forward degenerate primer.
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Figure 8. Protein alignment of PepN enzymes for designing the reverse degenerate primer.
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886 960
ATGGCTGTTAAG—--CGTTTTTACGAAACATTCCAT CCAGAT CACTACGATCTATACATCGACGTTGACCGGGCA
ATGGCAGAAGTTAAACGT TTTTATGAAACT TTTCACCCAGAT CAT TATGATATUTATTTAGATATTAGCCGTGAA
ATGGCAGTTAAA-—-CGTTTCTATAAAACT TTCCACCCAGAACAT TACGATTTQCGTATTAATGTAAACCGTAAG
ATGGCAGTTAAA-—-CGTTTCTATAAAACT TTCCACCCAGAACAT TACGATTTGCGTATTAATGTAAACCGT AAG
ATGGCAACCACAACTCATTTTTACGAAACATTTCAACCAGAACAT TACAATCTTITATATCAATATTAACCGGGCG
ATGGCAG A CGTTT TA AAAC TT CA CCAGA CATTACGAT T| TAT AT T AACCG

961 1035

GCAAGATCTTTCTCAGGGACT TCCACCATCCATGGT GAAATCCAGGAAGAAACTGTCTTGGTCCACCAAAAGTAC
AAAAAGAGCTTCCACGGTAAAACTATTGTGGTTGGGGATGCT CAAGAAGAATTAGTTAAATTAAAT CAAAAGTAC

AATAAAACTATTAATGGTACT TCCACAATTACTGGTGATGTAATT GAAAATCCAGTATTTATTAACCAAAAATTT
AATAAAACTATTAATGGTACT TCCACAATTACTGGTGATGTATTTGAAAATCCAGTACTTATTAACCAAAAATTT
GATAAGCTGATT TCGGGGAAATCAACGATTACCGGGGATGCTAAAGCGCAGGAAGTACTGATT CATCAGAATGGT
A AA T GG A TC AC AT  TGG GATG GAA A AGT T T ACAAAAT

Figure 9. Nucleotide alignment of the pepN genes for designing the forward degenerate

primer.

L.delbrueckii ssp lactis
L.delbrueckii ssp lactis DSM7290
L.gasseri
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L.plantarum WCFS1

Consensus

L.delbrueckii ssp lactis
L.delbrueckii ssp lactis DSM7290
L.gasseri

L.gasseri (partial)

L.helveticus 53/7

L.helveticus CNRZ32

L.plantarum WCFS1

Consensus

3286 3360
GCCTTCTTTACTGACAAGGAAAGCAACATGCTGL TGAACCGGGAAATCAAGATGGACLGGAAGG TCATCGCTAAC
GACTTCTTCGAACCAAAGATTAATACTCCAGGATT TAACCCGTGAAATTAAGATGGATACTAAAGTAATCGAAACT
GACTTCTTTGAACCAAAGATCAATACTCCAGGATT TAACTCGTGAGATTAAGATGGATACTAAAGTAATCGAAACT
GAATTCTTTGAACCAAAGATTAATGTTCCACTTLCTTAGTCGTGAAATTAAGATGGACE TTAAGG TCATCGAAAGC
GAATTCTTTGAACCAAAGATTAATGTTCCACTTCTTAGTCGTGAAATTAAGATGGACE TTAAGG TCATCGAAAGC
GCGTTCTTTGAACCAAAAATCAATACGCCAGGTIT TAACGCGTGAAATTAAGATGGATACTAAGGTAATCGCCAGT
GA TTCTTTGAACCAAAGAT AATA TCCA T A CGTGAAATTAAGATGGA | TAAGGT ATCGAAA

3361 3426
CGGGTAGACTTGATTGCCAGCGAACAAGCTGACGTCAACGCCGCGGTTGCTGCTGCT-TTGCAAAA
AAGGTAAACTTAGTTAAGAAGGAGCAAGCTGCTGTAAATGCAGCAATTGCCAAAGCAGTTGACTAA
AAGGTCAACTTAGTTAAGAAAGAACAAGCTGCTGTTAATGCTGCAATTGCTAAAGCAGTTGCTTAA
AAGGTTAACTTGATCGAAGCTGAAAAAGATGCTGTTAATGATGCAGTTGCTAAAGCAATTGATTAA
AAGGTTAACTTGATCGAAGCTGAAAAAGATGCTGTTAATGATGCAGTTGCTAAAGCAATTGATTAA
CGCGTTGCCTTAGTTGAGGATGAACGTGATGCGG TGAATGCAGCGG TCGCGGAAGTTGTAAAATAA
AAGGT AACTT TIGA GAACAAG TGCTGT AATGC GCAGTTGCTAAAGCA TTGA TAA

Figure 10. Nucleotide alignment of the pepN genes for designing the reverse degenerate

primer.
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5.3. Preparation of insert and vector DNA

The pJDC9 plasmid DNA was the vector used for cloning of the pepN structural gene
from Lb. helveticus WSU19. The plasmid was isolated from E. coli DH5a(pJDC9) following
the procedure described in Section 4.1.

The PCR product and pJDC9 plasmid DNAs were digested with SstI (isoschizomer of
Sacl) and Xbal (Invitrogen, Carlsbad, CA) at 37°C for 16 and 5 h, respectively. Digestion
with both enzymes was conducted simultaneously following the enzyme manufacturer’s
instructions. The amount of pJDC9 vector DNA used in the digestion was approximately 1.5
pg per 100 uL of digestion mixture. The digested insert and vector DNAs were purified
following the QIAquick®™ PCR Purification Kit Protocol described in Section 4.5.2.
Concentrations of the insert and vector DNA were estimated by gel electrophoresis in 0.8%

agarose using High DNA Mass Ladder as the standard.

5.4. Ligation of insert into pJDC9 vector DNA

Two ligation mixtures were prepared to provide molar ratios of vector to insert of
approximately 1:3 and 1:7. The mass ratio of vector (~6.95 kb) to insert (~2.4 kb) is
approximately 3:1. The ligation mixture (1:3 molar ratio) consisted of 1 pL of vector DNA
(12 ng/uL); 5 uL of insert DNA (3 ng/uL); 5 uL of 1 U/uLL T4 DNA ligase; 8 uL of 5X T4
DNA ligase buffer; and sterile deionized water to make the volume to 40 pL. To obtain a
vector to insert molar ratio of 1:7, the amount of insert DNA was increased to 10 L.
Ligations were performed at 16°C for 2 h. The ligation mixtures were purified using the

QIAquick® PCR Purification Kit Protocol described in Section 4.5.2. Elution was performed
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in 40 pL of elution buffer EB.

5.5. Electroporation of the lisated DNA into electrocompetent E. coli DHSa cells

Electroporation of the ligated DNA into E. coli DH5a. cells followed the procedure
described in Section 4.7. The electroporated cells were plated on LB agar plates containing
X-Gal/IPTG, described in Section 1. A total of 4 plates were prepared per ligated DNA

sample.

5.6. Screening for PepN-positive clone(s)

White colonies on the LB agar plate containing X-Gal/IPTG were screened for PepN-
positive clone(s). Six colonies were randomly selected from each ligation and used for small-
scale plasmid DNA preparation described in Section 4.9.1. The plasmid DNA was digested
simultaneously with Ss#I and Xbal (Invitrogen, Carlsbad, CA) at 37°C for 5 h. Preparation of
digestion mixture is described in Section 4.9.2. PCR product digested with the same
restriction enzymes served as the positive control. The digested DNA was electrophoresed in
0.8% agarose. Plasmid DNA(s) carrying insert of the same size as the PCR product were
subjected to 5° and 3’ end DNA sequencing for further confirmation. Medium-scale plasmid
preparation for the sequencing template is described in Section 4.9.4. The 5* and 3° end DNA

sequencing and sequence analysis are described in Section 4.9.5.
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6. Cloning of the complete pepN gene from Lb. helveticus WSU19

6.1. Probe synthesis

A set of primers (Table 7) was designed using the sequence of insert DNA obtained
from the 5’ and 3° DNA sequencing and the sequences of formerly-designed degenerate
primers. The Sacl and Xbal restriction sites were removed from these primers. Plasmid
pJDC9 carrying the pepN structural gene, designated as pES3 (Table 8), was used as the

template for probe synthesis, described in Section 4.2.

Table 7. Forward and reverse primers for synthesis of the pepN gene probe

Primers Sequence
19PepN forward | 5’-ACATTTCACCCAGATCATTACGATTTG-3’

19PepN reverse | 5’-ATCCATCTTGATTTCCCGACTAAG-3’

6.2. Restriction enzvme analysis of pES3

Plasmid pES3 from large-scale preparation was subjected to restriction enzyme
analysis to determine the enzyme(s) that had only one restriction site on the plasmid. The
large-scale plasmid preparation is described in Section 4.1. Restriction enzymes used in this
analysis were those found in the multiple cloning site (MCS) of pJDC9 vector DNA, i.e.,
BamHl1, EcoRl, Hindlll, Kpnl, Pstl, Sall, Smal, Sphl, SstI (isoschizomer of Sacl), and Xbal
(Invitrogen, Carlsbad, CA).

The digestion mixture was prepared in a total volume of 20 uL. by mixing 5 uL of
plasmid DNA with 2 uL of 10X buffer, 2 pL of restriction enzyme, and sterile deionized
water to make to the volume. Digestion was performed at 37°C for 5 h, except for Smal at

30°C, followed by gel electrophoresis in 0.8% agarose.
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6.3. Southern hybridization

Based on the results of restriction enzyme analyses, the following enzymes were
determined to cleave the plasmid pES3 at a single site, i.e., BamHI, Kpnl, Sall, Sphl, Sst1,
and Xbal. These enzymes were used in combination (a total of 15 combinations) to digest
the genomic DNA from Lb. helveticus WSU19, followed by Southern hybridization as
described in Section 4.3. Prehybridization and hybridization steps were performed under high
stringency conditions at 68°C in the absence of 50% formamide. The Southern hybridization
result determined Sacl and Sphl to be used as the cloning enzymes for the pepN gene from

Lb. helveticus WSU19.

6.4. Cloning of the pepN gene

The steps in cloning of the pepN gene, from preparation of insert and vector DNA to
confirmation of the pepN clone(s) from Lb. helveticus WSU19 followed the same procedures
described previously for the endopeptidase genes. The E. coli DH5a(pJDC9) and E. coli
DHS5a(pES3) were used as negative and positive controls, respectively, in colony
hybridization. The chloroform / CFE assay for confirmation of PepN activity utilized L-
lysine-paranitroanilide. HCI1 (Sigma-Aldrich, Co., St. Louis, MO) as the substrate at a

concentration of 25 mM in methanol.

7. Preparation of CFEs from E. coli DH5a derivatives expressing selected peptidase

oenes from Lb. helveticus WSU19

Frozen stocks of E. coli DH5a clones (50 uL) were inoculated into 5 mL of LB broth

containing 1 mg/mL of Em and incubated at 37°C for 16 h with vigorous shaking. The
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cultures (100 pL) were transferred into 10 mL of LB broth containing 1 mg/mL of Em and
incubated at 37°C for 16 h with vigorous shaking. The cultures were transferred into 150 mL
of LB broth at 0.005-1% inoculation level depending on desired harvest time. The cultures
were incubated at 37°C with vigorous shaking until Agg of 4.0, and transferred into 250 mL
centrifuge bottles. The cells were harvested by centrifuging for 15 min (6,000 x g at 4°C)
using an Avanti  J-25 centrifuge (Beckman Coulter, Fullerton, CA).

After decanting the supernatants, the cells were washed with 75 mL of 50 mM Pipes
buffer (pH 7.0; ice-cold; Sigma-Aldrich, Co., St. Louis, MO) and centrifuged for 15 min
(7,500 x g at 4°C) using an Avanti  J-25 centrifuge (Beckman Coulter, Fullerton, CA). The
supernatants were discarded. The cells were washed again with 75 mL of 50 mM Pipes
buffer (pH 7.0; ice-cold) and centrifuged for 15 min (7,500 x g at 4°C). The supernatants
were discarded and the cells were re-suspended in 7.5 mL of 50 mM Pipes buffer (pH 7.0;
ice-cold).

The cell suspensions were transferred to 50 mL centrifuge tube. Glass beads (106
microns; 7.5 g) (Sigma-Aldrich, Co., St. Louis, MO) were added to the suspensions. The
mixtures were incubated on ice for 15 min, and homogenized for 5 min using the Red Devil
Paint Mixer (Red Devil Equipment Co., Plymouth, MN). The mixtures were incubated on ice
for another 15 min followed by homogenization for 5 min using the Red Devil Paint Mixer.
The mixtures were centrifuged for 30 min (20,000 x g at 4°C) using an Avanti  J-25
centrifuge (Beckman Coulter, Fullerton, CA). The supernatants were removed carefully and
stored at —80°C until used.

Protein contents of CFEs were estimated by the Bradford method (1976). Coomassie

Brilliant Blue G-250 (Bio-Rad Laboratories, Hercules, CA) was diluted with deionized water
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(1:4) and filtered through Whatman #1 filter paper. CFEs (50 pL) were mixed with 5 ml of
the diluted dye reagent and incubated for 20 min at room temperature. The amounts of
protein present in CFEs were derived from the absorbance at 595 nm. A standard curve was
prepared using bovine serum albumin (BSA; Sigma-Aldrich, Co., St. Louis, MO) at

concentrations of 0.2, 0.4, 0.6, and 0.8 mg/mL.

8. Degradation of B-CN f193-209 and o-CN f1-23 by CFE(s)

The B-CN £193-209 and o,;-CN f1-23 peptides, synthesized by the Laboratory for
Biotechnology and Bioanalysis I (LLB 1) at Washington State University (Pullman, WA),
were dissolved to final concentrations of 4 mg/mL in 50 mM citrate buffer (pH 5.2)
containing 4% (w/v) sodium chloride (JT Baker Chemical Co., Phillipsburg, NJ). Reaction
mixtures were prepared by mixing 400 uL of each casein fragment solution with CFEs,
added as an individual CFE or a combination of two CFEs. Each CFE contained 1-1.5
mg/mL of protein and was added to obtain a total protein of approximately 50 pg. The
mixtures were incubated at 37°C. Aliquots were withdrawn from the incubation mixtures at
0,2,4,8,12,24,48, and 72 h, followed by heat treatment at 70°C for 20 min to terminate the
reaction. The aliquots were immediately cooled in an ice-bath and stored at —80°C.
Degradation patterns of the CFEs on the casein fragments were determined using matrix-

assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS).
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9. MALDI-TOF mass spectrometry analyses

Aliquots from the CFE-casein digest by CFE were desalted using ZipTip C18
(Millipore, Bedford, MA) according to manufacturer’s instructions. The ZipTip C18
minicolumns were washed twice with 10 uL of 50% acetonitrile in Milli-Q grade water, and
then equilibrated twice with 10 uL of 0.1% TFA in Milli-Q grade water. Samples were
bound to the tips by aspirating and dispensing 10 uL of aliquots in 3 to 5 cycles. The bound
samples were desalted 6 to 10 cycles with 10 pL of 0.1% TFA in Milli-Q grade water. The
analytes were eluted with 10 pL of matrix solution. One pL of the eluates were deposited on
MALDI spot and air-dried prior to loading into TOF. Matrix for MALDI analysis was a-
cyano-4-hydroxycinnamic acid (CHCA; Sigma-Aldrich Co., St. Louis, MO). The matrix
solution was prepared by mixing approximately 20 mg of CHCA in 750 pL of solvent (60%
acetonitrile in Milli-Q grade water containing 0.1% of trifluoroacetic acid; TFA).

MALDI analyses were performed using a PerSeptive Biosystems (Framingham, MA)
DE-RP time-of-flight mass spectrometer. Samples were ionized by a 337-nm nitrogen laser
pulse and accelerated under 25,000 V before entering the TOF mass analyzer. The instrument
was set in the positive reflector mode with delayed extraction. The mass to charge ratio (m/z)
was acquired between 500 and 4,000 Da. Each spectrum generated in the analysis was the
result of 32 laser shots. A total of 8 spectra (a sum of 256 laser pulses) were collected for

each sample.
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Results and Discussion



Species designation for Lb. helveticus WSU19 was confirmed using a 16S rRNA

analysis (MIDI Labs, Newark, DE). Figure 11 illustrates the phylogenetic tree of Lb.

helveticus WSU19 based on the 16S rRNA gene sequence and alignment. The 0.09%

difference between the 16S rRNA gene sequence of the strain WSU19 and its closest

relative, Lb. helveticus, suggests that the strain WSU19 is a Lb. helveticus.
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Figure 11. Phylogenetic tree of Lb. helveticus WSU19 based on the 16S rRNA gene sequence

and alignment. The horizontal arrow indicates the strain WSU19.
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1. Cloning strategies

The goal of cloning the selected peptidase genes from Lb. helveticus WSU19 was to
obtain an insert DNA containing the complete peptidase gene of interest so that the gene
expresses peptidase activity. A complete gene consists of the coding sequence of the gene of
interest as well as the gene expression signals, including promoter, terminator, and ribosomal
binding site (RBS). Cloning of the peptidase genes used a one-step or a two-step approach.
The two-step strategy was applied when the one-step approach failed to obtain peptidase-

positive clone(s).

1.1. One-step cloning

A genomic DNA fragment containing the peptidase gene of interest from Lb.
helveticus WSU19 was cloned into the pJDC9 vector DNA. The insert DNA was ligated to
the pJDC9 plasmid at the MCS of the vector DNA. Figure 12 illustrates the map of plasmid
pJDCO. There are 10 restriction enzymes in the MCS of plasmid pJDC9 to facilitate ligation
of an insert DNA: SstI (isoschizomer of Sacl), Kpnl, Smal, BamHI, Xbal, Sall, Pstl, Sphl,
Hindlll, and EcoRI (Figure 12).

Southern hybridization was used to determine the cloning enzyme(s) and the size of
the DNA fragment containing the target gene. In one-step cloning, coding sequence of the
corresponding peptidase gene from Lb. helveticus CNRZ32 was used as the probe for
Southern hybridization to identify the complete target gene from Lb. helveticus WSU19. The
selected cloning enzyme(s) were: (i) the restriction enzyme(s) in the MCS of plasmid pJDC9,

(i1) able to produce a single hybridization-positive fragment in the Southern hybridization,



and (ii1) able to generate a hybridization-positive fragment of 1.5X to 2X the size of the

corresponding gene from Lb. helveticus CNRZ32.

TiT

TiT Hindlll

pJDC9

6950 bp em

Figure 12. Map of plasmid pJDC9

1.2. Two-step cloning

In two-step cloning, the structural gene of interest from Lb. helveticus WSU19 was

initially cloned into the pJDC9 vector DNA. A structural gene contains only the coding

sequence of the target gene. The structural gene of the target peptidase from Lb. helveticus
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WSU19 was amplified using degenerate primers. Genomic DNA from Lb. helveticus WSU19

was the template in the amplification. The degenerate primers were designed based on the

published amino acid sequences of the target peptidase from Lactobacillus species and the

corresponding nucleic acid sequences.

To facilitate ligation of the blunt end PCR product to the vector DNA, recognition

site(s) of the cloning enzyme(s) were added to the 5° end of the degenerate primers.



80

Digestion of the PCR product with the selected cloning enzyme(s) produced protruding ends,
known as cohesive or sticky ends, at the 5’ and 3 ends of the DNA. In addition to generating
sticky ends, the selected cloning enzyme(s): (i) should be the restriction enzyme(s) in the
MCS of pJDC9 plasmid and (ii) should not have recognition site(s) inside the coding
sequences used for designing the degenerate primers.

The second cloning to obtain the complete peptidase gene used the same approach as
the one-step cloning. Southern hybridization was performed to determine the cloning
enzyme(s) and the size of DNA fragment containing the peptidase gene of interest. The
sequence of the structural gene of interest from Lb. helveticus WSU19 was used as the probe

for Southern hybridization.

1.3. Screening and confirmation of the peptidase-positive clone(s)

Peptidase-positive clones from one-step and two-step cloning were screened by
antibiotic resistance, blue/white screening, and colony hybridization. The plasmid pJDC9
carries a gene encoding for erythromycin resistance (em’; Figure 12). Antibiotic-resistant
transformants, i.e., E. coli DHS5a carrying the pJDC9 vector DNA with or without an insert,
are able to grow in the medium containing Em. Blue/white screening was performed to
identify the recombinant plasmid(s), i.e., the vector DNA with an insert. Colony
hybridization, using the same probe as Southern hybridization, was conducted to determine
recombinant plasmid(s) carrying the gene of interest.

Blue/white screening involves an insertional inactivation of [-galactosidase gene
(lacZ). The plasmid pJDCO9 carries a gene encoding for the N-terminal a-peptide of 3-

galactosidase (lacZ’; Figure 12), which is a shortened derivative of the /acZ gene. The host E.
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coli DH5a, on the other hand, carries a gene that expresses only the C-terminal of 3-
galactosidase (lacZAM15). IPTG is an inducer for expression of the latter gene in the
presence of lac repressor. Although the two parts of B-galactosidase are not active
enzymatically, they can associate to form an active 3-galactosidase (a-complementation),
which utilizes X-gal to produce a blue product. In a recombinant plasmid, the presence of
insert DNA in the MCS interrupts expression of the a-peptide and consequently the
development of blue color. Thus, the white colonies do not express -galactosidase and are
likely to contain the inserted DNA fragments, while the blue colonies are likely to contain the
religated vectors or the supercoiled DNA that did not get digested (Sambrook et al., 1989).
Confirmation of the peptidase-positive clone(s) was conducted by restriction enzyme
analyses followed by 5’ and 3’ end DNA sequencing of insert DNA and nucleic acid BLAST
analysis of the DNA sequence. Primer walking determined the nucleic acid sequence of the

insert genomic DNA from the peptidase-positive clone(s).

2. Cloning of the pepE, pepO, pepO2, pepO3, and pepN genes

Figures 13-17 exhibit high stringency Southern hybridization analyses for the pepE,
pepO, pepO2, and pepO3 genes using single and double restriction enzyme digest(s). Based
on the Southern hybridization results, the cloning enzyme(s) for the pepE, pepO, pepO2, and
pepO3 genes were Pstl, Hindl11-Sall, Sphl-Xbal, and Kpnl, respectively.

Cloning of the putative pepE, pepO, pepO2, and pepO3 genes resulted in 2, 14, 1, and
26 hybridization-positive colonies, respectively. Restriction enzyme analyses of the plasmids
from all hybridization-positive colonies in the pepE and pepO?2 cloning and from 20

hybridization-positive colonies in the pepO3 cloning revealed the expected restriction
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patterns (data not shown). CFEs from both hybridization-positive colonies in the pepE
cloning exhibited yellow color upon incubation with N-Benzoyl-Phenylalanine-Valine-
Arginine-p-Nitroanilide substrate. The yellow color indicated expression of PepE activity in
both colonies.

Figure 18 shows the result of high stringency Southern hybridization using plasmids
extracted from the hybridization-positive colonies in pepO cloning and digested with EcoRI.
Plasmids extracted from 7 hybridization-positive colonies in the pepO cloning hybridized to
the pepO probe in Southern hybridization. Restriction enzyme analysis of the 7 Southern
hybridization-positive plasmids using HindllI revealed the expected restriction patterns (data
not shown). However, the 7 plasmids were not digested by Sal/l, suggesting the ligated Sa/l
site could not be recut. Sall was one of the cloning enzymes used in the pepO cloning.

E. coli DH5a clones confirmed by 5° and 3” end DNA sequencing, as well as primer
walking, to carry the pepE, pepO, pepO2, and pepO3 genes from Lb. helveticus WSU19 were
#12-31, #4-6, #15-17, and #1-4, respectively. The pJDC9 derivatives containing the pepE,
pepO, pepO2, and pepO3 genes from Lb. helveticus WSU19 were designated pES1, pESS,
pES2, and pES6, respectively (Table 8).

Three clones carrying the pepN structural gene from Lb. helveticus WSU19 were
obtained and designated as #3-5, #7-2, and #7-5, respectively. Figures 19-21 show the
nucleic acid sequences of these clones confirmed by 5’ and 3° end DNA sequencing. Nucleic
acid BLAST analyses revealed 98% identities with the nucleotide regions 161-975 and 1791-
2587 of the pepN gene from Lb. helveticus 53/7. Additionally, the pepN structural gene from
Lb. helveticus WSU19 was determined to share 98% identitities with the nucleotide regions

905-1719 and 2535-3331 of the pepN gene from Lb. helveticus CNRZ32. The pJDC9
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derivatives containing the pepN structural gene from Lb. helveticus WSU19 were designated
pES3 (Table 8). The plasmid pES3 from colony #7-5 was the template for synthesizing the
probe for Southern and colony hybridizations.

Figure 22 demonstrates the results of restriction enzyme analysis of the plasmid
pES3. The restriction enzymes used in this analysis are present in the MCS of the plasmid
pJDC9 (Figure 12). Based on this analysis, BamHI, Kpnl, Sall, Sphl, Sstl (isoschizomer of
Sacl), and Xbal cleaved the plasmid pES3 at a single site. Figure 23 displays the results of
high stringency Southern hybridization analysis for the pepN gene from Lb. helveticus
WSU19 using a combination of these enzymes. Based on the Southern hybridization result,
cloning enzymes for the pepN gene were Sacl (isoschizomer of SstI) and Sphl.

Cloning of the putative pepN gene resulted in 7 hybridization-positive colonies.
Restriction enzyme analysis of the plasmids from all hybridization-positive colonies revealed
the expected restriction patterns (data not shown). CFEs from all hybridization-positive
colonies in the pepN cloning exhibited yellow color upon incubation with L-Lysine-p-
Nitroanilide substrate. The production of yellow color indicated expression of PepN enzyme
activity. E. coli DH5a clone #3-38 was confirmed by 5’ and 3’ end DNA sequencing as well
as primer walking to carry the pepN gene from Lb. helveticus WSU19. The derivative of the
plasmid pJDC9 containing the complete pepN gene from Lb. helveticus WSU19 was

designated as pES4 (Table 8).
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Figure 13. High stringency Southern hybridization of genomic DNA from Lb. helveticus
WSU19 using DIG-labeled probes synthesized based on DNA sequence information
available for Lb. helveticus CNRZ32: (A) pepE, (B) pepO, (C) pepO2, (D) pepO3. Lane 1.
DIG-labeled DNA MW Marker VII; lane 2A. pTRKL2::pepE (CNRZ32) digested with
EcoRlI; lane 2B. pTRKL2::pepO (CNRZ32) digested with PstI; lane 2C. pJDC9::pepO2
(CNRZ32) digested with Xbal and Pstl; lane 2D. pepO3 (CNRZ32) PCR product digested
with Hindlll; lanes 3-19. genomic DNA from Lb. helveticus WSU19 digested with: BamHI
(lane 3); Clal (lane 4); Dral (lane 5); EcoRI (lane 6); EcoRV (lane 7); Hindlll (lane 8); Kpnl
(lane 9); Nrul (lane 10); Pstl (lane 11); Pvull (lane 12); Sacl (lane 13); Sacll (lane 14); Sall
(lane 15); Smal (lane 16); Spel (lane 17); Sphl (lane 18); Xbal (lane 19); lane 20. DIG-
labeled DNA MW VIIL
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Figure 14. High stringency Southern hybridization of genomic DNA from Lb. helveticus
WSU19 using a DIG-labeled probe synthesized based on the Lb. helveticus CNRZ32 pepE
gene. Lane 1. DIG-labeled DNA MW Marker II; lane 2. pTRKL2::pepE (CNRZ32) digested
with EcoRI; lanes 3-8. genomic DNA from Lb. helveticus WSU19 digested with: PstI (lane
3); Pstl and Xbal (lane 4); Pstl and Kpnl (lane 5); Pstl and BamHI (lane 6); Pstl and Sphl

(lane 7); Pstl (lane 8); lane 9. DIG-labeled DNA MW Marker II.
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Figure 15. High stringency Southern hybridization of genomic DNA from Lb. helveticus
WSU19 using a DIG-labeled probe synthesized based on the Lb. helveticus CNRZ32 pepO
gene. Lane 1. DIG-labeled DNA MW Marker II; lane 2. pTRKL2::pepO (CNRZ32) digested
with Pstl; lanes 3-8. genomic DNA from Lb. helveticus WSU19 digested with: HindIII (lane
3); Hindlll and Sphl (lane 4); Hindlll and BamHI (lane 5); HindlIll and Sall (1ane 6); HindIll

and Kpnl (lane 7); Kpnl and Sphl (lane 8); lane 9. DIG-labeled DNA MW Marker II.



87

23.1kb

9.4 kb
6.5kb ——n

44kb —

23kb —
20kb —

Figure 16. High stringency Southern hybridization of genomic DNA from Lb. helveticus
WSU19 using a DIG-labeled probe synthesized based on the Lb. helveticus CNRZ32 pepO2
gene. Lane 1. DIG-labeled DNA MW Marker II; lane 2. pJDC9::pepO2 (CNRZ32) digested
with Pstl and Xbal; lanes 3-8. genomic DNA from Lb. helveticus WSU19 digested with: Sphl
(lane 3); Sphl and BamHI (lane 4); Sphl and Xbal (lane 5); Sphl and Kpnl (lane 6); Sphl and

Sall (lane 7); BamHI and Kpnl (lane 8); lane 9. DIG-labeled DNA MW Marker II.
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Figure 17. High stringency Southern hybridization of genomic DNA from Lb. helveticus
WSU19 using a DIG-labeled probe synthesized based on the Lb. helveticus CNRZ32 pepO3
gene. Lane 1. DIG-labeled DNA MW Marker II; lane 2. the pepO3 (CNRZ32) PCR product
digested with Hindlll; lane 3. pJDC9 digested with HindlIll; lanes 4-7. genomic DNA from
Lb. helveticus WSU19 digested with: BamHI and Kpnl (lane 4); BamHI and Sal/l (lane 5);
BamHI and Ss?1 (lane 6); BamHI and Smal (lane 7); lane 8. DIG-labeled DNA MW Marker
IT; lanes 9-14. genomic DNA from Lb. helveticus WSU19 digested with: Kpnl and Sall (lane
9); Kpnl and Sst1 (lane 10); Kpnl and Smal (lane 11); Sall and Smal (lane 12); Sall and Sstl

(lane 13); SstI and I (lane 14); lane 15. DIG-labeled DNA MW Marker II.
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Figure 18. High stringency Southern hybridization of plasmid DNA samples from the
hybridization-positive colonies in the cloning of the pepO gene from Lb. helveticus WSU19
using a DIG-labeled probe synthesized based on the Lb. helveticus CNRZ32 pepO gene.
Lane A. DIG-labeled DNA MW Marker II; lane B. pTRKL2::pepO (CNRZ32) digested with
Pstl; lane C. pJDC9 digested with HindlIll; lanes D-1. plasmid DNA samples digested with
EcoRI: #3-8 (lane D); #4-6 (lane E); #4-20 (lane F); #6-12 (lane G); #7-8 (laneH); #8-15
(lane I); lane J. DIG-labeled DNA MW Marker II; lane K-R. plasmid pJDC9 derivatives
digested with EcoRI: #9-2 (lane K); #10-44 (lane L); #13-33 (lane M); #17-50 (lane N); #19-
28 (lane O); #19-30 (lane P); #19-36 (lane Q); #21-20 (lane R); lane S. DIG-labeled DNA

MW Marker II.
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(a) File name: 02ellyFN3-5 03[1].ab1 Colony #3-5

GTGTAACGCCGGCCAGNGGAATTCGANTCCTTTTTCNAGNANAACACTACGATTTGNTCTCTAATGTAAACCGT
AAGAATAAAACTATTAATGGTACTTCCACAATTACTGGTGATGTAATTGAAAATCCAGTATTTATTAACCAAAA
ATTTATGACCATTGATAGCGTTAAGGTTGATGGTAAAAATGTTGATTTTGATGTAATCGAAAAAGATGAAGCAA
TCAAAATTAAAACAGGAGTAACTGGCAAAGCTGTAATCGAAATTGCTTATAGCGCACCACTTACTGATACTATG
ATGGGTATTTATCCTTCATATTACGAATTAGAAGGTAAGAAGAAGCAAATCATCGGTACGCAATTCGAAACTAC
TTTTGCTCGCCAAGCATTCCCATGTGTGGACGAACCTGAAGCTAAAGCTACATTCTCACTTGCTCTTAAGTGGG
ATGAACAAGATGGTGAAGTTGCACTTGCTAACATGCCAGAAGTAGAAGTTGACAAGGATGGCTACCACCACTTT
GAAGAAACTGTCCGCATGTCTAGTTACTTAGTTGCCTTTGCCTTTGGTGAATTACAATCTAAGACTACTCATAC
TAAGGATGGCGTATTAATTGGCGTTTACGCAACTAAGGCACACAAGCCTAAGGAATTAGACTTCGCTTTGGACA
TTGCTAAGCGCGCAATTGAATTTTACGAAGAATTCTACCAAACCAAATACCCACTTCCACAGNCATGGCAACTN
GCATTGGCAGACTTCTCAGCTGGGGGCATGGAAAACTGGGGGCTTGGAACTTACNGGGNAGCANANTGGCTCCT
GNCCCANAAANACTAGCTGGGAANGAAAANNTNGGTGCCCAGNTATACCNTGAATGGCNCNCAAGGGTCGGGNA
NTGGAACAGGAGGGGGGACACTTA

(b) File name: 05ellyRN3-5 09[1].ab1 Colony #3-5

GCCAGCTTGCATGCCTGCAGGTCGACTCNAGAATCCATCATTGAATCTCCCGACTAAGAAGTGGAACATTAATC
TTTGGTTCAAAGAATTCCTTGAATTCCTTAAGTCTTTCTGGGGTATGGAAGACGCCTGCAGTAACAGTGATAAA
TTTAGCAAATTCCATGTCACCACCAATAGTCTTGTCAAGCCAATCCCAGTCTTCTCTGATCCAGTCCCAAGCTG
CTTGTTGACCATAATGGTTAGCAAGTAAACCACGGTACCAATCACATAAATCTTGTGGCTTAACTACGTCAGCA
TTTTCAAAGTCGCCAACAATAGCCTTGATAGCTGCAAGATCCTTGGTGCTGGTTACAGCGCTGCGTAAGTCAAC
CTTGTATGATGGGTCAGCTGTTCTTTGGTATTCCTTAATTAACTTATCAACTAATTCAGCATTGCCAAAGTTCT
TAACTTCATTGATTAAAACGTATGGACGAATATCTGCATTCAATGCTTCCAAGTTATCTTCATTTTCAGTAAAG
ATTTGGTGAGCTGCCTTAATTGAGTCCGCATTTTCAGCGTAAAGACTTGCGCTCAACTCGTATGGACGAATTTG
AACATCTTCATCGCTTTCGCCTGGCTTTACTTCCCAGCCTAAACGTGCAACTTGATCCTTTGATAAGAGATCAT
AAAGCTTCTTCAAGTTCTTTTCTTCATTTGATTCTGGGTCAACGAATTGACGAAGCTTAGCTGCAGTAGTGTAA
AGTGCGTTAATTACCAAGCTGGACTTAGAATCAGCGAATTTAACCAAAGNGGAACANTGAAGCGTAAGAAATTG
CTNCCTTCTGCTANANACGTAGGTCTGGAGCANTGNACTTATCANTGGANCANTCTTTACACTGAAAAATTCTC
AGCAAGTCTGNCTATCACGAGAAGGGNGT

Figure 19. Nucleic acid sequences of plasmid pES3 carrying the pepN structural gene from
Lb. helveticus WSU19. The pES3 plasmid was extracted from E. coli DH5o(pES3) colony
#3-5. The sequences were obtained from 5’ and 3’ end DNA sequencing using: (a) M13

forward primer and (b) M13 reverse primer.
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(a) File name: 03ellyFN7-2 05[1].ab1 Colony #7-2

GTNGTAACGACGGCCAGTGAATTCGAGCTCACTTTTCAACCAGATCATTATGATTTGCGTATTAATGTAAACCG
TAAGAATAAAACTATTAATGGTACTTCCACAATTACTGGTGATGTAATTGAAAATCCAGTACTTATTAACCAAA
AATTTATGACCATTGATAGCGTTAAGGTTGATGGTAAAAATGTTGATTTTGATGTAATCGAAAAAGATGAAGCA
ATCAAAATTAAAACAGGAGTAACTGGCAAAGCTGTAATCGAAATTGCTTATAGCGCACCACTTACTGATACTAT
GATGGGTATTTATCCTTCATATTACGAATTAGAAGGTAAGAAGAAGCAAATCATCGGTACGCAATTCGAAACTA
CTTTTGCTCGCCAAGCATTCCCATGTGTGGACGAACCTGAAGCTAAAGCTACATTCTCACTTGCTCTTAAGTGG
GATGAACAAGATGGTGAAGTTGCACTTGCTAATATGCCAGAAGTAGAAGTTGACAAGGATGGCTACCACCACTT
TGAAGAAACTGTCCGCATGTCTAGTTACTTAGTTGCCTTTGCCTTTGGTGAATTACAATCTAAGACTACTCATA
CTAAGGATGGCGTATTAATTGGCGTTTACGCAACTAAGGCACACAAGCCTAAGGAATTAGACTTCGCTTTGGAC
ATTGCTAAGCGCGCAATTGAATTTTACGAAGAATTCTACCAAACCAAATACCCCCTTCCACAGTCATTGCAACT
GGCATGCCAGACTTCTCAGCTGGTGCCNTGGAAAACTGGGGTCTTGTACTTACNGNGNAGCATACTTGCTCCTG
ACCCAACAATACTAGCTGGGAATGAAAAGTNGNTGCCCNGTTNTNCCCTGAATGGCTCCCCANGGTCGGGACTG
GGAACCTGANGGGGGGCACTTTGNNTACGAN

(b) File name: 06ellyRN7-2_11[1].ab1l Colony #7-2

CGCCAGCTTGCATGCCTGCAGGTCGACTCTAGAGTCCATCTTGATTTCACGACTAAGAAGTGGAACATTAATCT
TTGGTTCAAAGAATTCTTTGAATTCCTTAAGTCTTTCTGGGGTATGGAAGACGCCTGCAGTAACAGTGATAAAT
TTAGCAAATTCCATGTCACCACCAACAGTCTTGTCAAGCCAATCCCAGTCTTCTCTGATCCAGTCCCAAGCTGC
TTGTTGACCATAATGGTTAGCAAGTAAACCACGGTACCAATCACATAAATCTTGTGGCTTAACTACGTCAGCAT
TTTCAAAGTCGCCAACAATAGCCTTGATAGCTGCAAGATCCTTGGTGCTGGTTACAGCGCTGCGTAAGTCAACC
TTGTATGATGGGTCAGCTGTTCTTTGGTATTCCTTAATTAACTTATCAACTAATTCAGCATTGCCAAAGTTCTT
AACTTCATTGATTAAAACGTATGGACGAATATCTGCATTCAATGCTTCCAAGTTATCTTCATTTTCAGTAAAGA
TTTGGTGAGCTGCCTTAATTGAGTCCGCATTTTCAGCGTAAAGACTTGCACTCAACTCGTATGGACGAATTTGA
ACATCTTCATCGCTTTCGCCTGGCTTTACTTCCCAGCCTAAACGTGCAACTTGATCCTTTGATAAGAGATCATA
AAGCTTCTTCAAGTTCTTTTCTTCATTTGATTCTGGTTCANCGAATTGACGAAGCTTAGCTGCAGTAGTGTAAA
GTGCGTTAATTACCANGCTGGACTNGAATCAGCGAATTTANCCAAAGNGGAACAATTGAAGCGTAAGAAATTGC
TNACCTCTGCTAAANACGTAGNCNTGANGCANTGNAACTTATCAATNGGATCCATTCNTTACCTCTGAAAANTT
CCTCAAGCAAAGCCTGNCNNATTCAACGAAGAANGGGGNGTGGTGCCAAATN

Figure 20. Nucleic acid sequences of plasmid pES3 carrying the pepN structural gene from
Lb. helveticus WSU19. The pES3 plasmid was extracted from E. coli DH5o(pES3) colony
colony #7-2. The sequences were obtained from 5’ and 3’ end DNA sequencing using: (a)

M13 forward primer and (b) M13 reverse primer.
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(a) File name: 04ellyFN7-5 07[1].ab1 Colony #7-5

GTGTACGCGGCCAGTGAATTCGAGCTCACATTTCACCCAGATCATTACGATTTGCGTATTAATGTAAACCGTAA
GAATAAAACTATTAATGGTACTTCCACAATTACTGGTGATGTAATTGAAAATCCAGTATTTATTAACCAAAAAT
TTATGACCATTGATAGCGTTAAGGTTGATGGTAAAAATGTTGATTTTGATGTAATCGAAAAAGATGAAGCAATC
AAAATTAAAACAGGAGTAACTGGCAAAGCTGTAATCGAAATTGCTTATAGCGCACCACTTACTGATACTATGAT
GGGTATTTATCCTTCATATTACGAATTAGAAGGTAAGAAGAAGCAAATCATCGGTACGCAATTCGAAACTACTT
TTGCTCGCCAAGCATTCCCATGTGTGGACGAACCTGAAGCTAAAGCTACATTCTCACTTGCTCTTAAGTGGGAT
GAACAAGATGGTGAAGTTGCACTTGCTAACATGCCAGAAGTAGAAGTTGACAAGGATGGCTACCACCACTTTGA
AGAAACTGTCCGCATGTCTAGTTACTTAGTTGCCTTTGCCTTTGGTGAATTACAATCTAAGACTACTCATACTA
AGGATGGCGTATTAATTGGCGTTTACGCAACTAAGGCACACAAGCCTAAGGAATTAGACTTCGCTTTGGACATT
GCTAAGCGCGCAATTGAAATTTTACGAAGAATTCTACCNAACCAAATACCCACTTCCACAGTCATTGCAACTTG
CATTGCCAGACTTTCTCAGCTGGTGCCATGGAAAACTGGGGTCTTGTAACTTACCGNGGAGCATACTTGCTCCT
TGNNCCNGACAATACTAGCTTGGAAATGAANANNTNGTTGCCCNGTTNTTNCCCTGAATGGGCTCCCANNGGTC
GGGNCNTGGTACCTGANGGGGGGACACTTNGNTTA

(b) File name: 07ellyRN7-5 13[1].ab1 Colony #7-5

CCAGCTTGCATGCCTGCAGGTCGACTCTAGAATCCATCTTNATTTCCCGACTAAGAAGTGGAACATTAATCTTT
GGTTCAAAGAATTCCTTGAATTCCTTAAGTCTTTCTGGGGTATGGAAGACGCCTGCAGTAACAGTGATAAATTT
AGCAAATTCCATGTCACCACCAATAGTCTTGTCAAGCCAATCCCAGTCTTCTCTGATCCAGTCCCAAGCTGCTT
GTTGACCATAATGGTTAGCAAGTAAACCACGGTACCAATCACATAAATCTTGTGGCTTAACTACGTCAGCATTT
TCAAAGTCGCCAACAATAGCCTTGATAGCTGCAAGATCCTTGGTGCTGGTTACAGCGCTGCGTAAGTCAACCTT
GTATGATGGGTCAGCTGTTCTTTGGTATTCCTTAATTAACTTATCAACTAATTCAGCATTGCCAAAGTTCTTAA
CTTCATTGATTAAAACGTATGGACGAATATCTGCATTCAATGCTTCCAAGTTATCTTCATTTTCAGTAAAGATT
TGGTGAGCTGCCTTAATTGAGTCCGCATTTTCAGCGTAAAGACTTGCGCTCAACTCGTATGGACGAATTTGAAC
ATCTTCATCGCTTTCGCCTGGCTTTACTTCCCAGCCTAAACGTGCAACTTGATCCTTTGATAAGAGATCATAAA
GCTTCTTCAAGTTCTTTTCTTCATTTGATTCTGGTTCACGAATTGACGAAGCTTAGCTGCAGTAGTGTAAAGTG
CGTTAATTACNAGCTGGACTTAGAATCAGCGAANTTANCCAAAGNGGAACAATTGAAGCGTAAGAAANTTGCTN
ACCTTCTGCTANANACGTAGTCTGGAGCATTGTACTTATCATTGGATCNATTCNTTACCTCTGAAAAATTCCTC
AGCAAGTCTGTNTNTCACGAGAAGGGGGGTGTGCC

Figure 21. Nucleic acid sequences of plasmid pES3 carrying the pepN structural gene from
Lb. helveticus WSU19. The pES3 plasmid was extracted from E. coli DH5o(pES3) colony
colony #7-5. The sequences were obtained from 5’ and 3’ end DNA sequencing using: (a)

M13 forward primer and (b) M13 reverse primer.
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Figure 22. Restriction enzyme analysis of the plasmid pES3 from E. coli DH5a(pES3)
colony #7-5, expressing the pepN structural gene from Lb. helveticus WSU19. Lane 1. A
DNA/HindIll ladder (molecular mass indicated on the left in kilobase pairs); lanes 2-11.
Plasmid pES3 digested with: BamHI (lane 2); EcoRI (lane 3); Hindlll (lane 4); Kpnl (lane 5);
Pstl (lane 6); Sall (lane 7); Smal (lane 8); Sphl (lane 9); Ss¢I (lane 10); Xbal (lane 11); lane

12. A DNA/HindIII ladder.
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Figure 23. High stringency Southern hybridization of genomic DNA from Lb. helveticus
WSU19 using a DIG-labeled probe synthesized based on the Lb. helveticus WSU19 pepN
structural gene. Lane 1. DIG-labeled DNA MW Marker II; lane 2. pES3 digested with Sst;
lane 3. pJDC9 digested with Ss¢I; lanes 4-10. genomic DNA from Lb. helveticus WSU19
digested with: SstI and Kpnl (lane 4); Sstl and BamHI (lane 5); SsfI and Xbal (lane 6); Sstl
and Sphl (lane 7); Xbal and Sphl (lane 8); Sphl and Kpnl (lane 9); BamHI and Kpnl (lane
10); lane 11. DIG-labeled DNA MW Marker II; lanes 12-19. genomic DNA from Lb.
helveticus WSU19 digested with: Xbal and BamHI (lane 12); Sphl and BamHI (lane 13); Sst1
and Sall (lane 14); Xbal and Sall (lane 15); Kpnl and Xbal (lane 16); Sphl and Sall (lane 17);
BamHI and Sall (lane 18); Kpnl and Sall (lane 19); lane 20. DIG-labeled DNA MW Marker

II.



Table 8. Plasmids used or generated in the cloning of the peptidase genes from Lb.

helveticus WSU19
Plasmid Relevant characteristics Reference
pJDC9 Em' lacZ’ Chen and
Morrison, 1987

pES1 Em'’, pJDC9 with a 2.7-kb Ps¢I insert Present study
genomic DNA from the strain WSU19
(pepE clone)

pES2 Em'’, pJDC9 with a 5.8-kb Sphl-Xbal Present study
insert genomic DNA from the strain
WSU19 (pepO2 clone)

pES3 Em'’, pJDC9 with a 2.4-kb Sacl-Xbal Present study
fragment from the strain WSU19 (pepN
structural gene clone)

pES4 Em'’, pJDC9 with a 5-kb Sacl-Sphl Present study
insert genomic DNA from the strain
WSUI19 (pepN clone)

pES5 Em'’, pJDC9 with a 4.3-kb HindllI-Sall | Present study
insert genomic DNA from the strain
WSUI19 (pepO clone)

pES6 Em'’, pJDC9 with a 3.4-kb Kpnl insert Present study

genomic DNA from the strain WSU19
(pepO3 clone)

95
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3. DNA sequence analysis of the 2.7-kb Pstl genomic insert containing the pepE gene

Figure 24 illustrates the open reading frame (ORF) and restriction enzyme analyses of
the 2.7-kb PstI genomic insert. The nucleic acid sequence of the 2.7-kb PstI genomic insert is
shown in Figure 25. Six ORFs were identified, three of which contain conserved domains:
ORFI (nt. 334 to 777; 444 bp), ORF2 (nt. 921 to 2234; 1314 bp), and ORF3 (nt. 2293 to
2682; 390 bp). The amino acid residues 19 to 135 in the ORF1 align with the amino acid
residues 19 to 132 in the IbpA domain (146 residues). The amino acid residues 4 to 438 in
the ORF2 align with the amino acid residues 1 to 438 in the PepC domain (438 residues).
The amino acid residues 1 to 118 in the ORF3 align with amino acid residues 354 to 468 in
the IMP dehydrogenase / GMP reductase (IMPDH) domain (468 residues, 25% aligned). The
deduced amino acid sequences of the ORF1 and ORF2 were determined to contain conserved
domains of small heat shock protein (IbpA) and aminopeptidase C (PepC), respectively.

Amino acid BLAST analyses revealed that the deduced amino acid sequence of the
ORF2 shares 99% and 89% identities with endopeptidase E (PepE) from Lb. helveticus
CNRZ32 (Fenster et al., 1997) and Lb. acidophilus NCFM (Altermann et al., 2005),
respectively. The BLAST analyses also revealed that the deduced amino acid sequence of the
ORFT shares 82% identity with amino acids 18-141 of the 141-Da heat shock protein low
MW from Lb. acidophilus NCFM. The deduced amino acid sequence of the ORF3 shares
97% identity with amino acids 251-380 of the 380-Da inosine-5’-monophosphate
dehydrogenase from Lb. acidophilus NCFM.

Based on the amino acid BLAST analyses, the ORF2 was determined to encode for
PepE, a protein of 438 amino acids with a calculated molecular weight of 50 kDa. Nucleic

acid BLAST analysis revealed that the pepE gene from Lb. helveticus WSU19 shares 95%
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and 83% identities with the pepE gene from Lb. helveticus CNRZ32 and Lb. acidophilus
NCFM, respectively.

Figure 25 shows the nucleic acid sequence and the deduced amino acid sequence of
the pepE gene from Lb. helveticus WSU19. The start codon (ATG) of the ORF2 is preceded
by a putative RBS (AAGGAG; nt. 906-911) and putative promoters —10 (TAAAAT; nt. 867-
872) and —35 (TTGAAC; nt. 844-849). The putative promoters and RBS were assigned based
on the published consensus sequences for lactobacilli (Pouwels and Leer, 1993; Pouwels and
Chaillou, 2003; Chen and Steele, 2005). An inverted repeat (nt. 2253 to 2264 and 2273 to
2284) observed in the 3’ non-coding region may function as a putative rho-independent
transcriptional terminator. The presence of the putative transcriptional promoters and
terminator suggests that the pepE gene from Lb. helveticus WSU19 is transcribed
monocistronically and is not part of an operon, which is in agreement with Fenster et al.
(1997).

PROSITE database searches with the deduced PepE sequence from Lb. helveticus
WSU19 identified 2 domains involved in the substrate binding and catalysis: amino acids 64-
75 (QkhsGrCWIfAT; thiol protease cysteine motif) and 360-370 (VsHAMtLVGvD; thiol
protease histidine motif). Figure 26 shows alignment of the deduced amino acid sequence of
PepE from Lb. helveticus WSU19 and the published amino acid sequences of thiol proteases,
including PepE, PepE2, PepG, PepW, and PepC, from other lactobacilli. Among the amino
acids involved in the substrate binding and catalysis of thiol proteases, the residues Glnea,
Serg7, Glyes, Argeo, Cys7o, Trp71, Phess, Hisszen, Metseas, Valsgo, and Aspsyg are conserved
among PepE, PepE2, PepG, PepW, and PepC from lactobacilli, indicating the importance of

these amino acids for thiol protease activity. In contrast, the amino acid residues Hisgg, Thrys,
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Valseo, Serse1, Alases, Thrses, Leuses, Valsg7, and Glyses are conserved in PepE only. The
highly conserved thiol protease motif in PepE from Lb. helveticus WSU19 suggests that this
enzyme has the same catalytic mechanism as the thiol protease family.

Homology between the deduced PepE sequence from Lb. helveticus WSU19 and the
published amino acid sequences of thiol proteases is listed in Table 9. In addition to the high
identities with PepE from Lb. helveticus CNRZ32 and Lb. acidophilus NCFM, PepE from
Lb. helveticus WSU19 shares 40-69% identities with PepE2 from Lb. helveticus CNRZ32
(Sridhar, 2003); PepG from Lb. delbrueckii subsp. lactis DSM7290 (Klein et al., 1997) and
Lb. acidophilus NCFM (Altermann et al., 2005); PepW from Lb. delbrueckii subsp. lactis
DSM7290 (Klein et al., 1997); and PepC from Lb. gasseri, Lb. johnsonii NCC533 (Pridmore
et al., 2004), Lb. delbrueckii subsp. bulgaricus ATCC BAA-365, Lb. casei ATCC334, Lb.
plantarum WCFS1 (Kleerebezem et al., 2004), Lb. helveticus CNRZ32 (Fernandez et al.,
1994), Lb. acidophilus NCFM (Altermann et al., 2005), Lb. delbrueckii subsp. lactis
DSM7290 (Klein et al., 1994), and Lb. helveticus 53/7 (Vesanto et al., 1994). The high amino
acid identities between PepE from Lb. helveticus WSU19 and the thiol proteases suggest that
these enzymes are evolutionally related and may have evolved from the same ancestral

proteolytic enzyme.

4. DNA sequence analysis of the 4.3-kb HindIII-Sall senomic insert containing the pepO

ene
Figure 27 illustrates the ORF and restriction enzyme analyses of the 4.3-kb HindIll-
Sall genomic insert. The nucleic acid sequence of the 4.3-kb HindlII-Sall genomic insert is

shown in Figure 28. Twelve ORFs were identified, three of which contain conserved
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domains: ORF1 (nt. 321 to 2261; 1941 bp), ORF2 (nt. 2325 to 3545; 1221 bp), and ORF3
(nt. 3593 to 4231; 639 bp). The amino acid residues 13 to 647 in the ORF1 align with
residues 10 to 654 in the PepO domain (654 residues). Ninety-seven percents of the 283
amino acid residues in the Cfa domain (aa. 11 to 283) align with residues 117 to 389 in the
ORF2. The amino acid residues 1 to 205 in the ORF3 align with residues 23 to 255 in the
PIsC domain (255 residues). The deduced amino acid sequences of the ORF1, ORF2, and
ORF3 were determined to contain conserved domains of predicted metalloendopeptidase
(PepO), cyclopropane fatty acid synthase and related methyltransferases (Cfa), and 1-acyl-sn-
glycerol-3-phosphate acyltransferase (PIsC), respectively.

Amino acid BLAST analyses revealed that the deduced amino acid sequence of the
ORF1 shares 99% and 60-85% identities with endopeptidase O (PepO) from Lb. helveticus
CNRZ32 (Chen and Steele, 1998) and neutral endopeptidases from Lb. acidophilus NCFM
(Altermann et al., 2005), respectively. In addition, the deduced amino acid sequence of the
ORFT shares 48-63% and 42% identities with PepO from Lb. johnsonii NCC533 (Pridmore
et al., 2004) and Lb. plantarum WCFSI1 (Kleerebezem et al., 2005), respectively; 56% and
62% identities with PepO2 and PepO3 from Lb. helveticus CNRZ32, respectively (Chen et
al., 2003; Sridhar, 2003). The BLAST analyses also revealed that the deduced amino acid
sequence of the ORF2 shares 89% identity with 393-Da cyclopropane-phospholipid-fatty-
acyl-synthase from Lb. acidophilus NCFM. The deduced amino acid sequence of the ORF3
shares 91% identity with 240-Da acyltransferase family protein from Lb. acidophilus NCFM.

Based on the amino acid BLAST analyses, the ORF1 was determined to encode for

PepO, a protein of 647 amino acids with a calculated molecular weight of 73.6 kDa. Nucleic
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acid BLAST analysis revealed that the pepO gene from Lb. helveticus WSU19 shares 99%
identity with the pepO gene from Lb. helveticus CNRZ32.

Figure 28 shows the nucleic acid sequence and the deduced amino acid sequence of
the pepO gene from Lb. helveticus WSU19. The start codon (ATG) of the ORF2 is preceded
by a putative RBS (AAGGAG; nt. 310- 315) and putative promoters —10 (TATAAT; nt. 268-
273) and —35 (TTGGCT; nt. 240-245). The putative promoters and RBS were assigned based
on the published consensus sequences for lactobacilli (Pouwels and Leer, 1993; Pouwels and
Chaillou, 2003; Chen and Steele, 2005). An inverted repeat (nt. 2279 to 2292 and 2297 to
2310) observed in the 3’ non-coding region may function as a putative rho-independent
transcriptional terminator. The presence of the putative transcriptional promoters and
terminator suggests that the pepO gene from Lb. helveticus WSU19 is transcribed
monocistronically and is not part of an operon, which is in agreement with Chen and Steele
(1998).

In contrast to the pepO gene from Lb. helveticus, the lactococcal pepO gene was
reported to be associated with an oligopeptide transport system (Tan et al., 1991; Mierau et
al., 1993; and Tynkkynen et al., 1993). The lactococcal opp operon was arranged in the order
of oppDFBCA, i.e., the ATP-binding proteins (oppD and oppF), the integral membrane
proteins (oppB and oppC), and the substrate-binding protein (oppA4). The lactococcal pepO
gene was reported to be located downstream of oppA (Mierau et al., 1993).

PROSITE database searches with the deduced PepO sequence from Lb. helveticus
WSU19 identified a neutral zinc metallopeptidase motif in amino acid residues 493-502
(TigHEVSHaF). Figure 29 shows an alignment of the deduced amino acid sequence of PepO

from Lb. helveticus WSU19 and the published amino acid sequences of PepO from other
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lactobacilli, including Lb. helveticus CNRZ32, Lb. acidophilus NCFM, Lb. johnsonii
NCC533, and Lb. plantarum WFCS1. The residues llesos, Hisaos, Gluags, Hissgg, Alasg;, and
Phesq, are conserved in PepO from lactobacilli. The presence of zinc metallopeptidase motif
in PepO from Lb. helveticus WSU19 indicates the presence of the same mechanism of

catalytic action for PepO and the metalloprotease family.

5. DNA sequence analysis of the 5.8-kb Xbal-SphlI genomic insert containing the pepO?2

cne

Figure 30 illustrates the ORF and restriction enzyme analyses of the 5.8-kb Xbal-Sphl
genomic insert. The nucleic acid sequence of the 5.8-kb Xbal-Sphl genomic insert is shown
in Figure 31. Fifteen ORFs were identified. Conserved domains were identified in two of the
ORFs: ORF1 (nt. 748 to 1689; 942 bp) and ORF2 (nt. 3070 to 5013; 1944 bp). The ORF1
was determined to contain a conserved domain of amino acid permease (AA_permease). The
amino acid residues 5 to 278 in the ORF1 align with the residues 116 to 421 in the
AA permease domain (473 residues). The ORF2 was determined to contain a conserved
domain of predicted metalloendopeptidase (PepO). The amino acid residues 12 to 648 in the
ORF?2 align with the residues 10 to 654 in the PepO domain (654 residues).

Amino acid BLAST analyses revealed that the deduced amino acid sequence of the
ORF2 shares 98% and 41% identities with endopeptidase O2 (PepO2) from Lb. helveticus
CNRZ32 (Chen et al., 2003) and Lc. lactis MG1363, respectively. Furthermore, the deduced
amino acid sequence of the ORF2 shares 62% and 56% identities with PepO3 and PepO from
Lb. helveticus CNRZ32, respectively (Chen and Steele, 1998; Sridhar, 2003); a 41% identity

with neutral endopeptidase O from Lactococcus lactis subsp. lactis 1L1403 (Bolotin et al.,
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2001) and Lec. lactis subsp. cremoris P8-2-47 (Mierau et al., 1993), respectively. The BLAST
analyses also revealed that the deduced amino acid sequence of the ORF1 shares 83%
identity with residues 141-441 of 441-Da amino acid permease from Lb. acidophilus NCFM.
Based on the amino acid BLAST analyses, the ORF2 was determined to encode for PepO2, a
protein of 648 amino acids with a calculated molecular weight of 73.8 kDa. Nucleic acid
BLAST analysis revealed that the pepO2 gene from Lb. helveticus WSU19 shares 96%
identity with the pepO2 gene from Lb. helveticus CNRZ32.

Figure 31 shows the nucleic acid sequence and the deduced amino acid sequence of
the pepO2 gene from Lb. helveticus WSU19. The start codon (ATG) of the ORF?2 is preceded
by a putative RBS (AAGGAG; nt. 3057-3062) and putative promoters —10 (TATGAT; nt.
3033-3038) and —35 (TTTTCA; nt. 3009-3014). The putative promoters and RBS were
assigned based on the published consensus sequences for lactobacilli (Pouwels and Leer,
1993; Pouwels and Chaillou, 2003; Chen and Steele, 2005). An inverted repeat (nt. 5036 to
5048 and 5069 to 5081) observed in the 3’ non-coding region may function as a putative rho-
independent transcriptional terminator. The presence of the putative transcriptional promoters
and terminator suggests that the pepO2 gene from Lb. helveticus WSU19 is transcribed
monocistronically and is not part of an operon, which is in agreement with Chen et al.
(2003).

PROSITE database searches with the deduced PepO2 sequence from Lb. helveticus
WSU19 identified a neutral zinc metallopeptidase motif in amino acid residues 494-503
(ViaHEISHaF). The presence of zinc metallopeptidase motif indicates the presence of the
same catalytic mechanism for the PepO2 enzyme from Lb. helveticus WSU19 and the zinc-

dependent proteases.
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6. DNA sequence analysis of the 3.4-kb Kpnl genomic insert containing the pepO3 gene

Figure 32 illustrates the ORF and restriction enzyme analyses of the 3.4-kb Kpnl
genomic insert. The nucleic acid sequence of the 3.4-kb Kpnl genomic insert is shown in
Figure 33. Eight ORFs were identified. Conserved domain of a predicted
metalloendopeptidase (PepO) was identified in ORF2 (nucleotides 841 to 2781; 1941 bp).
The deduced amino acid residues 13 to 647 of the ORF2 align with the residues 10 to 654 in
the PepO domain (654 residues). No conserved domains were identified in ORF1
(nucleotides 23 to 760; 738bp) and ORF3 (nucleotides 3009 to 3392; 384 bp).

Amino acid BLAST analyses revealed that the deduced amino acid sequence of the
ORF?2 shares a 99% identity with endopeptidase O3 (PepO3) from Lb. helveticus CNRZ32
(Sridhar, 2003). In addition, the deduced amino acid sequence of the ORF2 shares 77% and
71% identities with the predicted metalloendopeptidases from Lb. gasseri and Lb. delbrueckii
subsp. bulgaricus ATCC BAA-365, respectively; 62% identities with PepO and PepO2 from
Lb. helveticus CNRZ32, respectively (Chen and Steele, 1998; Chen et al., 2003).

The BLAST analyses also revealed that the deduced amino acid sequence of the
ORF1 shares 62%, 70%, 71%, and 89% identities with amino acid residues 151-335 of a
339-Da permease major facilitator superfamily (MFS) protein from Lb. delbrueckii subsp.
bulgaricus ATCC BAA-365; residues 160-376 of a 405-Da permease MFS protein from Lb.
johnsonii NCC533; residues 181-397 of a 426-Da permease MFS protein from Lb. gasseri;
and residues 160-377 of a 405-Da multidrug resistance protein from Lb. acidophilus NCFM,
respectively. PROSITE database searches with the deduced amino acid sequence of the
ORF1 identified an MFS motif in amino acid residues 1 to 209. The deduced amino acid

sequence of the ORF3 shares 99% and 80% identities with potassium uptake (Kup) protein
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from Lb. acidophilus NCFM and Lb. delbrueckii subsp. bulgaricus ATCC BAA-365,
respectively.

Based on the amino acid BLAST analyses, the ORF2 was determined to encode for
PepO3, a protein of 643 amino acids with a calculated molecular weight of 72.6 kDa. Nucleic
acid BLAST analysis revealed that the pepO3 gene from Lb. helveticus WSU19 shares a 96%
identity with the pepO3 gene from Lb. helveticus CNRZ32.

Figure 33 shows the nucleic acid sequence and the deduced amino acid sequence of
the pepO3 gene from Lb. helveticus WSU19. The start codon (ATG) of the ORF?2 is preceded
by a putative RBS (AGGGGG; nt. 827-833) and putative promoters —10 (TATATT; nt. 774-
779) and —35 (TTGTAT; nt. 752-757). The putative promoters and RBS were assigned based
on the published consensus sequences for lactobacilli (Pouwels and Leer, 1993; Pouwels and
Chaillou, 2003; Sridhar, 2003). An inverted repeat (nt. 2793 to 2806 and 2808 to 2821)
observed in the 3’ non-coding region may function as a putative rho-independent
transcriptional terminator. The presence of the putative transcriptional promoters and
terminator suggests that the pepO3 gene from Lb. helveticus WSU19 is transcribed
monocistronically and is not part of an operon, which is in agreement with Sridhar (2003).

PROSITE database searches with the deduced PepO3 sequence from Lb. helveticus
WSU19 identified a neutral zinc metallopeptidase motif in amino acid residues 489-498
(ViaHEISHaF). The existence of zinc metallopeptidase motif suggests that PepO3 from Lb.
helveticus WSU19 possesses a similar mechanism of catalytic action to the metalloprotease
family.

Figure 34 demonstrates an alignment of the deduced and published amino acid

sequences of PepO, PepO2, and PepO3 from Lb. helveticus WSU19, Lb. helveticus CNRZ32,
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and Lc. lactis MG1363. The amino acid sequences involved in substrate binding and
enzymatic catalysis (positions 499 to 508; Figure 34) are conserved in PepO, PepO2, and
PepO3 from lactobacilli as well as in PepO2 from Lactococcus. To date, only 2 copies of
PepO enzymes, namely PepO and PepO2, were reported in Lactococcus (Hellendoorn, et al.,
1996; Christensen et al., 1999). The presence of 3 copies of PepO enzymes in Lb. helveticus
CNRZ32 and WSU19 indicates the importance of these proteins in the physiology of the

bacteria.

7. DNA sequence analysis of the 5-kb SacI-Sphl genomic insert containing the pepN

ene

Figure 35 illustrates the ORF and restriction enzyme analyses of the 5-kb Sacl-Sphl
genomic insert. The nucleic acid sequence of the 5-kb Sacl-Sphl genomic insert is shown in
Figure 36. Two large ORFs, ORF1 and ORF2, and twelve small ORFs were identified. ORF2
(nt. 2291 to 4822; 2532 bp) was determined to contain a conserved domain of
aminopeptidase N (PepN). The deduced amino acid residues 10 to 833 in the ORF2 align
with 97% of the 859 amino acid residues in the PepN domain (aa. 22 to 858). A conserved
domain was not identified in the ORF1 (nt. 467 to 1639; 1173 bp).

Amino acid BLAST analyses revealed the deduced amino acid sequence of the ORF2
shares 99%, 98%, 90%, 70%, 65%, 67%, and 62% identities with PepN from Lb. helveticus
53/7 (Varmanen, et al., 1994), Lb. helveticus CNRZ32 (Christensen et al., 1995), Lb.
acidophilus NCFM (Altermann et al., 2005), Lb. delbrueckii subsp. bulgaricus ATCC BAA-
365, Lb. johnsonii NCC533 (Pridmore et al., 2004), Lb. gasseri, and Lb. casei ATCC334,

respectively. The BLAST analyses also revealed the deduced amino acid sequence of the
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ORFTI shares a 74% identity with a 372-Da putative d-ala-d-ala-ligase from Lb. acidophilus
NCFM. Based on the amino acid BLAST analyses, the ORF2 was determined to encode for
PepN, a protein of 844 amino acids with a calculated molecular weight of 95.8 kDa. Nucleic
acid BLAST analysis revealed that the pepN gene from Lb. helveticus WSU19 shares 99%
and 98% identities with the pepN genes from Lb. helveticus 53/7 and Lb. helveticus
CNRZ32, respectively.

Figure 36 shows the nucleic acid sequence and the deduced amino acid sequence of
the pepN gene from Lb. helveticus WSU19. The start codon (ATG) of the ORF2 is preceded
by a putative RBS (AGGAGG; nt. 2278- 2283) and putative promoters —10 (TAAAAT; nt.
2251-2256) and —-35 (TTAAGC; nt. 2226-2231). The putative promoters and RBS were
assigned based on the published consensus sequences for lactobacilli (Pouwels and Leer,
1993; Pouwels and Chaillou, 2003; Chen and Steele, 2005). An inverted repeat (nt. 4841 to
4857 and 4867 to 4883) observed in the 3’ non-coding region may function as a putative rho-
independent transcriptional terminator. The presence of the putative transcriptional promoters
and terminator suggests the pepN gene from Lb. helveticus WSU19 is transcribed
monocistronically and is not part of an operon, which is in agreement with Varmanen et al.
(1994) and Christensen et al. (1995).

PROSITE database searches with the deduced PepN sequence from Lb. helveticus
WSU19 identified a neutral zinc metallopeptidase motif in amino acid residues 286-295
(VitHELAHQqW). The presence of the zinc metallopeptidase motif in PepN from Lb.
helveticus WSU19 suggests the presence of the same catalytic mechanism for PepN and the

metalloprotease family.
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Figure 37 shows an alignment of the deduced amino acid sequence of PepN from Lb.
helveticus WSU19 and the published amino acid sequences of PepN from other lactobacilli,
including Lb. helveticus, Lb. acidophilus, Lb. johnsonii, Lb. plantarum, Lb. gasseri, and Lb.
casei. The amino acid sequences involved in substrate binding and enzymatic catalysis
(positions 298 to 307; Figure 37) are highly conserved in PepN from lactobacilli. In addition,
highly conserved amino acid sequences also occur outside the catalytic region of PepN from
lactobacilli (positions 105 to 117; 128 to 152; 258 to 271; 281 to 297; and 308 to 332; Figure

37). However, the function of these regions in PepN activity is not clear.
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Hindlll (1456)
HindllI (1031) " EcoRI(1657) Sphl (2672)
PstI (6) EcoRI (912) " HindIlI (1738) | Pstl (2702)
ORF1 ORF2

- S < @-
ORF3
Figure 24. Open reading frame (ORF) and restriction enzyme analyses of the 2.7-kb PstI
genomic insert containing the pepE gene from Lb. helveticus WSU19. The vertical lines
represent restriction enzyme sites. The numbers in parentheses refer to nucleotide positions.
The horizontal line represents genomic insert. The horizontal arrows represent ORFs; the
arrows above the horizontal line correspond to the direct DNA strand; the arrows below the

horizontal line correspond to the complementary DNA strand.
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Figure 25. Nucleic acid sequence of the 2.7-kb Ps¢I genomic insert and the deduced amino

acid sequence of the PepE enzyme (in single-letter code) from Lb. helveticus WSU19. The

numbers to the left refer to nucleic acids (bottom lines) and amino acid residues (top lines).

The putative —10 and —35 promoter sequences are underlined and labeled. The putative

ribosomal binding site is indicated in bold letters, underlined, and labeled rbs. The putative

transcriptional terminator is indicated by the dotted horizontal arrows. Stop codon is

indicated by asterisk. The thiol protease motifs are double-underlined and labeled.
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CTGCAGAATCTTTATTCTACGAGGACGATCCTTTTTTAATCGTGCAATTTCATCTTCAAT
TTGTTTGTAGCCTTCCGGCGTCATTTTTTGAAAATATACCATAATTTAACACCTGATTAA
CAGTTCATTCATTTTTTCTTTCTAATTATACAAAAGTTATCCACAGGTGTTAAGCATTGA
TCTAGCAAAGTTTTTTTACAAAAATTAGCACTATATGCTTTTGAATGCTAAATAATTTAA
CTTATTTAAAAAACGACTATAATAATCAGTGTAAGGAAAAAGAACGAGACCTTACAGATT
AAACAAGCAAAAAATTGAAAGGAAGTTTTCAATATGGCAAACGATATGATGAATCGTCGT
AATGATATGATGGATGCAATGAACGACTGGTTTGGTTTTCCAAGAAACTTCTTGGGTTTT
CCAAGAAACTTCTTTGATGACACTGAAATTGAAAACATCATGCAATCAGATGTTGCTGAA
ACCGATAAAGACTATACTGTTAAGATTGATATGCCTGGTATGAATAAAGAAGACATCAAT
GTAAATTACAAAGATGGTTTTTTAACAGTTGTAGGTAGCAGAAAATCATTCAAGGATACA
AGCGACAAGGATAAGAATATTATCCACAAAGAAAGAAGCGAAGGTCGCATTTCAAGAAGC
TATAGATTGCCAAATATAGTTGCAAGTGAGATCCATGCAAAGTATGATAATGGTGTATTG
ACTATCACCTTGCCAAAGCAAAACGCTGGCGATGATAGCAATTCTATCCATATTGATTAA
TTTATTAGATTAAGCAAGAAGTCTAATAAGTGACGGATATAATTCTCTGAAGCGAGTTCA
TTATTGAACCCGCTTTTATTTTGGTTTAAAATAGAATTAATTTAAGAAAAAATTAAAAAT
-35 -10

M A HELTV Q E L E K F S
TATAAAAGGAGAATTCTTAAATGGCTCATGAATTAACTGTGCAGGAACTTGAAAAGTTTT
rbs

AADFNIKNWPIKNI KV V ARAAIQIR S G
CTGCTGATTTTAATAAAAATCCTAAAAATAAAGTCGTTGCTCGTGCTGCCCAACGTAGCG
vV L EASYNIDIRVQSEULTRVF ST
GTGTACTTGAAGCTTCTTATAATGACCGCGTTCAAAGCGAATTAACCCGTGTCTTTTCAA

(thiol_protease _cys motifT)
E LDTDNVTNI GQIKHSGRTCWILF A
CTGAACTTGATACTGACAACGTTACTAACCAAAAACACTCAGGTCGTTGCTGGTTATTTG
T LNV LRHETFG G K KY KAIKUDTFTF
CCACATTAAACGTTTTGCGTCATGAATTTGGCAAGAAATACAAGGCAAAAGACTTTACTT
S Q AYNFFWDJ KI ERANMMTFYNHR
TCTCACAAGCATACAACTTCTTCTGGGACAAGATTGAACGTGCTAACATGTTCTACAACC
Il L DS ADMZPULUDSURQV KTDIULDF
GTATCTTAGACAGCGCTGATATGCCACTTGATTCTCGTCAAGTTAAGACTGACTTAGACT




Figure 25 (continued)
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AAG T DG G Q F QM A AALV EKY GV
TTGCAGGTACAGATGGTGGTCAATTCCAAATGGCTGCTGCCTTAGTTGAAAAATATGGTG
v P S YAMPETFNTNNTTGF AT
TCGTACCTTCATATGCTATGCCTGAAACCTTTAACACTAACAACACTACTGGTTTTGCCA
AL 6D KL KKDA ALV LRIKILIKIQE G
CTGCATTAGGCGACAAGCTTAAGAAGGATGCTTTGGTTCTTAGAAAATTAAAGCAAGAAG
K bbb E 1T KKTREIKIFULSEVYQMT
GCAAAGATGACGAAATCAAGAAGACTCGTGAAAAATTCTTGAGCGAAGTTTACCAAATGA
Al AV GE PP KKFDULEYRDDD K
CTGCTATTGCTGTTGGTGAACCACCTAAGAAGTTCGATCTTGAATACCGTGATGACGATA
K'Yy HL E KDULT®PULEFULWHIKY L G G
AGAAGTACCACTTAGAAAAAGACCTTACTCCACTTGAATTCTTGCACAAGTACTTAGGTG
v b FDDYVVLTNAPUDWHTEYDKL
GCGTTGACTTTGATGACTACGTTGTTTTGACCAACGCACCAGACCACGAATATGACAAGC
Y G L P AEDNVS G S 1T R 1T KL L NV
TTTATGGTTTACCAGCAGAAGACAACGTCTCTGGTTCAATCAGAATTAAACTTTTGAATG
P M EY L TAASTIT AOQLKUDGEAV W
TTCCTATGGAATACTTAACCGCTGCTTCTATTGCTCAATTAAAAGACGGTGAAGCTGTTT
F GNDVLIRQWMDIRIKTGY L DTNL
GGTTCGGTAATGATGTGCTTCGTCAAATGGACCGTAAGACTGGCTACCTTGACACTAACC
Y K L bbL F GV DL KMSIKADRLK
TTTACAAGTTGGATGACTTATTTGGCGTTGACCTTAAGATGTCAAAGGCTGACAGATTAA

(thiol_protease _his motif)

T GV GG EV SHAMTLV GV DETDNG
AGACTGGTGTCGGCGAAGTTTCTCACGCCATGACCTTAGTCGGTGTTGATGAAGACAACG

E VR QWI KV ENZSWSGU DI K S G AZKGY
GTGAAGTTCGTCAATGGAAAGTTGAAAACTCATGGGGCGACAAGTCCGGTGCAAAGGGTT

Y V.M NN E W F ND Y VY EV V V H K K
ATTACGTAATGAACAATGAATGGTTCAACGATTACGTTTATGAAGTTGTCGTTCACAAGA

Y L T DKQ KKULAESGHZPI1 TDLUPA W
AGTATTTGACTGATAAGCAAAAGAAACTTGCAGAAGGCCCAATTACTGATCTTCCTGCAT

D S L A *

GGGATTCACTTGCTTAATTATTAGAGCAATAGAAAAGGATTAAGCCGATCGACTTAATCC
..................................................... > <

TTTTTTAGTTTACTTGTAATTAGGTGCTGCCTTGGTCATTTGTACATCATGTGGGTGAGA

TTCACGCAAACCGGCATTAGTAATTTGTACAAATTGAGCTTTCTCAATCAATTCAGGAAT
ATTAGCTGCACCACAGTATCCCATACCTGAACGCAGACCACCATCAATTTGGAAAACAAC
ATCGCTAACATCGCCCTTGTATTCTACACGAGCTTCAACACCTTCTGGCACTAACTTGTT
AGCTTCGTTAACTCCACCTTGGAAGTAGCGATCGCTTGAGCCGTGAGCTTGAGCCATAGC
GCCCATAGAACCCATACCACGGTAACGCTTATACTTCTTACCATTATCTTCAAAAATATC
GCCAGGAGCTTCTGTAGTACCGCTAAGCATGCTTCCGAGCATTACAGCATTGCCACCTGC
AG

110
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Figure 26. Alignment of the deduced amino acid sequence of PepE from Lb. helveticus
WSU19 and the published amino acid sequences of thiol proteases from lactobacilli. Letter
colors: black, dissimilar sequence; blue with turquoise background, conservative sequence;
black with green background, similar sequence; red with yellow background, identical
sequence; green, weakly similar sequence. Abbreviations: Lhel19-E, PepE from Lb.
helveticus WSU19; Lhel32-E, PepE from Lb. helveticus CNRZ32; Laci-E, PepE from Lb.
acidophilus NCFM; Lhel32-E2, PepE2 from Lb. helveticus CNRZ32; Ldla-W, PepW from
Lb. delbrueckii subsp. lactis DSM7290; Ldla-G, PepG from Lb. delbrueckii susbp. lactis
DSM7290; Laci-G, PepG from Lb. acidophilus NCFM; Lgas-C, PepC from Lb. gasseri;
Ljoh-C, PepC from Lb. johnsonii NCC533; Ldbu-C, PepC from Lb. delbruckeii subsp.
bulgaricus ATCC BAA-365; Lhel32-C, PepC from Lb. helveticus CNRZ32; Lhel53/7, PepC
from Lb. helveticus 53/7; Laci-C, PepC from Lb. acidophilus NCFM; Lcas-C, PepC from Lb.
casei ATCC 334; Ldla-C, PepC from Lb. delbrueckii subsp. lactis DSM7290; Lpla-C, PepC

from Lb. plantarum WCFS].

@ 1 40 50 60 70 80

Lhell9-E (1) MAHEL EK DFNKN RAAQ GVLEASYNDRVQSELTRVFSTELDTDNVTNQKHSGRCWLFATLNVLR
Lhel32-E (1) MAHEL DFENKN RAAQRSGVLEASYNDRVQSELTRVFSTELDTDNVTNOKHSGRCWLFATLNVLR
Laci-E (1) MAHEL EK DFENKN RAAQRSGVLEASYNDRVEGEL TRVFSTELDTDNVTNQLHSGRCWEFSTLNVLR
Lhel32-E2 (1) MKHEL AEIAKFQ KKEPQNRVAELAWNNGVQKA NTEG IRKLNRTFSEEIPTDNVTDOKQSGRCWLFAALNTLR
Ldla-w (1) MTHE PQ ES RDENADI RAARRSGLL NPAVSQRLNRTFSIELDTDNVTNQQOQSGRCWLFSTLNVVR
Ldla-G (1) MSHEL NENAD NQ RAAARSGVLEASYNERVAGRLTRVFSTELPTDNVTNOKQSGRCWLFSTLNVLR

Laci-G (1) MKHKL AEIAKFQ EKQPRNRVAELAVVNNGVQKASENNEGV LNRTFEIEPTDNVTDQKQSGRCWLFAALNTLR

Lgas-C (1) MSHELTLQE IDQFRNDFDNS-RNEVVSRAAMRSGVLEASENPAVTNRLNDVF DNVTNQMQSGRCWLFATLNTLR
Ljoh-C (1) MSHELTLQE IDQFRSDFDNS-RNQVVSRAAMRSGVLEASENPAVTNRLNDVF: DNVTNQMQSGRCWLFATLNTLR
Ldbu-C (1) MSHELTLQELAKFSANFNADPKNQVIARAAARSGVLEASYNERVAG LTRVFSTELPTDNVTNQKQSGRC\NL TLNVLR
Lheid2-C (1) MAKEINTDTIAKFENDLNNHPVFNVASHAAQENGHYKASONLQTKIDLD! DTGKPANQKQSGRC ALN
Lhel53/7-C (1) MAKEINNDTIAKFENDLNNHPVFNVASHAAQENGEYKASONLQTKIDLD DTGKPADQKQSGRC ALN
LaciC (1) -MAIJISDQEIADFSADENSNSENLVASCAARRNGLLEASENDRVS NHVFSTELDIGGVTNQKQSGRCWEFATLNVLR

Lcas-C (1) M TG.AQFKQDLIATPGAS AVMNNGENA ENTDSKV TPTFSIELDTGSVANQKQSGRCWMFAALN
Lpla-C (1) MSK R

Ldla-C (1) MSK FHNLSKHPAYGV NAAQTNGFKASQSTQSKVDLDPTF DTGSVINQKQSGRCWMFSALN
Consensus (1) MSHELTLQEIAKFSADFN PKN VIARAA RSGVLEASYN V RL RVFSIELDTDNVTNQKQSGRCWLFATLNTLR

DLDQRPEAKVIERSVTRNGILASSQD 1QAMSQTTPVFSIDLDTGDVANQKQSGRCWMFAALN



112

Figure 26 (continued)

(81) 81 90 100 110 130 140
Lhel19-E (81) HEFGK KAKDFTFsaYNFFWD ERANIFYNRII ADMPLDSRQ T DFAGTDGGaQM

Lhel32-E (81) HEFGKKYKAKDFTFSQAYNFFWDKIERANMFYNRIEDSADMPLDSRQVKTDEDFAGTDGGQREQM
Laci-E (81) HAFGKKYKAKNFTFSQAYNFFWDKITERANMFYNRILDSADMPLDSRQ DFAGADGGQEQM
Lhel32-E2 (81) HGFAKKYNTKNFTFSQNYLFFWDRVERAN NTADKPLGDRTVHTYMQGPDADGGQWAMA
Ldla-W (81) HNFGKANKAKNFTFSgYNFFWD RI IATADIPLTDRT GYFDWCQTDGGQWHM

Ldla-G (81) HDFGAKHKAKNFTLSQSYNFFWD! ETADKPLDDRE FDFAGHDGGQWHMAI

Laci-G (81) HGFAKKQNAKNFTFSQNYLFFW NI NTADKPLDDRTVHTYMQGPDTDGGQWAMA
Lgas-C (80) HDFGKKYKAKNFTLSQAYNFFWD 11DSADKPLDDRT NFAGSDGGQWAM
Ljoh-C (80) HDFGKKYKAKNFTLSQAYNFFWD 1 1DSADKPLDDRT NFAGADGGQWANM
Ldbu-C (81) HDFGAKHKAKNFTLSQSYNFFWD IETADKPLDDRE FDFAGHDGGQWHMA
Lhel32-C (81) HPLQKKFKLQDFELSQNYTNFWDKF! IATADKDLGDRKVSFLFATPQQDGGQWDMLCGEIEKYGIVPKSVY
Lhel53/7-C (81) HPLQKKEKLQDFELSQNYTNFWDKF IATADKDLGDRKVSFLFATPQQDGGQWDMLCGIIEKYGVPKSVY
Laci-C (80) HYFGKKNNVKDFTFSQAYNFFWDKEERANAF IRLADKPINDREVQSWESFAGEDGGLWSMA I NLVKKYGVVPSYAM

Leas-C (81) HGIQAQEKIKDFELSQNYTEFWDKFEKSNYF KTADQPLDSRKVAFLMTTPQQDGGQWDMLSALIEKYGIVPKSVM
Ldla-C (81) HSIQKEFKLKGFELSQSYTFFWDKFEKSNF I GSADKPLGDRKVSFLFATPQSDGGQWDMLCGLIEKYGIVPKKVY
Lpla-C (81) HSLAEKENLKHFELSQNYTEFWDKFEKANYF TADQATSSRKVAWLMTTPQQDGGQWDML QKYGEVPKSVM
Consensus (81) H FGKKYKAKNFTLSQAYNFFWDKIERANIFYE 11 TADKPLDDR VK YM FAG DGGQW MA SL1 KYGVVPSYAM

(161) 161 170 180 190 200 210 220 230 240
Lhel19-E(161) PETENTNNT TGFATALGDKLKKDA KKTREK-FLSEVYQMTAIAVGEPPKKFDLEYRDDDKKYH
Lhel32-E(161) PETENTNDT TGFATALGDKLKKDA KKTREK-FLSEVYQMTAIAVGEPPKKFDLEYRDDDKKYH

Laci-E(161) PETENTNNTTSFATALGDKLKKDA KTREK-FLSEVYQMTAIAVGEPPK TFDLEYRDDDKKYHLD

Lhel32-E2(161) E

LRKLAKENKTDEIETKROE-FLSEVYRMAV! IAFGEPVQKFDL DDDGKYHFD

Ldla-W(161) P DKERKDALTLRRLAQADD! EAARTD-FLSQIY T GEPPKTFDL RDDDKNYHLD

Ldla-G(161) P DKERKDALALRRLAQAGDQEGLEKARKT-FLNEIYRM GEPPKTFDLEYRDDD YHLI

Laci-G(161) D ETKR! FLSEVYRMAVIAFGEPVQKFDLE.DDN YHFD
Lgas-C(160) P! RKERKDALVLRKLVQEGKTDEVEKKRKE-FLS
Ljoh-C(160) P RKERKDALVLRKLVQEG EKKRKE-FLS
Ldbu-C(161) P DKERKDALALRRLAQAGDQEGLEKARKT-FLN
Lhel32-C(161) P EMLN
Lhel53/7-C(161) P EMLN

Laci-C(160) P
Lcas-C(161) P

Consensus(161) PESFNTN TAGL ALA KLRKDALVLRKLVQEGKSDEI RKE FLSEVYRMLAIAVGEPPKKFDLEYRDDDKNYHL!

(241) 241 270 280 290 300 310 320

-

Lhel19-E(240) KDLT FLHKEIEIDFDDYVV NAP--DHEYDKLYGLPAEDNVSGS IRTKLLNV: EYLTﬁﬁIIAQLKDG FGN

Lhel32-E(240) KDLTPLEFLHK DFDDYVVLTNAP--DHEYDKLYGLPAEDNVSGS IRTKLLNVPMEYLTAASIAQLKDG FGN
FLHK DFDDYVVLTINAP--DHEYNKLYGLPAEDNIEGSLRIKLLNVPMEYLSSAATIAQLKDG FGN
FFHNYFT-DDLDDY1VLFNAP--DHEEDKLYALPFEDNVEGGTPVOFLNTENDNL TKQLEAGETIIWFGC
QFYKKYCA-TDLDDYVVLANAP--DHEMNRVLHLGFEDNIKGGYPNLFINVPMEYL 1AQLKDG FGN
SFENKYFD-VDLDDYVVLTNAP--DHEYGKLYHLGAEDNVEGGSPILFLNVPMEYLEQTAVAQLKDG FGN
Laci-G(240) GNLTPLBFFHNYFT-DDLDDYIVLFNAP--DHEFDKLYALPFEDNVEGGTPVQFLNTEIDNL IKQLEAGETIWFGC
Lgas-C(239) KNLTPVEFENKYWD-INFDDYVCLTNAP--DHEYGKLYSLPFEDNVNGGLP I TFLNVPIEYL KQLKDG FGN
Ljoh-C(239) KNLTPVEFENKYWD-INFNDYVCLTNAP--DHEYGKLYSLPEEDNVNGG IP1TFLNVPIEYL IKQLKDG FGN
Ldbu-C(240) KNLTPVSFENKYFD-VDLDDY VWV NAP——DHEYGKLYHLGAEDN GGTPILFLNVPMEYLEQAAVAQLKDG FGN

Laci-E(240) KNLT
Lhel32-E2(240) GPLT
Ldla-W(240) KGLT
Ldla-G(240) KNLT

Lhel32-C(241) TPKEFFDKYVG-! DLAN STINAPTSDK LGN GGRQVRHLN L IIKQLKSGEVVWFGS
Lhel53/7-C(241) TPKEFFDK DLAN STINAPTSDK LGN GGRQVRHLN L FIKQLNNGEVVWFGS
Laci-C(239) KDLTPRAFVQKYFKDFKFDDYVVLSNCP--NH NKLYH PLYDNVDGGDQIKFLNVPEIEYLSQ

QLKSGMFGN
-WNLDDYQSH INAPTDDKPYNHLY TVEMLGNVVGGREVRHLN TFKALAVKQLKAG FGS
m—WDLINYl INGPTADKPYNKVESVEYLGNVVGGRQVRHLNLELSKFKEL INQLKQGEVMIFGS

~WNLDDYVSH INAPTDDKPYNHTY TIEMLGNVLGGREMKHLNVSMADFKQLATKQLQAGQSVWFGC
IKFLNVPMEYLKDAA IKQLKDGEAVWFGN

Lcas-C(241) RELTPQTFEKK
Ldla-C(241) TPQDFFKK
Lpla-c(241) QNLTPQSFFEK
Consensus(241) KDLTPLEFF KYVG VDLDDYVVLTNAP DHEY KLY LPFEDNVEGG
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Figure 26 (continued)

(321) 321 330 340 350 360 370 380 390 400

S
Lhel19-E(318) DmQMDRKTGYLDTNLYKL LFGVDLKMSKADRLKTGVG SHAMTLVGVDEDNGEI KVENSWGDKSGAKGmM

Lhel32-E(318) DVERQMDRKTGYLDTNLYKLDPDLFGVDLKMSKADRLKTGVGEVSHAMTLVGVDEDNG KVENSWGDKSGAKGYYVM
Laci-E(318) DVERQMDRKTGYLDTNLYKLDBLFGVDLKMSKADRLRTGVGEVSHAMTLVGVDEDNG KVENSWGEKSGSKGEFVM
Lhel32-E2(317) DVGKDSDRQKG ILSKGLYQTDTIFNIETKLSKKERLQTGASGSTHAMTLVGVDVVDEKPRQWKIENSWGAKVGEKGYFVM
Ldla-W(317) AVGRQMDRKTGEMDLDLYQLDQLLDIDSHLSKADRLATG IGESSHDMALVGVDVDGG KVENSWGDKSGEKGYFTM
Ldla-G(317) DVERQMDRKTGYLDTDLYKLEDLFDVDLSLSKADRLATGAGEVSHAMTLVGVDEDKG KVENSWGDKSGEKGEFVM
Laci-G(317) DVGKESDRQKG ILSKGLYQTDLIFDIETKLNKKERLQTGASGSTHAMTLVGV! DGQP KVENSWGSKVGEKGYFVM
Lgas-C(316) DVLKEMDRKTGYLDTELYKTDELFDVDTYM RLATGEGEVSHAMTLVGVDLDKGEIRKWKVENSWSEKSGRKGYFTM
Ljoh-C(316) DVEKEMDRKTGYLDTELYKTDELFDVDTYM RLATGEGEVSHAMTLVGVDLEDKGEIRKWKVENSWSEKSGRKGYFTM
Ldbu-C(317) DVGRQMDHKTGYLDTDLYKLEDLFAVDLSLSKADRLATGVGEVSHAMTLVGVDEDKGDIRQWKVENSWEDKSGEKGEFVM
Lhel32-C(320) N KD GLLDTNL RDOLFDVDFSMSKA L GESMMDHAMV I TGVDNGDGKPTKWKIIENSWGEKPGFKGYFVM
Lhel53/7-C(320) NVMKD GLLATNL RDQLFDVDFSMSKA GESMMDHAMVII TGVDEVDGKPTKWKIENSWGEKPGFKGYFVM
Laci-C(317) DVSKQ RKTGYLDTNLYETDKLFGVDTKMSKADRLATGEGF HDMTLVGVDEDNGHIRKWKVENSWGDKFGHNGEYEM
Lcas-C(320) DVGQSSDRQLG IIDTHYKKDILFNTDFTMIKPIRLDYGES HAMVLTGVHgDGKPTKWKVENSWGDKVGDKGYFVA

Ldla-C(320) DVSKGGDREAGLLDTKIEYQRDQLFDYDFSMSKADRLDSGESMMNHAMVI TAVDLYDDKPTKWKIENSWGDKSGFKGYFVM
Lpla-C(320) DVGQSSDRQKGVMATDVYSKDELFDVDLSMSKAERLDYGESLMTHAMVITGVDLVDGQPTKWKVENSWEDKVGTKGERVM
Consensus(321) DVLK MDRKTGYLDT LYK DDLFDVD MSKADRL TGEGEVSHAMTLVGVDLD G IRQWKVENSWGDKSG KGYFVM

(401) 401 410 420 430 440 450
Lhel19-E(398) NNEWENDYVYEVVVHKKYLTBDKQKKLAE---GP ITDBLPAWDSLA-——---
Lhel32-E(398) NNEWENDYVYEVVVHKKYLTBKQKELAE---GP ITBLPAWDSLA------

Laci-E(398) SNDWENDYVYEVVVHKKYLTBKQKELAE---GP ITDLPAWDSLA------
Lhel32-E2(397) DDDWENEYLEKVWVKKQ KLVKIWE---GEATPVEAWDSMA------
Ldla-W(397) SADWFREY TYEVAVQKKHVPAEILDLLK---NQP IELDPWDSL I -—----

Ldla-G(397) SHNWEKEYVYEVVVHKKYLTKDQQELLS---STPVELAPWDSLA--—---

Laci-G(397) NDEWFNE KVWKK(&IEIKLIKIWE———GEATP EAWDSMA------

Lgas-C(396) SDKW YEVWWRK DQKKLAE ---SKPTPLPAWDSLA-—--—-
Ljoh-C(396) SDKW YEVWVRK DQKKLAE ---SKPTPLPAWDSLA----—-
Ldbu-C(397) SHNWFKEYVYEVWVHKKYLTKDQQELL S—--STPVELAPWDSLA--———-
Lhel32-C(400) SDSW YQAVAINKD I LPEDLKKAYBEGKDNP INYCHG I QWL -———-
Lhel53/7-C(400) SDSI! YQAVANKD I LPEDLKKAYBEGKDNP 1 QLL PWDPHIBALAFKY
Laci-0(397) SQQW YIVVVRKElL QLKEAE---GPAIDLKPWDNEG----—-
Loas-C(400) SDSW SKKYLSADLQDY 1 KNEYDKPTVLAPWDPMGALASK-
Ldla-C(400) SDEW YQA NKAFLPEDVKKAYBEGKENP I ELL PWDPMGALAFDF
Lpla-C(400) SDAWMBEYCYQUMVNK DLKAAQA-——EEPTVLAPWDPMEALA-—-
Consensus(401) SD WFDEYVYEVW K YLTDDQKKL E PTDL PWDSLA




Table 9. Amino acid BLAST analyses for the deduced PepE sequence from Lb. helveticus

WSU19

Thiol proteases Bacteria Identity (%)
PepE Lb. helveticus CNRZ32 99
Lb. acidophilus NCFM 89
PepE2 Lb. helveticus CNRZ32 52
PepG Lb. acidophilus NCFM 63
Lb. delbrueckii subsp. lactis DSM7290 52-69
PepW Lb. delbrueckii subsp. lactis DSM7290 59
PepC Lb. gasseri 43-68
Lb. johnsonii NCC533 43-67
Lb. delbruckeii subsp. bulgaricus ATCC 59-69
BAA-365
Lb. casei ATCC334 44-45
Lb. plantarum WCFS1 44-49
Lb. helveticus CNRZ32 42
Lb. acidophilus NCFM 41
Lb. delbrueckii subsp. lactis DSM7290 41
Lb. helveticus 53/7 40
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Pstl (2466)
EcoRI (1030) Xbal (2599)
Sacl (707) C Ps(2959) _
Psil 450) |  Kpnl 3404y HIndIT(E334)
same EcoRI (1897) | Kpnl (3431)
' ORFI1

ORF2 ORF3

—— —

e —

Figure 27. Open reading frame (ORF) and restriction enzyme analyses of the 4.3-kb HindlIlI-
Sall genomic insert containing the pepO gene from Lb. helveticus WSU19. The vertical lines
represent restriction enzyme sites. The numbers in parentheses refer to nucleotide positions.
The horizontal line represents genomic insert. The horizontal arrows represent ORFs; the
arrows above the horizontal line correspond to the direct DNA strand; the arrows below the

horizontal line correspond to the complementary DNA strand.
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Figure 28. Nucleic acid sequence of the 4.3-kb HindlIlI-Sall genomic insert and the deduced

amino acid sequence of the PepO enzyme (in single-letter code) from Lb. helveticus WSU19.

The numbers to the left refer to nucleic acids (bottom lines) and amino acid residues (top

lines). The putative —10 and —35 promoter sequences are underlined and labeled. The

putative ribosomal binding site is indicated in bold letters, underlined, and labeled rbs. The

putative transcriptional terminator is indicated by the dotted horizontal arrows. Stop codon is

indicated by asterisk. The zinc metallopeptidase motif is double-underlined and labeled.

61
121
181

241

301

15
361
35
421
55
481
75
541
95
601
115
661
135
721
155
781
175
841
195
901
215
961
235
1021
255
1081

GTCGACACAGAAACGGAAACTTTAATTCAGGAAGGGTTAAAGAGACTCCGTAAAGGTCGT
ACACTTTGGCAATTGCACACCGGCTTTCGACATCGCAGATGCTGATCAAATTATTGTGCT
TGATCAAGTTCGAATTGTTGAAAGAGGTAATCACAAAGAACTGCTTGCCAAGAAAGGCTA
TTATTACAATTTATATACCTTGCAAAAAAATGAAGGCGAAAATTAATGCGGAAGAACATT

TGGCTAATCCTCAGACGTTCTTTTTGCTATAATGAATTTAAATGATTAAATAGTTATGAA
-35 -10

M R RY L AV R GG AGD V
TATTTCTATAAGGAGCAAATATGAGAAGATATTTAGCTGTACGTGGCGGTGCAGGGGATG
rbs

AAE P DULNAKWPOQDNULY L AV N S E
TTGCTGAACCTGATTTAAACGCTAAGCCACAAGATAATTTATATTTAGCCGTCAATTCCG
w L SKAETI PADGQTSAGVNTEL
AATGGTTGTCTAAAGCAGAAATTCCTGCAGATCAAACTTCTGCCGGAGTAAATACTGAAT
b1 K I E K RMMIKDIFADTI A S G K E
TAGATATTAAAATTGAAAAACGCATGATGAAAGATTTTGCGGATATTGCGTCTGGTAAGG
K P D1 RDFDIKAI ALYK 1T A KN
AAAAGATGCCAGATATTCGTGACTTCGATAAGGCGATTGCCTTGTATAAGATTGCGAAGA
F DK RDAEIKANWPI QNIDULQ K I L
ATTTTGATAAAAGGGATGCTGAAAAGGCAAACCCAATTCAAAATGATTTACAAAAGATCC
b LI NF DKW FIKDNATELFMGPY
TTGATTTAATTAACTTTGATAAATTTAAGGATAATGCAACAGAGCTCTTCATGGGTCCAT
AAL P FV FDI1 DADMMIKNTDFNVL
ATGCCTTGCCTTTTGTATTTGATATAGATGCTGACATGAAAAATACAGATTTTAATGTCT
H F G G6GP S TFL P DTTTYKTPE A
TGCATTTTGGTGGTCCAAGCACATTTTTACCAGATACAACTACTTATAAGACACCTGAAG
K K L L D1 L EKQS T NILILEWMAGI
CCAAAAAATTACTTGATATTTTAGAAAAACAAAGTATCAACTTGTTAGAGATGGCAGGTA
G K EEARVY V QDALAFUDOQI KL S
TTGGTAAAGAAGAAGCACGTGTTTATGTTCAAGATGCTTTAGCCTTTGATCAAAAATTAT
K v v K §TEEWSDYAAIYNUPV S
CCAAGGTCGTCAAGTCTACTGAAGAATGGTCAGATTATGCTGCAATCTATAATCCGGTTT
L T EFL AKFKSFDMADFL K T1I
CTTTGACTGAATTCTTAGCTAAGTTTAAGTCATTTGATATGGCTGACTTTTTAAAGACAA
L PEKV ERV I VMEUPRFLIDHAD
TTTTGCCTGAAAAAGTTGAACGAGTAATTGTAATGGAACCACGTTTCCTTGACCATGCTG



Figure 28 (continued)

275
1141
295
1201
315
1261
335
1321
355
1381
375
1441
395
1501
415
1561
435
1621
455
1681

475
1741

495
1801
515
1861
535
1921
555
1981
575
2041
595
2101
615
2161
635
2221

2281

2341
2401
2461
2521
2581
2641
2701
2761
2821
2881

E LI NP ANUFDEI KGWML V K Y I
ATGAATTAATTAATCCGGCAAACTTTGATGAAATTAAAGGCTGGATGCTGGTTAAATATA
NS VAKY LS QDFRAAATFUPFNDQ
TTAATAGCGTAGCTAAGTACTTGTCACAAGATTTCCGTGCCGCTGCATTTCCATTTAACC
Aol S G TPEULWPS QI K Q AY R L AN
AAGCAATTTCAGGTACGCCAGAATTGCCTTCTCAAATTAAGCAAGCCTATCGTTTAGCTA
G AFDEVV GI FY G KKY F G E E A
ATGGTGCTTTTGATGAAGTTGTTGGTATTTTTTATGGTAAGAAATACTTTGGTGAAGAAG
K H DV EDMMIHNMMLI KV Y E QR I N
CTAAACACGATGTCGAAGATATGATTCACAATATGCTTAAAGTATATGAGCAAAGAATCA
D NNWILSETDTIKIKIKAT1 1 KL R AL
ATGATAATAATTGGTTATCTGAAGATACTAAGAAAAAGGCAATTATTAAATTAAGAGCTT
v L K1 6 Y PEIK 1T EK 1 Y DULULQTII D
TAGTACTTAAGATTGGTTATCCAGAAAAAATCGAAAAGATTTATGATCTTTTGCAAATTG
P ERSLYENEAQMATVRTIK Y M
ACCCAGAAAGGAGTCTTTATGAAAATGAAGCTCAAATGGCAACGGTACGCACCAAGTATA
L bK L TQPV DR RSV WILMZPGNTLN
TGCTCGATAAATTAACTCAGCCAGTAGATCGCTCAGTATGGCTCATGCCAGGAAACTTGA
NACYDWPOQQRNDILTUFZPAGTI L Q A
ACAATGCTTGTTATGATCCACAAAGAAATGATTTAACTTTCCCAGCTGGTATTTTGCAAG

(zinc
P FYDI1 HO QS RGANYGGI1I G AT
CGCCATTTTATGATATTCATCAATCCCGTGGTGCAAATTACGGTGGTATCGGTGCAACTA

metal lopeptidase motif)
G HEV SHAFUDNSGAIKEFDEH G N
TTGGTCATGAAGTTTCTCATGCCTTTGATAATAGTGGTGCTAAATTTGATGAACACGGAA
M NN WWTDEUDIFAETFNI KRV G Q M
ATATGAATAACTGGTGGACTGATGAAGACTTCGCTGAATTCAATAAGCGGGTTGGCCAAA
v b Il FDGLQYGPAKTINGZKIQVYV
TGGTTGATATTTTTGATGGCTTGCAATACGGTCCAGCTAAGATTAACGGTAAGCAAGTAG
G ENT ADLAGLACAYVYQAGIKND
TAGGAGAAAATATTGCTGACTTGGCAGGGCTTGCTTGTGCTGTTCAAGCTGGTAAGAACG
NV DL KWDULIFENYA AR SWMAOQIK QR
ACAATGTTGATTTGAAAGACTTGTTTGAAAATTATGCAAGAAGCTGGATGCAAAAGCAAC
P EAI1 K TEVQV DV HAPZGQPTRV
GTCCAGAAGCAATTAAAACTGAAGTGCAAGTTGACGTTCATGCACCACAACCAACTCGTG
N1 PV QCQDDFYTAZFUDVK P DD
TAAATATCCCAGTTCAATGTCAAGACGATTTCTACACTGCATTTGATGTTAAGCCTGATG
G MWL DWPET DR RTIT 1L W =*
ATGGCATGTGGCTTGATCCTGAAGATAGAATTACTATTTGGTAATTTAGACAAAATAAAA

ATGACTACTGGATTTTTCCAGTAGTCATTTTTGGTTTGCACTTATTTATTATTAAGCATG

TAATCACGGGTCATTGGCAAGTTCTTACCAGATAGGCCCTTAGTTAAAAGATATTGTACA
ACATCAATGTTGCCTGATTCAAAGCTGGCAGCACATGCTTGAAGGTACATATCCCACATT
CTGCAGAATCTTTCGCCCATCTTCTTTTCAATTTCAGGACGAGCATTGTTAAAGTTCTTG
TCCCAAATTTCCAAAGTCCTTTGGTAGTGACGACGGAGCATTTCAACGTCACTAATTTGC
AAGTGAGCTTCTTCAATTCTAGAAATAATTTCAACTAAACCTGGAATGTAACCACCTGGG
AAGATGTATTTATTAATCCAAGCATTAGTGGCACCGCCTTGTTGACGAGTAATACCATGG
ATTAATGCTACACCATCGGTCTTTAAGTATTTAGCTACATCATTGAAGTATTCACTCAAG
TTTTCAGAACCAACGTGTTCAAACATACCAACTGAAGTGACGTAATCCCATTGTTGATCA
CCTAATTTACGATAATCTGCAAGTTTAACTTCGGCAACATCTTGCAAGTTTTCGGCATAA
ATCTTCTTTTGAACTAACTTGTATTGTTCTTCACTCAAAGTAACACCGGTAACTTTAAGA
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Figure 28 (continued)

2941
3001
3061
3121
3181
3241
3301
3361
3421
3481
3541
3601
3661
3721
3781
3841
3901
3961
4021
4081
4141
4201
4261
4321

CCATATTCTTTAGCTGCAGTGAGCATCAAAGTACCCCAGCCACAACCGATATCAAGTAAA
GTCTTTCCTTTTTGTGGGTGTAACTTGTTTAAAATGTGATGTACTTTGGCGATCTGAGCT
TGTTCAAGATCATCTTTATTATCGTCCGTAAAGTAAGCACATGAATAAGTCAAGGTTGGG
TCAAGCCATTGTTCGTAGAAATCATTACCGATATCATAGTGACTTTGAACGTCCTCTTCA
CTTTGCTTTTCAGTATGTTTAGTTTTAGGCAAGAATTTACGGAATTTGGATGAACGCATG
AAACTGTCGGCACTTTCGTATACGCCGTCAATTAATTTTTGAATGCTGCCATGGATTTCA
ATTTTCTTGTCCATGTATGCTTCACCAAGTGCTAGGGATGCATTTCTTGTAATGTCGCCC
ATTGGAATTTTTTCATTGAAAACTATTTCAATTTCTGGGGTACCGTTACCATATACTTCT
TCTGGGGTACCGTTACCATATACTTCGCTTTTACCATCCCAATAAGTTACTTTAACGGGA
AAAGGGAAGGACTTACTGAGCATCATTTTGTAAAAGGCTTTTTCTAACAATGTAATTTCC
TCCACTAATTATTAAACCTAATTAGTTACGTATTTTAACGCTAAAATTTTTACTTGGCAA
CATAGTGAAAATTAGGATCAAGTTCATCATCTAATTTCTTCCAAGCGTCTTCTAATTGCT
GATAAATGATTTTTTCATTTTCATGGGTTAATTTAGTTTTGCGATCAATAGTGATTGGAT
CACCAAAATTAACCTCTAATCCTTTTCGTTTTAATAAACCCTTGAAGGATAAAGGCCCTT
GATAAACCACCGGAACCATTGGCTTTTGTGACATTTTAGAAATTAAAAGCGCACCACCTT
TTAATTCAGCTGAATGTCTTGTGCCAGATGGAAAAATGATGAGTGATAGTTCACCTTTTC
TTAACCCTTTAACTGGAATCTTCAATGCAGATGGACCAGGTTTTTTCCGGTCAACAGGGA
AGGCATGGACATGATCTAAAATAAAACGTAAAACCGGATTTTTAAACAGTTCTATTTTCG
CCATGGACATAAATTCCATTGGACTGGCACCTAAAGCAAATAAAATAGGTTCCCACCAAG
TACGGTGAGGTGCAACTAAGATATAGCTGCCTTTAGGCAAACGATTCTTATGGTGAATGT
GTAAATGTCCATTTAATACCCATACAATAAAGCGGGCAATCGGACGGATTATTTTATAAA
ACATCTTTTTTGTTCCTCCAATTGTTGTAATATTACGCGTGGTGCTAGTTAAATCGTTTT
AGTTAAATAAAAAGTCCAATCTTGTTAAACTCGACTTGTAAATAGTAATAATAGAAAAGA
GTCTGACTAGATTG
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Figure 29. Alignment of the deduced amino acid sequence of PepO from Lb. helveticus
WSU19 and the published amino acid sequences of PepO from lactobacilli. Number 2 after
species designation indicates multiple amino acid sequences from the same species. Letter
colors: black, dissimilar sequence; blue with turquoise background, conservative sequence;
black with green background, similar sequence; red with yellow background, identical
sequence; green, weakly similar sequence. Abbreviations: Lhell9, Lb. helveticus WSU19;
Lhel32, Lb. helveticus CNRZ32; Laci, Lb. acidophilus NCFM; Ljoh, Lb. johnsonii NCC533;

Lpla, Lb. plantarum WCFSI.

) 1 10 20 30 40 50 60 70

Lhel19 (1) MRR VRGGAG EP NAKPQDNLYLAVNSEWLSKAEIPADgSAGVNTEL KIEKRIMKDFAHA

Lhel32 (1) MRRYLAVRGGAGDVAEPDLNAKPQDNL YLAVNSEWLSKAE I PADQTSAGVNTELDIK IEKRMMKDFA
Laci (1) MSNKMTVRGGAGNILEPKVGTRPQDNL YLAVNSDWLEKAK I PSDRSR I ASFDSIDLNVEKSLMKDFADFA

Laci-2 (1) MRRYFAVRGGAGDVAEPDVNAKPQDNL YLAVNSEWLSKAE I PADR I STGVNSELDIK IEKRMMKDFADEA
Lioh (1) ~MALENVRGGAGDI TKPDLNARPQDNL YLAVNSEWIEKAK I PSDRSR 1 SSFDGIDLN I EKSLMQDFADFA

Lioh-2 (1) ~MNTFRIRGGLGDSAVANTNVKLQDNL YLATNSQWLEKAK I PADRPLMDSFVELDTKIRKQLEKDFDNFA

Lpla (1) ————————————— MAT INQAAVKQDL YDAVNGEWLKTAV I PDDHSSTGGEMBDL VDAL EKTLMHDFDARA
Consensus (1) M L VRGGAGDVAEPDLNAKPQDNLYLAVNSEWL KA IPADRSS G F ELDIKIEK LMKDFADIA
(71) 71 80 920 ,100 110 120

Lhel1o (71) SGKEKMPDIRDFDKATAL YKIAKNFDKRD
Lhel32 (71) SGKEKMPDERDEDKAIAL YKIAKNFDKRD

Laci (71) DGKK PNLKKAVEL YKLARDFKRRD GAKPIQADLF
Laci-2 (71) SGKEKMPDIKDEDKAIAL YKIAKNFEKRD

PIQNDLQKILDLINFDKFK P LPFVF
PIQNDLQKILDLINFDKFK LFM PYALPFVE
ESISDFADFNLKAADLFKASESLPFGL
EANP 1 QKDL QKLLSLGSFVEL VKQAKDLFMGPY\VFPEVE
Lioh (70) DGKKKLPNVPNFEKAVEL YK IANNFDKRN GAKPIKADLEEITSLRNLTD LRAADFYKNAFDLP 1SV
Ljoh-2 (70) FNKKKLPDLDNLDKAITLYKL TLDFDKRN SA.PIKPDLQK.LSLSRFSD QlLAQLIKD LPLYFE
Lpla (57) AG-TVTPDDPQL TEFIKFYRLAKDFDORNANGAEP I LPCLKQIDSLSDFADLQQRMPDWIYDGL PLPESL
Consensus (71) SGK KMPDI NFDKAI LYKIAKNFDKRDAD ANPIQ DLQKILSL F DFN NA DLF G FALPF F

(141 141 150 160 170 180 190 200 210
Lhel19(141) DlDADMKNTDFNV FGGPSTFLPDTTTYK--TPEAKKLLDILEKQSINLLEMAG
Lhel32(141) DVDADMKNTDFNV FGGPSTFLPDTTTYK--TPEAKKLLDILEKQSINLLEMAG
Lac141) DIDADMKNT NVLQF IGPSTFLPDTTTYK--TEAAGKLLEVLKKQSINLLKMAG
Laci-2(141) DVDADMKNT FGGPSTFLPDTTTYK--TDDAKKLLDVLQDQSINLLMMAG
Lioh(140) SVDADMKDT FGGPGLFLPDTTTYD--N DLLKMLQDQSENLLKMAG
Lioh-2(140) YVDADMKNTSQN PNlFLPDAlAYK——D EELLNTFEKQSAKLLTEAG QIATNAVR
Lpla(126) DVDADMKNTK.NALFA PGT I LPDKTYYDEGNQAGPKL L AlYAKMMTEL LQKTGYEKDEAQK 1VBDTLQ
Consensus(141) DVDADMKNT VNVLYFGGPSTFLPDTTTYK TPAA KLLDIL KQSINLL MAGI KEEAK YVD AL

(211) 211 220 230 240 250 260 270 280
Lhel19(209) FDQKLSKWKSTE YNP KFKSF ADFL LPEKV VI EPRFLDHADEL IN
Lhel32(209) FDQKLSKWKSTE YNP KFKSF ADFL LPEKV EPRFLDHADEL IN

Laci(209) FDIKLSEWKSIEEWADYPAMYNPT EIFEGKIKNF YELKEALGEV IVTEPRFLKH ELMN

Laci-2(209) FDAK-KWKSTEEWADYAAIYNP SYDEFISKFKSF EFLGKIILPEKPESV I VNEPRFL ELIN

Lioh(208) F KLSKVIKSTEEWADYPAMYNP PIESEFEDKFDSFKIIBNFLSN FAQK IVTEPRFLDH ELIN
Lioh-2(208) F KHKKSQEE IN MYNAYSTQQFASSFEFLDIEQLLNSLFSKVP EPD.LKH INELVN
Lpla(196) F PW'KSAEESAD KMYNPRKFNBFYNTSRYLDLAAIT DGN! |_v | EPAFFDHFN N

Consensus(211) FDKKLSKVVKSTEEWADYAAMYNPVSL EFLAKFKSFDID FL SI1L EKPERVIVMEPRFLDH DELIN



120

Figure 29 (continued)

(281) 281 290 300 330 340 350
Lhel19(279) PANFDEIKGWMLV INSVAKYLSQDFRAAAFPFNQ SGTPELPSQIKQAYRLANGAFDEWGI YGKK
Lhel32(279) PANFDEIKGWMLVKY INSVAKYLSQDFRAAAFPENQARSGTPELPSQ I KQAYRLANGAFDEAVGIEYGKK

Laci(279) EENFDEIKGWM INNVASYLSQDFR FOFSQ GQPELQSQEKQAYHLANGLFSEVVGVYYGQT
Laci-2(279) ADNFAEIKGWELVKY INSVAKYLSQKFR FPFAHAISG IPELPSQ I KQAYRVANGAFDEVVG IFYGKK
Ljoh(278) EDNFDEIKGWM INGVAAYLSQDFREAAFPFSQALSGQPELSSGTKQAYRLANGMFSEVVGVYYGQT
Ljoh-2(278) PENFEELKSWILV NSSADYLSEEFQKAAFPYKQAVEGVRELPSTEKQAYRVANRVFAEVIGIYYAQS
Lpla(266) PDNFGLMKNWMKAK MRVLAT SGQKEPRNQAKSAYYLATGTFDQVVGLYYGHK
Consensus(281) PDNFDEIKGWMLVKFINSVA YLSQDFR AAFPFSQAISG PELPSQ KQAYRLANG FDEVVGIYYG K

(351) 351 360 370 380 390 400 410 420
Lhel19(349) YFGEEAKHDVEDMIH MLKVYEQRI!NNWLSEDTKKKAI LKIGYPEKIEKIYDLL DPE—

Lhel32(349) YFGEEAKHDVEDMIHNMLKVYEQRINDNNWLSEDTKKKAI LKIGYPEKIEKIYDLLQIDPER-
Lac349) YFGEEAKKDVLTMIRQVIEIDVYEKRIKENSWLSEETKEKAI LKIGYPDKIEEIYNR TPASE
Laci-2(349) YFGEKAKHDVEDMIHNMLKVYEERIGSNDWLSEDTKKQAI LK1GYPEKIEKIFDLLQVDSEK-
Ljoh(348) YFGAEAKADVEDMIHKMIDVYEKRI iNNWLSEDTKKKA | LKIGYPEKIEEIYDRL PEAE

Ljoh-2(348) YFGSTAKANVEQMINKMLETYKQ NSWLSESTKNEALKKLDHETLKIGYPDK I SDMYNDIQVSTNK-
Lpla(336) YFGEAAKADVHQMMEKMEAVYKR NTWLSADTRA TKLDKLGIQVGYPDKLETIYTKFKTHTPEQ
Consensus(351) YFGEEAK DVEDMIHNML VYE RINDN WLSEDTKKKAI IKLRALVLKIGYPEKIE 1YD LQI PEK

(a21) 421 430 440 450 460 470 480 490
Lhel19(418) —-SLYENEAQVATVRTKYMLDKLTOPVDRSVW/--LMPGNLNNACYDPQRNDLTFPAG I LQAPFYDIHQSR
Lhel32(418) —-SLYENEAQVMATMRTKYMLDKLTQPVDRSVW/--LMPGNLNNACYDPQRNDLTFPAG I LQAPFYDIHQSR

Lac419) GGSLYSNVRAAD I EQVKYNVEKLHKPVDRSVI/--LMPANLYNACYDPQRNDLTFPAA I LQAPFYDLKQDR
Laci-2(418) —-SLYENEAAMDKVRTKYMLDKLTKPVDRSVW--LMPGNLNNACYDPQRNDLTFPAG I LOAPFYDINQSR
Lioh(418) GGSLYSN VESVKYNLEKLTOPVDR W——LMPGN NACYDPQRNDITFPAA I LQKPFYDLKQSR
Lioh-2(417) ——SLSEN ISAANKTWVQYSFNELYKPVDR WGPGA NAFYDPTKNDITFPAA I LQKPFYSSDNTL
Lpla(406) GGNYLSNVLHFNREARQDMFSKWGKATDR RW——EM NAYYHPFMN 1[IVFPAA I LQAPFYSEEQSS
Consensus(421)  SLYENEAA  V  KYMLDKLTKPVDRSWW LMPGNLVNACYDPQRNDLTFPAAILQAPFYDI QSR

(491) 491 500 510 520 530 540 550 560
Lhel19(484) GANYGG IGAT IGHEVSHAFDNSGAKFDEHGNMNNWWTBDEDFAEFNKRVGQ FDGLQYGPA
Lhel32(484) GANYGG I GAT I GHEMSHAFDNSGAKFDEHGNMNNWWTDEDFAEFNKRVGQ FDGLQYGPA

Lac487) BENEGG 1 GTV I AHE I SHAFDNNGAQFDEFGNMKNWWTEEDFAEFKKRTQAE IDLFDGIKYGPV

Laci-2(484) GANYGG IGAT IGHEMSHAFDNEGAKFDEHGNMNNWWTKEDFEEFNKRVGKMVD I FDGLQYGPA
Ljoh(486) SLNYGGIGVVIAHEISHAFDNNGAKFDEFGN KNWW EDFEEFKKRTQAEIDLFNGIEYGPV
Ljoh-2(485) SENLGG IGAV IAHEITHAFDPNGSKFDEFGNIR EDYNKFTELSQAE IELFDGH I CGGLKTNGKLT
Lpla(474) SANYGG IGAV IAHEISHAFDNNGALFDEFGN HNWW EDSAHFKELA M1 SEFDGLDFAGAKYNGTLT

Consensus(491) SANYGGIGAV IAHE I SHAFDNNGAKFDEFGNM

(561) 561 570 580 590 600 610 620 630
Lhel19(554) VGENIADtIGLACAVQ K—NDNVDLEILFEN RSW“KQRP IKTEVgIDVHAPQPTRVN PVQCQD

NWWTDEDFAEF KR AMIDIFDGL YGPAKINGKQV

Lhel32(554) VGENIADLAGLACAVQAGK-NDNVDLKBLFENYARSWMQKQRPEA IKTEVQVDVHAPQPTRVNEPVQCQD
Laci(557) VSENIADQGGLIAANKAAK-DEGDDLKKLFENFAR IWANKQL TESIKTQVSFDVHAPGPERANVQSQCQE
Laci-2(554) VSENIADLAGLACAVQTGK-NDGVDLKBLFENYARSWMEKQRPEA IKTEVQTDVHAPQPTRVNEPVQCQD
Lioh(556) VSENIADQGGLTAAVEANK-GENGNM 1KTQVSVDVHAPGPERANVQSQCQE
Lioh-2(555) VGENVADLGG VAV K —KRKWm = = = — = == e e e
Lpla(544) VSENIADAGGLSCAE KGEDDVDLSAFFTNlAMVWRMKATTEYlQLLIS.DVHAPAKLRAN.QPKNLD
Consensus(561) VSENIADLGGLTCAV AAK D VDLKDLFENYAR W NKQ PEAIKT V VDVHAP P R NI QCQD

(631) 631 640 655
Lhel19(623) DFYTAFDVKPDDGMWLDPEDRETIW
Lhel32(623) DFYTAFDVKPDDGMWLDPEDRITIW

Laci626) DFYEVFDVKETDGMWLDPEKRVVIW
Laci-2(623) EFYEAFGVKDTDGMWLDPKDRETIW
Lioh(625) EFYKAFDVKPEDGMWLDPEKRVVIW
Ljoh-2(578) ——————————————

Lpla(614) DEYTTEDIQPDDAMYLAPBKRYKIW

Consensus(631) DFY AFDVKPDDGMWLDPE RI IW
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HindllI (3288)
HindllI (2848) EcoRI (3974)
Hindlll (2697) Hindlll (4047)
Hindlll (32) Pstl (2635) | ' EcoRI (4604)
Xbal (2) Pstl (2614) | PstL(4771) gppy (5765)
ORF2

Figure 30. Open reading frame (ORF) and restriction enzyme analyses of the 5.8-kb Xbal-
Sphl genomic insert containing the pepO2 gene from Lb. helveticus WSU19. The vertical
lines represent restriction enzyme sites. The numbers in parentheses refer to nucleotide
positions. The horizontal line represents genomic insert. The horizontal arrows represent
ORFs; the arrows above the horizontal line correspond to the direct DNA strand; the arrows

below the horizontal line correspond to the complementary DNA strand.



Figure 31. Nucleic acid sequence of the 5.8-kb Xbal-Sphl genomic insert and the deduced

amino acid sequence of the PepO2 enzyme (in single-letter code) from Lb. helveticus

122

WSU19. The numbers to the left refer to nucleic acids (bottom lines) and amino acid residues

(top lines). The putative —10 and —35 promoter sequences are underlined and labeled. The

putative ribosomal binding site is indicated in bold letters, underlined, and labeled rbs. The

putative transcriptional terminator is indicated by the dotted horizontal arrows. Stop codon is

indicated by asterisk. The zinc metallopeptidase motif is double-underlined and labeled.

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961

1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101
2161

TCTAGAACTTTTACTCCATAACGCTCCATTAAGCTTAATACATATCTTAAATTACCAGAA
GTAACATTGTATTCTCTACCTAATTGCTCAACTGATTTACCATAATTTTTCCAGCTATTG
TAAATATCAATTTTGTCTTGTTTAGATAATTTGGACATAACAAAAACCTCGAAATTCTTG
TCCGAATTTCGGGGTTCATATCAAATTTGGACTTGAGCTAAAACAAAAAGACCAGTAGTC
TGATGTTAACCAAAAAAACACATTAGAAGCTGGTCTTTTATGGAATCTATTATAACTGAT
ATCGTGAAAATTATTAAGTCTGAAAATAATGTTATTGCCCGTGAAAAGGCATTAATGTGC
TACTTCTTTGATCTGATTAGAGAATTGATGACAGCAGCACTAGAAGAAGTTGATGCTGGT
CTAGTTGAAGAGACTAAAAAGCAAGGCTATCAGATCGAGAAGAAAAATAAGCGTTCAGTT
GTGACTGCCTTTGGTGAAATCAGCTATTGGCGCAGAAGATATGCTTGTCCAGGCAAGAAG
AAACCGCTGACTCAGCAGGACAGAGAGCTGAGTCAGCGGTTTCTTCAATTCGAATCAAGG
TCGAGCATGTATTTGGCAAGGTCAAAGCATACAAAATATTTTCTACTACGTATCGCAATC
ATCGCCGACGTTTTAATTTAAGAATGAATTTAATCTGCGGGATCATCAGCCAAGAACTGG
CTATCTAGTTTCGCAGTAACTCTATTATTTCAATCTTTTTCTGTCCATTCGTTTTACTAC
ATAAAATATTGGCAAACCTACAATTACGATGCCAATGAATAATAAAACTCCAGCAGGATC
GTTGATCAATTCACTAATAAGTACAAATAAGCCACCTAGGATAGCTACGATTGGAACAAG
TGGATAAAGCGGTGTGCTGAATGGACGCGTTTTGTTTTTCTTACGCAAGATAAAGATGCC
GAAGAATGCTAATAAGTAAAAACAATAGACAGTAAATACGCACAAGTCTGACAAATGATC
TGGTTCAAAGAACATCATCATGATAGTAGCCAATACTATGATGAATAAGGTTGCAACCAC
TGGTGATTTACCTTTAGGAGTGACATATGACAAATATTTTGAAAATGGAAGGTCGCCACG
TCTAGCCATTGCGTAGACAATTCGAGGGAATGTCAGCATCTTGCCATTCAAGGTTCCCAT
CATTGAGATGATAATTCCAGCAGAAAGCAATTTCCCTCCGATTGTGCCGAAGACCTTAGT
TGCTAAATATGCGGTCGTATTTTCACCCAAACGATGGATTAAACCTACTGGCAAAAAGCG
AAAAATCCCGATTGTTACTAGTGTATAGATCACAAGTACAGAACTAATACCCAAAATAAT
AGCTTTAGGCAACAACTTTTGTGGATTCTTAATTTCGCCACCTAGATTGGCAATTAAGAT
CCAGCCATCGTAGGCAAACAAGGTAGCTAAAACAGCAACGCCAAAGCCGCCAGTCGATTG
ATTGACTTGACTAATGGTTTGCCCTAACGCATCTTGATGTCCCCAAAAGATACCGCAAAT
TACAATAGCTGCAATTGGAATCATCTTAACGATGGTAGTAATGACAGAGAAAACCGCACC
AACTTTGTTTTCCAGGAAATTTAATAATCCTATAGCGATAACGGTAACATCGCTAAAGGG
ATGCTCCAATTAGGACCAAGTCCGAAGAAATTAGCCATCAAAATACTCATGAAGCCGGCT
ACTGAAGCAATAATCGCAGGACCATAGACGATGATCTGCATCCATCCTGCCATAAAGCCG
CAAATTCGACCATACAGATTTTCAATATACACATATAAACCACCAGTGTATGGCATCTGA
GCACCGATTTCAGCAATCGTTAATCCACCTGTCAGCGTGATCAATCCACCAAAAATCCAG
GCGATAATTGCCATTGTACTTGAACCGGCACTATCCAATACGGAAACTTGCTTAAAAAAT
ATGCCTGAACCAATGATTGTACCGATTACGATTGAAATGGCTGAACCAAAACCGATTGAA
CGTTTTAGGTTATTGTTGGGGTGTTTATCTACCATAATTATTTCCTCCATGAAAAAAGCC
TGAGCCTACTTAATTATCACCTGAGCCTACTTAATTATCATGAGTAGGTTTAGGCTATGA
ATTATCTGTATGCCAAACCTACTCAAGTTCAACGGGAAGAACTTGAGCTAGATGAAGTTG
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Figure 31 (continued)

2221 AAGCTACATTGGCGTTAAGATAAAACATGATTTTTTCCTCTTTCAATTAATTTTTATTAG
2281 AATATCATGAGCTTTTTAATATGGCAAGATATTTTTAAGGCCGATTGTAAAATTAAGTTG
2341 AACACTTTGTAAAAAATAAAAGTCCATCTGGACCTGTTTGATAGAATGTTAATAACCACA
2401 AAAACATCTATTGGAGGTCACAAATGGACTCTTTACATTCAGCGAGATATTTTTAAACAA
2461 AAAAGCTGGGGAAAATGCCCAGCTTGATTGCTATTTTAATTAAGTTTTTATGCAAATACT
2521 TCTTCGATGTTTAAGTTAACTACGAATGCATTTGGAAATTCAGTCTTAGCTAAAACTTTC
2581 TTTGCGTAGTCATCATCTTCGTGAACTTCTGCAGTAGCAAGTACCCTAACTGCAGTATGT
2641 GATGGAACATCAGCTGCAACAAGAGCAACCTTTGAACCGCGCTTAATGTTTTCGTAAGCT
2701 TCACCCTTGGTCTTTTCAAGGTATTGTAAGTGACTTGGATCTAAGACAGTCATTGAGCCC
2761 TTAGGACCAACTTGTGGGTTGCCGTCAGCATCAACAGTTGCTAAGTAAACTAAGTTATTC
2821 TTGAAAAGATTTACTTGTTCTTCAGTAAGCTTGTTAGTATTTAATTTCTTCATAGACAAT
2881 ACATCCTTTCTGTTTTGTCGATACACTATAAGTATACATCAATTTAATAGCAGGTGTTAG
2941 GGATTTGCTTACATCCTTATTTTTATTTAAAAAAATGCTTTTATTACTATAAAATAAGCA
3001 AAATTAAATTTTCATTTTATTTTAAAAAATGCTATGATTTAACCAACTAAAAAACAAAGG

-35 -10 rbs

1 M NL A K 1T RGGAGT D I T K P D
3061 AGAAAACATATGAATTTAGCAAAAATCCGCGGCGGTGCTGGTGATATCACCAAGCCCGAT

8L NA R 1 Q DNL YL AV NSDWTI S K
3121 CTCAATGCCCGCATTCAAGATAACTTATACTTAGCCGTTAACTCTGACTGGATTTCTAAA
38A K 1 P ADRWPWLI S S F S E I DL K I
3181 GCCAAGATCCCTGCCGATCGTCCATTAATCAGTAGTTTCAGTGAAATTGATTTAAAAATC
58E K E L M ND L A DZFASUDIKKA AL PD
3241 GAAAAAGAATTGATGAACGACTTAGCTGATTTTGCTTCTGATAAAAAAGCTTTGCCTGAT
71 P N F D K A1 E VY KL A KD F A KR
3301 ATTCCTAACTTTGACAAGGCAATCGAAGTTTATAAATTAGCTAAAGATTTCGCCAAAAGA
98D A D GF QP A Q ADULETUL 1T NUL K'Y
3361 GATGCCGATGGCTTTCAACCTGCTCAAGCTGATCTTGAAACTTTAATAAACTTAAAATAT
118v b b vV XK Q N L A K L L L RF S F P F L
3421 GTCGATGACGTCAAGCAAAATCTAGCAAAATTATTATTGCGCTTTAGCTTTCCATTTTTA
1388 F E V E P DR KNTIKTNSL S F DRN
3481 TTCGAAGTTGAACCTGATCGTAAGAATACGAAGACCAATTCTCTTTCCTTTGATCGCAAC
158 s L I L P D T T S Y Q S P S A K HULULD
3541 TCATTGATCTTGCCTGACACTACTAGTTACCAATCACCTTCTGCTAAGCATTTGCTCGAT
i78v w Q K Q T E N L L KM AGV EE A A A
3601 GTTTGGCAAAAGCAAACCGAAAACTTGTTAAAGATGGCTGGTGTTGAAGAAGCTGCTGCT

198 K K'Y v T.b A1 A F D AK Il V KV A K S
3661 AAGAAATACGTCACTGATGCGATTGCATTCGATGCTAAAATCGTTAAGGTTGCAAAATCA
218A E E R ADDV A LY NUP 1T KTNE F E

3721 GCCGAAGAACGTGCCGATGATGTAGCTCTTTACAACCCAATCAAGACTAACGAATTTGAA
238E K T S S L NL D QL L E QL F E K K P
3781 GAAAAGACTAGCTCTTTGAACTTGGATCAGTTGCTTGAGCAGCTCTTTGAAAAGAAGCCA
258N Y V VVREWPIKUFULDMHUFNZETLFNOQ
3841 AATTACGTTGTAGTACGTGAACCAAAATTCTTGGACCACTTCAACGAATTATTTAATCAA
2/8E S F D EL KGWUL 11T STF 1T NKAAA
3901 GAGAGCTTCGATGAACTTAAAGGTTGGTTAATCTCTACCTTCATTAATAAAGCTGCCGCG
298 F L S E E F R QAAFUPFIKIOQATYGQ
3961 TTTTTATCAGAAGAATTCCGTCAAGCTGCCTTCCCATTTAAGCAAGCTACTTATGGTCAA
388 K E L P S Q E KEAYYKANNULF DD
4021 AAAGAATTGCCTAGTCAAGAAAAGGAAGCTTACTACAAAGCTAATAATTTGTTTGATGAT
3388v 1 G VYY GRTYFGETDAIKATUDV E
4081 GTAATCGGCGTTTATTATGGTCGCACTTACTTCGGCGAAGATGCCAAGGCCGACGTTGAA
38 D M I H R M I DVY EQR 1 T NNEWL
4141 GATATGATTCATCGCATGATCGATGTCTACGAACAACGAATTACCAATAATGAATGGCTC
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Figure 31 (continued)

3798S P AT K E KA1 T KL RALV L K I G
4201 TCACCTGCTACTAAGGAAAAGGCAATTACTAAGTTGCGCGCCTTGGTTTTAAAGATTGGT
398y P N K I DHV Y DULZFQV TPANEG
4261 TATCCTAATAAAATCGATCACGTTTACGATTTATTCCAAGTTACTCCAGCAAATGAAGGT
418G N L Y S NQ AN T R EV S L K HNF D
4321 GGCAACCTCTACAGTAATCAAGCAAATATTCGTGAAGTCAGCTTAAAGCATAATTTCGAT
438 K L Y K P V DR S EWY MP G NUL T DA
4381 AAACTGTACAAGCCAGTTGACCGCAGCGAATGGTACATGCCAGGAAACTTGATCGATGCT
458 C Y D P Q R ND I T F P AAI1LEAUPF
4441 TGTTACGATCCACAGAGAAACGATATTACCTTCCCTGCCGCTATCTTGGAAGCACCTTTC

(zinc metallo-
47Y D I N A S RATNYGGI1I GV V 1 AH
4501 TACGACATCAATGCTTCTCGTGCTACTAACTATGGCGGTATTGGTGTGGTAATCGCCCAC

peptidase motif)

498 E 1 S H A F D NNUGAIKYDEFGNMK
4561 GAAATTTCTCACGCATTCGACAACAACGGTGCCAAGTACGATGAATTCGGCAACATGAAG
518 N W W T K E D F A E F E K R T Q A E I D
4621 AATTGGTGGACCAAGGAAGACTTTGCGGAATTTGAAAAGCGTACTCAAGCTGAAATCGAC
5388 L F DGI1 KY G PV TLNG G KIOQTI V S E
4681 TTGTTCGATGGCATTAAGTATGGTCCTGTAACTCTTAATGGTAAACAAATCGTTAGTGAA
558 N 1 A D Q G G L T AG 1 EANIKNEHG
4741 AACATCGCCGACCAAGGTGGTTTAACTGCAGGTATTGAAGCTAATAAGAATGAACATGGC
5D M K E L F ENYARI WASIKE S P E
4801 GACATGAAAGAACTATTCGAAAACTATGCTCGCATTTGGGCAAGTAAAGAATCTCCTGAA
591 1 K T I AAFDVHAPGPVRVNYV
4861 ATCATTAAGACAATTGCCGCATTCGATGTTCACGCTCCAGGTCCTGTAAGAGTTAACGTT
618 Q VvV Q ¢ Q P E F Y K AFNVQE G D G M
4921 CAAGTGCAATGCCAACCTGAATTTTACAAAGCCTTCAATGTTCAAGAAGGAGATGGCATG

638W L D P A KRV V 1L W =*
4981 TGGCTTGACCCTGCTAAACGCGTAGTCATTTGGTAAATTTTTAATCAATAAATCTAAAAT

5041 CCTATTAéATCTTGGTATTAACCTTGAATTAATAGGATTTTTTGCTTCATTAAGCATCGC
5101 TATTTCCTAGGTACATACAGTTTTCTTGATTTCTAGCTTTCAAGTTCCAGTTATTAACTA
5161 TAATTGATAATTGAAATTAAATTGTTCACATTTTATACTTTACTTAATAAATATTGTTTA
5221 ATTTAATTTGAGGAGTATAAAATGAGATCACGTCATGTAAATGGAATCATTACGAGTTTA
5281 GCTGCAAGTGCCTTAATGGGGCTATTTTTAACAAGTGTCCAAGTTAAAGCAGATACACAA
5341 CAAGTTCAGCAACCAGTTGCTCAAACTACTCAGCAAAATGCTGATTCAACAAAGCAATCT
5401 TCAACTACTGTTTATACTGAAAGCTCGAAAGAAGTACCAGTAGTCAGTTACACTGATCAC
5461 CAGTCAAAGCCGAACAATGATCATTGGTCAAATCCCGCTAAATATAAAGATGCCATTCCT
5521 GTACAAATTTTAGGTATCAATGATGTACACGGAAATATTGATACCACTGGTAAAACTTGG
5581 ATTGGCTATCGTTCCTACCAAAACGCAGGTAATGCTGCCAGATTGGCTGGATATTTGAAC
5641 AATGCCGAATCTGATTTTAAAAAGAAAAATCCAAATGGAACAACTATCAGAGTTGAAGCT
5701 GGTGACATTGTGGGAGCATCTCCAGCAACTTCTTCATTATTGCAAGATGAACCTACAATG
5761 CATGC
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Kpnl (6)  Hindlll (744) Hindlll (1367) HindIIl (1782) Kpnl (3407)

EcoRI (2372)
. ORF1 ‘

ORF2

;ﬁ—)

Figure 32. Open reading frame (ORF) and restriction enzyme analyses of the 3.4-kb Kpnl
genomic insert containing the pepO3 gene from Lb. helveticus WSU19. The vertical lines
represent restriction enzyme sites. The numbers in parentheses refer to nucleotide positions.
The horizontal line represents genomic insert. The horizontal arrows represent ORFs; the
arrows above the horizontal line correspond to the direct DNA strand; the arrows below the

horizontal line correspond to the complementary DNA strand.
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Figure 33. Nucleic acid sequence of the 3.4-kb Kpnl genomic insert and the deduced amino

acid sequence of the PepO3 enzyme (in single-letter code) from Lb. helveticus WSU19. The

numbers to the left refer to nucleic acids (bottom lines) and amino acid residues (top lines).

The putative —10 and —35 promoter sequences are underlined and labeled. The putative

ribosomal binding site is indicated in bold letters, underlined, and labeled rbs. The putative

transcriptional terminator is indicated by the dotted horizontal arrows. Stop codon is

indicated by asterisk. The zinc metallopeptidase motif is double-underlined and labeled.

61
121
181
241
301
361
421
481
541
601
661
721

781

841
17
901
37
961
57
1021
77
1081
97
1141
117
1201
137
1261
157
1321
177
1381

GGTACCTTGGATCGTTGGATATTTGTATGATTACTCAGTTACTTTGCTGTTCGTGATTGC
GGCACTGCTCTTTGTCATTGCCTTCATCAATGCGTTGTTTAATTATCGACCAATCATTGG
CTTTCATAAGGAGAGAGTTGCTAAGGGCCAGAGTGGGGATACACAAAAAGCGGTTCCTAT
GCCTAAGCGCAACTTCATTATGACGATGGCCTTCTTCACAACGCTAGGCGTAACTTGGCT
AATGTACATGAACTGGGAATCTAACTTGTCTGTTTATATGGTGTCATTAGGCATCCCATT
CCACTTGTACAGTTTGCTTTGGACTTTAAATGCCAGTGTGATTGTAATTATGCAGGGAAT
TTTGGCTAGATTTCCAAATATGTTCAAAAATCTTTTCCATCAGATCATCTTTGGAATTTG
CATGTTCTCACTGTCTTTCATTACATTAGTCTTTGCCAAAGATTTTGCTCACTTTGCACT
ATCAATGTTTATTTTGACTTTGGGTGAATCTACCGCCTTTCCAGCTATTCCAGCCTACGT
GAATGATTTATCACCTAAAACAAGTAAGGGTAAATATCAAGGAGCAACGATGGCTGCCAG
CGGTATTGGCCGTGCCTTTGGCCCGCTATTTGGTGGTCTAGTAATTGATCAAGCAGGCTA
TATTCCTTTCTTCTGGGTAGCTGCGATTGTAATTGCCTTGATGATCGTCATGATGATTCC
AATTTATTTAAAGTTAGCCAAAAAGCTTACTTTGTATAAGTAAAAAAGCAGACTATATTA
-35 -10
AATCAAAATGATATACTTAGAATGATTTAATATTAATTTGATAATAAGGGGGATTTCTCT
rbs

M TV R G G AGD 1 T EAUDL S
TTGAACAATAAAATGACTGTACGCGGCGGTGCTGGCGACATTACTGAAGCCGATTTATCA
AAR P Q DNULY L AV NS EWTLKNAK
GCTCGTCCACAAGATAATTTATACTTAGCCGTTAACTCAGAATGGTTAAAGAATGCCAAG
I P S DRSRTS S FDGTI1T DULNT E K
ATTCCATCAGATCGTTCCAGAACTAGTAGTTTTGATGGTATTGACTTAAACATTGAAAAA
E LM QD FADU FADGI K KDL P DV P
GAATTGATGCAAGACTTTGCAGATTTCGCAGATGGCAAAAAAGATTTGCCAGATGTACCT
NF E K AV A LY K 1T A KD FUDIRI RN A
AACTTTGAAAAGGCAGTAGCACTTTACAAGATCGCTAAAGACTTTGATAGAAGAAATGCG
b GADUWPI QADULMHTETLGLRNFA
GATGGCGCAGATCCAATTCAAGCAGATTTACATGAAATCTTAGGCTTGCGCAACTTCGCC
b FTFKAADU FUZFIKNGVFWPMPF D F
GACTTTACTTTTAAGGCTGCCGACTTCTTCAAGAATGGTTTTCCTATGCCATTTGATTTT
S VEADMIKNTIKTIHSLQF G G P G
TCAGTTGAAGCAGATATGAAGAATACTAAGATTCATTCACTTCAATTTGGTGGTCCAGGC
T F L PDTTTYKTWPAAEIKTILIL AV
ACATTCTTGCCAGATACTACTACTTACAAGACTCCCGCTGCTGAAAAGCTTTTGGCTGTT
L K EQ S I NL L TWMSG 1 S K S E A E
TTGAAGGAGCAATCAATCAACTTGTTAACAATGAGCGGCATTAGCAAGTCTGAAGCTGAA



Figure 33 (continued)

197
1441
217
1501
237
1561
257
1621
277
1681
297
1741
317
1801
337
1861
357
1921
377
1981
397
2041
417
2101
437
2161
457
2221

477
2281

497
2341
517
2401
537
2461
557
2521
577
2581
597
2641
617
2701
637
2761

2821

2881
2941

DY AEKALAYDAIKI AKV YV K S A
GACTATGCTGAAAAGGCTCTGGCATATGATGCTAAGATTGCCAAGGTAGTTAAGTCTGCC
E EWADYPATYNWPI1 SRDDF A D

GAAGAATGGGCTGACTATCCTGCTACATATAATCCAATTTCTCGTGATGATTTTGCCGAT
K F K S F KWMDYFL GEULUFAIK K P E
AAGTTCAAGTCATTCAAGATGGATTACTTCTTAGGTGAACTTTTTGCTAAGAAGCCAGAA
R v 1 NTEPRY L DY A EEULL NE D
AGAGTAATTAATACTGAACCTCGTTATTTAGATTACGCTGAAGAACTCTTGAATGAAGAT
vV F A EI K AWMLVKZFVNSGV A S S
GTTTTTGCAGAAATTAAGGCTTGGATGCTAGTTAAGTTCGTCAATGGCGTAGCTAGTTCA
L S Q EF REAAFPZFS QAL S G QP
TTGTCACAAGAATTTCGTGAAGCTGCCTTTCCATTTAGCCAAGCTTTGTCTGGTCAACCT
ELPS GV KQAYHTI1T ANSUDF S EV
GAACTTCCAAGCGGTGTTAAGCAAGCATATCACATTGCTAACAGCGACTTTAGCGAAGTA
v 6 v YY G QTYFGAEAIKADVTD
GTTGGTGTTTACTATGGTCAAACATACTTTGGTGCAGAAGCTAAGGCTGATGTGACTGAC
M I HKWMULDVYEI KR RTI1I RENSWTIL S
ATGATTCATAAGATGCTTGACGTTTATGAAAAGAGAATCCGTGAAAATTCATGGCTTTCA
Q AT KD KA AIVI KILWRALTI1LIK1 GY
CAAGCAACTAAGGATAAGGCAATTGTTAAGTTGCGTGCTTTGATCTTGAAGATTGGTTAC
p DK 11T EE 1T Y DIRULTVDPEASILY
CCAGATAAGATTGAAGAAATCTATGATCGTTTAACTGTTGATCCAGAAGCTAGTCTTTAT
AANE A Q F GREQT1T K Y NULEIKUL D Q
GCTAATGAAGCTCAATTTGGCAGAGAACAAATTAAGTACAATTTGGAAAAGTTAGATCAA
b v DR SV WILMPSGNTILVNAZCYDP
GATGTTGACCGCAGCGTATGGCTTATGCCAGGTAACCTCGTTAACGCATGTTACGATCCT
Q R NDL TZFUPAAI L Q K P F Y DL K
CAAAGAAACGATTTGACTTTCCCAGCTGCTATTTTGCAAAAGCCTTTCTACGACTTGAAG

(zinc metallopeptidase
Q S RSLNYGGI GV VYV 1 AHE I S H
CAATCACGTAGCTTGAACTACGGTGGTATCGGTGTTGTAATTGCCCACGAAATTTCTCAC

motif)

A F DNNGAQFDETFGNMMKNWWT
GCCTTTGACAACAACGGTGCTCAATTTGATGAATTCGGTAATATGAAGAATTGGTGGACT
E K DFAEUFI KK RTIQATETI1 DULFDG
GAAAAGGACTTCGCTGAATTTAAGAAGCGGACTCAAGCTGAAATCGACTTGTTTGACGGT
Il K Yy GPV TLNSGIKIQII VS ENIAD
ATTAAGTACGGCCCTGTAACTCTTAACGGTAAACAAATCGTATCCGAAAATATTGCCGAT
Q GG L TAAVEANJIKGTETDTSGNMEK E
CAAGGTGGTTTAACAGCCGCTGTTGAAGCCAACAAGGGCGAAGATGGCAACATGAAGGAA
L FENFARVWATI KU QLPES I KT
TTATTTGAAAACTTTGCTCGTGTCTGGGCAACCAAGCAATTGCCAGAGAGTATTAAGACG
Q VSsSVDVHAPGPVIRANVWVA GQSAaGQSOC
CAAGTATCAGTTGATGTTCACGCACCAGGTCCAGTACGTGCCAATGTTCAATCACAATGC
Q E EFY KAFDVTEUHTUDTGMMWTLDP
CAAGAAGAATTTTACAAGGCATTTGATGTAACTGAACATGATGGCATGTGGCTCGATCCT
E K RV VI W *
GAAAAACGTGTTGTAATTTGGTAATAATCAATAAAATAACCTTGCTGAGCAAGGTTATTT

TTTTGCCATTTTAGCTAATTTGTTATTTTTAAATGCTAAAGAGTAGCTTTTTTTTGCATT

GACTCCTATAATGAAGATGACTACAGTGCTTGCTACTACACTGTGGCCTTTATAACTTAT
ACCCATATAAATTTATGCACTAAAAAAGGCTCCCATTTGGGAGCTTTTTTTAGTTGTTAT
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Figure

3001
3061
3121
3181
3241
3301
3361

33 (continued)

TTTAACTATTTTGTTTTTGCATGGGAATAATCTTTAGGCTTAATCCTCTTGATGTAAGAT
GGATTTGGTTTACCTAAAATTAATGGTACACGCTCAATGACGGTATCTGCATATTCCAAG
CCGAACCATGAAGCAGGGTTAGAAGACAAGTTTTGTAAACGAACACGAGCTTCAACTAAC
CACTTCTCGTAACCAACTAATTGGGTTTGAGGACTGATGACATCGTTGACAATAACGAAT
GAGAAGTCACCAACGTCACGCCCTGGTGTAGTGGTGTATTCCTGTGGTTGTGGTTCAATT
GTACCGTCAGCGATCAAATCATGTACGATTTGACGGATGTAAACATTTACGCTTGTTTGC
TTCTTGAAACCTAGGTACAGCTGAATGTTAATTACGTTCTTGGTACC
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Figure 34. Alignment of the deduced and published amino acid sequences of PepO, PepO?2,
and PepO3. Letter colors: black, dissimilar sequence; blue with turquoise background,
conservative sequence; black with green background, similar sequence; red with yellow
background, identical sequence; green, weakly similar sequence. Abbreviations: Lhel19-02,
PepO2 from Lb. helveticus WSU19; Lhel32-02, PepO2 from Lb. helveticus CNRZ32; Lcla-
02, PepO2 from Lc. lactis MG1363; Lhel19-0O, PepO from Lb. helveticus WSU19; Lhel32-
O, PepO from Lb. helveticus CNRZ32; Lhel19-O3, PepO3 from Lb. helveticus WSU19,;

Lhel32-03, PepO3 from Lb. helveticus CNRZ32.

) 5 10 20 50 60 70

Lhell9-02 (4) A RGGAGDITKPDLNARIQDNLYLAVN SKAKIPADRPLISS EIDLKIEKELMNDLADFA
Lhel32-02 (4) AKIRGGAGDITKPDLNAR IQDNLYLAVN SKAKIPADRPLISS EIDLKIEKELMNDLADFA
Lcla-02 (1) ——————————————— MTRVQDDLFATVN LKEAQ 1 PADKPR ISAFDELVLKNEKNLAHDLTELS
Lhel19-O0 (5) LAVRGGAGDVAEPDLNAKPODNLYLAVNSEWLSKAE I PAD SAGVN KIEK MKDFADIA
Lhel32-0 (5) LAVRGGAGDVAEPDLNAKPODNLYLAVNSEWLSKAE IPAD SAGVN KIEK MKDFADIA
Lhel19-03 (1) MTVRGGAGD I TEADLSARPODNLYLAVNSEWLKNAKIPSDRSRTSSEDG IDLNIEKELMQDFADFA
Lhel32-03 (1) MTVRGGAGD I TEADLSARPODNLYLAVNSEWLKNAKIPSDRSRTSSEDGIDLNIEKELMQDFADFA
Consensus (5) L VRGGAGD ITEPDLNARPQDNLYLAVNSEWLSKAKIPADRS SSFSEIDLKIEKELMNDFADFA

(71) 71 80 90 100 110 120 136
Lhel19-02 (70) SDKKALPDIPNFDKAIEIY:*AKDFAKRDADGHPAQADLE NtIYVDDVKQNLAKL R--
E

Lhel32-02 (70) SGKKALPDIPNFDKA I AKDFAKRDADGFQPAQADLE DVDDVKONLAKLLER--
Lcla-02 (52) ——KNLPTDNPELLEAIKFYNKAGDWEKREQADFSAVKAEL AKVETLQSFKDFQENLSOL 1 LHSQ
Lhel19-0 (71) SGKEKNMPDERDFDKAIALYKIAKNFDKRD P1QNDLQKILEDL INFDKFKDNA TELFMGP-
Lhel32-0 (71) SGKEKMPDIRDFDKAIAL YK IAKNFDKRD PIQNDLQKILDL INFDKFKDNATELFMGP -
Lhel19-03 (67) DGKKDLPDVPNFEKAVAL YK 1 AKDFDRRNADGADP 1QADL HE I LGLRNFADFTF FEKNG-FP
Lhel32-03 (67) DGKKDLPDVPNFEKAVAL YK I AKDFDRRNADGADP 1QADL HE ILGLRNFADFTL FEKNG-FP
Consensus (71) SGKK LPDIPNFDKAIALYKIAKDFDKRDADGANPIQADL  IL LKNFDDFK NAADLFL  FS

(137) 137 150 160
Lhel19-02(134) F VEPDRKNTKTNSLSFDRNSLILPDT Y—— KHLLDVWQK ENLLKMAGVEEAAA
Lhel32-02(134) F VEPDRKNTKTNSLSFDRNSL ILPDTTSY-— KOQOLLDVWQKQTENLLKMAGVEEAAA

Lcla-02(116) PFSFSVEPDMKDAIHYSLGFSGPGLLLPD YYDEKHPRKKELLDFWT AEILARFEVEN--A
P DMKNTDFNVLHFGGPSTELPDTTTY --KTPEAKKLLDILEKQS INLLEMAGIGKEEA

Lhel32-0(136) DMKNTDFNVLHFGGPSTELPDTTTY--KTPEAKKLLDILEKQS INLLEMAG IGKEEA
Lhel19-03(132) MPFDFSVEADMKNTKI HSLQFGGPGTFLPDTTTY——KTEIﬁEKLLAVLKEQS 1 NLLTMIG 1 SaEA

Lhel32-03(132) MPFDFSVEADMKNTKIHSLQFGGPGTELPDTTTY--KT EKLLAVLKEQSINLLTMSGIS
Consensus(137) LPFLFDVEADMKNTK NSL FGGPSTFLPDTTTY KTPAAKKLLDVL KQSINLL MAGI KAEA

190 202

Lhel19-0(136)

(203) 203 210 250 268

Lhel19-02(198) KKYVTD FDAKIVKVAKSAEERADDV YNPIKTNEF KTSSLNLDQLLEQLFEKKPN R
Lhel32-02(198) KKYATD LDAKTVKVAKSAEERADDV YNPIKTNEF KTSSLNEHGQLLEQLFEKKPN S

Lcla-02(180) EETAQNSVKFEDE VPSAN-EEWAKYA YH TDSFVSEITNLNFKSLINDLVKTE 1vYy
Lhel19-0(200) RVYVQDALAFDQ KWKSTEE SL TEFLAKFKSFDMADFLKTHIILPEKVERV IVM
Lhel32-0(200) RVYVQNALAFDQ KVVKSTEE SLTEFLAKFKSFDMADFLK LPEKVERVIVM
Lhel19-03(196) EDYAEKA DAKI KVVKSAEEWADYPATYNPISR KFKSFKMDYFLGELFAKKPERVINT
Lhel32-03(196) EDYAEKALAYDAKI KWKSAEEWADYPATYNPISR KFKSFKMDYFLGELFAKKPERVINT

Consensus(203) K YA ALAFDAKIAKVVKSAEEWADY ALYNPIS EF DKFKSF M FL LF KKPERVIV
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Figure 34 (continued)

(269) 269 280 290 300 310 320 334
Lhel19-02(264) EEIFLDHFNELFN&SFDEKGWSTF INK LSEEFRQAAFPFKQATYGQKELPSQEKEA

Lhel32-02(264) EPKFLDHFNEL FNQESFDELKGWLS I FINK L SEEFRQAAFPFKQATYGQKELPSQEKEA
Lcla-02(246) EDRFYENFDS NWSL I KAWML TKVARRATSFLTEDL R 1 LEGAYGRFESNVQEARSQEKHQLD
Lhel19-0(266) EPRFILDHADEL INPANFDE I KGWMLVKYINSVAKYL SQDFRAAAFPFNQAISGTPELPSQIKQAYR
Lhel32-0(266) EPRFLDHADE NPANFDEIKGWMLV INSVAKYL SQDFRAAAFPENQA I SGTPELPSQIKQAYR
Lhel19-03(262) EPRYL E FAE I KAWMLVKFVNGVASS| SQEFREAAFPFSQALSGQPELPSG KQA¢I
Lhel32-03(262) EPRYL E VFAEI WWMLVKFVNGVASSL SQEFREAAFPFSQALSGQPELPSGVKQA
Consensus(269) EPRFLDHADELIN FDE IKGWMLVKFIN VASFLSQEFR AAFPF QALSGQPELPSQIKQAYH

(335) 3 360 370 380 390 400
Lhel19-02(330) KANNLF GVYYG TYFG AKADVEDMIH M DVYEQRITNNEWLSPATKEKA I TKLRALVLK
Lhel32-02(330) KANNLF GVYYG TYFGEDAKADVEDMIHRMEDVYEQRI TNNEWLSPATKEKA I TKLRALVLK

Lcla-02(312) BTESYFSQ YGQKYFGEAAKADVKRMUAAMEKVYQERERKNDWLSQETAEKA IEKLDANTPF

Lhel19-0(332) NGAFDEVVG YG KYFGEEAKHDVEDMIHNMLKVYEQRIN NNWLSEDTKKKA IIIKLRALVLK
Lhel32-0(332) NGAFDEAVGIEYG KYFGEEAKHDVEDMIHNMLKVYEQRIN NNWLSEDTKKKA IJIKLRALVLK
Lhel19-03(328) NSDFSEVVGVYYGOTYFGAEAKADVTDMIHKMLDVYEKR IRENSWLSQATKDKA IMKLRALILK
Lhel32-03(328) NSDFSEVVGVYYGOQTYFGAEAKADVTDMIHKMLDVYEKR IRENSWLSQATKDKA IMKLRALILK
Consensus(335) LAN FDEVVGVYYGKTYFGEEAKADVEDMIHKMLDVYEQRI DN WLS ATKEKAI IKLRALVLK

(401) 40 410 420 450 466
Lhel19-02(396) | GYPN YDLFQVTPANEG NL REV NFDKLYKPVDRSEWYMPGN DACYDP
Lhel32-02(396) 1 GYPNK YDLFQVTPANEG NL REV NFDKLYKPVDRSEWYMPGNLEINACYDP

Lcla-02(378) |Gl PEIYRRLKTTS———— SLYEDAVKFDEILTARTFIKFSEDVD-NLHMP.H NAYYSP

Lhel19-0(398) IGYPEKIEKIYDLLQIDP---ERSLYENEA TVRTKYMLDKLTQPVDRSVWLMPGNLNNACYDP
Lhel32-0(398) I1GYPEKIEKIYDLLQIDP---ERSLYENEA TVRTKYMLDKLTQPVDRSVWLMPGNLNNACYDP
Lhel19-03(394) IGYPDKIEEIYDRLTVDP---EASLYANEAQ RE KYNLEKLDQDVDRSVWLMPGNLVNACYDP
Lhel32-03(394) IGYPDKIEEIYDRLTVDP—-—- NEAQ KYNLEKLDQDVDRSVWLMPGNLVNACYDP
Consensus(401) IGYPDKIE 1YDLLQVDP EGSLYANEAQIA V IKYNLDKL QPVDRSVWLMPGNLVNACYDP

(467) 467 480 490 500 510 520 532
Lhel19-02(462) QRNHTFPAA ILEAPFYDI NASEITNYGG IGW I1AHEI SHAFDNNGAHDEFGNMKNWWTKEDFAE

Lhel32-02(462) QRNDITFPAAILEAPFYDINASRATNYGG IGVV I AHE I SHAFDNNGAKYDEFGNMKNWWTKEDFAE
Lcla-02(440) DSNTIIVFPAA I LQAPFYSLDQSSSQNYGG I GAV I AHE I SHAFDNNGAQFDKEGNLENKWWLBKDYEA
Lhel19-0(461) QRNDLTFPAG I LQAPFYDIHQSRGANYGG IGAT I1GHEVSHAFDNSGAKFDEHGNMNNWWTBEDFAE
Lhel32-0(461) QRNDLTFPAGILQAPFYDIHQSRGANYGGIGATI SHAFDNSGAKFDEHGNMNNWWTBEDFAE

Lhel19-03(457) QRNDLTFPAA I LOKPFYDLKQSRSLNYGG IGVV IAHEI SHAFDNNGAQFDEFGNMKNWWTEKDFAE

Lhel32-03(457) QRNDLTFPAA I LOQKPFYDLEKQSRSLNYGG I1GVV IAHE I SHAFDNNGAQFDEFGNMKNWWTEKDFAE

Consensus(467) QRNDLTFPAAILQAPFYDI QSRS NYGGIGVVIAHEISHAFDNNGAKFDEFGNMKNWWTDEDFAE

(533) 533 540 550 560 570 580

Lhel19-02(528) FEKRTQAEIDLFDGIKYGPVTLNGKQIVSENIADQGGLT EANKNEH-GDMKELFENYA
Lhel32-02(528) FEKRTQAEIDLFDGIKYGPVTLNGKQIVSENIADQGGLT EANKNEH-GDMKELFENYA
Lcla-02(506) FEEKQKEMIELFDG I ETEAGPANGKLIVSEN IADQGGIT. TAAKEEDDVDLKAFFSQW \NRM
Lhel19-0(527) FNKRVGQM FDG QYGPAEINGKaVGENIADtIGLACAVQAGKN N-V LFENYARSWMQ

Lhel32-0(527) FNKRVGQMVDIFDGLQYGPAKINGKQVVGEN I ADLAGLACAVQAGKNDN-V. LFENYARSWMQ

Lhel19-03(523) FKKRTQAE IDLFDG IKYGPVTLNGKQIVSEN I ADQGGLTAAVEANKGED-GNMKELFENEARYW

Lhel32-03(523) FKKRTQAE IDLFDGIKYGPVTLNGKQIVSEN I ADQGGLTAAVEANKGED-GNMKELFENFA

Consensus(533) F KRTQAE IDLFDG IKYGPVTLNGKQIVSENIADQGGLTAAVEANKNE ~GDMKELFENYARIWAS
(599) 599 610 620 630 640 654

Lhel19-02(593) KESPEI IKTIgFDVHAPG RVNVQVQCQPEFYKAFNVQEGDGMWLDPAKRVV IW

Lhel32-02(593) KESPEIIIKT I AAFDVHAPGPVRVNVQVQCQPEFYKAFNVQEGDGMWLDPAKRVV I'W
Lcla-02(572) KASTEFQQM DVHAPAKLRANIPPTN EFYETFDVKETDQM.RAPEKaKIW

Lhel19-0(592) KQRPEAIKTEVQVDVHAPQPTRVNIPVQC FYTAFDVKPDDGMWLDPEDRET IW
Lhel32-0(592) KQRPEAIKTEVQVDVHAPQPTRVNIPVQC FYTAFDVKPDDGMWLDPEDRET IW
Lhel19-03(588) KQLPESIKTQ DVHAPGPYRANVQSQCQEEFYKAFDVTEHDGMWLDPEKRVV IW
Lhel32-03(588) KQLPESIKTQ DVHAPGPERANVQSQCQEEFYKAFDVTEHDGMWLDPEKRVV I'W
Consensus(599) KQ PEAIKT VSVDVHAPGPVRVNVQVQCQEEFYKAFDV E DGMWLDPEKRVVIW
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Hind1ll (3654)
BamHI (3902)
" HindIll (4016)
Pstl (4049)
" HindIll (4053)
" Hindlll (4104)
HindllI (855) | Kpnl (4520)

Xbal (642) Pl (4646)
HindIll (463) | EcoRI(4677)
Hindlll (243) || EcoRI(4686)
Sacl(6) = Xbal(1413) EcoRI(2982) | ' SphI(5035)

| ORF1 ORF2

€CE € € — € €€ €« —

Figure 35. Open reading frame (ORF) and restriction enzyme analyses of the 5-kb Sacl-Sphl
genomic insert containing the pepN gene from Lb. helveticus WSU19. The vertical lines
represent restriction enzyme sites. The numbers in parentheses refer to nucleotide positions.
The horizontal line represents genomic insert. The horizontal arrows represent ORFs; the
arrows above the horizontal line correspond to the direct DNA strand; the arrows below the

horizontal line correspond to the complementary DNA strand.



Figure 36. Nucleic acid sequence of the 5-kb Sacl-Sphl genomic insert and the deduced
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amino acid sequence of the PepN enzyme (in single-letter code) from Lb. helveticus WSU19.

The numbers to the left refer to nucleic acids (bottom lines) and amino acid residues (top

lines). The putative —10 and —35 promoter sequences are underlined and labeled. The

putative ribosomal binding site is indicated in bold letters, underlined, and labeled rbs. The

putative transcriptional terminator is indicated by the dotted horizontal arrows. Stop codon is

indicated by asterisk. The zinc metallopeptidase motif is double-underlined and labeled.

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961

1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101
2161

GAGCTCGGCGATTAAATCGGGAATGGGATAATCCTACAAAGAACCTGCAAAATCTTCTTT
GTGATTCAATCCCTAATTCCGCTTGCTAGATAAGCATAGCTAAGATGGAACTATCAGATA
GCTTGATCTGATCTGTATTTCTGCGATGCTTAAGGGAGTTCGGAGCATACAGCTTATACC
AAGAACGACAAATATTGTTTAAACGAGTAAAACTAACTTGTAAATGATGAGAAAAATGCT
TAAGCTTAAGATAGTTCAATCTAGTCAGACTCTTTTCTATTATTACTATTTACAAGTCGA
GTTTAACAAGATTGGACTTTTTATTTAACTAAAACGATTTAACTAGCACCACGCGTGTAA
TTTAGAATAATTACCCAAATCAGAAATAAACAGTGAGATAAAGGGCATTGTCATTGAGAA
GCCCATCCCGGTAATGAAACAACCTAGCCACAGGGTATAAAAAGCTTTGTGCCACCCCGC
AGGCAGATTGCGTGATTTAATAGCAGTCAAATTGTCATCTCTTTCAAAAAAAATAAGAAT
GGTTTTTAACATCCATTTTAGCACATACAAAAAACTAAATATTTTTCCAATTTTTTACAA
TAGAAAAACTATTAACCAAAAAATGTGCTACGATAATGGTTCTAGAAGGGAGTTATTCTT
TATGGCACATATGTCACGGCGAGAATATCGCATGAAGAAGGAACATGGACAAGGCGTTGC
AGATCAATCACGAGTTAATTATGCTAAAAATAAGGCAAATAGTCGTGAAGAATTTAGAAG
CAAAAAAATTAGCAACCCTAAACCTGCTGCTAATACCAAAATTGATCTTTCACGAGAAAA
TTATAATCACGTAAAGCTTAACTTTTGGACAATCTTTTCTGATCGACCATACATCTCAGT
TGCAATTATTGTTCTAGCACTATTTCTTGCCATGATTAAATTATGGTGGGGATTATTAAT
CTTACTGTTAGTAGTAATTGTCGGAATATATGTCATTGGCCACAGTCACCACCCTCATCA
GGTGCTTAGTCTTGAGTTTCATTTAAAGGCCTCAAGAAAATTAAGCATGTTAAGAGCTTT
AGAGTTAGGTGGCTCAGTTACCATGTTTTTGGCTACCTATATGAAACAGGTGGTTATTGT
TGATTTCTCATCAGCAGGTTCAACTGATAGTTTCCAAATTATCCAAGGAGCCTTATCCAA
TAATGGTGGTTACTATGGTCAGCAAGGATCGTATTTCTTGAGTTTGTTAAATACAGTTAC
TGGCGGTCAGCTTTGGAGTTCATATCGTTATGCTACAAATAGTGCGCAAATGATGGATAG
CAACTCAGGGCGCTGGATTATTATGTGGATCATGCTTTTGATGATTGCCCCAGCTTTTTG
TGTATTGGCACAATTCTTTAAAGAACCATATTCTAGAAATGTGACTTTGATTACTTCATT
GATTACCACATTTAGTTTTATCTTAACTCCTGTTTTAATGCGTAAATGGGTAGTTGGTTA
TGCTATGGAAAACCAAATGACGAGAGAAGCAGCGAATAATGCTGTTCACATTGGGACGAT
GGCCTACGTTGGAATGGCTTGCTCGATCCTAGTATTAATAATTGCAACCTATCGGGTAAT
TAAACAAGACAAGTTTGAATAAAGAAAAAACAGCTTAGTCAACTTGACTAGGCTGTTTTT
TTGGAAATTAAGGAATAAATTAATTTTAGTACCAGTTATGTGCTAACCAAAATCTCATAG
CGTTAACCCATGAACCGTAACGACCATAAACGTATCTGTCAGCAGTACGTTCTTGGTTCT
TTGGTGATAAGTCACCGTGTAAGTAACCGATGCTTAATTGGTACTTACCGTAACATGAAC
CGTTTCTAGCGGTGTAGCTACCACCTGATTCACGCATTGCGATCCATCTCTTAGCTGCCT
TTTCTTTATTAGACATCTTCTTAGCAGCTTGAACAGTTTGACTGGTAGAATTGTTAGCAA
AAGTTTGTGCAACTGCGACACACGCAAAGGCAAGTGCTAATGCAGCTACTAATTTAACAA
AAATAGATTTAACTTGTTTACTCATTGATTTCATTCCTTATTAAAACTTACTTTCCTTAT
TAAAACTTACTTTTAAAAAATTTATATAGTTCTTAATGACTATGCTTATATATTACAAGA
TCTATATGACAGCAATGTTACAAAACGGAAACGGCACTCTTACAATCAGAAAGAAATTGC
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Figure 36 (continued)

2221 CTTTTTTAAGCACTTTTACCGATATTTTGGTAAAATTTAGAATGAATTATGCTAATTAGG
-35 -10 rbs

1 M AV KR F Y K TFH P EH Y D L
2281 AGGCAAATATATGGCAGTTAAACGTTTCTATAAAACTTTCCACCCAGAACATTACGATTT
rbs

18 R I NV NR KNIKT I NGT S T 1 T G D
2341 GCGTATTAATGTAAACCGTAAGAATAAAACTATTAATGGTACTTCCACAATTACTGGTGA
38 vl EN PV F I NQ K F M T 1 D S V KV
2401 TGTAATTGAAAATCCAGTATTTATTAACCAAAAATTTATGACCATTGATAGCGTTAAGGT
58 D G K NV D F DV 1 E K DEAT1 K I KT
2461 TGATGGTAAAAATGTTGATTTTGATGTAATCGAAAAAGATGAAGCAATCAAAATTAAAAC
78 G vV T 6 K AV I E 1 AY S APLTTUDTM
2521 AGGAGTAACTGGCAAAGCTGTAATCGAAATTGCTTATAGCGCACCACTTACTGATACTAT
98 M 6 I Y P S Y Y E L E G K KKQ 1 I G T
2581 GATGGGTATTTATCCTTCATATTACGAATTAGAAGGTAAGAAGAAGCAAATCATCGGTAC
118 ¢ F E T T F AR Q A F P CV D E P E A K
2641 GCAATTCGAAACTACTTTTGCTCGCCAAGCATTCCCATGTGTGGACGAACCTGAAGCTAA
1388 A T F S L AL KWDEQDGEV A L AN
2701 AGCTACATTCTCACTTGCTCTTAAGTGGGATGAACAAGATGGTGAAGTTGCACTTGCTAA
18 Mm P E V E V D K D G Y HH F EE TV R M
2761 CATGCCAGAAGTAGAAGTTGACAAGGATGGCTACCACCACTTTGAAGAAACTGTCCGCAT
178 S S Y L V AF A F G EL Q S KT TWHTK
2821 GTCTAGTTACTTAGTTGCCTTTGCCTTTGGTGAATTACAATCTAAGACTACTCATACTAA
196 D 6 VvV L I G VY A T K A H K P K E L D F
2881 GGATGGCGTATTAATTGGCGTTTACGCAACTAAGGCACACAAGCCTAAGGAATTAGACTT
218 A L DI A KR A1 EF Y EEFY QT K'Y
2941 CGCTTTGGACATTGCTAAGCGCGCAATTGAATTTTACGAAGAATTCTACCAAACCAAATA
238 P L P Q S L QL AL PDZFSAGAMEN
3001 CCCACTTCCACAGTCATTGCAACTTGCATTGCCAGACTTCTCAGCTGGTGCCATGGAAAA
258 w 6 L VT Y R EAY L L L D P DNT S L
3061 CTGGGGTCTTGTAACTTACCGTGAAGCATACTTGCTCCTTGACCCAGACAATACTAGCTT

(zinc metallopeptidase motiT)

278 E M K K L VA TV I T HELAHIOQWTF G
3121 GGAAATGAAGAAGTTAGTTGCCACAGTTATTACCCATGAATTGGCTCACCAATGGTTCGG
298 D L V T M K W W D N L W L N E S F A N M
3181 TGACTTGGTAACCATGAAGTGGTGGGACAACTTATGGCTTAACGAAAGTTTTGCCAACAT
318 M E Y L S VD G L E P DWH 1T WEWMTFOQQ
3241 GATGGAATACTTATCAGTTGATGGTTTGGAACCTGACTGGCACATCTGGGAAATGTTCCA
3383. TS E A A S AL NI RIDATUDTGV QP 1 Q
3301 AACTAGTGAAGCTGCATCTGCATTGAACAGAGATGCTACTGATGGTGTTCAACCAATTCA
38 M E I ND P A DI DS AFDGATI V Y A
3361 AATGGAAATTAATGACCCAGCAGATATTGACTCAGCCTTTGACGGTGCCATTGTTTATGC
378 K 6 S R MLVMVRSLLGTUDTUDALRK
3421 TAAGGGTTCAAGAATGTTAGTCATGGTTCGTTCACTTCTTGGTGACGACGCACTTCGCAA
398 6 L K Y Y F DHHIKFGNATGDTD L W
3481 AGGTCTTAAGTACTACTTCGACCACCACAAGTTTGGCAATGCCACTGGTGATGACCTTTG
418 D AL S T A TDULUDI G K I M H S WL K
3541 GGATGCACTTTCAACTGCAACTGATCTTGATATTGGTAAAATCATGCACTCATGGCTTAA
438 Q P G Y P V V NA F V A EDGMHULIK LT
3601 GCAACCTGGTTACCCAGTAGTTAATGCCTTCGTTGCTGAAGATGGTCATTTGAAGCTTAC
458 Q K Q F F 1 6 E G E D KGR QWIOQ 1 P L
3661 GCAAAAGCAATTCTTCATTGGTGAAGGTGAAGATAAGGGTAGACAATGGCAAATTCCATT
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Figure 36 (continued)

478 N A N F DA P K I M S DKE T DL G NY
3721 GAATGCTAACTTCGACGCACCTAAGATTATGTCTGATAAGGAAATTGACTTAGGCAATTA
498 K I L R E E A GHUPLRULNWVGNNSH
3781 CAAGATACTTCGCGAAGAAGCAGGTCACCCACTTAGACTTAATGTTGGCAACAACTCACA
58 F I V E Y D K T L L DD 1 L S D V N E L
3841 CTTCATCGTTGAATATGACAAGACTTTGCTTGATGATATTTTGTCAGATGTTAATGAATT
588 D P I DKL Q L L Q DL RLL AZEG K Q
3901 GGATCCAATTGATAAGTTACAATTGCTTCAAGACTTACGTCTCTTAGCAGAAGGTAAGCA
568 I S Yy A S 1 VvV P L L V KFADS K S S L
3961 AATTTCTTACGCTTCAATTGTTCCACTTTTGGTTAAATTCGCTGATTCTAAGTCAAGCTT
58 VvV I N ALY TTAAIKULIRIOQFV E P E S
4021 GGTAATTAACGCACTTTACACTACTGCAGCTAAGCTTCGTCAATTCGTTGAACCAGAATC
508 N E E K N L KK L Y DULUL S KD Q V AR
4081 AAATGAAGAAAAGAACTTGAAGAAGCTTTATGATCTCTTATCAAAGGATCAAGTTGCACG
618 L G W E V K P G E S DEDV QI R P Y E
4141 TTTAGGCTGGGAAGTAAAGCCAGGCGAAAGCGATGAAGATGTTCAAATTCGTCCATACGA
63 L S A S LY AENADS ST KAAMHOQ I F
4201 GTTGAGCGCAAGTCTTTACGCTGAAAATGCGGACTCAATTAAGGCAGCTCACCAAATCTT
658 T E N E D N L E AL NADIRPY VLI
4261 TACTGAAAATGAAGATAACTTGGAAGCATTGAATGCAGATATTCGTCCATACGTTTTAAT
678 N E V KX N F G NAEL VDKL 1 K E Y Q
4321 CAATGAAGTTAAGAACTTTGGCAATGCTGAATTAGTTGATAAGTTAATTAAGGAATACCA
698 R T A D P S Y KV DLIRSAV TS TKD
4381 AAGAACAGCTGACCCATCATACAAGGTTGACTTACGCAGCGCTGTAACCAGCACCAAGGA
718 L AA I K A1 VvV 6 D F ENADVV K P Q
4441 TCTTGCAGCTATCAAGGCTATTGTTGGCGACTTTGAAAATGCTGACGTAGTTAAGCCACA
738 D L C DWYRGLL ANWHYGQQ A AW
4501 AGATTTATGTGATTGGTACCGTGGTTTACTTGCTAACCATTATGGTCAACAAGCAGCTTG
758 D W I R EDWDWULDI KT 1 G G D M E F
4561 GGACTGGATCAGAGAAGACTGGGATTGGCTTGACAAGACTATTGGTGGTGACATGGAATT
778 A K F I T V T A GV FHTWPERL K E F
4621 TGCTAAATTTATCACTGTTACTGCAGGCGTCTTCCATACCCCAGAAAGACTTAAGGAATT
79 K E F F E P K1 NV PLULSRET K MD
4681 CAAGGAATTCTTTGAACCAAAGATTAATGTTCCACTTCTTAGTCGTGAAATTAAGATGGA
88 v K v I E S K VvV N L I E A EK DAV N D
4741 CGTTAAGGTCATCGAAAGCAAGGTTAACTTGATCGAAGCTGAAAAAGATGCTGTTAATGA

838 A V A K A I D *
4801 TGCAGTTGCTAAAGCAATTGATTAAGTAATATAAAGTAATAAAAATAAGGATCTATCTGT

4861 AAATAGGATAGGTCCTTATTTTTCGTGGTGTAATTGTTTTTATTGCTTACCTTAGATAAG

4921 AAGAGAGTTTTTCTTTGGGTAAACGAGATTCAAATACAGCATTCTTTGGACAGCCAAAGG
4981 GCTTGTCCACTTTATTCTTCACTGAAATGTGGGAGCGTTTCAGTACACAGCATGC
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Figure 37. Alignment of the deduced amino acid sequence of PepN from Lb. helveticus
WSU19 and the published amino acid sequences of PepN from lactobacilli. Letter colors:
black, dissimilar sequence; blue with turquoise background, conservative sequence; black
with green background, similar sequence; red with yellow background, identical sequence;
green, weakly similar sequence. Abbreviations: Lhell9, Lb. helveticus WSU19; Lhel32, Lb.
helveticus CNRZ32; Lhel53/7, Lb. helveticus 53/7; Laci, Lb. acidophilus NCFM; Lcas, Lb.
casei ATCC334; Ldla, Lb. delbrueckii subsp. lactis DSM7290; Ldbu, Lb. delbrueckii subsp.

bulgaricus ATCC BAA-365; Lgas, Lb. gasseri; Ljoh, Lb. johnsonii NCC533.

@ 1 10 20 30 50 70
Lhelld (1) ———————————m MAVKRFYKTFHPEHYDLRINVNRKN 1ENPVFIINQKEMT IDSVRVD
Lhe32 (1) ———————————m MAVKRFYKTFHPEHYDLRINVNRKN FENPVLINQKFMT IDSVKVD
Lhel53/7 (1) ———————————— MAVKRFYKTFHPEHYDLR INVNRKN 1ENPVFINQKEMT 1DSVKVD
Laci (1) —————————— MAVKRFYETFHPEHYDLR IDVNRKNKEINGTST I TGDVVENPVFINQKEMT I DSVKVE
Lcas (1) MSVILQFEEE IMTEATHFYQAFQPAHYELYLAINRAN AKQTANL
Ldla (1) ———————————— MAVKRFYETFHPDHYDLY IDVDR QEETVLVHQKYMTI
KT ) — MAVKRFYETFHPDHYDLY IDVDR QEETVLVHQKYMTI
LdDSM (1) ———————————— MAVKRFYETFHPDHYDLY IDVDR QEETVLVHQKYMTI
Lgas (1) ——————————— MAEVKRFYETFHPDHY SREK 1V/VGDAQEELVKLNQKYLKI
Lioh (1) ——————————— MTEVKRFYETFYPEHY, SREKKRFHG 1 GEAQEELVKLNQKYLKI

MAVKRFYETFHPEHYDLY IDVNR NKSI GTSTITGDVQEE V INQKYMTISSVKVD

Consensus (1)

(71) 71 80 90 100 110 120 130 140

Lhel19 (59) GKNVD IEKDEAIKIKTGVIGKAVIEIAYSAPLTDTMMGIYPSYY IGTQFETTFARQAF
Lhel32 (59) GKNVDFDV IEKDEAIKIKTGVIGKAVIEIAYSAPLTDTMMGIYPSYY IGTQFETTFARQAF
Lhel53/7 (59) GKNVD IEKDEAIKIKTGVIGKAVIEIAYSAPLTDTMMGIYPSYY IGTQFETTFARQAF
Laci (59) GKDVD KDEAIKIETGVIG IETIAYSAPLTDTMMGIYPSYY IGTQFETTFARQAF
Leas (71) GOBVPFTIDDPAEAIRITLPQSGKVTETIDYTAPLTDTMMG 1 YPSYYEVNGVKKQEIGTQFETTAARQAF

Ldla (59) GKEVPFTFGDDFEGIKIEAGKTGEAVIAIDYSAPLTDTMMG I'YPSYYQVDGVKKELIGTQFETTFAREAF
Ldbu (59) GKEVPFTFGDDFEGIKIEAGKTGEAVIAIDYSAPLTDTMMGIYPSYYQVDGVKKELIGTQFETTFAREAF
LdDSM (59) GKEVPFTFGDDFEGIKIEAGKTGEAVIAIDYSAPLTDTMMGIYPSYYQVDGVKKELIGTQFETTFAREAF

Lgas (60) QKKADFDYNDKEEVMN I KAGKVGEMK KLTDSMMG 1 YPSYYEVDGEKKQEMGTQFETTFARQAF
Ljoh (60) QKKADFNYNDKDEVINIEAGKVGKMKI KLTDTMMG 1 YPSYYEVDGEKKQEIGTQFETTFARQAF
Consensus (71) GKEVDFDV DKDEAIKIEAGKTGKAVIEIDYSAPLTDTMMGIYPSYYEVDG KKQIIGTQFETTFARQAF
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Figure 37 (continued)

(141) 141 150 160 , 180 190 2 210
Lhel19(129) PCVDEPEAKATFSLALKINDEQBGEVALANMP KDGYHHFEETVRMSSYLVAFAFGEEQSKTTHTKD
Lhel32(129) PCVDEPEAKATFSLALKWDEQBGEVALANMP KDGYHHFEETVRMSSYLVAFAFGELQSKTTHTKD

Lhel53/7(129) PCVDEPEAKATFSLALKWDEQDGEVALANMP KDGYHHFEETVRMSSYLVAFAFGELQSKTTHTKD
Laci129) PCVDEPEAKATRTLALKWDEQBGE I ALANMP KDGYHHFEETVRMSSYLVAFAFGELQSKTDHTKD
Lcas(141) PSVDEPEAKATFDLANKFDEQPGETIERSNMP N-GVHYFDTTVRMSTYLIAFAFGBEQNKQTTTKS
Lm4129)PCVDEPEAKATFSLALKFDEHIGE LANMPEDRVEN-GVHYFKETVRMSSYLVAFAFGEMRSLTTHTKS

Ldbu(129) PCVDEPEAKATFSLALKFDEHEGE N-GVHYFKETVRMSSYLVAFAFGEMRSLTTHTKS

LdDSM(129) PCVDEPEAKATFSLALKFDEHEGE N-GVHYFKETVRMSSYLVAFAFGEMRSLTTHTKS
Lgas(130) PCVDEPEAKAT KFEDEKPGE FKD-GVHYFKPTERMSSYLVAFVFGBMQKKLTKTKS
Ljoh(130) PCVDEPEAKAT KEDEKTG FKD-GVHYFKPTERMSSYLVAFVFGDMQRKLTKTKS

Consensus(141) PCVDEPEAKATFSLALKFDEQDGET ILANMPEVRVD  GVHYFKETVRMSSYLVAFAFGELQSKTTHTKS

(211) 211 220 230 240 250 260 270 280
Lheu9099)GVLIGVYATKAHKPKELDFALDIAKRAIEFYEIFYQTKYPLPQSLQLALPDFSAGAMENWGLVTYREAYL

Lhel32(199) GVLIGVYATKAHKPKELDFALD IAKRAIEFYEEFYQTKYPLPQSLQLALPDFSAGAMENWGLVTYREAYL
Lhel53/7(199) GVLIGVYATKAHKPKELDFALD IAKRAIEFYEEFYQTKYPLPQSLQLALPDFSAGAMENWGLVTYREAYL
Laci199) GVLMGVYATKAHKPKELDFALDIATRAIEFYEDFYQTKYPLPQSLQLALPDFSAGAMENWGLIITYREAYL
Lcas(210) GVKIGVFATKAHKPNELDFALD IAKRS | EFYEDFYQTPYPLPHSWQLALPDFSAGAMENWGLVTYREALL
Ldla(198) GVLIGVYSTQAHTEKELTHSLDIAKRAIEFYEDFYQTRYPLPQSLOLALPDFSAGAMENWGLVTYREAYL
Ldbu(198) GVLIGVYSTQAHTEKELTFSLDIAKRAIEFYEDFYQTPYPLPQSLQLALPDFSAGAMENWGLVTYREVYL
LdDSM(198) GVLIGVYSTQAHTEKELTFESLDIAKRAIEFYEDFYQTPYPLPQSLQLALPDFSAGAMENWGLVTYREAYL
Lgas(199) GVEIGVFATKAHKAKELDFALDIAKRSIEFYEDFYETPYPLEHSYQVALPDFSAGAMENWGCVTYREAYL
Lioh(199) GVEIGVEATRAHQAKELDFALD IAKRS I EFEEDFYETPYPLEHSYQWALPDFSAGAMENWGCVTYREAYL
Consensus(211) GVLIGVYATKAHKPKELDFALDIAKRAIEFYEDFYQTPYPLPQSLQLALPDFSAGAMENWGLVTYREAYL

(281) 281 290 300 310 320 330 340 350

Lhel19(269) LLDPDNTSLEMKKLVATVITHELAHQWFGDLVTMKWWDNLWLNESFANMMEYLSVDGLEPDWH IWEMFQT
Lhel32(269) LLDPDNTSLEMKKLVATVITHELAHQWFGDLVTMKWWDNLWLNESFANMMEYLSVDGLEPDWH IWEMFQT
Lhel53/7(269) LLDPDNTSLEMKKLVATVITHELAHQWFGDLVTMKWWDNLWLNESFANMMEYLSVDGLEPDWH IWEMFQT
Lac269) LLDPDNTSLEMKKLVATVITHELAHQWFGDLVTMKWWDNLWLNESFANMMEYLSVDGLEPDWH IWEMFQT
Lca(280) TIIDPDNTSLETKQRVATVIAHELAHQWFGDLVTMKWWDDLWLNESFANMMEYMAVDALQPDWH IWEAFQT
LMd268)LLDPDNiILEMKKLVAEgITHELAHQWFGDLVTMEWWDNLWLNESFANMMEYLSVDHLE WHIWEMFQT

Ldbu(268) LLDPDNTILEMKKLVATVMTHELAHQWFGDLVTMEWWDNLWLNESFANMMEYLSVDHLEPNWH IWEMFQT
LdDSM(268) LLDPDNTHLEMKKLVATVMTHELAHQWFGDLY TMEWWDNLWLNESFANMMEY LSVDHLEPNWH IWEMFQT
Lgas(269) LLDPDNTSLBMKQLVATVIAHELAHQWFGDLVTMKWWDNLWLNESFANMME DALEPNWK IWEMFQT
Ljoh(269) LLDPDNTSLEMKQLVATVIAHELAHQWFGDLVTMKWWDNLWLNESFANMME DALEPNWK IWEMFQT
Consensus(281) LLDPDNTSLEMKKLVATV I THELAHQWFGDLVTMKWWDNLWLNESFANMMEYLSVDGLEPNWHIWEMFQT

(351) 351 360 370
Lhel19(339) SEAASALNRDATDGVQP NDPABI
Lhel32(339) SEASSALNRDATDGVQP NDPADI

Lhel53/7(339) SEAASALNRDATDGVQP NDPADI

Laci(339) NEASSALSRDATDGVQP, NDPADI
Lcas(350) LEAPMALQRDATDGVQSVHVQVEDPAE |
Ldla(338) SEAABAL TRDATDGVQSVHVEVNDPAE
Ldbu(338) SEAASALTRDATDGVQSVHVEVNDPAEI
LdDSM(338) SEAAAAL TRDATDGVQSVHVEVNDPAEI

380 390 400 410 420

FDGA 1VYAKGSRMLVMVRSLLEGDBALRKGLKYYFDHHKE
FDBA 1VYAKGSRMLVMVRSLLGDBALRKGLKYYFDHHKF
FBIAIVYAKGSRMLVMVRSLLG ALRKGLKYYFDHHKF
FDGAIVYAKGSRMLVMVRSLLGDEALRKGLKYYFDHHKF
LFDSA 1VYAKGARMLVMVRALGDDALRAGLKAYFEAHKFE
LFDGA 1VYAKGSRMLVMVRSLLGDEAL RKGLKRYFDKHKF
LFDGAIVYAKGSRMLVMVRSLLGDEALRKGLKRYFDEHKF
LFDGA 1VYAKGSRMLVMVRSLLGDEALRKGLKRYFDKHKF
Lgas(339) SEVPAALGRDATDGVQSVHVMVNDPAE I DALFDSA I VYAKGSRMLVMVRALLGDKALREGLKNYFAAHQ
Lioh(339) SEVPAALQRDATDGVQSVHVMVNDPAE I DALFDSA 1VYAKGSRMLVMVRALLGDEALREGLKNYFAAH
Consensus(351) SEAASALNRDATDGVQSVHVEVNDPAE IDALFDSA IVYAKGSRMLVMVRSLLGDEALRKGLK YFD HKF
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Figure 37 (continued)

(421) 421 430 440 450 460 470 480 490

Lhel19(409) GNATGDDLWDALSTATDLDIGK IMHSWLKQPGYPVVNAFVAEDGHLKLTQKQFF I GEGEDKGRQWQ I PLN
Lhel32(409) GNATGDDLWDALSTATDLDIGK IMHSWLKQPGYPVVNAFVAEDGHLKLTQKQFF I GEGEDKGRQWQ I PLN
Lhel53/7(409) GNATGDDLWDALSTATDLDIGK IMHSWLKQPGYPVVNAFVAEDGHLRLTQKQFF 1 GEGEDKGRQWQIPLN
Laci409) GNATGDDLWDALSTATDLNIGE IMHSWLKQPGYPVVSAFVDKDGHLKLTQKQFF IGEGEDKGRLWQIPLN
Lcas(420) GNAAGADLWTALGKASHLDYGK IMQSWLEQPGYPVVTAAV-VDGKL TLEQQQFF 1 GAGKDVGRQWQIPLN
LMd408)GNAAGDDLWDALSTATDLNIGEIMHI& QPGYPVVNAFV—EDGHLKLTQKQFFIGEGEI%GRKWEIPLN

Ldbu(408) GNAAGDDLWDALSTATDLNIGE IMH QPGYPVVNAFV-EDGHLKLTQKQFF I GEGKEVGRKWE 1PLN
LdDSM(408) GNAAGDDLWDALSTATDLNIGE IMH QPGYPVVNAEV-EDGHLKLTQKQFF I GEGKEVGRKWE 1PLN
Lgas(409) SNATGDDLWKALGEASGLDIGA IMHSWLEQPGYPVVNAKV-EDGKLVLTQKQFFIGEGKDVGRKWQ IPLN
Ljoh(409) GNATGDDLWKALGEASGLDIGA IMHSWLEQPGYPVVNAKV-EDGKLVLTQKQFF 1 GEGKEVGRKWQIPLN
Consensus(421) GNATGDDLWDALSTATDLDIG IMHSWLDQPGYPVVNAFV EDGHLKLTQKQFFIGEGKDVGRKWQIPLN

(491) 491 500 510 520 530 540 550 560
Lhel19(479) ANFDA-PK IMSDKENDLGNYK I LREEAGHPLRLNVGNNSHF IVEYDKTLLDD I LSDVNELDPIDKLQLLQ
Lhel32(479) ANFDA-PK IMSDKENDLGSYKVLREEAGHPLRLNVGNNSHF IVEYDKTLHDD I LSDVNELDPADKLQLLQ

Lhel53/7(479) ANFDA-PK IMSDK NELDPIDKLQLLQ

NALDPIDKLQLLQ

DQRQIIQ

DLGNYKVLREEAGHPLRLNVGNNSHF1VEYDKTLLDDI
Laci(479) ANFDA-PK IMSEK
SQLQLLQ

DLGNYKVLREEAGHPLRLNVGNNSHF IVEYDETLLNDI
Lcas(489) SNYAVAPQ I FAEKKVTLGDYAQLRKENGKPFRVNVGNNSHF 1VQYDEQLMTDI VDQLN
Ldla(477) ANFKA-PKIMSDVELDLGDYQALRAEAGHALRLNVGNNSHF IVKYDQTLMDDI

Ldbu(477) ANFKA-PKIMSDVELDLGDYQALRAEAGHALRLNVGNNSHF IVKYDQTLMDD I SQLQLLQ
LdDSM(477) ANFKA-PKIMSDVELDLGDYQALRAEAGHALRLNVGNNSHF I'VKYDQTLMDDI SQLQLLQ
Lgas(478) ANYAAVPK IMKDEKLVVMGDYKDLLANNGTPFRLNVGNNSDF I'VKYDQTLLDDI HVDELD DKLQLLQ
Lioh(478) SNYAAVPK IMKDEKLVMGDYADL IABNGVPFRLNVGNNSDF IVKYDKTLLDD I LNHIDELDAVDKLQLLQ

Consensus(491) ANF A PKIMSDKELDLGDYK LRAEAGHPLRLNVGNNSHFIVKYD TLLDDILSDV ELDPIDKLQLLQ

(561) 561 570 580 590 600 610 620 630
Lhel19(548) DLRLLAEGKQESYASIVPLLVKFADSKSSEV INALYTTAAKLRQFVEPESNEEKNLKKLYDLLSKDQVAR
Lhe32(548) DLRLLAEGKQISYASIVPLLVKFADSKSSLV INALYTTAAKLRQFVEPESNEEKNLKKLYDLL SKDQVAR

Lhe53/7(548) DLRLLAEGKQUSYASIVPLLVKFADSKSSLY INALYTTAAKL RQFVEPESNEEKNLKKLYDLL SKDQVAR

Laci548) DLRLLAEGKQESYAVIVPLLTKFADSKSSLY INALYTTANKLRQFVKPESEEEKNLKKLYDLLSKKQVAR
lxax559)DLRLLAEG.KNSY.NIVPLLP.FAASH 1VMDALERVVEDLKKFVA EKQLQAFFDKL SAGQLDR
Ldla(546) DLRLLAEGKQASYADVVPVLELFKNSESHIVNDALYTTADKLRQFAPAGSEABKNLRAEYNDL SKDQVAR
Ldbu(546) DLRLLAEGKQASYADVVPVLELFKNSESHIVNDALYTTAAKLRQFAPAGSEABKNLRALYNDLSKDQVAR
LdDSM(546) DLRLLAEGKQASYADVVPVLEL FKNSESHIVNDALYTTADKLRQFAPAGSEABKNLRALYNDL SKDQVAR
Lgaq548)DFRLLAEGG SYADIVPLLPKFADSTSPIVNNALYR IMATLRNFVTPGSDEEKQLKRLYDLLSERQVKR
uom548)DFRLLAEGGH SYADIVPLLPKFADSTSPIVNNALYR IMTTLRNFVTPBSKEEKDLKKLYNLLSEKQVKR

Consensus(561) DLRLLAEGKQISYADIVPLL KFADS SSIVNNALYTTAAKLRQFV PESEEEKNLKKLYDLLSKDQVAR

(631) 631 640 650 660 670 680 690 700

Lhel19(618) LGWEVKPGESDEaQIRPYELSASLY NADSI HQI TENEDNLEALNADIRPYVLINEVKNFGE]E

Lhel32(618) LGWEVKPGESDEDVQIRPYELSASL YAENADS IKAAHQIFTENEDNL EALNADIRPYVL INEVKNFGNAE
Lhel53/7(618) LGWEVKPGESDEDVQIRPYELSASL YAENADS IKAAHQIFTENEDNLEALNADIRPYVL INEVKNFG
Lack618) LGWEVKKGESDEDAQIRPYELSASL YADNTDS IKAAHQIFTENEDNL EAMNADVRPYVL INEVKNFGSHN
Lcas(629) LGWTPKADES IDDQLTRPYLSMAL YAKNPDAIAQGH TANQA.LVALPADIRMlVLENEVKHFG
Ldia(616) LG PKAGESDEEI LSASL YGRNADSEKQAHEIYVE DKLAELSADIRPYVLINEVEN

E
Ldbu(616) LGWLPKAGESDE LSASLYGRNADSEKQAHEI DKLAELSADIRPYVLINEVEN

LdDSM(616) LGWLEPKAGESDE LSASL YGRNADSEKQAHEI DKLAELSADIRPYVLINEVENYG
Lgas(618) LGLIPKAGESNDDNLTRPYMVSASLYAENDDT INGLHAI DNL SADIRSAVLANEVKNFGNMT
Ljoh(618) LGLEPKAGESNBDDNLTRP SLYAGN INGLHTI DNLEGISADIRSAVLVNEVKNFGNMT

Consensus(631) LGWLPKAGESDED IQTRPYVLSASLYAENADSIKAAH IFTENADNLEALSADIRPYVLINEVKNFGNAE
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Figure 37 (continued)

(701) 701 710 720 730 740 750 760 770
Lhel19(688) LVDKLIKEYQRTADPSYKVD TSTKDLAATKAIVGDFENADVVKPQDL CDWYRGELANHYGQQAAW
Lhel32(688) LVDKLIKEYQRTADPSYKVD TSTKDLAAIKAIVGDFENADVVKPQDL CDWYRGLLANHYGQQAAW

Lhel53/7(688) LVDKLIKEYQRTADPSYKVD TSTKDLAAIKAIVGDFENADVVKPQDL CDWYRGLLANHY.GQQAAW

Laci688) L1AKLIKEYQRTADASYKVDLRSAITST IDKAEVATIVEDFENADIIKPQDLREWYRGLL ANHHGQQAAW
Lcas(699) LFDQLEKAYTQTTDSSYKA LAAlTSTTDPTQIAKlVDKFEDAD KPQDLRSWFRGVLNNHAGEQAAW

Ldla(686) LTDKLIGLYQATSDP DLEAAIV KKTVSWFKNAE 1'VKPQDL! SGV NRPAGEQLAW
Ldbu(686) LTDKLIGLYQATSDP KKTVSWFKNAE I VKPQDL! SGV N GEQLAW

LdDSM(686) LTDKLIGLYQATSDP. DLEAAI KKTVSWFKNAE I VKPQDL! SGV GEQLAW
Lgas(688) LFDKLIKKYQETSDASLKQDLC ITSTKMPEI 1DA1VDDFENAQVVKPQDL YRNVLAN GQEQAW
Ljoh(688) LFDKLIKKYQETSDASLKQDLC ITSTKMPE I 1DA1VDDFE 1 1KPODLRAWYRNVLANPEGQEQAW

Consensus(701) L DKLIK YQ TSDPSYKVDLRAAITSTKD A IKAIV DFENADIVKPQDLRGWYRGVLANPYGQQAAW

771) 771 780 790 800 810 820 830 840
Lhel19(758) DWIREDWDWLDK TIGGDMEFAKF I TVTAGVFHTPERLKEFKEFFEPKIINVPLLSRE IKVMDVKV 1ESKVNL
Lhel32(758) DWIREDWDWLDKTVGGDMEFAKF I TVTAGVFHTPERLKEFKEFFEPKIINVPLLSRE IKMDVKV 1 ESKVNL

Lhel53/7(758) DWIREDWDWLDKTVGGDMEFAKF I TVTAGVFHTPERLKEFKEFFEPKINVPLLSRE 1KMDVKV 1 ESKVNL
Laci(758) DWIREDWDWLDKTVGGDMEFATF I TVTAGVFHTPERLKEFKEFFEPKVNVPLLSRE IKMDTKV 1 ESKVNL
Lcas(769) DWIRNEWQWLEKTVGGDMEFTTY I TV 1AGVFRTPERL TEFKAFFEPKLQTPGLIRE I TMDTSVIASRVSL
Ldla(756) DWIRBEWAWLEKTVGGDMEFATF I TV 1SRVFKTKERYDEYNAFFTDKESNMELNRE IKMDRKV I ANRVDL
Ldbu(756) NWIRDEWAWLEKTVGGDMEFATF 1TV 1SRVFKTQERYDEYNAFFTDKESNMLLNRE IKMDRKV I ANRVDL

LdDSM(756) DWIRDEWAWLEKTVGGDMEFATF I TV 1 SRVFKTKERYDEYNAFFTDKESNMLLNRE 1KMDRKV I ANRVDL
Lgas(758) NWIRLEWPWLEATVGGDMEFATF I TVIANNFHTEERENQF
Ljoh(758) NWIRLEWPWLEATVGGDMEFATFE I TVTAN

FFEPKIINTPGLITRE 1KMDTKV 1 ETKVNL
FHTEERLNOQF

FFEPKVMNTPGLIIRE IKMDTKV IETKVNL
Consensus(771) DWIREEW WLEKTVGGDMEFATFITVTAGVFHTPERL EFKEFFEPKIN PLLSREIKMD KVIESKVNL

(841) 841 858
Lhel19(828) IEAEKDAVNDAVAKﬁID—
Lhel32(828) IEAEKDAVNDAVAKAID-

Lhel53/7(828) IEAEKDAVNDAVAKQD—

Laci(828) IEAEKDAVNSAIAK

Lcas(839) 1QAEQQAVQAAVAE
Ldla(826) TASEQADVNAAVAAALQK
Ldbu(826) FASEQADVNAAVAAALQK
LdDSM(826) TASEQADVNAAVAAALIQOK
Lgas(828) VKKEQAAVNAAIAKAVD-
Ljoh(828) MKREQAAVNAAIAKAVD-
Consensus(841) 1 AEQAAVNAAVAKAID
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8. Degradation of $-CN £193-209 by PepO, PepO2. and PepO3

Tables 10-12 list the mass-to-charge ratio (m/z) of peaks in the MALDI-TOF spectra
and the corresponding peptide fragments formed during hydrolysis of B-CN f193-209 by
CFEs from E. coli DH5a(pESS), E. coli DH5o(pES2), and E. coli DH5a(pES6), expressing
the pepO, pepO2, and pepO3 genes from Lb. helveticus WSU19, respectively. Hydrolysis of
B-CN f193-209 by CFE from E. coli DH5a(pJDC9) served as the control. No peaks
corresponding to peptide fragments derived from B-CN £193-209 were observed in the
control. The peptide fragments from -CN £193-209 were determined by matching the sum
of average molecular weight of amino acids composing each peptide with the m/z ratio data
(Soeryapranata et al., 2004). The primary structure of Bos B-casein A*-5P reported by
Ribadeau-Dumas et al. (1972; Lemieux and Simard, 1992; Whitney, 1999) was the basis for
B-CN f193-209 sequence in this study.

The 193-209 fragment of B-CN (m/z 1881 Da) was previously identified as an
important bitter peptide in Cheddar and Gouda cheeses (Visser et al., 1983a; Soeryapranata
et al., 2002b; Singh et al., 2005). Some of the peptides from the C-terminus of B-CN f193-
209 have been determined to be bitter, including 3-CN f193-208 (m/z 1781 Da), f193-207
(m/z 1668 Da), £202-209 (m/z 898 Da), f203-208 (m/z 643 Da), and £203-209 (m/z 742 Da)
(Lemieux and Simard, 1992). Except for the m/z of 1881 Da, none of these peptide masses
were observed in the MALDI-TOF spectra at 0-h to 72-h incubations with PepO, PepO?2, or
PepO3 enzymes, suggesting the Ileyos-Valago, Ilerr-Ileros, Valagi-Argao, and Argro-Glyzos
bonds are not the preferred cleavage sites of these enzymes (Figures 38-40).

Although the deduced amino acid sequence analysis showed a conserved zinc-

binding motif in the active sites of PepO, PepO2, and PepO3, differences in the hydrolysis
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rates and the preferred cleavage sites were observed among these enzymes. In general, the
pattern of B-CN £193-209 hydrolysis by PepO is more similar to PepO3 than to PepO2.
Hydrolysis of the bitter peptide, f-CN £193-209, by PepO or PepO3 appeared to be more
rapid than by PepO2 enzyme. The m/z of 1881 Da, corresponding to the mass of 3-CN {193-
209, was the most intense peak in the MALDI-TOF spectra up to 12-h incubation with PepO
or PepO3. In contrast, the 1881-Da peak was the most intense throughout the entire 72-h
incubation with PepO2 (Table 11). Incubations of B-CN £193-209 with PepO or PepO3 for
24 and 48 h produced peaks at m/z of 1039 and 673 Da as the major hydrolysis products,
respectively (Tables 10, 12). The m/z of 673 Da remained the dominant peak after 72-h
incubation.

The lower rate of B-CN £193-209 hydrolysis by PepO2 than PepO or PepO3 was
unlikely affected by the expression level, growth phase, or amount of protein added to the
digestion mixture. The endopeptidases were cloned in the pJDC9 vector DNA, harvested at
the same absorbance level (Agpo ~4.0), and standardized to the same amount of protein (~50
pg) in the digestion mixture. Moreover, as shown later, the PepO2 enzyme was active on o-
CN f1-23 substrate. It was likely that the substrate B-CN f193-209 exhibited more inhibitory
effect on PepO2 than PepO or PepO3. Stepaniak et al. (1996) reported the inhibitory effects
of B-CN £193-209, {69-97, t69-84, and f141-163 on PepO from Lc. lactis subsp. lactis
MG1363.

In addition to the faster hydrolysis of B-CN f193-209 by PepO and PepO3, these
enzymes possess more cleavage sites in f-CN £193-209 than PepO2. Incubations of B-CN
£193-209 with PepO or PepO3 produced a greater number of peptide fragments than when

incubated with PepO2. The first peak produced by PepO2 was observed at m/z of 1365 Da
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after 8-h incubation (Table 11). Prolonged incubation with PepO2, up to 72 h, produced an
additional peak at m/z of 1556 Da (Table 11). On the other hand, the 8-h incubations with
PepO or PepO3 produced peaks at m/z of 1365, 1556, 1039, and 998 Da, corresponding to
the masses of B-CN f197-209, £193-206, f197-206, and 201-209, respectively (Tables 10,
12). These peptidolytic patterns indicate that the Pro;jos-Val 97 and Prosge-Ileso; bonds were
the preferred cleavage sites of PepO, PepO2, and PepO3 enzymes (Figures 38-40). In
addition, PepO and PepO3 cleave at the Pro,o-Valyg; bond (Figures 38-40).

The B-CN £193-206 and B-CN £f197-206 peptides were identified in 1 y old
commercial mature Cheddar cheese using MALDI-TOF mass spectrometry (Gouldsworthy et
al., 1996). The study reported by Gouldsworthy et al. (1996) suggests that hydrolyses at
Proj96-Val 97 and Proyge-Ilezp; bonds occur not only in the simulated cheese system, but also
in the real cheese system. In addition, the nonappearance of B-CN f197-209 in the MALDI-
TOF spectra reported by Gouldsworthy et al. (1996) indicates that B-CN f197-209 may be
the precursor for B-CN f197-206. The absence of the B-CN £197-209 peptide might be
caused by a complete degradation of the peptide at the Pro,gs-Ile,o; bond by intracellular
peptidases of the cheese starter cultures.

Differences in cleavage sites were also observed between PepO and PepO3 enzymes.
The 48-h and 72-h incubations of B-CN £193-209 with PepO produced additional peaks at
m/z of 827 and 574 Da which correspond to the masses of B-CN £199-206 and £202-206,
respectively (Table 10). These peaks were not identified in the MALDI-TOF spectra from the
corresponding incubation periods with PepO3 enzyme (Table 12). The observed peptidolytic
patterns suggest cleavage at Leu;os-Glyj99 and Valyg;-Argro, bonds by PepO but not PepO3

(Figures 38, 40).
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Figures 38-40 illustrate the preferred cleavage sites of PepO, PepO2, and PepO3 from
Lb. helveticus WSU19 as a function of incubation time with 3-CN f193-209 substrate.
Cleavage at Projos-Valj97 and Proyos-1lez97 bonds initiated hydrolysis of B-CN £193-209 by
PepO and PepO3 (Figures 38, 40), while cleavage on the Pro;¢s-Val;97 bond initiated the
hydrolysis by PepO2 (Figure 39). The Projo¢-Vali97 bond is likely the first cleavage site of
PepO, PepO2, and PepO3 in B-CN £193-209, followed by the Pro,gs-1less bond. Cleavage on
the latter bond is important to prevent the formation of bitter peptides B-CN £193-208, f193-
207, £202-209, £203-208, and f203-209. The B-CN f202-209 peptide was reported to be
extremely bitter, with a threshold value of 0.004 mM (Kanehisa et al., 1972). In addition to
the cleavage at Projos-Val 97 and Proyge-Ilesp; bonds, PepO and PepO3 enzymes cleaved at the
Pro,go-Valy bond. However, the Proyps-Pheyos bond was not cleaved by PepO, PepO2, and
PepO3, suggesting these endopeptidases from Lb. helveticus WSU19 only cleave a peptide
bond between Pro and a nonpolar aliphatic amino acid residue (-Pro-X-).

Chen et al. (2003) and Sridhar et al. (2005) reported the post-proline activity of
PepO2 and PepO3 enzymes from Lb. helveticus CNRZ32. However, the activity of PepO
from Lb. helveticus WSU19 on B-CN £193-209 observed in this study contrasts the finding
reported by Sridhar et al. (2005) on PepO from Lb. helveticus CNRZ32. The latter enzyme
did not possess activity toward B-CN f193-209 under cheese ripening conditions (pH 5.1, 4%
NaCl, and 10°C). However, the incubation temperature, type of buffer, and pH of buffer used
for CFE preparations were different between Sridhar et al. (2005) and this study. The former
study used 50 mM 2-(N-morpholino)ethanesulfonic acid (MES) buffer (pH 5.0) to prepare
the CFE from E. coli clones carrying the pepO gene from Lb. helveticus CNRZ32 and 50

mM Pipes buffer (pH 7.0) was used in the present study.
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In contrast to Sridhar et al. (2005), Baankreis et al. (1995) reported the activity of
neutral thermolysin-like oligoendopeptidase (NOP) from Lc. lactis subsp. cremoris C13 on
B-CN £193-209 and B-CN £193-202. The NOP enzyme is related to PepO from Lc. lactis
strains Wg2 and P8-2-47 (Tan et al., 1991; Mierau et al., 1993; Baankreis et al., 1995). NOP
was reported to have a MW of 70 kDa and was inhibited by EDTA. The enzyme cleaved [3-
CN £193-209 at Proj9s-Valig7, Valjg7-Leuog, Prosgs-Ilesgr, and Ilesgr7-Ilesgs bonds, while
cleavage at Projgs-Valjg7, Val 97-Leu,og, Prosgo-Valygi, and Valyg-Argso, bonds were observed
on 3-CN f193-202. Prolonged incubations of B-CN £193-209 with PepO or PepO3 from Lb.
helveticus WSU19 revealed additional cleavage sites at Valj97-Leujog and Ilesg7-1les0s bonds
(Figures 38, 40). Additionally, PepO from Lb. helveticus WSU19 cleaved B-CN £193-209 at
Leu,os-Glyj99 and Valygi-Argyg, after 48-h and 72-h incubations, respectively (Figure 38).

Soeryapranata et al. (2004) reported the importance of endopeptidases in the CFE
from Lb. helveticus WSU19 in degrading the bitter peptide B-CN £193-209. The fact that
PepO, PepO2, and PepO3 endopeptidases from Lb. helveticus WSU19 possess post-proline
activity on B-CN f193-209 and hydrolyze the bitter peptide without generating additional
bitter peptide fragments in the hydrolysates indicates the importance of these endopeptidases
in the debittering of Cougar Gold cheese. Considering the small apparent activity of PepO2
from Lb. helveticus WSU19 in degrading B-CN 193-209, this enzyme may play a less
significant role than PepO and PepO3 during ripening of the Cougar Gold. However, it is
possible that PepO2 is expressed more readily or has a longer life in the cheese matrix than

does PepO or PepO3.
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9. Degradation of $-CN £193-209 by PepN

Table 13 lists the mass-to-charge ratio (m/z) of peaks in the MALDI-TOF spectra and
the corresponding peptide fragments formed during hydrolysis of B-CN f193-209 by CFE
from E. coli DH50(pES4), expressing the pepN gene from Lb. helveticus WSU19.
Hydrolysis of B-CN f193-209 by CFE from E. coli DH5a(pJDC9) was included as the
control. No peaks corresponding to the peptide fragments derived from B-CN f193-209 were
observed in the control.

Incubations of B-CN £193-209 for 2, 4, and 8 h with PepN from Lb. helveticus
WSU19 showed the most intense peak at m/z of 1718 Da, corresponding to the mass of -CN
£194-209 (Table 13). The 194-209 fragment of f-CN was not reported as a bitter peptide in
cheese (Lemieux and Simard, 1992). Removal of tyrosine from the N-terminus of a bitter
peptide was suggested to cause debittering (Matoba et al., 1970). Incubation of B-CN f193-
209 with PepN from Lb. helveticus WSU19 for 8 h completely hydrolyzed the bitter peptide
B-CN f193-209 (Table 13), preventing further formation of B-CN £194-209.

A peak with m/z of 1590 Da, corresponding to 3-CN f195-209, showed the same
intensity as the 1718-Da peak at 8-h incubation (Table 13). In contrast to the f-CN £194-209
peptide, the 195-209 fragment of B-CN was reported as a bitter peptide isolated from 3-CN
hydrolysate (Lemieux and Simard, 1992). The 1590-Da peak remained the dominant peak as
the incubation with PepN proceeded beyond 8 h. In contrast to the 1590-Da peak, the 1718-
Da peak markedly decreased at 12-h incubation and completely disappeared at 48-h
incubation, suggesting an increase in bitterness of the hydrolysate. The 1718-Da peak
disappeared because hydrolysis of B-CN f194-209 to 3-CN £f195-209 was not accompanied

by the production of B-CN f194-209 from B-CN f193-209.
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The glutamine and glutamic acid residues at the N-terminus of a peptide may
undergo cyclization under acid condition to form pyrrolidonecarboxylic acid (PCA;
Gouldsworthy et al., 1996). Besides the acid condition, the presence of cyclotransferase
(cyclase) was reported to be responsible for the synthesis of PCA in Gln-Gln dipeptide
(Mucchetti, et al., 2002). Conversion of glutamine to PCA generates a peptide with m/z of
17 Da lower than the parent peptide due to the release of ammonia during cyclization
(Gouldsworthy et al., 1996). The MALDI-TOF spectra in the current study showed a peak at
m/z of 1701 Da, corresponding to the mass of B-CN £194-209 containing PCA at residue 194
(B-CN PCA-f195-209; Table 13). The formation of B-CN PCA-f195-209 was more likely
caused by the acid condition (pH 5.2) used in the B-CN f193-209 hydrolysis than the addition
0f 0.1% TFA in the MALDI-TOF sample preparation. The 1701-Da peak was observed up to
72-h incubation of B-CN f193-209 with PepN although the B-CN f194-209 peptide with
glutamine at residue 194 (m/z 1718 Da) disappeared at 48-h incubation. This observation
suggests that the 3-CN PCA-f195-209 peptide exists in the hydrolysate and is not hydrolyzed
by PepN. If the cyclization of glutamine occurred due to acid condition during MALDI-TOF
sample preparation, the 1701-Da peak would not have been observed when the parent
peptide, B-CN GIn-f195-209, disappeared. Unlike its parent peptide, B-CN PCA-f195-209
was reported to be a bitter peptide isolated from [-casein hydrolysate (Lemieux and Simard,
1992). Removal of PCA from the N-terminus of a peptide requires pyrrolidone carboxylyl
peptidase activity (PCP; Sullivan and Jago, 1972).

Besides the cyclization of glutamine at residue 194, a second cyclization was
observed at glutamine residue 195 of B-CN f195-209. The m/z of 1572 Da corresponds to the

mass of B-CN £195-209 containing PCA at residue 195 (B-CN PCA-f196-209; Table 13).
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This peptide was not reported to be present in the B-casein hydrolysate (Lemieux and
Simard, 1992). Thus, its occurrence in the hydrolysate from -CN £193-209 suggests that the
cyclization under acid condition may require a certain amount of peptide containing
glutamine/glutamic acid at the N-terminus. The peptide is likely to be bitter, based on the fact
that the parent peptide, B-CN f195-209, is bitter and the N-terminus of the peptide is PCA.

Figure 41 illustrates the preferred cleavage sites of PepN from Lb. helveticus WSU19
in B-CN f193-209. Hydrolysis of B-CN £193-209 occurred sequentially at Tyr;93-Glnj94 and
Glnj94-Glnjgs (Table 13). The absence of hydrolysis on the Tyr;93-Glnjo4 bond after 8-h
incubation and the Gln;9s-Gln;9s bond after 48-h incubation was due to the depletion of B-CN
£193-209 and B-CN £194-209, respectively (Table 13). Tan et al. (1993a) reported PepN
activity from Lc. lactis subsp. cremoris Wg2 that degraded B-CN f191-202, producing B-CN
£194-202. Parra et al. (1999) reported B-CN £194-209 as the product of B-CN f193-209
hydrolysis by PepN from Lb. casei subsp. casei IFPL 731. Figure 41 also demonstrates the
inability of PepN to hydrolyze peptide bonds containing a proline residue. Hydrolysis of 3-
CN f193-209 by PepN from Lb. helveticus WSU19 was not observed beyond glutamine at
residue 195 due to presence of proline at residue 196.

Although B-CN f193-209 completely disappeared after 8-h incubation with PepN
from Lb. helveticus WSU19 (Table 13), the hydrolysates still contained bitter-tasting
peptides that could not be hydrolyzed further due to the presence of proline residues. The
peptidolytic pattern of PepN on -CN f193-209 shown in this study (Table 13; Figure 41)
suggests that the presence of large PepN activity actually increases bitterness intensity of the
bitter peptide hydrolysate. Wilkinson et al. (1992) utilized FlavourAge-FR, with activities on

Leu-pNA and Lys-pNA only, to enhance ripening of Cheddar cheese. The enzyme-treated
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cheese was reported to be bitter. On the other hand, the use of DCAS50, having post-proline
dipeptidylaminopeptidase activity, in combination with the Leu-pNA and Lys-pNA
activities, did not result in bitter cheese. Bouchier et al. (2001) reported limited hydrolysis
and debittering ability of general aminopeptidase (AP) on tryptic digest -casein in the
absence of proline-specific AP.

Lb. helveticus WSU19 was reported to have large general AP and X-prolyl dipeptidyl
AP (PepX) activities on Lys-pNA and Arg-Pro substrates, respectively (Olson, 1998;
Fajarrini, 1999). Since peptidases from Lb. helveticus WSU19 contributed to the debittering
of Cougar Gold, the debittering action must result from balanced general AP and proline-
specific AP activities. However, Soeryapranata et al. (2004) reported only the activities of
general AP and endopeptidases in hydrolyzing B-CN £193-209. The lack of PepX activity in
the study reported by Soeryapranata et al. (2004) might be due to the size of B-CN f193-209,
the substrate used in the latter study. PepX is known to hydrolyze peptides containing 3 to 7
amino acid residues (Christensen, et al., 1999), while B-CN £193-209 is composed of 17
amino acids. Therefore, a complete hydrolysis of B-CN £193-209 by peptidases from Lb.
helveticus WSU19 must be a combined action between PepN and proline-specific
endopeptidases, namely PepO, PepO2, and PepO3, as demonstrated below.

Table 14 lists the mass-to-charge ratio (m/z) of peaks in the MALDI-TOF spectra and
the corresponding peptide fragments formed during hydrolysis of B-CN f193-209 by CFEs
from E. coli DH50(pES4) and E. coli DH5a(pESS), expressing the pepN and pepO genes
from Lb. helveticus WSU19, respectively. In contrast to the hydrolysis of B-CN £193-209 by
PepN alone, the MALDI-TOF spectra showed small intensities of the 1718-Da and 1590-Da

peaks after incubation of B-CN f193-209 with PepN-PepO combination (Table 14). At 12-h
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incubation, the PepN-derived peptides, namely -CN f194-209 and B-CN £195-209 and their
PCA derivatives, were hydrolyzed into B-CN £194-206 (m/z of 1393 Da), 3-CN PCA-f195-
206 (m/z of 1376 Da), B-CN f195-206 (m/z of 1265 Da), and B-CN PCA-f196-206 (m/z of
1247 Da). The m/z of 1265 Da was the most intense peak at 12-h incubation (Table 14). The
proline residue at the C-terminus of these peptides demonstrates PepO activity on the Pro,gs-
Ileyo7 bond (Figure 42). At 24-h incubation, the hydrolysate was dominated by peptides
below 1000 Da, namely B-CN £198-206 (m/z 940 Da), B-CN £199-206 (m/z 827), B-CN
£201-206 (m/z 673 Da), and B-CN 202-206 (m/z 574 Da). The m/z of 827 Da was the most
intense peak at 24-h incubation (Table 14). Peptides below 500 Da could not be detected in
this study due to the setting of MALDI-TOF acquisition between 500-4000 Da. None of the
peptides produced by PepN-PepO activities were reported as bitter peptides, confirming the
stepwise action of general AP and proline-specific endopeptidase in debittering activity.
Some of the peaks observed after incubation with PepN-PepO combination (Table
14), particularly m/z of 940, 827, and 574 Da, were also observed in the hydrolysate resulting
from PepO activity (Table 10). These peaks correspond to B-CN f198-209, £199-206, and
£202-206, respectively, resulting from cleaving at Val;97-Leu;os, Leu;os-Glyig9, and Valyg;-
Argyo bonds, respectively (Tables 10 and 14; Figures 38 and 42). The formation of these
peaks upon 12-h incubation with PepN-PepO combination is more likely due to PepN than
PepO activities (Figure 42). This interpretation is based on the fact that PepN activity favors
basic or hydrophobic/uncharged amino acid residues at the N-terminus (Christensen et al.,
1999). The appearance of these peaks after 12-h incubation (Table 14) indicates hydrolyses

on the Valjg7-Leu;og, Leujog-Glyig9, and Valygi-Argro, bonds were highly preferred. As a
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comparison, hydrolyses of these bonds by PepO activity occurred after 24 to 72-h
incubations (Table 10).

Although cleavage at Leu;os-Glyi99 (m/z of 827 Da) and Valyg-Argre (m/z of 574
Da) bonds was attributed to PepN activity (Figure 42), the m/z of 827 was the most intense
peak after 24-h incubation with PepN-PepO combination (Table 14). This observation relates
to the results of PepO activity on 3-CN f193-209 (Table 10). The 197-206 fragment of B-CN
was the precursor for B-CN £198-206 and f199-206 formation by PepN. On the other hand,
the B-CN f201-206 peptide was the substrate for PepN to form 3-CN f202-206. The B-CN
£197-206 (m/z 1039 Da) and f201-206 (m/z 673 Da) peptides were the major hydrolysis
products of B-CN f193-209 by PepO activity after 24-h and 48-h incubations, respectively
(Table 10). The accumulation of B-CN f197-206 by PepO activity after 24-h incubation
provided more substrate for PepN to cleave at Leu;9s-Gly 99 than Valyg;-Argao, bonds (Figure
42). In addition, PepN did not cleave B-CN £199-206 due to the presence of proline at residue
200. Thus, it is likely the B-CN f199-206 peptide will accumulate in the presence of large
activities of PepN and PepO.

Table 15 lists the mass-to-charge ratio (m/z) of peaks in the MALDI-TOF spectra and
the corresponding peptide fragments formed during hydrolysis of B-CN f193-209 by CFEs
from E. coli DH5o(pES4) and E. coli DH5a(pES2), expressing the pepN and pepO2 genes
from Lb. helveticus WSU19, respectively. Although B-CN f195-209 (m/z of 1590 Da) was
still the dominant peak up to 48-h incubation, additional peptide fragments were observed in
this combined hydrolysis, namely B-CN f199-209 (m/z of 1152 Da) and B-CN f195-206 (m/z

of 1264 Da). Due to the low activity of PepO2 on Proygs-Ilezo7 bond (Table 11), most peaks
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formed by PepN were not hydrolyzed by PepO2 (Table 15), suggesting the low likelihood of
a PepO2 role in the debittering of Cougar Gold.

The m/z of 1152 Da observed in the hydrolysis of B-CN £193-209 by PepN-PepO2
activities (Table 15) did not appear in the hydrolysate formed by PepO2 (Table 11) or PepN
(Table 13) alone. The 1152-Da peak is attributed to B-CN f199-209 (Table 15), which is
likely formed by PepN activity (Figure 43). This interpretation was based on 3 observations.
First, PepO2 showed low activity on the Pro,s-Ilesp; bond and no activity on the Ileyg-Iless
bond (Table 11; Figure 39). Therefore, it is unlikely to have a Proys or Ile,o; residue at the C-
terminus of the peptide associated with the 1152-Da peak. Second, PepN was able to cleave
the Leu;9s-Glyi99 bond in the presence of an endopeptidase having post-proline activity
(Figure 42). Third, PepO2 cleaved at the Projos-Val 97 bond, forming 3-CN f197-209 (m/z of
1365). However, the enzyme did not cleave at Val 97-Leu;og and Leu;9s-Gly99 bond to form
B-CN f198-209 (m/z of 1266 Da) and £199-209 (m/z of 1152 Da), respectively (Table 11;
Figure 39). Therefore, the 1152-Da peak is unlikely formed by PepO2 activity. Although
PepO2 preferred to cleave at the Projos-Valjg7 bond (Table 11; Figure 39), m/z of 1365 Da
was not observed in the MALDI-TOF spectra (Table 15). Due to the high PepN activity, it
was likely the B-CN f197-209 peptide was hydrolyzed as soon as its formation, and therefore
the peak was not observed in the MALDI-TOF spectra. Cleavage on the Pro;qs-Val;97 bond
must occur, otherwise PepN would not be able to continue cleaving the Leu;9g-Glyj99 bond
observed here.

Table 16 lists the mass-to-charge ratio (m/z) of peaks in the MALDI-TOF spectra and

the corresponding peptide fragments formed during hydrolysis of B-CN f193-209 by CFEs

from E. coli DH50(pES4) and E. coli DH5a(pES6), expressing the pepN and pepO3 genes
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from Lb. helveticus WSU19, respectively. The trends observed in the hydrolysis of f-CN
£193-209 by the PepN-PepO3 combination was similar to those by the PepN-PepO
combination, except the 827-Da peak was dominant at 12-h incubation with PepN-PepO3
combination (Table 16), while m/z of 1265 Da was dominant at the same incubation time
with PepN-PepO combination (Table 14). Figure 44 illustrates the cleavage sites of PepN-
PepO3 combination on B-CN £193-209, which is similar to the PepN-PepO combination
(Figure 42). These results suggest the combined actions of PepN with PepO or PepO3 in

debittering of Cougar Gold cheese.

10. Degradation of B-CN f193-209 by PepE

PepE did not show activity on 3-CN £193-209, which is in agreement with Sridhar
(2003). The m/z of 1881 Da was the only peak observed up to 72-h incubation of B-CN f193-
209 with CFE from E. coli DH5o(pES1) expressing the pepE gene from Lb. helveticus
WSU19. Incubation of B-CN £193-209 with CFEs from E. coli DH50a(pES1) and E. coli
DHS5a(pES4), expressing the pepE and pepN genes from Lb. helveticus WSU19,
respectively, exhibited a peak (m/z of 1152 Da) at 4-h incubation in addition to the m/z of
1881 Da (Table 17). Hydrolysis of B-CN £193-209 by PepN (Table 13) or PepE alone did not
produce the 1152-Da peak.

Similar to the PepN-PepO2 combination, the 1152-Da peak was attributed to B-CN
£199-209. However, the peptide was formed by PepE activity, and not PepN activity, on the
Leu,0s-Gly;99 bond (Figure 45). This peak was not attributed to PepN activity because
hydrolyses at Projos-Vali97 and Val;97-Leu;os bonds were not observed at 2-h and 4-h

incubations (Table 17; Figure 45). Moreover, PepE alone did not show post-proline activity,
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supported by the fact that none of the peptides formed by PepN were cleaved at Pro;os-Val;g;
or Proyps-1lesg7 bond (Table 17; Figure 45). PepN did not cleave the Val97-Leu;gg and Leu;os-
Gly 99 bonds unless the Proj9s-Valj97 bond was previously hydrolyzed. The 3-CN f195-209
peptide (m/z of 1590 Da) was likely the precursor for B-CN f199-209 formation. At 48-h
incubation, the 1590-Da and 1152-Da peaks showed equal peak height intensity (Table 17),
which was likely due to the termination of B-CN £195-209 formation while hydrolysis of -
CN £195-209 to £199-209 proceeded. The depletion of B-CN f194-209, precursor for B-CN
£195-209, was responsible for the termination of B-CN £195-209 production (Table 17).

In addition to the 1152-Da peak, m/z of 898 Da was observed at 48-h incubation. The
898-Da peak corresponds to the mass of B-CN 202-209, which was formed by PepE activity,
and not PepN activity, on the Valygi-Argo, bond (Figure 45). This interpretation is confirmed
by the fact that no cleavage at the Pro,go-Valy; bond was observed preceeding the cleavage
of the Valyy;-Argyp, bond. Although PepE was able to cleave peptides produced by PepN, the
B-CN 1202-209 peptide formed at prolonged incubation has been reported to be extremely
bitter, with a threshold of 0.004 mM (Kanehisa et al., 1972). The lack of PepE activity at the
Pro,os-Ilep7 bond enables B-CN £202-209 to accumulate over time and results in bitterness.
Therefore, the combined action of PepN-PepE in the debittering of Cougar Gold is less likely
than the combination of PepN with PepO or PepO3.

The activity of PepE on Leu;9g-Gly;99 and Valyg;-Argso: bonds were confirmed by
hydrolyzing B-CN £193-209 with CFEs from E. coli DH5a(pES1) and E. coli DH5a(pESS),
expressing pepE and pepO genes from Lb. helveticus WSU19, respectively (Tables 8 and 18;
Figure 46). At 48-h incubation, m/z of 827 and 574 Da were the most intense peaks observed

in the MALDI-TOF spectra. These peaks correspond to 3-CN £199-206 and £202-206,
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respectively, formed by hydrolysis on Leu;os-Glyj99 and Valyg;-Argyg, bonds, respectively.
While present, both peaks did not show large intensities in the B-CN £193-209 hydrolysate by
PepO activity (Table 10), indicating that intensities of the 827-Da and 574-Da peaks in the
PepE-PepO combination were not contributed predominantly by PepO activity.

In the PepE-PepO combination, the B-CN f197-206 (m/z 1039 Da, Table 18) peptide,
formed by PepO activity, was likely the precursor for f-CN £199-206 formation. The m/z of
1039 Da was the most intense peak at 24-h incubation (Table 18). The large amount of PepE
substrate, B-CN f197-206, and the occurrence of PepE activity in the PepE-PepO
combination allowed the accumulation of B-CN f199-206 (m/z 827 Da) at 48-h incubation. In
the case of B-CN 202-206 (m/z 574 Da), the fact that the 574-Da peak was one of the most
intense peaks at 48-h incubation (Table 18) indicates formation of this peptide may originate
from 2 precursors, B-CN f198-206 and £199-206. This interpretation was based on the
following observations. First, in the PepE-PepN combination, hydrolysis of Val,o;-Argzo
bond by PepE did not produce B-CN f202-209 as the most intense peak at 48-h incubation
(Table 17). The B-CN £199-209 was more likely than 3-CN f195-209 to be the substrate for
PepE to form 202-209 in the PepE-PepN combination (Table 17). Thus, PepE activity alone
on a single substrate did not produce an intense peak due to cleaving at the Valyg;-Argo,
bond. Second, although PepO cleaved at the Valyg;-Argyo, bond, the hydrolysis did not occur
until 72-h incubation (Table 10). Therefore, the large intensity of 574-Da peak in PepE-PepO
combination (Table 18) was not likely due to the activities of 2 endopeptidases, i.e., PepE
and PepO.

Table 19 and Figure 47 show the peptides derived from B-CN £193-209 when

incubated with CFEs from E. coli DH5o(pES1) and E. coli DH5a. (pES2), expressing pepE
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and the pepO2 genes from Lb. helveticus WSU19, respectively (Table 8). Peaks at m/z of
1152 and 898 Da, corresponding to the B-CN £199-209 and B-CN f202-209 peptides,
respectively, were produced by PepE activity (Table 19). The 1152-Da and 898-Da peaks
were not the most intense peaks at 48-h incubation (Table 19). In the PepE-PepO2
combination, the 1881-Da was the most intense peak up to 48-h incubation (Table 19). The
B-CN f197-209 peptide (m/z of 1364 Da) was likely the precursor for f-CN £199-209
formation, and the latter became the precursor for B-CN f202-209 formation. Therefore, less
substrate w as available for PepE in PepE-PepO2 than PepE-PepO combinations.

Table 20 shows the peptides derived from B-CN f193-209 when hydrolyzed by CFEs
from E. coli DH50(pES1) and E. coli DH5a. (pES6), expressing the pepE and pepO3 genes
from Lb. helveticus WSU19, respectively (Table 8). Figure 48 shows the peptidolytic pattern
of the PepE-PepO3 combination on B-CN f193-209. The m/z of 827 and 573 Da peaks were
not observed when B-CN f193-209 was digested solely by PepO3 (Table 12, Figure 40).
These peaks correspond to the masses of B-CN £199-206 and B-CN 202-206, respectively,
indicating PepE activity on Leu;9g-Gly;99 and Valyg;-Argyo bonds (Figure 48). In contrast to
the PepE-PepO combination, the PepE-PepO3 mixture did not produce the 827-Da and 573-
Da peaks as the most intense peaks at 48-h incubation. At 24-h incubation, m/z of 1039 and
673 Da, corresponding to B-CN f197-206 and f201-206, respectively, were the greatest
intensity peaks in the MALDI-TOF spectrum (Table 20), suggesting the possibility of
competition for the availability of B-CN f197-206 as the precursor for B-CN 199-206 (PepE
activity) and B-CN 201-206 (PepO3 activity). The fact that the 673-Da peak was the most
intense peak at 48-h incubation indicates that PepO3 was more active than PepO on the

Pro,po-Valyg; bond (Tables 18 and 20).
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Since PepE only cleaved B-CN f193-209 when the enzyme was present in
combination with PepN or PepO-like endopeptidase, this observation suggests that the
number of amino acid residues from the N-terminus of a peptide is important for PepE
activity. In the PepE-PepN combination, B-CN £195-209 was the precursor for B-CN f199-
209 formation, which became the precursor for f-CN £202-209 formation. Thus, PepE
cleaved at the fourth and the third amino acid residue from the N-terminus in each case. With
the PepE-PepO combination, B-CN f197-206 was the precursor for f-CN £199-206. In this
case, PepE cleaved at the second amino acid residue from the N-terminus. The 3-CN f198-
206 and f199-206 peptides were possibly the precursors for f-CN 202-206. Thus, PepE
cleaved at the fourth and the third amino acid residue from the N-terminus, respectively.
Based on these analyses, PepE is likely to possess activity on 2 to 4 amino acid residues from
the N-terminus.

Although B-CN f193-209 (m/z of 1881 Da) was still present in the hydrolysate up to
72-h incubation, this bitter peptide was not the most intense peak in the hydrolysis by PepE-
PepO or PepE-PepO3 combinations (Tables 18 and 20). The combinations of PepE-PepO or
PepE-PepO3 possibly contribute to the debittering of Cougar Gold. None of the peptides
produced by PepE-PepO or PepE-PepO3 combinations have been reported to be bitter
peptides (Tables 18 and 20). The large PepO or PepO3 activities on the Pro,s-Ile;o; bond

may prevent the formation of new bitter peptides from the C-terminus of 3-CN £193-209.
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Table 10. Peptide fragments formed during hydrolysis of 3-CN £193-209 by PepO from
Lb. helveticus WSU19 at 37°C under simulated cheese conditions (4% salt, w/v; 50mM
citrate buffer pH 5.2)

Time m/z 193 197 198 199 201 202 206 207 209 B-casein
(h) (@Da) |Y|Q|Q|P|VIL|G|P|V|IR|G|P|F|P|[I]|I|V fragment
2 1881.3 £193-209

1555.8 e £193-206
1364.6 ; \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ \\x \\_&\\\\\\\\\\\\\\\\\\\\\\\\\\\\& £197-209
4 1881.3 MM £193-209
1555.5 mmm&mm&mmmm £193-206
1364.3 \\ \\\ m S — m sm——— £197-209
997.9 ' 0 — 201-209
1039.3 AR £197-206
8 1881.3 — : : £193-209
1555.5 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ \\x N \\x \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\w £193-206
1364.6 \\\ \\ A\ \\\ AN \\\ R— £197-209
998.0 P x\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\w&\\\\\\\\\\\\\\\\\ 201-209
1039.4 e 197-206
L | |
12 | 18812 £193-209
1555.4 AT I Ty £193-206
1364.3 s e —— — £197-209
9979 : : \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ \\x S — 201-209
1038.8 \\\ ﬁx\ \\\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\% £197-206
24 1881.2 £193-209
1555.8 ;\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ \\\\\\\ \\\\\\\\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ £193-206
1364.5 T, T £197-209
997.6 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\L\\\\\\\\\\\\\\\\\ 201-209
1038.7 . £197-206
1152.2 &\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ £197-207
939.5 e —— £198-206
785.6 §\ AN \\\\\\\\& 201-207
672.4 x\\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ 201-206
48 1881.2 “ £193-209
1555.7 MWWWWWW\\\\WWW £193-206
1364.5 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\F\\\\\\\\ £197-209
997.6 nmmn———  -_ ——————— 201-209
1038.7 ———) £197-206
1152.8 b ————] £197-207
939.6 N \\\\\\\\\k\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ £198-206
785.4 S 201-207
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Table 10 (continued)

Time m/z 193 197 198 199 201 202 206 207 209 B-casein
() (Da) |Y|Q[Q|P|VIL|G|P[V|IR|G|[P|F[P[I|I]|V] fragment
672.3 I — £201-206
826.9 P ——— £199-206
72 1882.8 . £193-209
A — s s —— \J\\ \& \&\ m————) £193-206
13654 A A\ ' \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ £197-209
998.5 # ﬁk\ m——— {20]-209
1039.4 s ——— \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\w £197-206
1152.8 m\\\\\\\\\\\\\\\\\&\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\&\\\\\\% £197-207
940.2 s ————— £198-206
786.0 e ——— £201-207
672.8 —— £201-206
827.0 R — £199-206
573.7 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\Q £202-206

7/ Bitter peptide
&\\\\\\\\\\\\\\\N Non-bitter peptide

The highest intensity peak in MALDI-TOF spectrum for each incubation time
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Table 11. Peptide fragments formed during hydrolysis of B-CN £193-209 by PepO2 from
Lb. helveticus WSU19 at 37°C under simulated cheese conditions (4% salt, w/v; 50mM
citrate buffer pH 5.2)

Time m/z 193 197 206 209 B-casein
(h) (@Da) |Y|Q|Q|P|VIL|G|P|V|R|G|P|F|P|I I|V fragment
1 ____}|
0 1881.3 £193-209
2 1881.3 A £193-209
| i i i
4 1881.3 _“ £193-209
8 1881.3 M £193-209
1364.5 11—y 197-209
12 1881.2 | I £193-209
1364.1 mmmmmmm £197-209
i i i
24 1881.3 M £193-209
1363.5 &\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\m\\m\\m\\\\w £197-209
48 1881.3 m £193-209
1364.1 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\W\\\\\\\\W £197-209
72 1881.3 M £193-209
1364.0 m\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\m\\\\\\\\\\\\m £197-209
1555, 7 AN £193-206

7/ Bitter peptide
&\\\\\\\\\\\\\\\N Non-bitter peptide

The highest intensity peak in MALDI-TOF spectrum for each incubation time
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Table 12. Peptide fragments formed during hydrolysis of B-CN £193-209 by PepO3 from
Lb. helveticus WSU19 at 37°C under simulated cheese conditions (4% salt, w/v; 50mM
citrate buffer pH 5.2)

Time m/z 193 197 198 201 206 207 209 B-casein
(h) (@Da) |Y|Q|Q|P|VIL|G|P|V|IR|G|P|F|P|[I]|I|V fragment
1555, 8 NN 193-206
1364.6 5 ———————————— £]197-209

4 1881.3 A, £193-209
155165 () 11NN £193-206
1364.7 N ——_“_-—_— £197-209

| I | I

755577 AN £193-206
1364.5 Z1NIEEEEE Y 1972209
1038.8 55 £197-206

997.7 : : &\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\m\\\\\&\\\\\\\\\\\\\ 201-209

12 1881.3 MM £193-209
1555.7 WWWWWW\\WWWW £193-206
1364.7 £ ——————=———=u=——+wwwww+ ] 97-2(09
1038.9 AR £197-206

997.8 A - - ———— dia e s 201-209

157550 Y £193-206
1364.4 5 ————————— £197-209
1039.5 N £197-206

998.0 [ AlNNNE--—-—-—  ————————— 201-209

940.0 N \\\SSSSSSSSSSSSSS\ £198-206

785.6 Y 201-207

672.6 AR 201-206

48 1881.3 : .- £193-209
1557577 50N £193-206
1364.9 S ————_—_“_-—_— £197-209
1039.2 11110 £197-206

998.1 Al———— —  shssssss—_SGC:_ £201-209

940.0 1N £198-206

785.7 A\ A\ 201-207

672.9 E———— . 201-206
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Time m/z 193 197 198 201 206 207 209 B-casein
() (Da) |Y|Q|Q[P|V|L[G|P|V|R[G|P|F[P[I|I][V] fragment
1555.5 mm\\mmmm\\\\mmm\\\\m\\\\m\\m £193-206
1364.6 5 ———————— £197-209
1039.0 e e £197-206
998.0 AN -—-—-———  ———————_—— L 201-209

] ] ]

| | |
939.9 b —————] £198-206
785.5 | 1 Y 201-207
672.5 A 201-206

- Bitter peptide
&\\\\\\\\\\\\\\\\& Non-bitter peptide

The highest intensity peak in MALDI-TOF spectrum for each incubation time for each incubation time
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Figure 38. Cleavage sites of PepO from Lb. helveticus WSU19 in B-CN £193-209 as a

function of incubation time (A). J, indicates the overall peptide bonds in B-CN £193-209

cleaved by PepO from Lb. helveticus WSU19.
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Figure 39. Cleavage sites of PepO2 from Lb. helveticus WSU19 in B-CN f193-209 as a

function of incubation time (A). l indicates the overall peptide bonds in B-CN f193-209

cleaved by PepO2 from Lb. helveticus WSU19.
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Figure 40. Cleavage sites of PepO3 from Lb. helveticus WSU19 in B-CN f193-209 as a

function of incubation time (A). l indicates the overall peptide bonds in B-CN £193-209

cleaved by PepO3 from Lb. helveticus WSU19.
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Table 13. Peptide fragments formed during hydrolysis of B-CN £193-209 by PepN from
Lb. helveticus WSU19 at 37°C under simulated cheese conditions (4% salt, w/v; 50mM
citrate buffer pH 5.2)

Time m/z 193 194 195 209 B-casein
(h) (Da) |Y|Q|Q|P|V|IL|G|P|V|R|G|P|F|[P|[I][I|V fragment
2 1881.3 M £193-209

1718.2 M\MW\\NMW\\\\WMWM\\\\M\\NMW £194-209
1701.1 m PCA2-f195-209
1589.8  pomss - £195-209
1572.8 M PCA?®-f196-209
4 1881.3 _ £193-209
1718.6 OO S R O RN NN NNy, £194-209
1700.8 w PCA?-f195-209
1589.9 M £195-209
1572.6 “ PCA2-f196-209
8 1718.1 A \\ \\\\\\\\\\\\m\\\\\\\\m\\\\m\\\\m\\\\m\\\\m\\w £194-209
1700.5 M PCA?-f195-209
1589.9 “ £195-209
1572.4 | PCA®-f196-209
12 1718.0 - \K\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\Q 194-209
1701.0 M PCA2-f195-209
1590.0 m £195-209
1572.9 — PCA2-f196-209
24 1717.6 m&mwmwmwmwwwmwmwm £194-209
1700.5 m PCA?-f195-209
1590.0 O Z = Z~T— " "7"3 £195-209
1572.6 M PCA?*-f196-209
i
48 1701.0 _ PCA2-f195-209
1590.0 — £195-209
1573.0 M PCA2-f196-209
72 1699.7 M PCA2-f195-209
1589.3 “ £195-209
1572.4 Uy, PCA®-£196-209

7/ Bitter peptide
&\\\\\\\\\\\\\\\N Non-bitter peptide

The highest intensity peak in MALDI-TOF spectrum for each incubation time

pCA, pyrrolidonecarboxylic acid
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Figure 41. Cleavage sites of PepN from Lb. helveticus WSU19 in -CN £193-209 as a

function of incubation time (A). J, indicates the overall peptide bonds in B-CN £193-209

cleaved by PepN from Lb. helveticus WSU19.
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Table 14. Peptide fragments formed during hydrolysis of B-CN £193-209 by PepN and
PepO from Lb. helveticus WSU19 at 37°C under simulated cheese conditions (4% salt,
w/v; 50mM citrate buffer pH 5.2)

Time m/z 193 194 195 197 198 199 201 202 206 207 209 B-casein
(h) (Da) |Y|Q|Q|P|V|IL|G|P|V|R|G|P|F|[P|[I][I|V fragment

12 1718.2 2NN £194-209
1590.0 WM £195-209
1392.6 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\*\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

- \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ £194-206

R I [ e E——— PCA®-£195-206
1264.6 I\\\\\\\\\\\\\\\\\\\\\\\\\\\\\*x\\\\\\\\\\\ —— \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\I £195-206

1247.4 ——— *\ \K\ s ——— PCA®-f196-206
1152.2 \\ \i\ \\\ N \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\% 197-207
1039.0 &\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ : \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\w 197-206
939.5 L e — £198-206
826.5 L\ I\\\\\\\\\\J\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\j £199-206
672.3 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\W f201-206
573.2 B————— £202-206
24 1589.9 M £195-209
939.8 ——— \\\\\\\\\\\\\\\\\\\\\\\\\\ £198-206
827.0 B \g\ \g\\ — £199-206
672.3 ——— 201-206
573.8 t\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\g 202-206

- Bitter peptide
W Non-bitter peptide

The highest intensity peak in MALDI-TOF spectrum for each incubation time

?PCA, pyrrolidonecarboxylic acid
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Table 15. Peptide fragments formed during hydrolysis of B-CN £193-209 by PepN and
PepO2 from Lb. helveticus WSU19 at 37°C under simulated cheese conditions (4% salt,
w/v; 50mM citrate buffer pH 5.2)

Time m/z 193 194 195 199 206 209 B-casein
(h) (Da) |[Y|Q|Q[P|[V[L|G|P|V|R|G|P|F|P[I[I|V  fragment
24 1701.1 TN IO PCA?®-f195-209
1590.0 WWWW/WWWWWWWWM £195-209
1572.9 WWWW/WWWWWWWWM PCA2-f196-209
11524 N\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\w £199-209

48 1700.5 ST, PCA?®-f195-209
1590.0 WWWWWWWWWMWWW £195-209
1572.9 WWWWWWWWWWWWM PCA2-f196-209
1152.2 N\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\N £199-209
1264.3 NNNNSSNSN}YSYYSYhh 195-206

7 Bitter peptide
. Non-bitter peptide

pCa, pyrrolidonecarboxylic acid

The highest intensity peak in MALDI-TOF spectrum for each incubation time
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Table 16. Peptide fragments formed during hydrolysis of B-CN £193-209 by PepN and
PepO3 from Lb. helveticus WSU19 at 37°C under simulated cheese conditions (4% salt,
w/v; 50mM citrate buffer pH 5.2)

Time m/z 193 194 195 197 198 199 201 202 206 207 209 B-casein
(h) (Da) |Y|Q|Q|P|V|IL|G|P|V|R|G|P|F|[P|[I][I|V fragment

12 1718.2 2NN £194-209
1590.0 WM £195-209
1392.8 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\*\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

- \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ £194-206

1376.4 o ———————————— PCA®f195-206
1264.8 I\\\\\\\\\\\\\\\\\\\\\\\\\\\\\*x\\\\\\\\\\\ —— \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\I £195-206

1247.4 ——— *\ \K\ s ———— PCA*-f196-206
1152.3 \\ \i\ \\\ N \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\% 197-207
1039.1 A \\\\\\\\ \\\\\\\\ M. \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\w f197-206
940.0 L e — £198-206
827.0 L\ I\\\\\\\\\\l\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\j £199-206
672.7 \\\\\\\\\\\\\\\\\\\\\ —— \\\\\w f201-206
573.7 h—— £202-206
24 1589.9 M £195-209
939.7 ——— \\\\\\\\\\\\\\\\\\\\\\\\\\ £198-206
827.0 - \g\ \g\\ NN £199-206
672.3 p———— £201-206
573.8 t\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\g 202-206

- Bitter peptide
W Non-bitter peptide

The highest intensity peak in MALDI-TOF spectrum for each incubation time

?PCA, pyrrolidonecarboxylic acid
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Figure 42. Cleavage sites of PepN and PepO from Lb. helveticus WSU19 in B-CN f193-209
as a function of incubation time (A). l indicates the overall peptide bonds in B-CN £193-209

cleaved by PepN and/or PepO from Lb. helveticus WSU19.
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Figure 43. Cleavage sites of PepN and PepO2 from Lb. helveticus WSU19 in B-CN £193-209

as a function of incubation time (A). l indicates the overall peptide bonds in 3-CN £193-209

cleaved by PepN and/or PepO2 from Lb. helveticus WSU19.
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Figure 44. Cleavage sites of PepN and PepO3 from Lb. helveticus WSU19 in B-CN £193-209

as a function of incubation time (A). l indicates the overall peptide bonds in B-CN £193-209

cleaved by PepN and/or PepO3 from Lb. helveticus WSU19.
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Table 17. Peptide fragments formed during hydrolysis of B-CN £193-209 by PepE and
PepN from Lb. helveticus WSU19 at 37°C under simulated cheese conditions (4% salt,
w/v; 50mM citrate buffer pH 5.2)

Time m/z 193 194 195 199 202 209 B-casein
(h) (Da) |Y|Q|Q|P|V|IL|G|P|V|R|G|P|F|[P|[I][I|V fragment
2 1881.3 MM £193-209
1718.4 e £194-209
1701.1 M PCA?-f195-209
1589.9 £195-209
1572.8 MM PCA?®-f196-209

4 1881.5 MM £193-209
1718.1 e I £194-209
1700.9 MM PCA?-f195-209
1589.8 M £195-209
1572.7 M PCA?-f196-209
1151.9 | ——————— ) £]09-209

| | I I

8 1718.1 51111 £194-209
1701.0 . PCA™195-209
1590.0 __ £195-209
1573.0 M PCA2-f196-209
1152.0 ' —————————— 199209

12 17181  resssssssssssemeemmemmmssssessses £194-209
1700.9 ' PCA®-195-209
1590.0 ' ; ' - 195-209
1572.9 PCA*-f196-209
1151.8 e £199-209

24 1701.0 MM PCA2-f195-209
1590.0 A £195-209
1572.7 : - PCA*-f196-209
1152.0 ———— 199-209

| | |

B s S — R
1589.5 - £195-209
1572.4 __ PCA2-f196-209
1151.9 N £199-209
898.0 U 202-209

7 Bitter peptide
&\\\\\\\\\\\\\\\\& Non-bitter peptide

The highest intensity peak in MALDI-TOF spectrum for each incubation time

pCa, pyrrolidonecarboxylic acid
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Figure 45. Cleavage sites of PepE and PepN from Lb. helveticus WSU19 in B-CN £193-209

as a function of incubation time (A). l indicates the overall peptide bonds in B-CN f193-209

cleaved by PepE and/or PepN from Lb. helveticus WSU19.
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Table 18. Peptide fragments formed during hydrolysis of B-CN £193-209 by PepE and
PepO from Lb. helveticus WSU19 at 37°C under simulated cheese conditions (4% salt,
w/v; 50mM citrate buffer pH 5.2)

Time m/z 193 197 198 199 201 202 206 207 209 B-casein
(h) (@Da) |Y|Q|Q|P|VIL|G|P|V|R|G|P|F|P|[I]|I|V fragment
24 1881.3 Wm £193-209

1555.8 b SN £193-206
1364.6 — £197-209
1152.3 \\\\\\\\\\\k\\\\\\\\\\\\\\\&\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ £197-207
1039.4 s ——— £197-206
997.0 x\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\w&\\\\\\\\\\\\\\\\\ 201-209
940.0 e \\\\\\\\\\\\\\\\\\\\ £198-206
826.8 — \\\\\\\\\\\\\\\\\\\ £199-206
785.7 E S — S — 201-207
672.6 e p—— £201-206
573.3 = \\\\\\\\\\\\\\\\\\\w £202-206
48 1881.4 m“ £193-209
1555.9 MWMM\MWW\M\MM\\\\\\M £193-206
1364.8 \\ \\\ \\\ \\\\ A . \\\\ S — £197-209
1152.7 R N ——— £197-207
1039.2 g \g\ \g\ \g\ \g\\ AN 4 f197-206
997.0 e ﬁk\ ﬁk s 201209
940.1 e e £198-206
827.0 ———— £199-206
785.7 B ————————— £201-207
672.7 R \\\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ 201-206
573.8 —— 202-206

7 Bitter peptide

L Non-bitter peptide

The highest intensity peak in MALDI-TOF spectrum for each incubation time
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Table 19. Peptide fragments formed during hydrolysis of B-CN £193-209 by PepE and
PepO2 from Lb. helveticus WSU19 at 37°C under simulated cheese conditions (4% salt,

w/v; 50mM citrate buffer pH 5.2)

Time m/z 193 197 198 199 202 206 207 209 B-casein
(h) (Da) Y\Q\Q\P V| L G\P\V R|G|P|F|P|1|I|V fragment
24 1881.3 wrmmmmmmmmmmmm s, £193-209

1555.4 A i i\\ i\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ £193-206
1363.6 \\\\\\\\\\\\\\\\\\\ S —— sa——————— ] 97-209
1152.2 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\%\\\\\\\\% £199-209
898.6 : - // ///////////////////= £202-209
48 1881.3 WWWWWWWWWWWWMW £193-209
1555.7 S— \\\\\\\\\\\\\\\\\\\\\\ e £193-206
1363.6 b ——————_ 197209
1151.3 \\\\\\\\\\\\\\\\MW\\\W\\\WWWWW £199-209
898.2 wm———.  1202-209

%////////////////// Bitter peptide
W Non-bitter peptide

The highest intensity peak in MALDI-TOF spectrum for each incubation time
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Table 20. Peptide fragments formed during hydrolysis of B-CN £193-209 by PepE and
PepO3 from Lb. helveticus WSU19 at 37°C under simulated cheese conditions (4% sallt,
w/v; 50mM citrate buffer pH 5.2)

Time m/z 193 197 198 199 201 202 206 207 209 B-casein
(h) (@Da) |Y|Q|Q|P|VIL|G|P|V|R|G|P|F|P|[I]|I|V fragment
12 1881.3 Wm £193-209
1555.8 haa 21NN £193-206
1364.0 — £197-209
1151.7 \\\\\\&\\\\\\\\\\\\\\\&\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\W £197-207
1038.7 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ s —] £197-206
997.6 E : x\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\w&\\\\\\\\\\\\\\\\\ 201-209
826.9 e ——— £199-206
785.7 p—— £201-207
672.8 i i i NN £201-206
24 1881.4 1 mM £193-209
1555.8 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ \\\ S— \&\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\w £193-206
1364.8 e {\\\\\\\ s sssssesssd  £197-209
1152.5 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\N £197-207
1039.3 I ——— \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ £197-206
997.0 s — \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ 201-209
940.1 NN NN f198-206
826.8 SRS £199-206
785.7 \\\\\\\\\\\\\\\\\\\\\\\&\\\\\\\ £201-207
672.4 \\\\ So————] 201-206
573.3 \\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ £202-206
48 1881.3 T T ) £193-209
1555.8 \\\WM&\\\M\M&\\\\\\\\M\M\\\\\\\\\\\\M £193-206
1364.8 1111 NN £197-209
1152.5 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\T £197-207
1038.8 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\m\\\\\\\\\\\\\\\\\\\\\\\\\\\\ £197-206
997.7 \\\\. L1 . \\\\\\\\\\\\\\\\\\\\\\\\\\\\ 201-209
939.6 e \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ £198-206
826.5 e ———— £199-206
785.9 x\\\\\\\\&\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\m\\\\ £201-207
672.4 s——] £201-206
573.3 hs——] £202-206

7/ Bitter peptide
&\\\\\\\\\\\\\\\N Non-bitter peptide

The highest intensity peak in MALDI-TOF spectrum for each incubation time
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Figure 46. Cleavage sites of PepE and PepO from Lb. helveticus WSU19 in B-CN £193-209
as a function of incubation time (A). l indicates the overall peptide bonds in B-CN £193-209

cleaved by PepE and/or PepO from Lb. helveticus WSU19.
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Figure 47. Cleavage sites of PepE and PepO2 from Lb. helveticus WSU19 in 3-CN f193-209
as a function of incubation time (A). l indicates the overall peptide bonds in B-CN £193-209

cleaved by PepE and/or PepO2 from Lb. helveticus WSU19.
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Figure 48. Cleavage sites of PepE and PepO3 from Lb. helveticus WSU19 in B-CN f193-209
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11. Degradation of o;-CN f1-23 by PepO, PepO2. and PepO3

The 1-23 fragment of os;-CN is the primary product of o-CN hydrolysis by
chymosin (Exterkate, 1987). The a,;-CN f1-23 peptide in cheese is further hydrolyzed,
primarily by starter proteinases (Exterkate and Alting, 1993; 1995). In addition to the
proteinases, hydrolysis of a4 -CN f1-23 occurs by the action of starter peptidases (Exterkate
and Alting 1993; 1995). In contrast to B-CN £193-209, a,;-CN f1-23 is not a bitter peptide.
However, some peptides derived from a,5-CN f1-23 have been determined to be bitter,
including o5 -CN f1-7 (m/z 876 Da), a,5;-CN f1-9 (m/z 1142 Da), a5-CN f1-13 (m/z 1537
Da), a51-CN fl11-14 (m/z 484 Da), a,5;-CN f14-17 (m/z 475 Da), as-CN f17-21 (m/z 603
Da), and o,5;-CN 21-23 (436 Da) (Lemieux and Simard, 1992; Lee et al., 1996; Broadbent et
al., 1998). Christensson et al. (2002) hypothesized that fragment 1-14 of o;-CN (m/z of 1666
Da) is bitter because the peptide has a similar structure and hydrophobicity to a;-CN f1-13.
In addition, the latter group also reported that o;-CN f1-17 (m/z of 1992 Da) tastes bitter. In
contrast to Christensson et al. (2002), Broadbent et al. (1998) reported a negative correlation
between the concentrations of fragments 1-13 and 1-14 of o;-CN and the bitterness intensity
of cheese. In addition, Broadbent et al. (1998) reported no correlation between the
concentration of o -CN f1-17 and the bitterness of cheese. In the present study, the peptide
fragments 1-13, 1-14, and 1-17 are considered bitter peptides.

Tables 21-23 list the mass-to-charge ratio (m/z) of peaks in the MALDI-TOF spectra
and the corresponding peptide fragments formed during hydrolysis of a,;-CN f1-23 by CFEs
from E. coli DH5a(pESYS), E. coli DH5o(pES2), and E. coli DH5o(pES6). These E. coli

clones express the pepO, pepO2, and pepO3 genes from Lb. helveticus WSU19, respectively.
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Hydrolysis of a5-CN f1-23 by CFE from E. coli DH5a(pJDC9) served as the control. No
peaks corresponding to peptide fragments derived from o,;-CN f1-23 were observed in the
control. Peptides with m/z ratio less than 500 Da were not detected by the MALDI-TOF
analyses in this study due to the mass acquisition being set at 500 Da to 4000 Da. The 2765-
Da peak, corresponding to the mass of a,;-CN f1-23, exhibits the greatest intensity in all of
the MALDI-TOF spectra. Thus, to demonstrate the dynamics of a-CN f1-23 hydrolysis, the
data are presented in the Tables such that the second most intense peak is highlighted. In the
case of B-CN f193-209, the highlighted peak represented the peak exhibiting the greatest
intensity in the MALDI-TOF spectrum.

In contrast to the MALDI-TOF analyses of peptides from 3-CN £193-209, Tables 21-
23 display peptides mostly from the C-terminus of a,5;-CN f1-23. For example, at 2-h
incubation with PepO (Table 21), the MALDI-TOF spectrum displayed peptides with m/z
ratios of 1907.8, 1770.8, 1246.5, and 1117.5 Da, corresponding to the masses of os;-CN f8-
23, 19-23, f14-23, and f15-23, respectively. The complementary sequences from the N-
terminus of o -CN f1-23, namely f1-7, f1-8, {-13, and f1-14, respectively, were not
observed. This observation indicates a suppression effect on peptide ions from the N-
terminus of o;-CN f1-23. Although the peptide fragments observed in the MALDI-TOF
spectra are not bitter (Tables 21-23), the complementary peptides from the N-terminus of o;-
CN f1-23 may be bitter.

Knochenmuss et al. (2000) explained that analyte-analyte suppression effect is the
result of secondary proton transfer during ionization process in MALDI. The transfer of
proton occurs via direct analyte-analyte collisions or matrix-mediated process. Proton

affinities or gas-phase basicity of the analytes are important in determining the direction of
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suppression. Thus, the presence of basic amino acids, including arginine, lysine, and
histidine, in a peptide is expected to enhance the peak intensity of the peptide in the MALDI-
TOF spectrum. In contrast, Valero et al. (1999), Burkitt et al. (2003), and Baumgart et al.
(2004) reported that suppression effect does not relate directly to peptide basicity or
hydrophobicity.

Valero et al. (1999) reported that an efficient peptide ionization is determined by the
ease of peptide desorption from the matrix, which in turn is affected by the amino acid side
chains. Peptide desorption is enhanced by aliphatic apolar amino acids (leucine, isoleucine,
and valine), aromatic amino acids (tyrosine and phenylalanine), proline, and arginine. On the
other hand, the presence of acidic amino acids (glutamic and aspartic acids) and basic amino
acids (lysine and histidine) exhibited the opposite effect. The impact of arginine on peptide
desorption is due to electrostatic stabilization of the carboxylate group of the matrix by the
positively charged guanidine group via hydrogen bonding. Primary amino groups cannot
perform this stabilization. The matrix stabilization increases co-crystalllization of matrix and
peptide, which promotes desorption.

Baumgart et al. (2004) supported the findings reported by Valero et al. (1999). The
presence of arginine, phenylalanine, leucine, and proline were reported to increase the peak
intensity of a peptide in a MALDI-TOF spectrum. Furthermore, the signal-enhancing effect
of arginine depends on the adjacent amino acids. When arginine is attached to an acidic
amino acid, the peak intensity decreases because the positively charged guanidine group
interacts with the adjacent carboxylate anion via a tight salt bridge. Baumgart et al. (2004)

also reported low peak intensities of peptides containing lysine residue(s).
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Burkitt et al. (2003) hypothesized that peptide ion mobility and proton affinity are
two important factors in peptide ion suppression. Peptides resulting from ablation by laser
irradiation undergo competition for charge. The protonated matrix acts as the charge donor.
Peptide mobility determines the extent of peptide-peptide and peptide-matrix interactions.
The mobility of a peptide relates to its mass. Small peptides tend to run ahead, while large
peptides lag behind and are separated from the charged matrix molecules.

Several factors might account for the suppression of peptides from the N-terminus of
os1-CN f1-23 by the C-terminal peptides. Although the C-terminus of o;-CN f1-23 contains
2 glutamic acid residues, the presence of valine (1), leucine (3), arginine (1), and
phenylalanine (1) residues might compensate for the effect of glutamic acid on peptide
desorption and ionization. Moreover, the arginine residue on the C-terminus is located
between leucine and phenylalanine, which might strengthen the impact of arginine. In
contrast to the C-terminus, the N-terminus of o;-CN f1-23 contains 2 lysine and 2 histidine
residues, which prevent peptide desorption. The presence of lysine and histidine might negate
the signal-enhancing effect of arginine and proline residues. In addition to the amino acid
composition, the size of peptide fragments derived from the C-terminus of o;-CN f1-23,
except for £8-23, 19-23, and f10-23, are smaller than the complementary fragments from the
N-terminus. Consequently, the C-terminus peptides possess mobilities that enable rapid
interaction with the protonated matrix.

The following results (Tables 21-23) show the different activities of PepO, PepO2,
and PepO3 in the early stage of a,5;-CN f1-23 hydrolysis. Incubation of o-CN f1-23 with
PepO from Lb. helveticus WSU19 produced peaks at m/z of 1908, 1771, 1247, and 1118 Da

after 2 h. These peaks correspond to a,;-CN 8-23, 9-23, f14-23, and f15-23, respectively.
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Hydrolysis of a5-CN f1-23 by PepO2 from Lb. helveticus WSU19 produced 1771-Da and
1118-Da peaks at 2-h incubation, while a peak at m/z of 1247 Da was observed after 12 h
(Table 22). The 1908-Da peak, corresponding to a,;-CN f8-23, was not observed during the
72-h incubation with PepO2 from Lb. helveticus WSU19. A peak at m/z of 1118 Da and
1247 Da were formed after 2-h and 4-h incubation with PepO3 from Lb. helveticus WSU19,
respectively, while the formation of 1908-Da and 1770-Da peaks were observed after 12-h
and 24-h incubations, respectively (Table 23). Based on these observations, during the first 2-
h incubation, the Glu;4-Val;s bond in o5-CN f1-23 was cleaved by PepO, PepO2, or PepO3;
Hisg-Glng was cleaved by PepO or PepO2; and Lys;-Hisg and Gln;3-Glu;4 bonds were
cleaved by PepO only (Figures 49-51). In addition, hydrolysis on the Lys;-Hisg bond never
occurred during 72-h incubation with PepO2 (Figure 50).

Because of the sampling interval and the activity of PepO, it is not clear which site is
the first cleavage site of PepO in o -CN f1-23. Incubation of o -CN f1-23 with PepO
produced the fragments 8-23, 9-23, 14-23, and 15-23 as early as 2 h (Table 21). However, the
peak corresponding to f15-23 (m/z of 1118 Da) was the most intense among the peptides
derived from a;-CN f1-23 up to 12-h incubation (Table 21). It can be interpreted that PepO
most readily cleaves the Gluj4-Val;s bond in a5 -CN f1-23 (Figure 49). Compared to the
1908-Da and 1771-Da peaks, the 1247-Da peak exhibited a greater intensity in the MALDI-
TOF spectra, indicating the possibility that the Gln;3-Glu;4 bond in o,;-CN f1-23 is the
second preferred cleavage site of PepO from Lb. helveticus WSU19 (Figure 49).

At 24-h incubation of o-CN f1-23 with PepO, the peak at m/z of 1666 Da was
dominant (Table 21). The m/z ratio of 1666 Da corresponds to the mass of a5-CN f1-14,

which is the complementary sequence of a-CN f15-23. The 1666-Da peak was observed
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initially after 8-h incubation at a much lower intensity than its complementary 1118-Da peak.
The emergence of the a,;-CN f1-14 peptide (m/z of 1666 Da) as dominant in the spectra at or
after 24 h shows that the peptide is less readily broken down compared to its complementary
peptide o -CN £15-23. The o,;-CN f15-23 peptide is cleaved at Asn;7-Glu;s, Glu;g-Asno,
and Asnjg-Leu,y bonds to form a,;-CN f18-23, £19-23, and 20-23, respectively (Figure 49;
Table 21). The appearance of peaks at m/z of 791, 662, and 548 Da correspond to the masses
of a,s-CN f18-23, f19-23, and f20-23, respectively (Table 21). These peaks were observed as
early as 8-h incubation, at which time the 1666-Da peak was initially observed.

The low susceptibility of a,;-CN f1-14 to be further hydrolyzed by PepO is in
agreement with Baankreis et al. (1995). The 1-12 fragment of a;-CN observed at 48-h was
more likely produced by hydrolysis of o;-CN f1-23 than o,;-CN f1-14 at the Pro;,-Gln;s
bond. The complementary sequence of os;-CN f1-12, i.e., o;-CN f13-23, was further
hydrolyzed at Leu,;-Argy, to form a,-CN f13-21. The o,-CN f13-21 peptide (m/z of 1072
Da) was observed in the MALDI-TOF spectra at 48 h and 72 h. The cleavage at the Leu,;-
Argy; bond after 48 h might explain the disappearance of a,5-CN f18-23, f19-23, and f20-23
(Table 21). In contrast to os;-CN f1-12, 0,;-CN 6-14 (m/z of 1050 Da), first observed at 48-h
incubation, may indicate poor cleavage of o;-CN f1-14 at the Pros-Iles bond.

In addition to a5 -CN f15-23, PepO from Lb. helveticus WSU19 also hydrolyzed o;-
CN f14-23, £8-23, and 19-23. The complementary sequence of a,;-CN f14-23, i.e., f1-13 (m/z
of 1537 Da), was observed after 48-h incubation of o,;-CN f1-23 with PepO (Table 21). A
peak with m/z of 1072 Da was observed at 48-h incubation (Table 21). This m/z ratio

corresponds to the mass of a-CN f14-20, suggesting that hydrolysis occurs at Leuyo-Leuy;.
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The fragments 8-23 and 9-23 of a,;-CN were cleaved at the Glu;4-Val;s bond, forming o;-
CN f8-14 (m/z of 808 Da) and a51-CN 19-14 (m/z of 672 Da), respectively (Table 21). These
peptides were observed initially at 48-h incubation. In addition to the above cleavage sites,
PepO from Lb. helveticus WSU19 also exhibited poor cleavage at the Glnyg-Gly,;o bond,
forming a5-CN f10-23 (m/z of 1642 Da), after 24-h incubation (Table 21).

The formation of a,;-CN f15-23, f14-23, £8-23, and f10-23 by PepO may be
important for cheese quality since the complementary sequences of these peptides, namely
os1-CN f1-14, f1-13, f1-7, and f1-9, respectively, potentially contribute to the bitterness
intensity of cheese. The fragments 1-13, 1-14, 14-23, and 19-23 of o;-CN were identified in
a one year-old commercial Cheddar cheese (Gouldsworthy et al., 1996).

A peak at m/z of 1118 Da, corresponding to o-CN f15-23, exhibited the greatest
intensity among PepO2 hydrolysis products of a,s;-CN f1-23 in the first 24 h (Table 22). This
observation indicates that Glu;4-Val;s is the preferred cleavage site of PepO2 in o -CN f1-
23. PepO2 seemed to hydrolyze the o,;-CN f15-23 at Glu;g-Asnjg, Asnjo-Leuy, and Argy,-
Phe,; bonds to form o,;-CN £19-23, £20-23, and f15-22, respectively (Figure 50; Table 22).
Table 22 demonstrates the formation of 662-Da, 548-Da, and 971-Da peaks, initially
observed at 12-h, 24-h, and 48-h incubations, respectively. These m/z ratios correspond to
the masses of o,;-CN f19-23, £20-23, and f15-22, respectively (Table 22). The cleavage at
the Argy-Phe,; bond might indicate that PepO2 possesses a weak carboxypeptidase activity.

The appearance of the 662-Da peak at 12-h incubation was accompanied by the
appearance of a 1666-Da peak, corresponding to the mass of o5 -CN f1-14. The o-CN f1-14
peptide is the complementary sequence of as-CN f15-23. The simultaneous appearance of

1666-Da and 662-Da peaks supports the assumption that the appearance of the N-terminus of



184

a peptide sequence occurs upon hydrolysis of the complementary C-terminus of the peptide.
In contrast to the hydrolysis of o;-CN f1-23 by PepO, the 1666-Da peak was not the most
intense peak among the peptide hydrolysates from o -CN f1-23 up to 72-h incubation (Table
22). This observation indicates that a5;-CN f15-23 is more resistant to hydrolysis by PepO2
than PepO.

In contrast to PepO, the second cleavage site preferred by PepO2 in the early
hydrolysis of as-CN f1-23 is Hisg-Glno, resulting in the formation of a5 -CN 19-23 (m/z of
1771 Da; Table 22). However, the f9-23 product of cleavage of the Hisg-Glng bond was
observed only at or before 12 h. The disappearance of the 1771-Da peak after 12 h was
accompanied by the appearance of a 1247-Da peak, corresponding to the mass of o-CN
f14-23 (Table 22). It is not clear what is responsible for the disappearance of the 1771-Da
peak after 12-h incubation. It is possible that the o;-CN 9-23 peptide was completely
hydrolyzed into f14-23 at 24 h. The occurrence of 14-23 fragment of o5;-CN up to 72-h
incubation, after the depletion of the parent peptide, suggests the resistance of this peptide to
hydrolysis by PepO2. Moreover, the complementary sequence of a5 -CN f14-23, i.e., f1-13
did not appear until 72-h incubation, supporting the resistance of f14-23 to PepO2 hydrolysis.

The fact that PepO2 did not continue hydrolyzing the Hisg-Glng bond after o-CN
f14-23 formation suggests an alteration of PepO2 specificities. PepO2 might prefer to cleave
substrate smaller than o5 -CN f1-23 or f9-23, which was not available initially (Table 22). As
hydrolysis progressed, small peptide (f15-23) became available as a PepO2 substrate. PepO2
apparently preferred to hydrolyze o, -CN f15-23 at the Glu;s-Asn;g bond in the later stages
of incubation (Figure 50). At 12-h incubation, a peak with m/z of 662 Da, corresponding to

o51-CN 19-23, was first observed (Table 22). The 662-Da peak exhibited the same intensity
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as the 1118-Da peak at 48-h incubation (Table 22). Similarly, the 662-Da, 1118-Da, and
1666-Da peaks exhibited the same intensities at 72-h incubation. The preferential cleavage at
the Glu;g-Asn;o bond might account for the discontinuation of a5 -CN f9-23 hydrolysis. The
fact that PepO2 preferred to cleave the Glu;s-Asn;o bond differentiates PepO2 from PepO in
the later stages of o-CN f1-23 hydrolysis.

Compared to PepO and PepO2, hydrolysis of a5-CN f1-23 by PepO3 differed in that
a smaller number of peptides were produced early in the incubation (Table 23). The 791-Da,
662-Da, and 548-Da peaks, corresponding to the fragments o;-CN f18-23, £19-23, and {20-
23, respectively, were detected only after incubation for 72 h (Table 23). Similar to PepO and
PepO2, the preferred cleavage site of PepO3 from Lb. helveticus WSU19 in the early
hydrolysis of a,;-CN f1-23 is the Glu;4-Val;s bond, forming o5-CN f15-23 (m/z of 1118 Da)
(Figure 51). The fragment 15-23 of a5 -CN f1-23 was the predominant peptide seen during
the 72-h incubation with PepO3 (Table 23).

The second cleavage during the initial hydrolysis of o-CN f1-23 by the PepO3
enzyme was at Gln;3-Gluyg, as indicated by the formation of a 1247-Da peak, corresponding
to the mass of a,5-CN f14-23, at 4-h incubation (Table 23). The pattern of peptidolytic action
by PepO3 on o,;-CN f1-23 also suggests that the fragments 8-23 and 9-23 of a5;-CN are not
the parent compounds for the formation of a5 -CN f14-23 or o-CN f15-23. The former 2
fragments were detected after 12-h and 24-h incubation, respectively, while the latter 2
fragments were initially seen at 2 h and 4 h, respectively. In general, the preferred cleavage
sites of PepO3 in o;-CN f1-23 are more similar to PepO than PepO2.

Figures 49-51 illustrate the cleavage sites of PepO, PepO2, and PepO3 enzymes from

Lb. helveticus WSU19 in a5 -CN f1-23. Unlike their activities on B-CN f193-209, the -Pro-
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X- bond is not the preferred cleavage site of these endopeptidases in o-CN f1-23. While
PepO did cleave the Pros-Iles and Pro;,-Gln;3 bonds, it was detected only after 48-h
incubation (Figure 49). No cleavage at these proline bonds was observed during 72-h
incubations with PepO2 and PepO3 (Figures 50, 51). Cleavages by PepO, PepO2, or PepO3
from Lb. helveticus WSU19 in a5 -CN f1-23 preferentially occurred at the peptide bonds that
involve glutamic acid, glutamine, or asparagine residues. Sridhar et al. (2005) reported
cleavage at the Pros-Ileg bond by PepO2 and PepO3 from Lb. helveticus CNRZ32. However,
the latter study used o,;-CN f1-9 as the substrate. The different a5 -CN fragments used as the
substrates in the two studies might cause differences in the observed substrate specificities
and the hydrolysis at particular bonds. Christensson et al. (2002) reported that the primary
cleavage sites of PepO from Lb. rhamnosus HNOO1 in a4 -CN f1-17 were identical to those
in a5-CN f1-23. However, the rates of hydrolysis of the four primary sites, i.e., Pros-Iles,
Lys7-Hiss, Hisg-Glng, and Glno-Glyo, were not the same for each substrate. The Lys;-Hisg
and Glny-Gly;o bonds were hydrolyzed more rapidly than the Pros-Iles and Hisg-Glng bonds
in o -CN f1-17.

The PepO, PepO2, and PepO3 enzymes from Lb. helveticus WSU19 have as their
primary cleavage site in o5 -CN f1-23 the Glu4-Val;s bond, followed by the Gln3-Glu;4
bond (Figures 49-51). The preferred cleavage site at the Glu;4-Val;s bond differentiates the
metalloendopeptidase activities of PepO, PepO2, and PepO3 of Lb. helveticus WSU19 from
the extracellular proteinase activities of Lb. helveticus (Oberg et al., 2002). Oberg et al.
(2002) reported the primary cleavage sites of extracellular proteinases from 8§ strains of Lb.
helveticus in os;-CN f1-23 to be Hissg-Glng, Glng-Gly o, Gln;3-Glu,4, and Leu;s-Asn;7 bonds.

Exterkate and Alting (1993) reported the Gln;3-Glu;4 and Glu;4-Val;s bonds were preferred
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by the proteinase-negative variant of Lc. lactis subsp. cremoris strain HP at pH 5.2, while the
Glu;s-Asnjg bond was the preferred site at pH 6.5. Exterkate and Alting (1995) reported that
cleavages at the Glu4-Val;s and Gln;3-Glu 4 bonds of o;-CN f1-23 were due to the activity
of an intracellular metalloendopeptidase. PrtP was also reported to cleave the Gln;3-Glu,4
bond (Exterkate and Alting, 1995).

In addition to the Gln;3-Glu;4 and Glu;4-Val;s bonds, the PepO enzyme from Lb.
helveticus WSU19 cleaves o -CN f1-23 at Lys;-Hisg, Hisg-Glng, Glng-Gly o, and Proj,-Glnys
bonds. Further study is needed to confirm if the remaining cleavage sites of PepO from Lb.
helveticus WSU19 (Figure 49) occur in o-CN f1-23 or in the products of initial o -CN f1-
23 hydrolysis. The finding that the primary cleavage sites of PepO from Lb. helveticus
WSU19 occur toward the N-terminus of a,;-CN f1-23 is in agreement with the established
cleavage sites of PepO from Lb. rhamnosus HNOO1 (Christensson et al., 2002). The latter
enzyme was reported to have 4 primary cleavage sites near the N-terminus of o-CN f1-23,
i.e., the Pros-Iles, Lyss-Hisg, Hisg-Glng, and Glng-Gly;obonds. Besides PepO, the PepO2 and
PepO3 enzymes from Lb. helveticus WSU19 also possess additional cleavage sites toward
the N-terminus of a5 -CN f1-23, i.e., Hisg-Glng bond for PepO2; Lys;-Hisg, Hisg-Glny, and
Glny-Gly;o bonds for PepO3 (Figures 50 and 51). In contrast to PepO from Lactobacilli, most
of the cleavage sites of the PepO enzymes from Lactococci have been reported to be at the C-
terminus of o -CN f1-23 (Yan et al., 1987a and 1987b; Baankreis et al., 1995; Stepaniak and
Fox, 1995). The NOP enzyme from Lc. lactis subsp. cremoris C13 was reported to cleave
as1-CN f1-23 at the Glny3-Gluys, Glui4-Val;s, Leuyo-Leuyr, Gluig-Asnig, and Asnje-Leusg
bonds (in the order of decreasing susceptibility) (Baankreis, et al., 1995). Stepaniak and Fox

(1995) reported that the cleavage specificities of a 70-kDa intracellular endopeptidase (PepO)
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from Lc. lactis subsp. lactis MG1363 on a,-CN f1-23 were at Gln;3-Gluy4, Glujs-Vals,
Asnjg-Leuy, and Leuyg-Leuy; bonds. In addition, lactococcal endopeptidase (LEP) I was
reported to cleave the o,-CN f1-23 at the Asn;7-Glu;g bond, while the LEP II cleaved the
same substrate at the Gln;o-Gly;; bond (Yan et al., 1987a; Yan et al., 1987b).

The cleavage by PepO, PepO2, and PepO3 from Lb. helveticus WSU19 at Gln;;-
Gluy4 and Gluj4-Val;s bonds in o-CN f1-23 produce peptide fragments f1-13 and f1-14 that
are potentially bitter. Except for o;-CN f1-9, the bitterness thresholds of the bitter peptides
from a,5;-CN f1-23 have not been reported. The o-CN f1-9 has a bitter recognition
threshold of 0.78 mg/mL in water, while the bitter recognition threshold of B-CN f193-209 is
0.35 mg/mL in water (Koka and Weimer, 2000). The bitter detection level of B-CN £193-209
15 0.03% or 0.30 mg/mL in water (Singh et al., 2005). The lower bitterness threshold of B-CN
£193-209 than o;-CN f1-23 suggests that the 3-CN £193-209 (and possibly the bitter
peptides derived from B-CN f193-209) is more important than the bitter peptides from o-
CN f1-23 in affecting the bitterness of cheese. Thus, the production of bitter peptides from
o51-CN f1-23 by PepO, PepO2, and PepO3 may not be as critical as the ones from 3-CN

£193-209 with respect to the sensory quality of cheese.

12. Degradation of o;-CN f1-23 by PepE

Table 24 demonstrates the mass-to-charge ratio (m/z) of peaks in the MALDI-TOF
spectra and the corresponding peptide fragments formed during hydrolysis of o,;-CN f1-23
by CFE from E. coli DH5a(pES1), expressing the pepE gene from Lb. helveticus WSU19.

Hydrolysis of a-CN f1-23 by CFE from E. coli DH5a(pJDC9) served as the control. No
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peaks corresponding to the peptide fragments derived from o-CN f1-23 were observed in
the control. The m/z ratios of less than 500 Da were not detected by the MALDI-TOF
analyses in this study due to the mass acquisition setting from 500 Da to 4000 Da.

Similar to the MALDI-TOF spectra of as-CN f1-23 hydrolysis by the PepO, PepO2,
and PepO3 enzymes, the substrate peak (m/z of 2765 Da) exhibited the highest intensity
during the 72-h incubation of a,;-CN f1-23 with PepE, while the 2384-Da peak was the
hydrolysis product that exhibited the greatest intensity (Table 24). The m/z of 2384 Da is the
mass of o;-CN f4-23, indicating the Lys;-Hiss bond is the first cleavage site of PepE in -
CN f1-23 (Figure 52). Besides the 2384-Da peak, the MALDI-TOF spectra show a second
peak at m/z of 1247 Da, corresponding to the mass of a-CN f14-23 (Table 24). This result
indicates the Gln;3-Glu;4 bond is the second cleavage site of PepE in o-CN f1-23 (Figure
52). Incubation of o,-CN f1-23 with the PepE enzyme for 48 h revealed the production of a
third peak at m/z of 2036 Da, corresponding to the mass of o -CN {7-23 (Table 24). The
latter result indicates Iles-Lys7 is the third cleavage site of PepE in a5 -CN f1-23 (Figure 52).

The first cleavage site by PepE from Lb. helveticus WSU19 at the Lys;-Hiss bond of
o51-CN f1-23 is in agreement with Sridhar et al. (2005) who explained the action of PepE
from Lb. helveticus CNRZ32 on a,;-CN f1-9. In contrast, the second cleavage of PepE was
reported by Sridhar (2003) to be at the Lys;-Hisg bond. The latter cleavage was not observed
in our study until 72-h incubation. The occurrence of secondary structure in o5 -CN f1-23
(Malin et al., 2001) might be responsible for the accessibility of the peptide bonds to the
endopeptidases.

The cleavage by PepE of the Lys;-Hiss bond indicates the ability of PepE to

hydrolyze bitter peptides containing the N-terminus of a,;-CN f1-23, such as o-CN f1-9,
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f1-13, and f1-14. Hence, the PepE activity may complement PepO, PepO2, or PepO3
activities in hydrolyzing o;-CN f1-23 and retarding bitter peptide accumulation.

Table 25 demonstrates the mass-to-charge ratio (m/z) of peaks in the MALDI-TOF
spectra and the corresponding peptide fragments formed during hydrolysis of o-CN f1-23
by CFE from E. coli DH5a(pES1) and E. coli DH5a(pESS5), expressing the pepE and pepO
genes from Lb. helveticus WSU19, respectively. The most intense peak was observed at m/z
of 1666 Da after 12-h and 24-h incubations. The m/z of 1666 Da is the mass of a,;-CN f1-14.
The fact that the o,-CN f1-14 was dominant at 12-h and 24-h incubations is an indication of
a larger PepO activity than PepE activity.

The MALDI-TOF spectra show the formation of peak at m/z of 1284 Da due to the
combined PepE-PepO activities. The m/z ratio of 1284 Da corresponds to the mass of o-CN
f4-14. There are 2 possible mechanisms for a5-CN f4-14 formation. First, os;-CN f1-23 is
hydrolyzed on Glu;4-Val;s by PepO to form a;-CN f1-14, which is further hydrolyzed on
Lyss-Hiss by PepE to form o;-CN f4-14 (Figure 53). Second, o5-CN f1-23 is hydrolyzed by
PepE to form as-CN f4-23, which is further hydrolyzed by PepO to form oy-CN f4-14
(Figure 53). Since the 1-14 fragment of o5;-CN is resistant to hydrolysis, the formation of
051-CN f4-14 is more likely via the second mechanism.

Besides a51-CN f4-14, the combination of PepO and PepE produced o;-CN f4-13
(m/z of 1155 Da; Table 25), which might be due to hydrolysis at the GIn;3-Glu;4 bond of o;-
CN 4-23 by PepE. In addition, the PepE-PepO combination hydrolyzed o-CN f1-23 to
generate a new peak at m/z of 905 Da, corresponding to the o -CN f17-23 (Table 25). This

new peak was the result of cleavage at the Leu;s-Asn;; bond (Figure 53). However, it is not
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clear which enzyme was responsible for the formation of o-CN f17-23 since the cleavage at
the Leu;6-Asn;7 bond was not observed during incubations of PepE or PepO with o-CN f1-
23 (Tables 21 and 24). The 905-Da peak was reported by Gouldsworthy et al. (1996) in a 1
year-old commercial Cheddar cheese.

The combination of PepE and PepO enzymes did not cleave the Glu;s-Asn;9 bond
(Figure 53). The PepO enzyme cleaved poorly at the latter bond (Table 21; Figure 49). It is
possible that combining the two enzymes altered the specificities of PepO on this minor
cleavage site. The combined actions of PepE-PepO might have preferred the cleavage of
Leuje-Asn; to form a,-CN f17-23 (Table 25; Figure 53).

In addition to the formation of new peptides, the PepE-PepO combination apparently
increased the hydrolysis of the Glng-Gly;o bond (Figure 53). The 1642-Da peak was not
observed in the hydrolysis of a5 -CN f1-23 by PepO alone until 24-h incubation (Table 21).
In contrast, the hydrolysis of a5-CN f1-23 by the combined action of PepE and PepO
resulted in observation of the 1642-Da peak at 12 h (Table 25). The combination of PepE and
PepO also evidently increased the hydrolysis of the complement a,;-CN f15-23 (m/z 1118
Da). When hydrolyzed by PepO alone, the 1666-Da peak was not observed as the dominant
peak until 24-h incubation (Table 21). Hydrolysis of a;-CN f1-23 by the combined PepE
and PepO enzymes produced the 1666-Da peak as the dominant peak at 12-h incubation
(Table 25). The increase of o;-CN f15-23 hydrolysis supports the assumption that the
combination of PepE and PepO favors the cleavage at Leu;s-Asn;7.

Table 26 demonstrates the mass-to-charge ratio (m/z) of peaks in the MALDI-TOF
spectra and the corresponding peptide fragments formed during hydrolysis of o,;-CN f1-23

by CFE from E. coli DH5a(pES1) and E. coli DH50(pES2), expressing the pepE and pepO2
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genes from Lb. helveticus WSU19, respectively. The 1284-Da peak, corresponding to as-CN
f4-14, was observed as the product of a;-CN f1-23 degradation by the combined PepE and
PepO2 activities. The most intense peak due to hydrolysis was observed at m/z of 1247 Da
and 1666 Da after 12-h and 24-h incubations, respectively (Table 26). These peaks
correspond to a5 -CN f14-23 and a,;-CN f1-14, respectively. The accumulation of a,5;-CN
f14-23 occurred because PepE and PepO2 possess the same cleavage site, at the Gln;3-Gluy4
bond (Figures 50 and 52). The 905-Da peak was observed as the product of o -CN f1-23
hydrolysis by the combination of PepE and PepO2 (Table 26). In addition, a peak at m/z of
791 Da was observed, which corresponds to a5-CN f18-23. This peak was not observed in
the 72-h incubation of as-CN f1-23 with PepO2 alone. Figure 54 illustrates the cleavage
sites due to the combined action of PepE and PepO2 enzymes from Lb. helveticus WSU19 on
as1-CN f1-23. Similar to the combination of PepE and PepO enzymes, mixing PepE and
PepO2 enzymes from Lb. helveticus WSU19 seemed to increase the hydrolysis of ag-CN
f15-23 and produced a greater number of peptides than when these enzymes were used
independently.

Table 27 demonstrates the mass-to-charge ratio (m/z) of peaks in the MALDI-TOF
spectra and the corresponding peptide fragments formed during hydrolysis of o,;-CN f1-23
by CFE from E. coli DH5a(pES1) and E. coli DH50(pES6), expressing the pepE and pepO3
genes from Lb. helveticus WSU19, respectively. The 1284-Da peak, corresponding to the
as1-CN f4-14, was not observed as the product of o-CN f1-23 degradation by combined
activities of PepE and PepO3. The absence of the 1284-Da peak indicates a lower PepO3
activity than PepO or PepO2 on o,;-CN f1-23. Hydrolysis of a,5;-CN f1-23 by PepE resulted

in the accumulation of peak of o-CN f4-23 peptide (m/z of 2384 Da; Table 24). Prolonged
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incubation might promote the cleavage at Gluj4-Val;s or Gln;3-Glu;4 bonds of o-CN f4-23
by PepO3 or PepE, respectively.

The 2384-Da and 1247-Da peaks were the most intense of the hydrolysis products
after 12-h and 24-h incubations of a,;-CN f1-23 with PepE and PepO3 (Table 27). The
accumulation of a5;-CN f14-23 occurred because PepE and PepO3 share Gln;3-Gluy4 as a
cleavage site (Figures 51 and 52). The 905-Da peak was observed in the hydrolysis of o;-
CN f1-23 by the combination of PepE and PepO3 enzymes (Table 27). In addition, the 791-
Da peak was observed at 12-h incubation in the two-enzyme degradation of o -CN f1-23,
while the same peak was not observed at 72 h in the hydrolysis by PepO3 alone (Table 23).
Figure 55 illustrates the cleavage sites of the PepE and PepO3 enzymes from Lb. helveticus
WSU19 in o,-CN f1-23.

Although PepE predominantly cleaves at the Lyss-Hiss bond, combining PepE with
PepO, PepO2, or PepO3 enzyme does not prevent the accumulation of bitter peptides,
particularly a;-CN f1-13 and f1-14. However, by adjusting the level of PepO, PepO2, or
PepO3 activity, hydrolysis can be directed to promote the formation of a5-CN f4-14 or f4-

13, which are non-bitter.

13. Degradation of o-CN f1-23 by PepN-an endopeptidase activities

PepN activity was not observed on o5 -CN f1-23. This observation coincided with the
report of Baankreis (1992) concerning the activity of PepN from Lc. lactis subsp. cremoris
C13. The presence of a proline residue as the second amino acid in a,;-CN f1-23 precludes
PepN from cleaving the substrate. Combining PepN with PepO, PepO2, or PepO3 resulted in

additional peptides formed by PepN activity on a,s-CN f1-23 (Table 28).
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The combined activitites of PepN and PepO on a,;-CN f1-23 produced peptides with
m/z of 905, 1019, and 1585 Da. These peaks correspond to the masses of o -CN f17-23, f16-
23, and f11-23, respectively. The 1642-Da peak, corresponding to the o;-CN f10-23, might
be formed by the activities of PepO and PepN enzymes. The PepO enzyme cleaves the Glno-
Gly;o bond poorly (Tables 21 and 25), but the peak observed here is intense (Table 28),
indicating cleavage by an enzyme with a high activity toward glutamine at the N-terminus.
However, the accumulation of o,;-CN f10-23 was not accompanied by the accumulation of
os1-CN f1-9 (presumably) because the f10-23 peptide originated from the activity of PepO on
o51-CN 18-23. Besides the 1642-Da peak, 1585-Da and 905-Da peaks accumulated at 12-h
incubation with PepN and PepO enzymes. The accumulation of the 1585-Da peak was due to
the inability of PepN to cleave beyond the Glyo in the presence of Proi, (Figure 56). The
accumulation of the peptide with at m/z 905 Da was likely due to the N-terminus Glu;g, an
amino acid that is not a preferred cleavage site of PepN (Christensen et al., 1999).
Consequently, Glu;g will slow the cleavage of a,5;-CN f1-23 by PepN beyond Asn;; (Figure
56).

Incubation of o -CN f1-23 with PepN and PepO2 produced peaks at m/z of 905 and
1019 Da, corresponding to a,5;-CN f17-23 and f16-23, respectively (Table 28; Figure 56).
Unlike the PepN-PepO combination, the 1642-Da and 1585-Da peaks were not observed
during incubation with PepN and PepO2. The PepO2 enzyme does not cleave at Lys;-Hisg
bond to form a5 -CN 8-23 (Figure 50). Therefore, PepN could not readily cleave at the Glno-
Glyo and Gly;o-Leu;; bonds to form o,;-CN f10-23 and f11-23, respectively. The incubation
of a,51-CN f1-23 with PepN and PepO2 enzymes accumulated the 1666-Da and 905-Da

peaks, corresponding to the o;-CN f1-14 and f17-23, respectively (Table 56).
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Incubation of o,;-CN f1-23 with PepN and PepO3 enzymes resulted in prominent peak at
m/z of 1585 Da after 12 h. In addition, the combined enzyme produced peaks at m/z of 1019
and 905 Da (Table 56). Unlike the incubation with PepO or PepO2, the 905-Da peak did not
accumulate in the incubation with PepN and PepO3. Previous results indicated that PepO3
exhibited more restricted activity than PepO or PepO2 on a,;-CN f1-23 (Table 23; Figure
51). The formation of o;-CN f17-23 by PepN depends largely on the cleavage of Glu4-Val;s
and GlIn;3-Glu, 4, the main cleavage sites of PepO3 in o -CN f1-23.

Incubation of o,;-CN f1-23 with PepN and PepE enzymes produced m/z of 2384 Da
as the predominant hydrolysate peak (Table 29). The 2384-Da peak corresponds to the mass
of a5-CN f4-23, formed by PepE activity (Figures 52; 57). The cleavage of PepE at the Lys;-
His4 bond of o5;-CN f1-23 does not remove Pros (Figure 57). Therefore, the a;-CN {4-23
accumulated because PepN could not cleave this peptide fragment further.

In addition to m/z of 2384 Da, peaks at m/z of 1642, 1585, 905, and 791 Da were
observed at a very low intensity, although the incubation was extended to 72-h. These peaks
correspond to the ag-CN f10-23, f11-23, f17-23, and f18-23, respectively and were possibly
formed by PepN activity. Due to the presence of Pros, PepN should not be able to cleave o;-
CN f4-23. However, Figure 52 demonstrates that PepE cleaves os-CN f1-23 poorly at the
Ileg-Lys7 and Gln;3-Glu4 bonds, in addition to Lyss;-Hiss. The cleavage at the Glng-Gly,o and
Glyo-Leu;; bonds by PepN was likely initiated by PepE cleavage at the Ileg-Lys; bond,
forming a-CN £7-23 (Figure 57). Similarly, PepN cleavage at Leu;s-Asn;7 and Asn;7-Glug
bonds was possibly initiated by the cleavage at the Gln;3-Glu;4 bond by PepE. The large

PepN activity compared to the PepE activities at [leg-Lys7 and Gln;3-Glu4 bonds might cause
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the complete degradation of the intermediate peptides at Lys;-Hisg, Hisg-Glng, Glu;4-Val;s,
and Val;s-Leuys.

Based on the above results, PepN activity seems to be less important in debittering
peptide hydrolysates from o5;-CN f1-23 than those from B-CN £193-209. The presence of
proline residues in o;-CN f1-23, particularly at residues 2 and 5, strongly inhibits the ability
of PepN to cleave the bitter peptides that are derived from the N-terminus of o-CN f1-23.
Degradation by PepN depends largely on the cleavage of Ileg-Lys; or Lyss-Hisg. Although
the PepO, PepO2, PepO3, and PepE from Lb. helveticus WSU19 possess the ability to cleave

these bonds, the sites are not the preferred cleavage sites for these endopeptidases.
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Table 21. Peptide fragments formed during hydrolysis of o;-CN f1-23 by PepO from Lb.
helveticus WSU19 at 37°C under simulated cheese conditions (4% salt, w/v; 50 mM
citrate buffer pH 5.2)

Time M/z 1 6 8 9 10 12 13 14 18 19 20 21 23 og-casein
(h) (Da) [R[PIKH[P[I [K[H[Q|G]LIP[QIEIV[LI|N]E|N[L|L[R]F]| fragment
2 27652 mmmmm\mmmm\mm\m\\\\w f1-23

1907.8 0 \\\\\\\\\\\\\ = f8.23
1770.8 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\W\M\\\\\\\\\\\W 19-23
1246.5 S— \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\% f14-23
1117.5 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ f15-23
4 2765.2 x\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\l\\\\\\\\\\ \\\ \\\ S f1-23
1907.8 A \\\ \\\\\\ N\ £8-23
1770.8 S 1111 . SN 19-23
1247.4 e ———— \\\ f14-23
1117.7 x\\\\\\\\\\\\\\\\\\\\\\\m\\\\\&\\\\\\\\\\\\\\\\\\\\\\\\\\\\ f15-23
8 2765.2 MMM \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\N f1-23
1907.9 \\%\\\\\\\\\\\\\\\\\\\W\\\\\\\W\&\\\\\\\W\\\\W\\\\\ f8-23
1770.8 AN \\\ I\\\\\\\\\\ \\\\\\\\\\\\\\\I f9-23
1247.3 \\\\\\\ \\\\\\ waw o 14-23
1117.6 - s £15-23
791.4 \\\\\\\\\\\\\\\w\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ £18-23
662.4 Rl £19-23
12 27652 mmmmmmmmmmmmm\mmw f1-23
1907.9 x\\\\\\\\\\l\\\\\\\\\\\\\\\\\\\ \\\\\ ER—— §\\\\ \\\\\I f8-23
1770.7 x\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ \\\\\\ S 19-23
1246.7 \\\ A o f14-23
1117.7 s———— ] 5293
791.4 \\\\\ \\ . f]18-23
662.4 A— £19-23

548.3 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\% 20-23
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Time M/z 1 56 8 9 10 1213 14 18 1920 21 23 (g -casein
(h)y (Da) [R[P|K[H|P|I [K[H]Q|G|L|P[QIE|V|L|N[E|N|L|L[R|F]| fragment
24 27752 i — 5 f1-23
1907.8 :\\\\\\ \\\\;\\\\\\\\\\\\\\\\\\\\\\\\\\\‘\\ e \\\\\\‘\\\\\\\\\\\\\\\\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\& £8-23
1770.9 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\&\\\\\\\\\\\\\\\\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\&\\\\\\\\\x 19-23
1246.7 S ﬁ&\ ﬁ&\ \l f14-23
1117.6 N\\\\\\\\\\\\\\\\\\\\\\\\\\w\\\\m\\\\w\\\\w&\\\\\\\\\\\\\w f15-23
1665.9 ————-—1 R SV
791.3 \\ﬁL \L &L \L Q f18-23
662.4 b — £]9-23
548.3 p— 20-23
1535.9 U ' ' f1-13
1642.0 x\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\x\\\\\\\\&\\\\\ ma————— £]0-23
48 2765.2 AMiminnaaans \\\\\\\\\\\\\\\ N\ \\\\\\\\\\\:\\\\ AN -anw :\\\\\\\\\ N f1-23
1246.7 i i 1& i f14-23
1117.7 . f15-23
1666.0 f1-14
791.3 : : h—— ] 8-23
1536.0 W f1-13
1642.0 x\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\x\\\\\\\\\\\\\ AR AN £10-23
1408.6 &\\\&\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ f1-12
1071.5 '&\\\\\x\ AETHHRRRIRLY f13-21
1050.0 \\\\\\\\\\\\\\\\\\\\*\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\&\\\\\\\\\\ f6-14
830.4 | P p————— £14-20
808.2 Oy 18-14
672.1 e i\\i 1 f9-14
72 2765.2 A e w NS SO \\\\\\\\\\\\\\\\\\\\E f1-23
1246.7 — s {]4-23
1117.6 h————— £15-23
1665.9 fl-14
1536.8 wmmmmmmmmemm————, f1-13
1408.6 ———————— f1-12
1071.9 o hesp——— f13-21
1049.9 ————— f6-14
830.6 b msmm— £14-20
808.4 e f8-14
672.3 s— f9-14

7 Bitter peptide
W Non-bitter peptide

The most intense peak of hydrolysis products from o-CN f1-23 in MALDI-TOF spectrum for each incubation time.
(The greatest intensity peak was o,-CN f1-23.)
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Table 22. Peptide fragments formed during hydrolysis of o;-CN f1-23 by PepO2 from
Lb. helveticus WSU19 at 37°C under simulated cheese conditions (4% salt, w/v; 50 mM
citrate buffer pH 5.2)

Time m/z 1 8 9 13 14 15 1819 20 22 23 ( -casein
(h) (Da) [R]P[K[H[P]I [K[H]Q|G]L]P[Q[E[V|L|NJE|NJL]L|R[F| Fragment
2 R A e s s s e e f1-23

1771.3 A \\\\\\\\\\\\ st 1923
1117.9 x\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ f15-23
4 27765 .2 AN \x\ \\\ f1-23
1770.8 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\x\\\\\\\\\\\\\\\\m 19-23
1118.1 — §§\ f15-23
8 2765.2 \\\%\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\Ti SO SN f1-23
1770.8 AR S—— 19-23
1117.9 S \\ f15-23
12 2765.2 MMWWWMWWWWWWW f1-23
1770.7 £ \x\ \\\ 19-23
1117.6 A \\\x\ \\\\ f15-23
i
1665.7 f1-14
1247.5 A .. f14-23
662.4 P —— f19-23
24 2765, 2 AN RN sasaans \\\\\\\ \\\\\\\\\\\\\\\\\\\\\\ f1-23
1117.7 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ f15-23
1246.8 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ f14-23
i
662.4 ! S \&\\ £19-23
548.3 \t s £20-23
48 27652 e f1-23
1117.7 S \\\\\\\\\\\ f15-23
1247.0 s ——— {1423
662.3 x\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ £19-23
548.3 N\\\\\\\\ sl £20-23
970.7 B—— f15-22
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Table 22 (continued)

Time m/z 1 8 9 13 14 15 1819 20 22 23 (g -casein
(h)y (Da) [R[P|K[H|P|I [K[H]Q|G|L|P[QIE|V|L|N|E|N|L|L[R|F]| fragment

72 75,5 . 2 f1-23

1117.7 s L1520 3
1665.1 WWWWWWWWWW f1-14
1247.3 P——— ] 4-23
662.4 . .\\\\\\\\.\\\\\\\\\\\\\\\\\\\\\T\\\\\\\. £19-23
548.2 I Ix\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\:\\\\\\\\\\\\' 20-23
970.8 h— f15-22

%////////////////% Bitter peptide
&\\\\\\\\\\\\& Non-bitter peptide

The most intense peak of hydrolysis products from o-CN f1-23 in MALDI-TOF spectrum for each incubation time.
(The greatest intensity peak was o-CN f1-23.)



201

Table 23. Peptide fragments formed during hydrolysis of o;-CN f1-23 by PepO3 from
Lb. helveticus WSU19 at 37°C under simulated cheese conditions (4% salt, w/v; 50 mM
citrate buffer pH 5.2)

Time

m/z

1 7 8 910

13 14 15

18 19 20 23 @ -casein
(h) (Da) [R[P[K[H[P[I [K[H]Q|G|L[P[Q[E[V|L|N|E|N|L[L|R[F]| fragment
2 2765.2 mmmmm\mm\m\mmwmwmmm f1-23
1117.7 Pesa————— O 5 53
4 27652 WWWWWWWWWWWWW f1-23
1118.3 S E———————— ] 5203
1246.7 ———— ] 403
Pl i
8 076,52 f1-23
1118.3 A -——— .  — ——— 1 5293
1246.7 AlIGI-————— .. 14223
12 2765,2\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\1\\ e f1-23
1117.6 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ f15-23
1247.3 \\\\\\\ D——— £14-23
1907.0 \\\\\\\\\\x\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ \\\ 111N f8-23
24 27652 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\K\Q\\\K\ MMNBINNNNNSNN AMMMMDDBIGRDNDVDNGDN f1-23
1117.8 B ... 593
1246.7 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ f14-23
1907.7 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ SEE—— 8223
1770.0 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ AS—-.. 9223
48 2765.2 A G \\\\\\ \\\ 11N f1-23
1117.9 R ——— 1593
1247.0 fn s — 14-23
1907.9 AN 1Y f8-23
1770.0 B— S 19-23
1642.2 AN £10-23
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Time m/z 1 7 8 910 13 14 15 18 19 20 23 g, -casein
(h)y (Da) [R|P|K[H|P|I [K[H[Q|G|L|P[Q]E|V|L|N[E|N]L L|R\F fragment
72 275 f1-23

1117.5 Sd— \\\\\\\\\\\\\\\&\\\\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\% f15-23
1246.6 A \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\x f14-23
1907.7 e e e \\\\ . \\\\\\\\% f8-23
1770.0 \\\\\\ﬁx\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ " \\ \r — \\\\\\xI 19-23
16654 o | i i i ! i fl-14
1642.2 S \L ﬁL \L Q f10-23
234 8 .2 A \\\\\\\\\\\\\\\\\\\\\\\\_ f1-20
791.2 \\\\\\\)\\ a0 18423
662.0 s — £19-23
548.2 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\% 20-23

- Bitter peptide
&\\\\\\\\\\\\\\\\& Non-bitter peptide

The most intense peak of hydrolysis products from o-CN f1-23 in MALDI-TOF spectrum for each incubation time.

(The greatest intensity peak was a,-CN

£1-23.)
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Figure 49. Cleavage sites of PepO from Lb. helveticus WSU19 in a,;-CN f1-23 as a function

of incubation time (A). l indicates the overall peptide bonds in a,;-CN f1-23 cleaved by

PepO from Lb. helveticus WSU19.
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! 1 L l

R—P—K—H—P—I—K—H-Q—G—L—P—Q—E—V—L—N—E—N—L—L—R—F
2h | |
4h
8h
12h
2%h
48h
72h

> > > >

> > > > > > >

Figure 50. Cleavage sites of PepO2 from Lb. helveticus WSU19 in o5;-CN f1-23 as a

function of incubation time (A). l indicates the overall peptide bonds in o-CN f1-23

cleaved by PepO2 from Lb. helveticus WSU19.
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R 1 LI

R—P—K—H—P—I—K—H-Q—G—L— P—Q—E—V—L—N—E—N—L—L—R—F
2h | |
4h
8h
12h
24 h
48 h
72 h

| S S O O N e —
> > > > > > >

| 4
| 4

A A A A

Figure 51. Cleavage sites of PepO3 from Lb. helveticus WSU19 in o,-CN f1-23 as a

function of incubation time (A). l indicates the overall peptide bonds in o-CN f1-23

cleaved by PepO3 from Lb. helveticus WSU19.
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Table 24. Peptide fragments formed during hydrolysis of o;-CN f1-23 by PepE from Lb.
helveticus WSU19 at 37°C under simulated cheese conditions (4% salt, w/v; 50 mM
citrate buffer pH 5.2)

Time m/z 1 34 67 13 14 23 g -casein
(hy (Da) R|P|KH|P[I [K[H[Q|G|L|P|Q|E|V|L|N|E|N|L|L[R|F| fragment
2 2735,y f1-23
4 2765.2 — \\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\m\\\\\\\\\\\\m\\\\\\\\m\\w f1-23

2384.2 &\\\\\\\m\\\\\\\\m\\\\m\m\\m\\\\m\\\\m\\\\w 4-23
1247.4 &\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\% f14-23
8 2765.2 WWWW\WWWWWWWW f1-23
2383.5 N —————— f4-23
1247.4 AL — — i a a aaa sy £14-23
12 2765_2\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ f1-23
2383.5 \\\\\\\\\x\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ f4-23
1247.4 x\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ f14-23
24 27652 mmmmmmmmmmmmmmmmw f1-23
2383.5 4293
1247.2 —--—G—“G-G----G-G.G.G. £14-23
48 27765 .2 AN f1-23
2383.7 e f4-23
1247 .4 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\% £14-23
2036.0 A e £7-23
72 2765.2 MWWWWWWWW f1-23
2383.6 WWWWWW f4-23
1246.7 AL — - aaaaasaaa o 14-23
2036.2 S f7-23

7 Bitter peptide
&\\\\\\\\\\\\\\\N Non-bitter peptide

The most intense peak of hydrolysis products from a,-CN f1-23 in MALDI-TOF spectrum for each incubation time.
(The greatest intensity peak was o-CN f1-23.)
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l l l

R—P—K—H—P—I—K—H—Q—G—L— P—Q—E—V—L—N—E—N—L—L—R—F
2h | |

4h
&h
12h
24h
48 h
72 h

[ S S S R N —

Figure 52. Cleavage sites of PepE from Lb. helveticus WSU19 in o-CN f1-23 as a function

of incubation time (A). l indicates the overall peptide bonds in a5-CN f1-23 cleaved by

PepOE from Lb. helveticus WSU19.
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Table 25. Peptide fragments formed during hydrolysis of o;-CN f1-23 by PepE and PepO
from Lb. helveticus WSU19 at 37°C under simulated cheese conditions (4% salt, w/v; 50
mM citrate buffer pH 5.2)

Time mz 1 2 3

4 5 6 7

8 9 10 111213 1415 16 17 18 19 20 21 22 23 gy, -casein
(h)y (Da) R[P[K[H[P|I [K|H|Q|G|L[P[QIE|V|L|N]E|N|L|L|R|F| Fragment
12 27652 NWWWWWWWWWWW f1-23
2383.4 AN \\\\ N S— \\\\ \\\\\\\\\\xx\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\% f4-23
1907.7 \\\\W S \\\\\\ W\\ \\\\ A f8-23
i i i i i i
1770.9 r\\\\\r\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\&\\\*\\\\\\\\\\\\\\\\\\\\\\\\\\\w 9-23
1641.9 EI TR AN £10-23
1283.7 e e f4-14
1246.7 L \&\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\N 14-23
1117.6 ——— ] 5-23
i i i
905.4 R S— f17-23
875.5 ] f1-7
791.7 wp— f]8-23
548.3 - 20-23
24 27652 NWWWWWWWWWWW f1-23
2383.6 S— \\\\ \\\\ \\\ \\\\ __-_—_—_-—_. 4223
1908.1 ﬁ& ﬁx\ ﬁ& S——— f8-23
1770.8 mww&mm\m\\\\\\\\\\\\\\\\m\\\\ 9-23
1642.0 111NN £10-23
1283.7 e L f4-14
1246.6 5 £14-23
1155.1 AR EARARRTEEIREEYS 4-13
1117.9 - AN asaaaaea.e.e.y - 15-23
905.5 &\\\\&\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\&*I £17-23
791.4 Al f18-23

7 Bitter peptide
W Non-bitter peptide

The most intense peak of hydrolysis products from a-CN f1-23 in MALDI-TOF spectrum for each incubation time.
(The greatest intensity peak was o-CN f1-23.)
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Table 26. Peptide fragments formed during hydrolysis of o;-CN f1-23 by PepE and
PepO2 from Lb. helveticus WSU19 at 37°C under simulated cheese conditions (4% salt,
w/v; 50 mM citrate buffer pH 5.2)

Time m/z 1 34 56 7 8 910 111213 1415 16 17 18 19 20 21 22 23 -casein
(h) (Da) R|P|K[H|P|I [K|H|Q|G|L|P|Q|E|V|L|N|E|N|L|L|R|F| Fragment
12 27655 2 Y f1-23

1665.] wmmmmmmm————— " " —5 s, fl1-14
1283.7 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\N 4-14
1246.7 L iRk
1117.6 s — ]5-23
905.5 pp— {]7-23
791.4 hbmm—— 1823
662.3 rs—— £]9-23
548.3 hmm— £2(-23
24 27652 WNWNM\\\\WWWW\\\\WW\MWWW\WW f1-23
1666.0 'PM : : f1-14
1536.8 wmmmmmmii | | f1-13
1283.7 &\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\K\\\\ ' ' f4-14
1246.7 h———— ]4-)3
905.5 b —— ]7-23
791.4 s — {1823
662.0 p— £]9-23
548.2 hs— 20-23

- Bitter peptide

W Non-bitter peptide

The most intense peak of hydrolysis products from a-CN f1-23 in MALDI-TOF spectrum for each incubation time.

(The greatest intensity peak was o,-CN f1-23.)
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Table 27. Peptide fragments formed during hydrolysis of o;-CN f1-23 by PepE and
PepO3 from Lb. helveticus WSU19 at 37°C under simulated cheese conditions (4% salt,

w/v; 50 mM citrate buffer pH 5.2)

Time m/z 1 2

34 56 7 8 910 111213 1415 16 17 18 19 20 21 22 23 g -casein

(h)y (Da) R[P[K[H[P|I [K|H|Q|G|L[P[QIE|V|L|N]E|N|L|L|R|F| Fragment
12 27652 NWWWWWWWWWWW f1-23
2383.2 &\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ \\\\\\ \\\\\ \\\\\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\% f4-23
1907.9 \\\\W N \\\\\\ W\\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\N f8-23
1769.7 - \\\ \&\ \\\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\‘j 19-23
1641.8 §\ $\§§\\ ﬁgW& | £10-23
1246.5 H— \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ f14-23
1117.6 \\\\\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ f15-23
905.4 ;x\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ £17-23
791.3 P ————rx
24 2765.2 N N— . W\\W N \\\\\\ W\\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\N f1-23
2383.5 e §§\ | Y3
1907.0 &\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ﬁ f8-23
1770.7 T I T I I T AN 19-23
1642.7 S— \\\&\\\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ £10-23
1246.6 (S S \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ £14-23
1117.5 — {] 5.03
905.4 x\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ f17-23
791.4 S £]18-23

- Bitter peptide
W Non-bitter peptide

The most intense peak of hydrolysis products from a-CN f1-23 in MALDI-TOF spectrum for each incubation time.

(The greatest intensity peak was o,-CN f1-23.)
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PepE PepO PepO/E PepO (?) PepO

l Ll Pl ol

R—P—K—H—P—I—K—H—Q—G—L—P—Q—E—V—L—N—E—N—L—L—R—F
12h A A A A A A A A A

24 h A A A A A A A A
Figure 53. Cleavage sites of PepE and PepO from Lb. helveticus WSU19 in o-CN f1-23 as

a function of incubation time (A). J, indicates the overall peptide bonds in o-CN f1-23

cleaved by PepE and/or PepO from Lb. helveticus WSU19.

PepE PepO2/E PepO2 (?) PepO2

l RN

R—P—K—H—P—I—K—H—Q—G—L—P—Q—E—V—L—N—E—N—L—L—R—F
12h A A A A A A A

24 h A A A A A A A

Figure 54. Cleavage sites of PepE and PepO2 from Lb. helveticus WSU19 in o-CN f1-23 as
a function of incubation time (A). l indicates the overall peptide bonds in a-CN f1-23

cleaved by PepE and/or PepO2 from Lb. helveticus WSU19.
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PepE PepO3 PepO3 (?) PepO3

! U L1l
R—P—K—H—P—I—K—H—Q—G—L—P—Q—E—V—L—N—E—N—L—L—R—F
12h A A A A A A A A

24 h A A A A A A A A

Figure 55. Cleavage sites of PepE and PepO3 from Lb. helveticus WSU19 in o -CN f1-23 as

a function of incubation time (A). l indicates the overall peptide bonds in a-CN f1-23

cleaved by PepE and/or PepO3 from Lb. helveticus WSU19.
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Table 28. Peptide fragments formed during hydrolysis of o;-CN f1-23 by a combination
of PepN and indicated endopeptidase from Lb. helveticus WSU19 at 37°C under simulated
cheese conditions (4% salt, w/v; 50 mM citrate buffer pH 5.2)

Time mz 1 2 3 4 56 7 8 910 111213 1415 16 17 18 19 20 21 22 23 (-casein
(h) (Da) [R[P[K[H[P|I [K|H]Q|G|L[P[QIE|V|L|N]E|N|L|L|R|F| Fragment
PepN + PepO
12 2765.2 s e e ———— — f1-23
1907.7 i \\\\\\\\ N\ \\\&\\\\\\\\\\\\ \\\\\\\\\\ M. £8-23
1770.5 '\\\\\\ \\\\\'\\\\\\\\\\\ —— \\\\'\\\\\\'\\\\\\ \\\\\\'\\\\\\ O — 19-23
1665.0 ——-—E( f1-14
1641.8 R — £10-23
1584.8 AR \\\\\\\ \\\\\\ \\\\\\\\\\\\ N\ f11-23
1117.5 x\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ f15-23
1018.9 \\m m G f16-23
905.4 _ x\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ f17-23
791.3 | | | \\§\\\\ - f]8-23
! ! ! ! ! !
PepN + PepO2
12 2765.2 Muanm—m S s f1-23
21213 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ \\\\\\\\ f1-18
1666.0 = f1-14
1535.9 mmmmmmmmmmmmmmms -, ] f1-13
1117.7 x\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ f15-23
1018.6 houp—— ] 6-23
905.5 g \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\N f17-23
791.4 ‘ #\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\# f18-23
PepN + PepO3
12 2765.2 mmmmmmmmmmm&mmmm f1-23
1907.7 \\\\\ - \\\\ \\\\ L f8-23
1770.9 \W&\\\\\\\\\\\\\\\\&\\\\\M\m\\\\\\\\\\\\\\\\\\\\\\\\\\\\ 9-23
1664.8 —”m o f1-14
1642.6 &\\\:\\\\\ \\\\\\\\w\\\ —— £]0-23
1584.8 b iK \\\\\\\\\\\\\\\\\\\\\' £11-23
1246.5 \\i\ \\i\ \\\\\\\\\\\\\\\g f14-23
1117.5 s £15-23
1019.0 \\\\\\\\\\\\\\\xx\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ f16-23
905.4 Ra—— £]7-23
791.3 Lsss— ] 8-23

7 Bitter peptide
&\\\\\\\\\\\\\\\\& Non-bitter peptide

The most intense peak of hydrolysis products from a-CN f1-23 in MALDI-TOF spectrum for each incubation time.
(The greatest intensity peak was o-CN f1-23.)
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Table 29. Peptide fragments formed during hydrolysis of a-CN f1-23 by PepN and PepE
from Lb. helveticus WSU19 at 37°C under simulated cheese conditions (4% salt, w/v;

50mM citrate buffer pH 5.2)

Time mz 1 2 3 4 56 7 8 910 111213 1415 16 17 18 19 20 21 22 23  (-casein
(hy (Da) |R|P|KH|P[I [K[H[Q|G|L|P|Q|E|V|L|N|E|N|L|L[R|F| Fragment
24 27652 NM\WWWWW\\\\WWWWW f1-23

2383.6 L \x\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\N f4-23
1642.6 x\ \ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\%\\\\\\\\\\\\\\\\\\\\\\\\\\\\I £10-23
1585.7 i I&\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ \\\\\\\\\\\\\\\\\\\\\\\\\W f11-23
905.4 ‘ ‘ § *\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\# f17-23
791.3 = \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ f18-23
72 2765.2 A S S f1-23
2383.7 T\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ Ei\\\\ i I \\\\\\\\\\\\\\\\\\\\\\\\\\\\j 4-23
1642.6 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ \\\\N&\\\\\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ £10-23
1585.7 x\\\\\\\\\\\\\\\\\\\\\\\\\\\\&\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ f11-23
905.4 - \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\& £17-23
791.3 —— ] 8-23

7 Bitter peptide
&\\\\\\\\\\\\\\\\& Non-bitter peptide

The most intense peak of hydrolysis products from a,-CN f1-23 in MALDI-TOF spectrum for each incubation time.

(The greatest intensity peak was o,-CN f1-23.)
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PepN PepN

l 1

R—P—K—H—P—I—K—H—Q—G—L— P—Q—E—V—L—N—E—N—L—L—R—F

PepN +

A A A A A A A A A
PepO
PepN +

A A A A A A A

PepO2
PepN +

A A A A A A A A A
PepO3

Figure 56. Cleavage sites of PepN and endopeptidases O, O2, or O3 from Lb. helveticus

WSU19 in a-CN f1-23 at 12-h incubation (A). l indicates the peptide bonds in a,4-CN f1-

23 cleaved by PepN from Lb. helveticus WSU19.

PepE PepN PepN

l I 1
R—P—K—H—P—I—K—H—Q—G—L— P—Q—E—V—L—N—E—N—L—L—R—F
24 h A A A

72 h A A A
Figure 57. Cleavage sites of PepN and PepE from Lb. helveticus WSU19 in o5 -CN f1-23 as
a function of incubation time (A). J, indicates the overall peptide bonds in o -CN f1-23

cleaved by PepN and/or PepE from Lb. helveticus WSU19.
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Summary & Future Research
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1. Summary

pepN, pepE, pepO, pepO2, and pepO3 genes from Lb. helveticus WSU19 were
successfully cloned in E. coli DH5a using the corresponding genes from Lb. helveticus
CNRZ32 as probes. The presence of putative transcriptional promoters and putative
transcriptional terminator in the nucleic acid sequence of each gene indicate the genes are
transcribed monocistronically, not part of an operon.

Primer walking of a 5-kb Sacl-Sphl genomic insert revealed a 2532-bp ORF encoding
for PepN, composed of 844 amino acids with a calculated MW of 95.8 kDa. The deduced
amino acid sequence of PepN from Lb. helveticus WSU19 was determined to share 99%,
98%, and 90% identities with PepN from Lb. helveticus 53/7, Lb. helveticus CNRZ32, and
Lb. acidophilus NCFM, respectively. PepN contains a zinc metallopeptidase motif,
VitHELAHQW, at amino acid residues 286-295. PepN cleaves the bitter peptide, B-CN f193-
209, at Tyrj93-Glnjg4 and Glnj94-Glnj9s bonds to form B-CN £194-209 and £195-209,
respectively, at 37°C under cheese ripening conditions (pH 5.2, 4%(w/v) salt). The glutamine
residue at the N-terminus undergoes cyclization into pyrollidonecarboxylic acid (PCA) under
acid condition used in the hydrolysis (pH 5.2). When incubated with PepO, PepO2, or
PepO3, PepN cleaves o -CN f1-23 at Glyo-Leu;;, Val;s-Leujs, and Leujs-Asn;7 bonds.

Primer walking of a 2.7-kb PstI genomic insert revealed a 1314-bp ORF encoding for
PepE, consisting of 438 amino acids with a calculated MW of 50 kDa. The deduced amino
acid sequence of PepE from Lb. helveticus WSU19 shares 99% and 89% identities with PepE
from Lb. helveticus CNRZ32 and Lb. acidophilus NCFM, respectively. The PepE enzyme
contains the cysteine motif (QkhsGrCWIfAT) and histidine motif (VSHAMtLVGvD) of a

thiol protease at amino acid residues 64-75 and 360-370, respectively. PepE cleaves 3-CN
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£193-209 at Leu;9s-Gly;99 and Valygi-Argygs in the presence of PepN or PepO-like
endopeptidases. Hydrolysis of o5;-CN f1-23 by PepE occurs at Lys;-Hiss, Gln;3-Glu,4, and
Iles-Lys7 bonds (in the order of decreasing susceptibility).

Primer walking of a 4.3-kb HindIl1-Sall genomic insert revealed a 1941-bp ORF
encoding for the PepO enzyme, a protein of 647 amino acids with a calculated MW of 73.6
kDa. The PepO enzyme contains a zinc metallopeptidase motif (TigHEVSHaF) at amino acid
residues 493-502. The deduced amino acid sequence of PepO from Lb. helveticus WSU19
shares 99% and 60-85% identities with PepO from Lb. helveticus CNRZ32 and Lb.
acidophilus NCFM, respectively. In addition, the PepO enzyme from Lb. helveticus WSU19
shares 56% and 62% identities with PepO2 and PepO3 enzymes from Lb. helveticus
CNRZ32, respectively. Hydrolysis of B-CN £193-209 by PepO occurs predominantly at
Proj96-Valy97, Prosgs-Ilesp7, and Prog-Valyg (in the order of decreasing susceptibility). In
addition, PepO cleaves B-CN £193-209 at Val97-Leu;os, Ileagr-1lesos, Leujos-Glyig9, and
Valygi-Argyp. Primary degradation of o,;-CN f1-23 by PepO occurs at Gln;3-Gluy4, Glu,4-
Val,s, Lyss-Hisg, and Hisg-Glny (in the order of decreasing susceptibility).

Primer walking of a 5.8-kb Xbal-Sphl genomic insert revealed a 1944-bp ORF
encoding for PepO2 enzyme, a protein of 648 amino acids with a calculated MW of 73.8
kDa. The PepO2 enzyme possesses a zinc metallopeptidase motif, similar to PepO, at amino
acid residues 494-503 (ViaHEISHaF). The deduced amino acid sequence of PepO2 enzyme
from Lb. helveticus WSU19 shares 98% and 41% identities with PepO2 from Lb. helveticus
CNRZ32 and Lc. lactis MG1363, respectively. In addition, PepO2 from Lb. helveticus
WSU19 shares 56% and 62% identities with PepO and PepO3 from Lb. helveticus CNRZ32,

respectively. Hydrolysis of B-CN £193-209 by PepO2 occurs at Projos-Vali97 and Prosps-Ilezo7
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bonds. Compared to PepO and PepO3, the B-CN f193-209 hydrolysis by PepO2 occurs more
slowly. PepO2 cleaves o -CN f1-23 most prominently at Gln;3-Glu;4 and Glus-Val;s.

Primer walking of a 3.4-kb Kpnl genomic insert revealed a 1929 ORF encoding for
PepO3 enzyme, comprised of 643 amino acids with a calculated MW of 72.6 kDa. The
PepO3 enzyme contains a zinc metalloendopeptidase motif, similar to PepO and PepO2, at
amino acid residues 489-498 (ViaHEISHaF). The deduced amino acid sequence of PepO3
from Lb. helveticus WSU19 shares 99% identity with PepO3 from Lb. helveticus CNRZ32.
In addition, the PepO3 enzyme from Lb. helveticus WSU19 shares 62% identity with PepO
and PepO2 enzymes from Lb. helveticus CNRZ32, respectively. PepO3 cleaves 3-CN f193-
209 preferentially after proline residues, as observed in the hydrolysate produced by PepO
activity. Prolonged incubation of B-CN f193-209 with PepO3 produced cleavage at Val;g7-
Leu,og and Ileye-1lesg7 bonds. Hydrolysis of o5;-CN f1-23 by PepO3 occurs primarily on
Gln3-Gluy4 and Glus-Val;s bonds.

Combinations of PepN-PepO or PepN-PepO3 degrade B-CN f193-209 into peptides
with MW less than 1000 Da. The proline at residue 206 occupies the C-terminus of the
peptide produced by the combined actions of PepN-PepO or PepN-PepO3. Combining PepN
and PepE produced a peptide with a MW of 898 Da, corresponding to the mass of B-CN
£202-209. Although B-CN f202-209 was not the dominant product of f-CN £193-209
hydrolysis, the peptide has been reported to have a bitterness threshold of 0.004 mM
(Kanehisa et al., 1972). The bitterness threshold of B-CN 202-209 is much lower than the
bitterness threshold of B-CN f193-209, which is 0.16 mM (Singh et al., 2005). In contrast,

none of the peptides formed by PepN-PepO or PepN-PepO3 combinations have been
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identified as bitter, suggesting the combination of these enzymes may play an important role

in debittering of Cougar Gold.

2. Future research

To evaluate the role(s) of PepN, PepE, PepO, PepO2, and PepO3 in the cheese
matrix, it is necessary to delete the genes encoding for these enzymes from Lb. helveticus
WSU19. However, construction of single peptidase mutants may not elucidate the key
enzyme(s) in the debittering of Cougar Gold. Based on the results from the present study,
double peptidase mutants of Lb. helveticus WSU19 (ApepNApepO, ApepNApepO3,
ApepNApepO, and ApepNApepE) are recommended for study in cheese.

PepO, PepO2, and PepO3 exhibit similar peptidolytic patterns on B-CN £193-209 and
os1-CN f1-23. It is likely that these enzymes have a similar pattern of activity on the peptides
derived from B-CN f1-192 and o-CN 24-199. Therefore, constructing isogenic strains of
Lb. helveticus WSU19 having deficiency in PepO, PepO2, or PepO3 activity may not
elucidate the role(s) of these enzymes in the growth of Lb. helveticus WSU19. Construction
of double peptidase mutants, such as ApepOApepO2 or ApepOApepO3, is a better approach
to determine the functionalities of the enzymes.

Although, the current study identified 3 PepO-like endopeptidases in Lb. helveticus
WSUI19, it is not clear if the 3 endopeptidases are expressed at the same time. Northern
hybridization as a function of growth time and growth condition will provide information on
conditions that favor expression of these enzymes.

This study identified the activities of PepN, PepE, PepO, PepO2, and PepO3

enzymes from Lb. helveticus WSU19 on chymosin derived peptides, B-CN £193-209 and o -
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CN f1-23, under simulated cheese ripening conditions. In a real cheese matrix, peptides from
B-CN f1-192 and a,;-CN f24-199 produced by the action of starter proteinase may inhibit the
general aminopeptidase and endopeptidases. Hydrolysis of the chymosin-derived peptides
under simulated cheese conditions as done here does not encompass the effects of inhibitory
cheese peptides on enzyme activities. Therefore, further study is recommended to elucidate
the activity of PepN, PepE, PepO-like endopeptidases in a system more closely resembling
the peptide composition in the cheese matrix.

Besides PepE and PepO-like endopeptidases, the presence of PepF has been reported
in Lb. helveticus CNRZ32 (Sridhar et al., 2005). Because of its post-proline activity, PepF
may be important to complement PepN activity. Thus, it would be useful to demonstrate the
presence of PepF in Lb. helveticus WSU19 and determine the function(s) of this enzyme in
the growth of Lb. helveticus WSU19 and the debittering of Cougar Gold.

Studies of the peptidases from Lb. helveticus WSU19 by Olson (1998), Fajarrini
(1999), Soeryapranata et al. (2002a; 2002b; 2004) and the current study focused on their
debittering activities. The peptidases may produce peptides with bioactive properties, which
can have nutraceutical applications. Therefore, it is desirable to determine the bioactive
properties of peptides produced by PepE, PepN, PepO, PepO2, and PepO3 activities on
peptides derived from whey protein, B-CN f1-192, and a-CN 24-199.

In addition to a lack of bitterness, Cougar Gold has a nutty, sharp flavor.
Aminotransferases, which are key enzymes for the conversion of amino acids into flavor
compounds, have not been studied in Lb. helveticus WSU19. Characterization of these
enzymes from Lb. helveticus WSU19 will improve our understanding of the role of this

bacterium in the ripening of Cougar Gold.
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