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ABSTRACT

Methanethiol and Cheddar Cheese Flavor
by
Benjamin Dias, Doctor of Philosophy
Utah State University, 1999
Major Professor: Dr. Bart C. Weimer
Department: Nutrition and Food Sciences
The use of slower acid-producing starter bacteria for the production of
lower fat Cheddar cheese has lead to milder flavor Cheddar cheeses that lack
intense Cheddar notes. The metabolism of methionine leads to the production of
methanethiol, which is one of the desirable Cheddar cheese flavor compounds.
The influence of NaCl and reduced pH was determined for aminopeptidase,
lipase / esterase, and methanethiol-producing capability in selected lactic acid
bacteria and brevibacteria in simulated cheese-like conditions. The activity of
each enzyme decreased with NaCl addition and pH reduction to approximate a
Cheddar cheese environment (5% NaCl and pH 5.2).
The mechanism for methanethiol production by the starter and adjunct
bacteria was also investigated. Different enzyme systems were found to be
responsible for methanethiol production in starter lactococci, lactobacilli, and
brevibacteria. In the lactococci, enzymes that acted primarily on cystathionine
were responsible for methanethiol production from methionine. Lactobacilli also
contained cystathionine-degrading enzymes, but these enzymes have properties
different from the lactococcal enzymes. Brevibacterium linens BL2 lacked
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cystathionine-degrading enzymes, but was capable of the direct conversion of
methionine to methanethiol.
L-Methionine y-lyase from B. linens BL2 was purified to homogeneity, and
was found to catalyze the a, y elimination of methionine resulting in the
production of methanethiol, a-ketobutyrate, and ammonia. Characterization of
the pure enzyme demonstrated that it is pyridoxal phosphate dependent, which
is active at salt and pH conditions existing in ripening Cheddar cheese. The
addition of either B. linens BL2 or L-methionine y-lyase to aseptic cheese curd
slurries increased methanethiol and total volatile sulfur compound production.
In an attempt to increase methanethiol production and Cheddar cheese
flavor in reduced-fat Cheddar cheese, B. linens BL2 was added as a starter
adjunct to 60% reduced-fat cheese. Sensory evaluation of the cheese indicated
that B. linens BL2 improved the flavor of 60% reduced-fat Cheddar cheese. This
suggests that the addition of B. linens BL2 is an alternative to the addition of
lactic acid bacteria to improve Cheddar cheese flavor via the metabolism of
methionine.
(222 pages)
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CHAPTER I
INTRODUCTION

In recent years, consumers are demanding lower fat dairy products. The
dairy industry is responding by making lower fat cheeses, but this change in fat
content is leading to consumer acceptance problems with cheese flavor and
texture (23). Fat serves multiple functions in cheese and influences the chemical
and physical properties of cheese, including flavor, body, texture, firmness,
elasticity, adhesiveness, and mouthfeel (119). Lower fat cheeses are less flavorful
and harder in texture, and often contain off-flavors not commonly found in their
full fat counterparts. Objectionably flavored compounds are normally masked
by the presence of fat (50), and are commonly noticed at fat reductions of 2 25%
in Cheddar cheese (23). Knowledge of the biochemical pathways that lead to the
production of the key off-flavor compounds will allow for their synthesis to be
controlled.
Identification of specific compounds leading to positive cheese flavor has
not been conclusively established. Two leading theories regarding the
production of "typical" Cheddar cheese flavor exist. The component balance
theory states that many compounds in the appropriate balance or ratio to each
other lead to typical Cheddar cheese flavor (97) . Alternatively, but much less
accepted, is the single component theory, which states that a single compound is
responsible for Cheddar flavor (85). Methanethiol is one of the few compounds
that correlate to high quality Cheddar cheese (3), but alone or in excess it does
not produce typical Cheddar cheese flavor (80) . This suggests that a specific
concentration of methanethiol is important for characteristic Cheddar cheese
flavor. Methanethiol may also serve as a precursor molecule for the formation of
other compounds important in Cheddar cheese flavor.
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Little is known of the enzymes, pathways, and mechanisms involved in
the formation of methanethiol during cheese ripening. The mechanism for the
production of methanethiol in cheese, by bacteria, is linked to the catabolism of
methionine (45). Enzymes from bacteria capable of catalyzing the conversion of
methionine to methanethiol include L-methionine y- lyase (MGL; EC 4.4.1.11; 45,
126, 127,128), L- cystathionine y- lyase (EC 4.4.1.8; 2, 135), and L- cystathionine ylyase (13). The degradation of methionine can also involve deaminases,
decarboxylases, and aminotransferases (121). These reactions are a part of larger
more complicated metabolic pathways leading to many intermediate
metabolites.

Brevibacterium linens produce large amounts of methanethiol. Law and
associates (74) accelerated Cheddar cheese flavor development by adding cellfree extracts (CFE) of B. linens to cheese curds. Flavors typical of 6-mo-old
Cheddar cheese were observed in about 2 mo with this approach. However, the
cheese rapidly over-ripened and had flavor and texture defects different to that
of lower-fat cheese. This indicates that control of methanethiol production is a
problem. Kim and Olsen (61) added microencapsulated B. linens to Cheddar
cheese, and noted an increase in methanethiol production over control vats;
however, the encapsulation procedure decreased the methanethiol-producing
capabilities (MTPC) of B. linens. The addition of methanethiol-producing
bacteria, such as B. linens, used in the production of surface ripened cheeses, into
lower fat cheese may increase the amount of positive flavors, lead to a typical
Cheddar cheese flavor, and boost consumer acceptance.
This work studied the liberation of amino acids and the metabolism of
methionine by bacteria used in cheese making and the impact of B. linens BL2 as
an adjunct on methanethiol production and flavor of reduced-fat Cheddar
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cheese. Chapter III outlines a semiautomated colorimetric method to measure
aminopeptidase of CFE in buffer and complex food systems such as milk and
cheese extracts. Chapter IV describes a capillary electrophoresis method
developed to separate a-keto acids. This method allows us to measure
methionine aminotransferase activity in CFE. The methods developed in
Chapters III and IV are used in subsequent chapters. In Appendix E the
influence of NaCl and pH on the activities of intracellular hydrolytic enzymes
including aminopeptidases and lipases/esterases is discussed. The MTPC of
whole cells and CFE are compared and the ability of methionine and methioninecontaining peptides to induce enzymes capable of methanethiol production was
investigated. The influence of B. linens BL2 on the flavor of low-fat Cheddar
cheese, evaluated by consumer and trained taste panelists, is also described.
Chapter V examines the enzymes responsible for the generation of methanethiol
in bacteria commonly used in cheese making. The stability of these enzymes in a
cheese-like system is presented. Probable enzymes and enzymatic routes for
methanethiol production by the starter and non-starter microbes are discussed.
In Chapter VI, the purification, characterization, and N-terminal
microsequencing of MGL from B. linens BL2 are described. The results of an
investigation into the influence of this purified enzyme, B. linens BL2 and

Lactococcus lactis ssp. cremoris 52, on methanethiol and other volatile sulfur
compound production in cheese slurries are outlined in Chapter VII. In
Appendix D the details of an unsuccessful attempt at cloning the gene coding for
MGL from B. linens BL2 are described.
Advisors note: the data contained in Appendix E were a valuable and
integral part of this research. This information describes the practical application
of the more basic investigations. However, because this set of data was prepared
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as an invited presentation and was published as part of the proceedings in Le
Lait, the information is presented in the appendix and not in the main body of
the dissertation. Placement in the appendix does not discount or ignore the
primary contribution of Benjamin Dias to the body of this work. Without his
data, this paper would not have been possible, and I regret that this work was
not handled such that it can be placed in the main body of the dissertation.
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CHAPTER II
LITERATURE REVIEW
CHEESE FLAVOR

Numerous researchers have studied Cheddar cheese flavor over the last
few decades. One of the major problems of cheese flavor studies is defining
typical Cheddar flavor. However, long lists of compounds associated with
Cheddar cheese flavor are available (3, 134; Table 1). From these lists few
mechanisms for flavor development have been elucidated (3, 28, 37, 38, 41, 66, 67,
85, 86, 92, 93, 101, 113, 115, 123, 133, 134). Initially, it was thought that a single
compound might be responsible for cheese flavor. Today, the general consensus
of cheese flavor researchers is in Miidler's component balance theory (97) .
Miidler's theory suggests that the flavor of Cheddar cheese is made up of a
balance of flavors contributed by a number of compounds in the correct ratios.
Upsetting the balance or ratio of flavor compounds produces an atypical flavor.
The main classes of compounds thought to contribute to cheese flavor include
amino acids, peptides, carbonyl compounds, fatty acids, and sulfur compounds
(4). The aroma of cheese plays a major role in the perception of flavor of a
particular variety of cheese. Several volatile compounds are thought to
contribute to the typical aroma of cheese (27). Included in this list of volatile
compounds (Table 1) are fatty acids, esters, aldehydes, alcohols, ketones, and
sulfur compounds (68, 69, 134).
Considerable progress has been made in the analysis of volatile food
components over the last 25 years and focuses on the use of gas chromatography
and headspace analysis. Several reviews on the instrumental and analytical
assessment of volatile compounds exist and will not be reviewed here in detail
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TABLE 1. Volatile compounds from Cheddar cheese (134).

Compound
Carbon dioxide
Hydrogen sulfide
Carbonyl sulfide
Formaldehyde
Propene
Acetaldehyde
Methanol
Ethanol
2-Propylene acetate
Methanethiol

Probable
source
AA

M

AA

Ethanethiol
Acetone
Propan-2-ol
Pentane
Diethyl ether

M
M
M

Dimethyl sulfide
Carbon disulfide
2-Methyl propanal
Diacetyl
Butanone
Chloroform
3-Methyl propanal
Diacetyl

M

Butanone
Chloroform
3-Methyl-1-butanol
Pentan-1-ol
Pentan-2-one
3-Methyl-3-buten-1-ol
Ethyl acetate
Acetic acid
Pyruvic acid
Propanoic acid
1-Methyl propionic acid

AA
G

M
M
M
M
M
M
M,AA
M
M
AA
M
G
G

AA

Compound
Heptan-2-ol
Oct anal
Octan-1-ol
Hexanoic acid
Benzaldehyde
Ethyl hexanoate
Limonene
Nonan-2-one
Nonanal
2,2-Dimethyl propanoic
acid
y-Hexalactone
2-Hydroxylmethyl furan
3-Methyl butanoic acid
Ethyl 3-methylbutanoate
3-Methylthio-propan-1ol
Pentanoic acid
Docosan-1-ol
o-Hexalactone
4-Methy1-o-Hexalactone
2-Methyl naphthalene
Benzyl alcohol
Octadecan-1-ol
Benzothiazole alky1
hexanoic acid
o-Octalactone
Nonan-1-ol
2-Ethyl hexanoic acid
Pentadecan-2-one
Phenol
Ethyl tetradecanoate
Octanoic acid
m-Cresol
RJCresol
onanoic acid

Probable
source
M
F
B
M
B
F
M
F
F
AA
AA
F
F
F
M
M
B
B
M
F
F
B
F
B
B
F
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TABLE 1. Continued.
Probable
source
M,AA

Compound
3-Methyl butanal
Benzene
Aceto in
Methyl butanone
Hexan-1-ol
3-Methyl-2-butene-1-ol
H ydroxyacetone
Hexan-2-one
Dimethyl disulfide
Toluene
2-Methy 1-3-heptane

M

3-Methyl pentanal
Ethyl butanoate
Heptanal
Dimethyl trisulfide

M
M

M
G

AA
G
M

AA
M

AA

Compound
8-Decalactone
9-Decenoic acid
Benzoic acid
Skatol
8-Tetradecalactone
Ethyl lactate
Octene
Dimethyl benzene
Dimethyl sulphone
Heptan-2-one
Ethyl-2methylpropanoate
Indole
Ethyl octanoate
De canal
Dimethyl tetrasulfide
Pentolactone

M, occurs in fresh milk
AA, could be derived from amino acids
F, could be derived from butter fat
B, occurs in butter
G, produced by glycolysis and citrate metabolism

Probable
source
F
F

B
F
M
M
B
M

AA

B
M

AA
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(8, 19, 75, 87, 89, 112, 124). Most volatile compounds are present in samples in
very minute amounts, hence the need for extraction and concentration prior to
analysis. Many of these compounds are sensitive to heat and oxidation resulting
in the production of new compounds; hence precautions need to be taken during
sample extraction and handling to minimize such conversions. Moreover, in
complex samples like cheese, the volatile compounds are distributed
heterogenously among different phases and hence proper homogenization of the
sample is necessary.
Numerous techniques have been proposed for the extraction and
concentration of volatile food components. Some of the methods frequently used
include headspace techniques, steam distillation, high vacuum distillation,
molecular distillation, dialysis, and solid phase extraction. Several reviews for
each of these techniques exist. Headspace analysis is a quick and simple method
for the analysis of volatiles. It requires very little sample preparation and has
been used by several investigators to study the volatiles in cheese (5, 14, 80, 84,
90, 110, 115). Concentration of the headspace leads to the detection of a greater
number of compounds. A common method of concentration currently employed
includes purging the sample with a carrier gas and trapping the volatiles onto a
solid adsorbent. However, one of the disadvantages of using adsorbent trapping
methods is the selective trapping and desorption of some compounds (138).
Cold trapping or cryofocusing of the sample is another method that has been
successfully used for the concentration and analysis of the headspaces of many
foods. It has the advantage of higher recoveries and fewer artifacts (110). Both
these methods for the concentration of volatiles have been used in the analysis of
sulfur compounds from Cheddar cheese.
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Sulfur Compounds

The most convincing evidence for the chemical basis of Cheddar flavor
and aroma involves the volatile sulfur compounds, including hydrogen sulfide,
dimethyl disulfide, methional, and methanethiol (73) . The volatile sulfur
compounds have very high odor activity values; hence minuscule amounts of
these compounds have a profound influence on cheese flavor and aroma. In
high concentrations most of the sulfur compounds have unpleasant odors often
described as fecal (Table 2). This suggests that controlled production of these
compounds is important.
Methanethiol (CH 3 -SH)

Methanethiol is a very volatile (boiling point of 6.2°C) compound
possessing an intense putrid, fecal-like aroma, even at very low concentrations
(130). It has been implicated as an influential aroma and flavor compound in
many foods, including some surface-ripened cheeses like Limburger, Trappist,
and Muenster. It is accepted that it is a contributor of characteristic aroma and
flavor of cheese (80). Several researchers have put forth, convincing evidence to
implicate methanethiol in good Cheddar cheese flavor (78, 79, 88). Cheeses made
asceptically with starter cultures develop normal Cheddar flavor and
methanethiol is detected in their distillates (88). However, cheeses made by
direct acidification with a-gluconic acid 8-lactone in the absence of starter
cultures do not contain methanethiol in their headspace and lack typical
Cheddar-type flavor (83) . Furthermore, only removal of thiols, including
methanethiol, from a nitrogen stream passed through a Cheddar slurry results in
the destruction of Cheddar aroma (87), indicating thiols play an important role in
Cheddar Cheese aroma. However, methanethiol is not "the" Cheddar cheese

TABLE 2. Sulfur compounds identified in cheese.

Compound

Flavor I aroma description

Methional
Methionol
Methanethiol
Dimethyldisulphide

boiled potato
raw potato
cooked cabbage
cauliflower, garlic, very
ripe cheese

Dimethyltriulphide
2,4-Thiapentane
Meth y 1thioaceta te

cooking cauliflower

Meth y 1thiopropiona te

cheesy

Hydrogen sulfide
Carbonyl sulfide
Dimethylsulfide

rotten eggs
cabbage

Threshold
(ppb)

Probable precursor
methionine

za
12a

methionine
methanethiol

0.01 a

methanethiol
methanethiol and
formaldehyde
methanethiol and
acetic acid
methanethiol and
propionic acid
cysteine
cysteine

5c

9-170b

Reference

95
98
80
96
96
134
96

134
4

96

a, in water; b, in oil; c, in milk

)-l

0
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flavor compound, as noted by Lindsay and Rippe (80), as its presence alone
does not cause true Cheddar-like flavor notes in experimental cheese.
Dimethyldisulfide (CH3-S-S-CH 3 )

Methanethiol is readily oxidized to dimethyldisulfide and
dimethyltrisulphide (103). However, the direct production of dimethyldisulfide
from methionine via an unknown carrier compound may be possible (114). The
role of this compounds in cheese flavor is ambiguous, with some authors
claiming it positively influences cheese flavor (21, 52) and others questioning its
significance (133).
Dimethyl Sulfide (CH 3-S-CH 3 )

Dimethyl sulfide is a natural component of milk, influenced by the diet of
the cow (36). Although it has been detected in Cheddar cheese by numerous
investigators (82, 83, 86, 88, 93), its role in cheese flavor is unclear. It does not
consistently occur in the "cheesy" fraction of Cheddar cheese distillates nor does
it correlate with Cheddar cheese flavor development (83). It can be synthesized
by several species of microorganisms including Aerobacter aerogenes in milk (58).
Methional (CH 3 -S-CH 2-CH 2-CH 0)

Methional or

~-methyl

mercaptopropionaldehyde, is another volatile

sulfur compound implicated in the flavor of Cheddar cheese. Dacremont and
Vickers (22) suggest a combination of methional, diacetyl, and butyric acid are
responsible for a characteristic Cheddar cheese aroma. However,
overproduction can lead to the meaty brothy odor defects associated with low-fat
Cheddar cheese (95). It could contribute to the flavor of Cheddar cheese via its
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conversion to methanethiol, either by decarboxylation reactions or by
spontaneous degradation (6).
The mechanism for methional generation in Cheddar cheese has not been
elucidated. It can form via the Strecker degradation of methionine (Fig. 1). The
Strecker degradation reaction is the reaction of an amino acid and a diketone,
which results in the formation of an aldehyde one carbon smaller than the
original amino acid. Methional formation can also occur via a light-catalyzed
reaction between methionine and riboflavin in milk (1) .
S-methylthioesters (CH 3-S-CO-R)

Fractions contributing to the flavor of several smear ripened soft cheeses
contain S-methyl thioesters with chain lengths ranging from 2-10 carbon atoms

I

C=O
I

c=o

I
a-Dicarbonyl derivative

l

Methionine

l_'>-H20

'

I

c=o COOH
I

I

c=N-C-C~-CHrS-C~

I

I
H

r2H 0
2

I.

c=o
I

CHOH
I

Methional

Figure 1. Strecker degradation of methionine.
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(24). The specific flavors of each thioester depend on their chain length and
configuration (21, 71). Thioesters have been found to be synthesized by several
lactic acid bacteria, including Lactococcus lactis, leuconostoc, micrococci, and

Brevibacterium linens (22, 96). The synthesis of thioesters requires methanethiol
and free fatty acids (FF A) which may arise from the degradation of milk lipids.
Changing fat concentrations may affect the production of FFA in the cheese
matrix, and hence their availability for thioester synthesis. This is just one
example of the many changes that would be expected by changing the fat content
of cheeses.
LOW-FAT CHEESE

Today consumers are more concerned about the nutritional value of the
food they consume than ever before. Demand for light dairy products
containing lower levels of fat, cholesterol and saturated fatty acids is steadily
increasing (46). Manufacture of a high quality, low-fat Cheddar cheese has
posed a real challenge to cheese makers. Defects in cheese with a greater than
50% fat reduction include: lack of flavor; development of off-flavors,
characterization as meaty, brothy, unclean, and bitter; body defects including too
firm or soft, weak and pasty (7, 46, 50, 55, 81, 119). By reducing fat, the chemistry
of cheese is changed, which leads to new flavors and different defects than fullfat cheese. Fat removal complicates the issue of cheese flavor because it changes
the substrate pool for biochemical reactions, the way compounds partition
between the water and fat, and the way in which flavor compounds are
delivered during mastication.
Another indication of fat reduction changing the biochemistry of cheese
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is that starter cultures used to manufacture full-fat Cheddar cheese frequently
do not produce acceptable low-fat Cheddar cheese (23). Presumably, this is due
to the absence of fat, which acts to mask the off-flavors produced by the starter
cultures that disrupt the component balance. Additionally, this observation
signals that the basic biochemistry during ripening is changed as well and leads
to different ratios of flavor compounds, which is ultimately noticed by
consumers and reduces acceptability of lower fat cheeses. This has prompted the
development of slower acid-producing starter cultures and placed more focus on
the biochemistry of the bacteria (123). Use of slower acid-producing starter
cultures leads to a very mild flavored cheese that lacks off-flavors; however,
these cheeses also lack intense Cheddar cheese flavor.
In an effort to boost typical Cheddar cheese flavor, adjunct bacteria have
been used during manufacture. Initially, selection of flavor adjunct bacteria for
use in low-fat cheese focused on those bacteria used to accelerate flavor
development in full-fat cheese (60, 101). This has shown some promise in
manufacturing low-fat cheese with reduced defects (50). Non starter lactic acid
bacteria (NSLAB) grow to high numbers (10 7-9 CFU I g of cheese during storage
at 8°C) during cheese ripening and presumably contribute to cheese flavor due to
the sheer numbers (12, 16).

BREVIBACTERIUM LINENS AS A FLAVOR ADJUNCT
Use of non-LAB bacteria as flavor adjuncts in cheese has been limited to
pediococci and micrococci (104). However, use of other organisms is possible,
but should be based on what biochemistry they bring to improve desirable,
typical Cheddar cheese flavors with minimal off-flavor production. One such

15

bacterium is B. linens, because it is highly proteolytic and produces large
amounts of methanethiol (16, 30, 44, 61).
B. linens is a non-motile, non-spore forming, non-acid fast, Gram-positive

coryneform bacterium normally found on the surface of Trappist-type cheeses.
This organism tolerates salt concentrations ranging between 8 - 20% and is
capable of growing in pH's ranging from 5.5-9.5, with an optimum of pH 7.0
(106). In Trappist-type cheeses, this organism depends upon the yeast present to

increase the pH of the curd as well as produce growth factors that are important
for its growth (106). Interest in B. linens has focused on their ability to produce
high levels of methanethiol and proteases (10, 21, 31, 45, 61, 74, 107, 117, 132).
B. linens produces various sulfur compounds, including methanethiol, that

are thought to be important in the Cheddar-like flavor and aroma (10, 21, 31, 45,
74, 117, 132). The transport of L-methionine is constitutive and occurs via a Na+

dependent transport system (30). In the laboratory, 25% saturation of dissolved
oxygen (pH between 8.0 - 9.0) in the culture media is optimal for the production
of methanethiol (30, 31). In B. linens this trait is inducible (31).
Chang (15) studied the effect of encapsulated B. linens and methionine
catabolism on full-fat Cheddar cheese flavor. The demethiolation activity of
B. linens was greatly reduced by encapsulation. He attributed this decrease

partly to the inactivation of some of the enzymes responsible, diffusion of
methionine out of the capsules, and adsorption of methanethiol by the milk fat
capsules. He noticed that oxygen concentrations in the environment influenced
methanethiol production and there was approximately five times more
methanethiol produced under aerobic than anaerobic conditions.
CFEs of B. linens have been used in full-fat Cheddar cheese to accelerate
ripening (44). However, this approach leads to uncontrollable ripening, which
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causes excessive and unbalanced flavor development. Keeping in mind the
low odor and taste thresholds for methanethiol, small increases in methanethiol
production may significantly impact flavor. These experiments suggest B. linens
may be a useful flavor adjunct in low-fat cheese where lack of flavor is a
problem.
Before B. linens can be used as an adjunct in Cheddar cheese, the influence
it has on cheese flavor must be investigated. One of the major contributions it
could make to Cheddar cheese flavor would be its capability to produce
methanethiol. B. linens has significantly different metabolic characteristics than
the lactic acid bacteria. Hence its addition to cheese can alter the substrate pool,
the flavor compounds produced, and the rates at which these compounds are
generated.
MICROBIAL ENZYME SYSTEMS AND
FLAVOR DEVELOPMENT

The physical and chemical changes that are brought about in ripening
cheese are accompanied by the development of characteristic flavors.
Biochemical changes involved in flavor production include carbohydrate
fermentation, lipolysis, and proteolysis (38). These changes are brought about by
the action of inherent milk enzymes, rennet, starter lactococcal enzymes, and the
enzymes of the NSLAB.
Carbohydrate Fermentation

Lactic acid is the main flavor compound formed by the fermentation of
lactose. Depending on the microorganism, and type of fermentation, lactose is
converted into lactic acid as in homofermentative degradation or into lactic acid,
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acetate, ethanol, and carbon dioxide via heterofermentative degradation. Milk
also contains significant amounts of citrate that can be utilized by some species of
LAB, which results in the production of carbonyl compounds including diacetyl,
acetoin, and 2, 3-butylene glycol (134) .

B. linens cannot utilize lactose or citrate (18). However, they do utilize
lactate as an energy source (29). In contrast to LAB, which decrease the pH of the
medium by lactate production, B. linens increases the pH of acidic environments
(29). Studies on the metabolism of carbohydrates by brevibacteria are lacking.
Lipolytic Enzymes

Lipolysis of milk fat during cheese maturation results in the production of
FF A. The formation of FF A in Cheddar cheese is essential to the development of
characteristic flavor (60). In addition to directly influencing flavor, FFA are the
precursors of various classes of compounds detected in cheese including ylactones, 8-lactones, acids, aldehydes, alcohols, and secondary alcohols, all of
which impact flavor (134). The hydrolysis of milk fat can be due to various
bacterial esterolytic and lipolytic enzymes as well as native milk enzymes (59) .
Low lipolytic activity has been detected and characterized in crude cell
extracts of lactococcal species (59) . Like lipases from other microorganisms,
lactococcal lipases are more active on mono and diacylglycerols than
triacylglycerols. A lipase from Lactococcus lactis ssp. cremoris has been purified
and the gene coding for it was identified (47). However, cheese made with an
isogenic strain containing the overexpressed gene failed to influence cheese
flavor (47).
Intracellular lipases/ esterases have also been demonstrated in lactobacilli,
pediococci, and micrococci; however, definitive studies, which evaluate their
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impact on cheese flavor are lacking. Lactobacilli have been observed to
produce a detectable increase in FFA from the hydrolysis of milk fat in cream,
but they had no influence on fat hydrolysis in cheese during ripening (104).
Urbach (134) suggests that lipolysis may not be the only source of FFA in cheese.
She hypothesizes that some of the fatty acids in cheese are formed from amino
acids. In support of this theory, Nakae and Elliott (99) observed the conversion of
alanine, glycine, and serine to acetate, threonine to propionate, valine to
isobutyrate, and leucine or isoleucine to isovalerate or valerate by various strains
of lactic acid bacteria.
Cheeses containing B. linens typically contain more FFA than Cheddar
cheese (109). Extracellular and intracellular esterases have been detected in B.

linens. The esterases are capable of hydrolyzing a-naphtyl acetate and

~

naphthyl butyrate but not caprylic and palmitic derivatives (25, 33). An esterase
system comprised of eight different intracellular esterases was described by
Lambrechts et al. (72). These esterases are capable of the hydrolysis of substrates
for both aryl and carboxyl esterases. The intracellular esterase purified by
Rattray and Fox (109) was capable of the hydrolysis of shorter chain length fatty
acid esters including acetic, butyric, caproic, caprylic, and capric acid; however, it
did not catalyse the hydrolysis of lauric, myristic, palmitic, and oleic esters.
Proteolytic Enzymes

The degradation of caseins by indigenous milk enzymes, rennet, and the
proteases of LAB has been identified as a key factor influencing the rate of flavor
and texture development in Cheddar cheese (73, 123). The proteolytic systems of
the LAB have been extensively studied at the biochemical, structural, and genetic
level (62, 63, 70, 94, 131, 137). Degradation of caseins by LAB and NSLAB during
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cheese ripening is accomplished by a set of sequential steps in which peptide
bonds are hydrolyzed and the products of hydrolysis transported across their
cell membranes (120). The proteolytic system of LAB consists of extracellular cell
envelope-bound proteinases that are grouped into different categories based on
the specificity of their cleavage of caseins (70, 105, 111, 125, 137). The products of
these proteinases are typically oligopeptides 4-10 amino acids in length (57) . To
further utilize these amino acids for growth they are transported into the cell.
This is accomplished by several transport systems (70). Intracellular peptidases
then act on these oligopeptides to release free amino acids. A host of peptidases
have been identified in LAB, and are now broadly classified into two groups (70):
primary peptidases, those which generate free amino acids directly from
oligopeptides (PepN, PepA, Pepi); and, secondary peptidases, which require the
action of other peptidases on oligopeptides prior to their action (PepO, PepF,
PepX, and PepR).
Considerable information is available on the proteolytic enzymes involved
in Cheddar cheese ripening. However, most studies have been conducted under
optimum physiological conditions, or conditions which are optimum for the
particular enzyme under consideration. The conditions existing in cheese are far
from optimum for most of these enzymes (51, 136), and hence they may behave
very differently in a cheese environment. To truly evaluate the role of these
enzymes in cheese, further studies need to be conducted under cheese-like
environments.
B. linens is known to be highly proteolytic. The proteolytic system of

brevibacteria is not as well characterized as that of lactococci. Over five different
extracellular proteases have been purified (44) and found to be capable of the
degradation of a-casein,

~-casein,

and whey proteins (39). Some of these
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proteases have been purified and characterized (44, 56, 107). Intracellular
proteases detected in B. linens (40) have lower casein hydrolyzing activity than
their extracellular counterparts.
Unlike the LAB studied thus far, B. linens produces extracellular APs.
Characterization studies on the purified extracellular AP reveal different
specifities. At least two distinctly different APs exist. One preferentially
hydrolyses leucine containing peptides and is incapable of the hydrolysis of
dipeptides containing an N-terminal praline residue (34, 35). The other is
capable of the catalysis of praline containing peptides (44). These data indicate
that B. linens is capable of generating free amino acids in the cheese matrix. The
amino acids can then be transported into the cells and metabolized further. This
also suggests that the presence of B. linens in cheese will produce a different
substrate pool for the action of other enzymes. Intracellular APs are purified
from B. linens (26, 108) and have characteristics different from those studied in
LAB. All these data point to a distinct difference in the proteolytic systems of
LAB and brevibacteria.
Amino Acid Metabolism

The formation of amino acids in Cheddar cheese has been found to
correlate well with flavor development (3, 43) . Amino acids themselves have not
been found to contribute to typical cheese flavor (27). However, they can be
degraded to other metabolites including aldehydes, acids, esters, and thiols, all of
which have been found to contribute to typical Cheddar flavor. The degradation
products of branched chain, aromatic, and sulfur-containing amino acids are
influential cheese flavor compounds. Metabolites of these amino acids have been
found to impart flavors described as floral, cheesy, and sulfury. Some of these
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flavors are desirable, but compounds such as indole, skatol, p-cresol, and
phenethanol contribute to putrid, unclean, and medicinal off-flavors (11) .
General catabolic pathways for the catabolism of amino acids have been
described by Hemme et al. (45) (Fig. 2) . Enzymes included in this general
scheme for amino acid catabolism are deaminases, aminotransferases, and
decarboxylases.
Aminotransferases capable of the transamination of aromatic amino acids
have been described in lactococci (42, 139) . Some nonstarter lactobacilli are
capable of the decarboxylation of amino acids, leading to the formation of
biogenic amines (53) . Decarboxylases have not been demonstrated in starter
lactococci (54) . The deamination of arginine is probably the best studied amino
acid catabolic pathway in lactococci (20) .
The catabolism of amino acids by brevibacteria has been studied by

Amino acids

CO.!

Decarboxvlation

T ransami nati on

Oxidative
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Phenols

Alcohols

Acids

Figure 2. General schematic representation of amino acid catabolic
pathways (45).
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several research groups. Hosono and Tokita investigated the decarboxylation
of lysine, alanine, leucine, glutamate, and tyrosine, which resulted in the
production of cadaverine, monomethylamine, isoamylamine, y-aminobutyric
acid, and tyramine. B. linens is also capable of the deamination of glutamine,
asparagine, and serine (45). Aromatic amino acid and aspartate
aminotransferases have been purified and characterized from B. linens (76). Lee
et al. (77) also studied the transamination and ring cleavage of tyrosine and
phenylalanine by B. linens. The catabolism of methionine by LAB and B. linens
results in production of volatile sulfur compounds.
CATABO LI SM OF METHIONINE

Many microorganisms produce methanethiol from methionine, including

B. linens, Pseudomonas putida, Escherichia coli, Clostridium sporogenes, Proteus
vulgaris, Sarcina lutea, Bacillus subtilis, Stromyces griseus, Rhizopus nigricans,
Fusarium culmorum, and Aspergillus oryzae. (32, 58, 65, 74, 80, 102, 116). Early
studies failed to detect methanethiol production by the starter lactococci,
lactobacilli and micrococci (74). However, it has been recently demonstrated that
methanethiol production is possible in Lactococcus lactis ssp. cremoris (2).
Methionine plays a central role in the interconversion between sulfurcontaining amino acids. Microorganisms catabolize sulfur amino acids by a
variety of pathways (Fig. 3). Methionine can be simultaneously deaminated and
demethiolated to yield a-ketobutyrate, methanethiol, and ammonia. The
transamination of methionine to a -keto-y- methylthiobutyrate (KMTB) has also
been demonstrated. Additionally, methionine can also be converted to
cystathionine via S-adenosylmethionine and homocysteine. The degradation of
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cystathionine can then yield cysteine, a-ketobutyrate, and ammonia.
Aminotransferases

Aminotransferases in general have broadly overlapping substrate
specificities and can catalyze reversible transamination reactions.
Aminotransferases are capable of transferring the a-amino group of amino acids
to a a-ketoacid acceptor and have been studied in several microorganisms.
Aminotransferases capable of the transamination of aromatic amino acids have
been described in lactococci (42, 139). Aromatic amino acidaminotransferases are
also capable of the transamination of methionine, which results in the formation
ofKMTB.
Cystathionine

~-lyase

Cystathionine

~-lyase

(EC 4.4.1.8) is a pyridoxal phosphate-dependent

enzyme that catalyzes the conversion of cystathionine to homocysteine with the
formation of pyruvate and ammonia (135). This enzyme is a part of the transsulphuration pathway, one that is commonly used in mammalian systems for the
metabolism of excess methionine (6). Cystathionine

~-lyase

has been

demonstrated in Salmonella and E. coli (121), and has recently been purified from
L. lactis ssp. cremoris (2). This enzyme is capable of catalyzing a, y-elimination

reactions. When methionine is the substrate for this enzyme, it produces aketobutyrate, methanethiol, and ammonia. Alting et al. (2) propose that it plays
an important role in the degradation of methionine, and production of
methanethiol, in Gouda cheese.
Cystathionine y-lyase

Cystathionine y-lyase (EC 4.4.1.1) is another pyridoxal phosphate
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dependent enzyme that catalyzes the a, y-elimination reaction of Lcystathionine producing L-cysteine, a-ketobutyrate, and ammonia. It is a
cysteine biosynthetic enzyme involved in the reverse trans-sulfuration pathway,
which is involved in the conversion of homocysteine to cysteine. This pathway
provides an alternative rout for the biosynthesis of cysteine, which is commonly
synthesized from homoserine via 0-succinylhomoserine (91). L-cystathionie rlyase has been purified from Lactococcus lactis ssp. cremoris SKll (13). This
enzyme is also capable of catalyzing the a, y-elimination of methionine
producing a-ketobutyrate, methanethiol, and ammonia.

L-Methionine r-Iyase
L-Methionine y-lyase (MGL; EC 4.4.1.11), also known as methionase, Lmethionine y-demethiolase, L-methionine methanethiollyase (deaminating), is a
pyridoxal phosphate-dependent enzyme that catalyzes the direct conversion of
methionine to a-ketobutyrate, methanethiol, and ammonia by an a-,"{elimination reaction. It does not catalyze the conversion of D-enatiomers (122,
126, 127, 128, 129). MGL is a multifunctional enzyme system because it catalyzes
the a-, y- and a-,

~-elimination

reactions of methionine and its derivatives. In

addition, the enzyme catalyzes the

~-replacement

reactions of sulfur amino acids.

The types of reactions catalyzed by MGL are shown in Figure 4. Thus various
sulfur amino acids can be synthesized from thiols and methionine, by
replacement reactions. Since its discovery by Onitake (102) in E.coli and Proteus

vulgaris, this enzyme has been found in various bacteria and is regarded as a key
enzyme in bacterial metabolism of methionine for energy from a-ketobutyrate
via propionyl CoA and then succinyl CoA.
MGL is widely distributed in bacteria, especially in pseudomonads, and is
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induced by the addition of L-methionine to the culture medium (31, 48). The
enzyme has been purified from P. putida (126), Aeromonas sp. (100), and C.

sporogenes (64, 65). Collin and Law (17) partially purified the enzyme from B.
linens NCDO 739. The physicochemical properties of the enzyme have been
summarized in Table 3. Ito et al. (49) noticed that the enzyme was activated by
heating to 52°C and 62°C. The critical temperature at which a switch from a
higher to lower activation energy occurred was 40°C. These data indicate that
there are two transitional conformations of the enzyme, each having different
kinetic properties.
Although MGL has been characterized in P. putida, an understanding of
how this enzyme functions in food grade microorganisms, like B. linens, is
needed before it can be added to cheese to help in the generation of typical
cheese flavors . Once purified and characterized, its impact on the production of
methanethiol in a cheese environment can be evaluated.
Considerable progress has been made in Cheddar cheese flavor research.
Many desirable and undesirable flavor compounds have been identified. The
pathways leading to the production of some of these compounds have been well
established; however, many others including methanethiol have yet to be
elucidated. A proper understanding of the production of key flavor compounds
like methanethiol will help in their controlled production. This in turn may
increase acceptability of lower fat Cheddar cheeses. Use of procedural
modifications and addition of adjunct cultures have helped improve the flavor of
low-fat Cheddar cheese; however, the use of other non-LAB as flavor adjuncts
like B. linens may help further increase the acceptability of low-fat Cheddar
cheese.

TABLE 3. Physicochemical properties of MGL
Source

P. pudita

Aeromonas ssp.

C. sporogenes

T. vaginalis

B. linens

165,000a
174,000C

149,000b
159,000C

150,000a,b

160,000b

175,oooa

Number of subunits

4

4

4

4

Molecular weight of
subunits

43 ,000-48 ,000

41,000

42,000-45 ,000

4

4

4

278 nm
(E = 134,000)
420 nm

278 nm
(E = 159,000)
423 nm

278 nm

(E = 38,900)

(E

Properties
Molecular weight

PPLct content
(mol/mol of
enzyme)
Absorption maxima

pl

5.6

Optimum pH

8.5

420 nm

=31,300)
4.2

5.0 -6.0
8.0

•sedimentation equilibrium
bGel permeability
<Low angle light scattering
dPyridoxal phosphate
N

00
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HYPOTHESIS AND OBJECTIVES

Low-fat cheese lacks flavor. By adding bacteria capable of producing
methanethiol, desirable flavors may increase, resulting in the production of a
more acceptable low-fat cheese. The main objective of this study was to test this
hypothesis. In order to test this hypothesis the following objectives were met:
1.

To study the influence of cheese-like conditions on the AP and L/E
activity of starter cultures and non-starter flavor adjunct bacteria.

2.

To determine the thiol-producing capability of starter cultures and nonstarter flavor adjunct bacteria.

3.

To determine which enzymes are involved in the production of
methanethiol by starter cultures and non-starter flavor adjunct bacteria. To
study the influence of cheese-like conditions on these enzyme activities.

4.

To purify and characterize MGL from B. linens BL2 and study its influence
on methanethiol production using a cheese slurry system as a model.

5.

To investigate the use of B. linens BL2 as an adjunct to improve Cheddar
flavor in reduced-fat Cheddar cheese.
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CHAPTER III
A SEMIAUTOMATED COLORIMETRIC METHOD
FOR DETERMINATION OF AMINOPEPTIDASE
ACTIVITY IN TURBID SOLUTIONS 1
ABSTRACT

A semiautomated colorimetric method to measure aminopeptidase
activity using reflectance colorimetry is described. p-Nitroanilide derivatives of
12 amino acids were used to detect aminopeptidase activity in phosphate buffer
and milk. Enzyme activity, in phosphate buffer, determined using
spectrophotometry and colorimetry was linearly correlated (R2 = 0.991),
indicating colorimetry can be used in place of spectrophotometry to measure
aminopeptidase activity. Aminopeptidase activity determined colorimetrically
in buffer was linearly correlated (R2 = 0.981) with activity in milk, indicating
colorimetry can be used to detect enzyme activity in turbid solutions such as
milk and dairy products. Optimum substrate concentration differed for milk and
phosphate buffer. Assays in milk required higher concentrations of chromogenic
substrates (0.8 to 1.0 mM) than did assays in phosphate buffer (0.3 to 0.5 mM).
The assay was more repeatable in milk (average coefficient of variation= 3.6%)
than in buffer (average coefficient of variation= 14.0%). Aminopeptidase
activity of cell-free extracts from Lactobacillus helveticus CNRZ32 was used to
demonstrate the use of the assay. Enzyme profiles of this strain were similar in
1
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milk and in phosphate buffer. High activity was detected with p -nitroanilide
derivatives of arginine, lysine, leucine, alanine, and methionine.
INTRODUCTION
Microbial proteases and peptidases play a vital role in the flavor and
texture development of cheese during aging. Peptides released from casein by
proteases are subsequently hydrolyzed to smaller peptides and free amino acids
by a variety of enzymes including proteases and peptidases (4, 11). Additionally
amino acids and some peptides generated from proteolysis are important
precursors for cheese flavor development (2, 3). Bitterness has been attributed to
an accumulation of specific peptides that resist further degradation (5).
However, Lactobacillus helveticus CNRZ32, which has high aminopeptidase (AP)
activity, reduces bitterness (10). Despite the importance of these enzymes in
cheese flavor, methods to detect peptidase activity in cheese require extensive
sample preparation and methods with the appropriate sensitivity have not yet
been developed.
Spectrophotometric methods developed to determine proteolytic activity
typically require use of nonturbid solutions (7, 12), which limits their use to
describe the enzyme activity in cheese. These methods offer limited information
regarding specific proteolytic activity, but adequately describe general
proteolysis. Methods that mimic cheese-ripening conditions for specific
enzymatic activity have not been developed.
Enzymatic activity in turbid solutions can be determined using reflectance
colorimetry, which eliminates the need for extensive sample preparation (1).
Chromogenic substrates are commonly used in serum to detect aminopeptidase
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before sterile 106 micron glass beads (Sigma Chemicals, St. Louis, MO) were
added and vortexed at high speed for 2 min at room temperature to complete cell
lysis. Ten milliliters of 0.05 M sodium phosphate buffer (pH 7.2) was added to
this slurry and centrifuged at 7000 x g, 4°C for 30 min. The supernatant was
considered to be the CFE and used in enzyme assays.
Protein Assay

The protein content was determined using the bichinconinic acid assay
according to manufacturer's instructions (Pierce Chemical Co., Rockford IL, 9) .
Bovine serum albumin was used to obtain a standard curve.
Colorimetric Peptidase Assay

Stock solutions (10 rnM) of p-Nitroanilide (p-NA) derivatives of L-amino
acid arginine, leucine, lysine, alanine, valine, praline, methionine, glycine, and yglutamine (Sigma Chemicals, St. Louis, MO) were dissolved in sterile 0.05 M
sodium phosphate buffer (pH 7.2). p-NA L-amino acid derivatives (Sigma
Chemicals, St. Louis, MO) of tyrosine and phenylalanine were dissolved in a
minimum amount of N,N-dimethyl formamide (0.5 ml) before addition to sterile
0.05 M sodium phosphate buffer (pH 7.2) to a final volume of 10 ml. Aliquots
(1 ml) of 10-rnM stock solutions were stored at -20°C, thawed, dilutions made,
and used immediately.
Each assay mixture contained 100 µl of 1 mM chromogenic substrate in
either 0.05 M sodium phosphate buffer (pH 7.2) or pasteurized 11 % NFDM,
which were preincubated at 37°C for 15 min in microtiter plates before addition
of CFE. Assays were initiated by the addition of 100 µl of CFE diluted to 100 µg
protein/ml in sterile 96-well microtiter plates (Baxter Diagnostic, Inc., Deerfield,
IL) with sterile tape coverings. Hydrolysis of chromogenic substrates was
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measured colorimetrically by the increase in yellowness (b*) using a
reflectance colorimeter (Omnispec® 4000 Bioactivity monitor Wescor, Inc.,
Logan, UT) every 2 min in triplicate at 37°C. Substrate controls contained 200 µl
of the stock solution in 0.05 M sodium phosphate buffer (pH 7.2) . Two reference
wells were also included on each 96-well plate, which contained 200 µl of 0.05 M
sodium phosphate buffer (pH 7.2) and 1 mM solution of p-NA in 0.05 M sodium
phosphate buffer (pH 7.2).
To determine optimum substrate concentration, concentrations of LArginine-p-NA ranging from 0.1mMto5 mM were dissolved in 0.05 M sodium
phosphate buffer (pH 7.2) and pasteurized 11 % NFDM. The influence of the
protein concentration on AP activity was studied by assaying different
concentrations of NFDM ranging from 0-5% and a fixed concentration of 100 µg
protein / ml of CFE from L. helveticus CNRZ32.
Spectrophotometric Peptidase Assay

Assay mixtures contained 0.5 ml of 1 mM arginine-p-NA in 0.05 M
sodium phosphate buffer (pH 7.2) and 0.5 ml of CFE containing 100 mg
protein/ ml. The substrate was preincubated at 37°C for 15 min before addition
of the CFE. Absorbance was measured at 410 nm every 2 min for 1 h in a
Beckman DU65 spectrophotometer (Fullerton, CA) at 37°C.
Calculation of Peptidase Activity

Assays were done in three different colorimeters, each with slightly
different absolute color readings. Therefore, colorimetric values were adjusted to
account for the instrument variation in the activity determination (Formula 1).
Enzyme activities were determined by graphing the adjusted b* value over assay
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time and calculating the slope of the linear portion of the curve, typically the
first 1 h (Formula 2).
Enzyme activities measured with a spectrophotometer were calculated by
determining the slope of linear portion of the curve, typically the first 1 h of the
A 410 reading. The slope from each detection method was divided by the amount
of protein in the added CFE (Formula 3).

Formula 1
Adjusted b* =

(Kl-K2)
((b* p-NA/plate-b*buffer /plate) (b* assay - b* substrate control))

Ki =Average p-NA reading for all colorimeters over all tests (20.74).

K2 =Average buffer readings for all colorimeters over all tests (-1.457).

Formula 2

Colorimetric
enzyme activity
=
(~ b* I mg protein/h)

slope of adjusted b* value
CFE protein concentration

Formula 3

Spectrophotometric
enzyme activity
(A410 /mg protein/h)

slope A410

=

CFE protein concentration
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RES UL TS AND DISCUSSION
Correlation of Spectrophotometry
and Colorimetry

We added CFE from L. helveticus CNRZ32 and Arg-pNA to phosphate
buffer and measured release of free chromogen using spectrophotometry and
colorimetry to determine if reflectance colorimetry could detect enzyme activity.
The AP activities measured spectrophotometrically and colorimetrically in
phosphate buffer were linearly correlated (R2=0.991; Fig. 5), indicating
reflectance colorimetry accurately measured AP activity in phosphate buffer.
The concentration of the substrate used generated typical enzyme kinetic curves
and the linear portion of the curve was used to calculate activity.
Richardson et al. (8) demonstrated reflectance colorimetry is of use in
turbid solutions, such as milk, to measure microbial growth and enzyme activity.
We further explored the use of colorimetry in turbid solutions by adding CFE of
L. helveticus CNRZ32 to 11 % NFDM and phosphate buffer. Colorimetrically

measured AP activity was linearly correlated in NFDM and buffer (R2=0.981; Fig.
6), indicating colorimetry accurately measured enzyme activity in turbid and
nonturbid solutions equally well. These data suggest reflectance colorimetry can
be used in place of spectrophotometry to measure AP activity directly in foods.
Substrate Concentration and
Enzyme Inhibition

We further refined the assay to increase its utility in turbid systems. The
optimum substrate concentration for L-Arg-pNA was 0.3 mM in phosphate
buffer (Fig. 7), between 0.8 mM and 1 mM in milk. Addition of substrate above 1

mM inhibited enzyme activity and subsequent assays were conducted at
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R2 = 0.991
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1 mM in milk to avoid inhibition and nonlinear enzyme rate calculations.
Differences in optimum substrate concentrations in milk and buffer were
partially due to competitive inhibition of milk proteins and peptides (Fig. 8),
indicating the protein concentration must be known for each type of sample.
Also contributing to the variation between milk and buffer was the absolute
color difference of the sample due to increased light scattering in milk. The
absolute color value in milk and buffer differ (1), but the relative rate of color
change (substrate hydrolysis) was similar in each solution, i.e., the rate of change
can be used to determine enzyme activity in milk and buffer. Variations in
protein content and light scattering in samples should be accounted for when
measuring AP activity by using appropriate controls.
Routine use of the assay was determined by calculating the repeatability
of the assay with varying substrates (Table 4). Milk had the lowest average
%CV. Floccules in the buffer reaction mixture at high CFE concentrations caused
changes in light scattering during the assay, thereby increasing the variability of
nonturbid solutions for spectrophotometry and colorimetry. Floccules can
further interfere with colorimetric readings when they settle and form a layer of
white precipitate at the bottom of the well, which could be a problem with assays
requiring long incubations since this is the surface used by the colorimeter for
detection. In this study, however, precipitate formed after the time used to
calculate the activity. These data indicated that colorimetry with chromogenic
amino acid substrates is an assay that can be used directly in milk.
L. helveticus CNRZ32 Characterization

To verify the utility and accuracy of the assay in culture, we characterized
the AP activity in L. helveticus CNRZ32 CFE in buffer and milk. High Lys, Arg,
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TABLE 4. Coefficients of variation of aminopeptidase substrates determined
with CFE of L. helveticus CNRZ 32 when measured by spectrophotometry and
colorimetry in milk or buffer.
Coefficient of variation(%)

Spectrophotometry

Colorimetry
NFDM

Colorimetry
buffer

Arginine

18.88

1.9

15.7

Lysine

NDa

1.4

12.5

Leu cine

ND

5.5

8.6

Alanine

ND

4.2

17.5

Methionine

ND

5.1

15.5

3.6

14.0

Substrate

Average
aNot determined

Leu, Met, and Ala AP activity were detected, which corresponded to PepN
activity based on substrate specificity (6) . Low Phe and y-Glu activity indicated
low PepA and PepC activity (6) . AP activity was higher in buffer than in milk
(Fig. 9), indicating milk proteins inhibited enzyme activity, but the AP profiles in
both milk and buffer were similar. High Arg, Lys, Leu, Ala, and Met AP activity
in L. helveticus CNRZ32 corresponds to high PepN activity, which confirms the
findings of Khalid and Marth (4). Use of colorimetry and chromogenic
substrates accurately measured AP activity in milk and characterized bacterial
AP activity. The repeatability of the assay indicated that it is more useful in
turbid solutions than in nonturbid solutions.
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CHAPTER IV
DETECTION OF a -KETO ACIDS BY CAPILLARY ELECTROPHORESIS
ABSTRACT

A method for the separation and quantification of a-keto acids, including
a-ketobutyrate, a-ketoglutarate, a-keto-y-methylthiobutyrate, and pyruvate, was
developed. The method was based on the separation of 3-methyl-2benzothiazolone hydrazone derivatives of the a-keto acids using micellar
electrokinetic capillary chromatography followed by detection at 340 nm. The
reproducibility ranged from 1.451 to 2.41 (%RSD) and quantitative with a
detection limit ranging from 15 to 38 pmole. Demonstration of the assay was
done using bacterial cell-free extracts by measuring the a-keto acid formed
during amino acid transamination reactions using methionine as the substrate.
These data suggest this assay is useful for measuring aminotransferase activity
and the detection of a-keto acids in biological samples.
INTRODUCTION

Levels of a-keto acids in serum and urine are indicators of various
metabolic disorders such as maple syrup urine disease, phenylketonuria, and
tyrosinosis. Hence, considerable attention has been given to the study of a-keto
acids in mammalian metabolism (4, 5, 6, 8). a-Keto acids are also important
intermediates in the metabolism of amino acids in microbes.
Amino acids are metabolized by microbial enzymes to various
compounds (10) that are of interest in the microbial physiology of bacteria. An
1
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important amino acid for microbial growth and metabolism is methionine.
This amino acid is converted into sulfur-containing flavor compounds, methyl
donors, nucleic acids and other amino acids. Many of these pathways are
initiated with a transaminase reaction, which results in the formation of a keto
acid. The transamination of methionine results in the formation of a-keto-ymethylthiobutyrate (KMTB) (13), which is subsequently converted to aketobutyrate (KB) and methanethiol; however, this reaction has not been
conclusively demonstrated in bacteria (10).
Aminotransferase activity can be measured spectrophotometrically with
coupled enzymatic reactions, which measure the rate of NADH formation from
NAD. However, these reactions have several drawbacks, especially when using
crude enzyme preparations. Interfering side reactions causing the oxidation of
NADH, or its spontaneous degradation can give erroneous results (1). Direct
measurement of the transamination of non-aromatic amino acid requires
separation techniques since these reactions involve the conversion of one keto
acid to another.
Methods based on paper chromatography (2), gas-liquid chromatography
(7), and reversed phase high performance liquid chromatography (4) have been
described for the separation of a-keto acids derivatized with various labeling
agents including 2, 4-dinitrophenylhydrazine (2), 4,5-diaminopthal hydrazide
dihydrochloride (8) and 1,2-diamino-4,5-dimethoxybenzene (5) . None of these
methods have the resolving power of capillary electrophoresis (CE). Other
attractive advantages of CE include rapidity of the method, small sample
volumes (nL), and limited solvent waste.
Separation by micellar electrokinetic capillary chromatography (MECC) is
based on the interaction and partitioning of the analyte in a micelle during
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electrophoresis (11). Ionic micelles migrate slower than the solution in the
capillary. This results in the slower movement of the solute within the micelles
than the solute in the surrounding aqueous phase (12). Hence, hydrophilic
solutes migrate faster than hydrophobic ones. Using this principal a method to
separate the methyl 2-benzothiazolone hydrazone (MBTH) derivatives of a-keto
acids was developed. The utility of the assay was demonstrated with methionine
transamination by cell-free extracts (CFE) of L. lactis subsp. cremoris S2.
EXPERIMENTAL
Bacteria

L. lactis subsp. cremoris S2 obtained from the Utah State University culture
collection was frozen in 10% non-fat dry milk containing 30% glycerol and stored
at -70°C until used. Before each use, a frozen stock culture was thawed and
grown in Elliker's Broth (Difeo Laboratories, Detroit, MI) at 30°C for two
transfers prior to inoculation for further testing.
Cell-Free Extract Preparation

Cultures were grown in 10-ml Elliker' s broth (Difeo) for 8-12 h at 30°C and
harvested by centrifugation (5,000xgfor10 min at 4°C) . The pelleted cells were
washed twice with 0.05 M potassium phosphate buffer (pH 7.2), lysed by mixing
with glass beads (106 microns, Sigma Chemical Co., St. Louis, MO) at maximum
speed on a vortex mixer for 30 s at 4 °C. This was repeated 10 times at 30-s
intervals. After centrifugation (8,000 x g for 30 min at 4°C), the supernatant was
collected and considered to be the CFE.
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Protein Assay
The total protein content in the CFE was determined using the
bichinconinic acid assay (Pierce Chemical Co., Rockford, IL) according to the
manufacturer's instructions. Bovine serum albumin was used to obtain a
standard curve.
Aminotransferase Activity
Aminotransferase activity in the CFE was determined by measuring the
amount of KMTB formed in 2 hat 30°C. The reaction mix contained 50 mM
potassium phosphate (pH 7.2), 10 mM Met, 10 mM a-ketoglutarate (KG), 20 µM
pyridoxal phosphate, and 100 µL of the CFE in a final volume of 500 µL. The
reaction was stopped with the addition of 50% trichloroacetic acid (TCA) to a
final concentration of 5% in the reaction mix. After centrifugation at 16,000 x g
for 2 min, at 25°C, 125 µL of the reaction mix was derivatized using MBTH (9).
Derivatization with MBTH
The derivatization mix contained 0.2 M sodium acetate buffer (pH 5.0),
1.16 mM MBTH, and 125 µL of the keto acid standard or enzyme assay reaction
mix in a final volume of 500 µL. After mixing, the derivatization mix was
incubated at 50°C for 30 min and then cooled to room temperature before further
testing (9).
Solutions of KB, KG, KMTB, a-ketocaproate (KC), a-ketoisocaproate
(KIC), a-ketovalerate (KV), and pyruvate (Pyr) were prepared in 50 mM
potassium phosphate (pH 7.2) (all to a concentration of 1 mM). Each of these
solutions was derivatized, using MBTH, as described above. To obtain standard
curves and determine the detection limit for KB, KG, KMTB, and Pyr, a mixture
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of the four compounds was serially diluted to concentrations until the signalto-noise ratio was less than five.
To determine within-run precision, a sample mixture containing 62.5
nmoles of KB, KG, KMTB, and Pyr was injected five consecutive times on the
same day. To test for reproducibility, five independently prepared samples were
injected over a one-year period.
MECC Electrophoresis

Electrophoresis was done using a PI ACE 2100 automated CE system
(Beckman Instruments, Inc., Fullerton, CA) equipped with a 75 µm I. D. x 57 cm
untreated silica capillary and System Gold software (version 7.11). New
capillaries were conditioned with 1 M NaOH, equilibrated with 100 mM sodium
borate (pH 8.5) until the baseline stabilized, typically 12 h. The polarity was set
with the positive pole at the capillary inlet. Electrolytes, buffers, and wash
solutions were filtered though a 0.2-µm nylon filter unit (Nalgene Co., Rochester,
NY) before use.
Resolution of compounds in the standard mixture was optimized by
MECC electrophoresis in 100-mM sodium borate (pH 8.5) run buffer, which
contained different levels of sodium dodecyl sulfate (SDS). The buffers were
prepared by mixing 400 mM sodium borate buffer stock (pH 8.5) with an
appropriate volume of 200 mM SDS stock solution. Immediately prior to loading
on to the autosampler, samples were centrifuged at 14,000 x g for 5 min to
remove any residual particulate matter. MECC was done at 25°C for 25 min at 12
kV with a 1-s pressure injection. After electrophoresis, the capillary was rinsed
twice for 1 min at high pressure with 0.1 M NaOH followed by a 2-min high
pressure rinse with run buffer. Sample detection was achieved at 340 nm with
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the detector range at 0.02 AU full scale and a data collection rate of 2 Hz using
an UV detector (Beckman Instruments, Inc.).
RESULTS AND DISCUSSION
General Considerations

Compounds separate based on their partitioning between the SDS micelle
and the mobile phase, and hence different concentrations of SDS in the stationary
phase influence the mobility of the compounds. To optimize the MECC
separation of the derivatives of the different a-keto acids, SDS concentrations in
the run buffer were varied. The influence of SDS concentration in the run buffer
on the mobility of the a-keto acids is shown in Figure 10. The optimum
concentration of SDS in the run buffer for the separation of the keto acid
derivatives was found to be 100 rnM. Under the conditions of the assay we were
able to separate seven keto acid derivatives in a period of 25 min (Fig. 11).
The MBTH derivatives of keto acids have characteristic UV absorption
spectra which enables their detection at 340 nm (9) . The derivatization of a-keto
acids with MBTH is a simple procedure, involving a 30-min incubation period.
MBTH reacts with various compounds, including aldehydes, ketones, and keto
acids to produce azine or osazine derivatives, each of which has a characteristic
absorption spectrum (9) . At 340 nm KB, KG, Pyr, and KMTB produce a signal
strong enough to be detected at the pmole range using the current separation
method. With a signal-to-noise ratio of 5, the minimum detectable limits of the
a-keto acids ranged from 15 to 38 pmole (Table 5). The absorption of the
derivatives was pH dependent, being highest at about pH 5.0 (9). The
derivatives were stable at room temperature for more than 24 h at pH 5.0 in a
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Figure 10. Influence of SDS concentration on the separation of MBTH
derivatives. KB, a-ketobutyrate; KG, a-ketoglutarate; Pyr, pyruvate.

sodium acetate buffer. In borate buffer at pH 8.5 the signal gradually degraded
(data not shown). The separation procedure developed used a borate buffer at
pH 8.5; however, the compounds are exposed to the buffer for fixed periods of
time, and hence the degradation would be expected to be the same in all
samples. It should also be noted that when the capillary was dipped into the
same sample vial more than once, degradation of the derivatives occurred.
Hence each vial was used for only one injection.
Accuracy and Precision
The linearity of the separation method, and the detection limit were
investigated by injecting serially diluted samples containing equimolar
concentrations of KG, KB, KMTB, and Pyr in the range of 10 µM to 1 mM.
Regression analysis indicated that the response was linearly correlated with the
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TABLE 5. Detection limit for KB, KG, KMTB, and Pyr
Substance tested

Detection limit (pmole)

KB

37.5

KG

15.0

KMTB

15.0

Pyr

15.0

a-keto acid concentrations over the range tested (R2 =0.99 for KG, KMTB, KB,
and Pyr; Fig. 12).
The %RSD of a-keto acid mobility was <0.6% within runs and 2.5%
between runs for all compounds tested (Table 6). These data indicate that MECC
is acceptable and useful for the separation of a-keto acids.
The %RSD of a-keto acid concentration was <6% within runs and <10.5%
between runs for all compounds tested (Table 7) . The higher variability was
influenced by the instability of the derivatives to high pH. This was addressed
by using the sample vial for only one injection. This approach still allowed for
some degradation during the assay time of 25 min. Use of a different chromogen
may alleviate this variability. However, for enzyme assays using CFE this
amount of variability is acceptable.
Aminotransferase Assay

The transamination of methionine results in the formation of KMTB.
When CFEs of Lactococcus lactis ssp cremoris 52 were incubated with methionine
and KG (amino group acceptor) for a period of 2 h, KMTB produced in the
reaction mix could be separated and quantified using theMECC method
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TABLE 6. Within run and between run %RSD (mobility).
RSD (%)
Substance tested

Within run

Between run

KG

0.376

1.894

KMTB

0.559

2.410

KB

0.143

1.519

Pyr

0.265

1.451

TABLE 7. Within run and between run% RSD (concentration).
RSD (%)
Substance tested

Within run

Between run

KG

0.731

10.039

KMTB

5.857

7.649

KB

5.852

7.047

Pyr

4.805

9.159

described (Fig. 13). No KMTB production was observed when heat-inactivated
CFEs were added to the reaction mix (Figure 13). This indicates that KMTB
formation is not spontaneous and its formation is catalyzed by an enzyme. In
order to measure KMTB production over a fixed time period, the transaminase
reaction was terminated by the addition of TCA to a final concentration of 5% in
the reaction mix. This concentration of TCA did not affect subsequent
derivatization and separation of the a-keto acids in the reaction mix. The
presence of methionine aminotransferase activity in CFEs of Lactococcus lactis ssp

cremoris S2 confirms the observations of Dias and Weimer (3) and Yuvon et al.
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(13), who detected aminotransferases capable of the transamination of
methionine in lactococci.
CONCLUSIONS

A method was developed for the separation and quantification of various
cx-keto acids including KG, KB, KMTB, Pyr, KV, KC, and KIC. The method was
reproducible and sensitive, and individual peaks on the electropherogram have
high resolution. The method can be used to separate and measure cx-keto acids
formed by the transamination of amino acids by CFE of microorganisms. This
separation procedure also has the potential for separation and detection of cx-keto
acids in serum and urine, and may hence prove to be an important tool for the
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diagnosis of metabolic disorders in which serum and urine concentrations of
these a-keto acids are elevated.
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CHAPTERV
CONVERSION OF METHIONINE TO THIOLS BY LACTOCOCCI,
LACTOBACILLI, AND BREVIBACTERIA 1
ABSTRACT

Methanethiol has been strongly associated with desirable Cheddar cheese
flavor and can be formed from the degradation of methionine (Met) via a
number of microbial enzymes. Methionine y-lyase is thought to play a major role
in the catabolism of Met and generation of methanethiol in several species of
bacteria. Enzymes that have been reported to be capable of producing
methanethiol from Met in lactic acid bacteria include cystathionine ~-lyase and
cystathionine y-lyase. The objective of this study was to determine the
production, stability, and activity of the enzymes involved in methanethiol
generation in bacteria associated with cheese making. Lactococci and lactobacilli
were observed to contain high levels of enzymes that acted primarily on
cystathionine. Enzyme activity was dependent on the concentration of sulfur
amino acids in the growth medium. Met aminotransferase activity was detected
in all of the lactic acid bacteria tested and a-ketoglutarate was used as the amino
group acceptor. In Lactococcus lactis subsp. cremoris S2, Met aminotransferase
activity was repressed with increasing concentrations of Met in the growth
medium. While no Met aminotransferase activity was detected in Brevibacterium

linens BL2, it possessed high levels of L-methionine y-lyase activity that was
induced by addition of Met to the growth medium. Met demethiolation activity
at pH 5.2 with 4% NaCl was not detected in cell extracts, but was detected in
1
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whole cells.These data suggest Met degradation in Cheddar cheese will
depend on the organism used, the amount of enzyme release during aging, and
amount of Met in the cheese matrix.
INTRODUCTION

The primary classes of compounds that contribute to cheese flavor include
amino acids and their degradation products, peptides, carbonyl compounds, and
fatty acids. These partition primarily into the aqueous fraction of cheese (2). The
volatile fraction of cheese has sulfur-containing compounds such as
methanethiol, methional, dimethylsulfide, dimethyl tetrasulfide, carbonyl
sulfide, and hydrogen sulfide (28), and they contribute to the aroma of cheese (7) .
Methanethiol has been associated with desirable cheddary-type sulfur notes in
good quality Cheddar cheese (3), and it is also implicated as an influential aroma
and flavor compound in many foods, including surface-ripened cheeses that use
brevibacteria (17). However, methanethiol, when present alone, does not
contribute to typical Cheddar-like flavor notes in cheese (17).
Production of methanethiol is important in cheese, but the Met
biosynthetic and catabolic pathways vary among bacteria (23) . The mechanism
involved and amounts of methanethiol produced during cheese ripening also
vary. In an effort to increase and accelerate the development of typical Cheddar
cheese flavor, adjunct bacteria have been used during the manufacture of lowand full-fat cheese. Initial selection of flavor adjunct cultures focused on those
bacteria used to accelerate flavor development in full-fat cheese, which are
typically lactobacilli because they dominate (10 7-9 cfu/ g of cheese during storage
at 8°C) the microflora during aging (15). The Lactobacillus genus is considered to
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be a member of non-starter lactic acid bacteria subgroup because it is not
added with the starter culture for Cheddar cheese. In addition to lactobacilli,
micrococci and pediococci have been used as adjunct bacteria to aid in flavor
development (20). Brevibacteria, which are normally found on the surface of
Limburger and other Trappist-type cheeses, are not traditionally used as a flavor
adjunct in Cheddar cheese. One advantage this organism has over other
adjuncts is the profuse production of methanethiol (9). Weimer et al. (30)
successfully used Brevibacterium linens as an adjunct to improve the flavor of lowfat Cheddar cheese.
The mechanism for the production of methanethiol in cheese by bacteria
can be a result of the direct catabolism of Met or it can arise from the inadvertent
catalysis by other enzymes (1, 6, 17). The most direct route to methanethiol is the
conversion of Met to methanethiol, ammonia, and a-ketobutyrate (Fig. 14). This
transformation is catalyzed by the inducible Methionine y-lyase (MGL), a
pyridoxal phosphate (PLP)-dependent enzyme (24), which has been purified to
homogeneity from Pseudomonas putida (14, 27), Aeromonas spp. (26), Clostridium

sporogenes (16), and partially purified from B. linens (6).
Pathways leading away from Met are important to consider because this
amino acid is central to many other critical metabolic functions (Fig. 14).
Utilization of Met for other metabolic functions would lower the pool of Met
available for conversion to methanethiol. Methionine adenosyl transferase (Sadenosyl-methionine [SAM) synthetase) converts Met SAM at the expense of one
ATP. SAM, one of the major methylating agents in a cell, is also important in the
regulation of several of the Met-biosynthetic enzymes (22). Reduced SAM
synthetase activity leads to low intracellular levels of SAM, resulting in the
induction of the Met-biosynthetic pathway (32).
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Figure 14. Metabolic pathways for Met interconversion. The primary
intermediates and enzymes are listed. Enzyme 1 is cystathionine y-lyase, 2 is
cystathionine ~-lyase, 3 is cystathionine ~-synthase, 4 is homocysteine
methyltransferase, 5 is aromatic aminotransferase (tyrB) or transaminase B (ilvE),
6 is amino acid oxidase, 7 is Met adenosyl transferase, and 8 is Met y-lyase
(adapted from references 18 and 23).

Another mechanism that directs Met away from methanethiol is the
deamination reaction to form a-keto y-methylthio butyrate (KMTB). This
conversion can be catalyzed by various aminotransferases (33) or amino acid
oxidases (21). These enzymes are common in bacteria and are usually the last
step in amino acid synthetic pathways (13). Amino acid oxidase activity is a
possible route for KMTB production, and possible for subsequent methanethiol
production in cheese, but this is unlikely because cheese tends to be anaerobic.
Evidence for the conversion of KMTB to methanethiol is lacking in bacteria;
however, this reaction has been shown to take place enzymatically in fungal
species (23).
When the catabolic pathways for Met are considered, the enzymes
involv~d

in the biosynthesis of Met must also be included. Although the

principal reactions that these enzymes catalyze are involved in the synthesis of
Met, they also coincidentally catalyze catabolic reactions that lead to the
production of methanethiol and possibly other cheese flavor compounds. For
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example, cystathionine

~-lyase,

which primarily catalyzes the conversion of

cystathionine to homocysteine, a reaction involved in the synthesis of Met (29),
also catalyzes the conversion of Met to methanethiol, ammonia, and aketobutyrate, at 100 times less efficiency than the conversion to homocysteine in

Lactococcus lactis subsp. cremoris S2 (1). This enzyme was purified from lactococci
and has been implicated in the generation of methanethiol in Cheddar cheese (1).
Cystathionine y-lyase catalyzes the a, y elimination of cystathionine to produce
cysteine (Cys), a-ketobutyrate, and ammonia (19) . A cystathionine y-lyase
purified from Lactococcus lactis subsp. cremoris is capable of catalyzing the a, yelimination of Met to produce methanethiol at a much lower efficiency than the
primary reaction it catalyzes (4). These enzymes may be present in the cells and
liberated when the cells die and lyse during cheese storage, as occurs in Cheddar
cheese ripening (10). With these observations in mind, the objective of this study
was to determine the conversion pathways of Met to free thiols under laboratory
and cheese-like conditions in bacteria used as starter cultures and flavor adjuncts
in Cheddar cheese.
MATERIALS AND METHODS
Bacterial Strains

Lactococci and lactobacilli were grown in Elliker's broth (Difeo, Detroit,
MI) at their respective optimum growth temperatures (Table 8) and frozen in
10% non-fat dry milk containing 30% glycerol. Brevibacteria and micrococci
were grown in tryptic soy broth (Difeo) with aeration at 25°C and frozen in
sterile tryptic soy broth containing 30% glycerol (Table 8). All strains were
stored at -70°C until further use. Before each use, frozen stock cultures were
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TABLE 8. Bacteria, media, and growth conditions.

Strain
L. lactis subsp. cremoris Sl
L. lactis subsp. cremoris S2
L. lactis subsp. lactis S3
Lactobacillus helveticus CNRZ32
Lactobacillus casei LC301
Micrococcus sp 21829
Micrococcus luteus 383
Micrococcus varians 15306
Micrococcus naucinus 15935
Brevibacterium linens BLl
Brevibacterium linens BL2
Brevibacterium linens BL3
Brevibacterium linens 8377
Brevibacterium linens 9172
Brevibacterium linens 9175
Brevibacterium linens 19391
Brevibacterium fiavum 14067
Brevibacterium fiavum 15940
Brevibacterium fiavum 15941
Brevibacterium fiavum 15942
Brevibacterium flavum 21127
Brevibacterium flavum 21128
Brevibacterium fiavum 21129
Brevibacterium acetylicum 953

Source
Marschall Products•
Laboratory Collection
Marschall Products
Laboratory Collection
Laboratory Collection
ATCCb
ATCC
ATCC
ATCC
Laboratory Collection
Laboratory Collection
Laboratory Collection
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC

Growth
temp
(°C)
30
30
30
37
30
30
30
30
30
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25

Aeration
(250 rpm)

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

• Rhodia Inc., Madison, WI. b ATCC, American Type Culture Collection.
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thawed and grown in a chemically defined medium (CDM) (11) at their
respective temperatures (Table 8) for two transfers prior to further testing.
Whole-Cell Preparation for
Enzyme Assays

Cells were harvested by centrifugation (5,000 x g for 10 min at 4 °C),
washed twice with 0.05 M potassium phosphate buffer (pH 7.2), and adjusted to
an optical density at 600 nm of 0.8 in 0.05 M potassium phosphate (pH 7.2), or
0.05 M potassium citrate (pH 5.2). The respective enzyme assays were done
immediately using these bacterial suspensions.
Cell-Free Extract Preparation

Cells grown to mid-log phase in 100 mL of CDM were harvested by
centrifugation (5,000 x g for 10 min at 4 °C) . The pelleted cells were washed twice
with 0.05 M potassium phosphate buffer (pH 7.2) then lysed by mixing with
glass beads (106 microns, Sigma Chemical Co., MO) at maximum speed on a
vortex mixer for 30 s at 4 °C. This was repeated 10 times at 30-s intervals. After
centrifugation (8,000 x g for 30 min at 4 °C), the supernatant was collected and
considered to be the cell-free extract (CFE).
Protein Assay

The total protein content in each CFE was determined using the
bichinconinic acid assay (Pierce Chemical Co., Rockford, Ill) according to the
manufacturer's instructions. Bovine serum albumin was used to obtain a
standard curve.
MTPC
Methanethiol-producing capacity (MTPC) of each organism was

- - - -- - - -- - -
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determined as described by Ferchichi et al. (8). Methanethiol produced from
L-Met was reacted with 5, 5'-dithio-bis-2-nitrobenzoic acid (DTNB; Sigma
Chemical Co.) to produce a yellow aryl mercaptan that can be detected
spectrophotometrically at 412 nm. Controls with only substrate plus DTNB, and
only cells plus DTNB were also included. A standard curve was obtained using
different concentrations of ethanethiol. At pH 5.2, 0.05 M potassium citrate
buffer was used; however, at pH 7.2, a 0.05 M potassium phosphate buffer was
used. Data are reported as means of results from duplicate reactions.
a-Keto Acid Determination

Separation of cx-keto acids and amino acids was done using rnicellar
electrokinetic capillary chromatography (MECC). The method of Strickland et al.
(25) was modified by using 0.1 M sodium borate and 0.1 M sodium dodecyl
sulfate as the run buffer. Electrophoresis was done at 25°C for 30 min at 12 kV
with a 1-s pressure injection into a 57-cm by 75-µm untreated silica capillary on a

PI ACE 2100 automated capillary electrophoresis system (Beckman Instruments,
Fullerton, CA). The polarity was set with the positive pole at the capillary inlet.
Sample detection was achieved at 214 nm with the detector range at 0.02
absorbance units, full scale, and a data collection rate of 2 Hz.
Cystathionine Degradation

Cystathionine

~-lyase

and cystathionine y-lyase activities were determined

by measuring the amount of free thiol formed in 2 h from cystathionine at 25, 30,
or 37°C depending on the organism being tested. Free thiols were measured
using DTNB (8). The reaction mix contained 0.05 M potassium phosphate (pH
7.2), 10 mM cystathionine (Sigma Chemical Co.), 20 µM PLP (Boehringer
Mannheim; Mannheim, Germany), 5 mM DTNB, and 100 µL CFE.
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Aminotransferase Activity
The aminotransferase activity in CFE was determined by measuring the
amount of KMTB formed in 2 h. The reaction mix contained 0.05M potassium
phosphate (pH 7.2), 10 mM Met, 10 mM a-ketoglutarate, 20 µM PLP, and 100 µL
of the CFE. KMTB was measured by the MECC method previously mentioned.
KMTB Demethiolase or Decarboxylase
Activity
Decarboxylase activity in the CFE was determined with KMTB as the
substrate. The reaction mix contained 0.05 M potassium phosphate (pH 7.2), 20
µM PLP, 20 µM thiamin pyrophosphate (Sigma, Chemical Co.), 10 mM KMTB,

and 100 µL CFE. Samples were tested for degradation of KMTB at regular
intervals during a 48-h period using the above-mentioned MECC method.
Non-Optimum Enzyme Assays
Each of the enzyme assays was performed with CFEs at pH 5.2 (0.05 M
potassium citrate) and pH 7.2 (0.05 M potassium phosphate) with and without
5% NaCl as described above.
RESULTS
Methionine.Degradation
The methanethiol-producing capability of whole cells was characterized
under laboratory growth conditions for a broad range of organisms, with Met as
the substrate (Fig. 15). B. linens BL2 followed by Brevibacterium acetylicum
ATCC953, had the highest MTPC under optimum assay conditions. The lactic
acid bacteria and micrococci tested possessed 0 to 30% of the MTPC of B. linens
BL2 (Fig. 15).
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CFEs also varied in their MTPC from Met and their ability to produce
free thiols from cystathionine under physiological conditions. B. linens BL2
demonstrated the highest MTPC from Met (Table 9). Other organisms tested
contained only 2.5 to 10.2% of the MTPC of B. linens BL2 (Table 9). CFEs from
these organisms were not observed to have MTPC from Met under conditions
that mimic aging cheese (pH 5.2, 5% salt) (Table 9).
Cystathionine Degradation

Lactococci had the highest level of cystathionine-degrading enzymes,
followed by lactobacilli. B. linens BL2 was unable to degrade cystathionine
under laboratory assay conditions (Table 9). Under cheese-like conditions (pH
5.2 and 5% NaCl), the enzyme activity was reduced by different amounts in each
of the strains tested (Table 9). Lactococci, especially L. lactis subsp. cremoris S2,
retained significant residual levels of thiol production ability. Lactobacillus casei
LC301 also retained activity.
Aminotransferase Activity

High levels of KMTB production, which allows us to estimate Met
aminotransferase activity, were detected in the strains of lactococci tested.

Lactobacillus helveticus CNRZ32 and Lactococcus lactis subsp. cremoris Sl had the
highest Met aminotransferase activity as measured by KMTB production (Table
9). Interestingly, less than half of the activity was lost in Lactobacillus helveticus
CNRZ32 when it was assayed under cheese-like conditions. There was no
production of KMTB in B. linens BL2, but there was a small amount of
production detected in B. linens BLl. Under cheese-like incubation conditions,
no KMTB production was detected after 1 h of incubation; however, if the assay

TABLE 9. Activity of intracellular enzymes capable of degrading methionine in CFEs.
Amount of:

Strain

KMTB degraded 2

Free thiols produced from
methionine (µM/mg

Free thiols produced from
cystathionine (µM/mg

Met ATase (mM/mg

protein/h) under conditions:

protein/h) under conditions:

protein/h) under conditions:

pH 7.2,
0%NaCl

pH 5.2, 5%
NaCl

pH 7.2,
0%NaCl

pH 5.2, 5%
NaCl

1

pH 7.2,
0%NaCl

pH 5.2, 5%
NaCl

(mM/mg protein/h)
under conditions:

pH 7.2,
0%NaCl

pH 5.2,
5% NaCl

Sl

8.6

0.0

39.5

5.5

3.6

0.0

0.0

0.0

S2

2.5

0.0

144.1

37.2

1.9

0.0

0.0

0.0

S3

3.3

0.0

72.1

0.6

3.3

0.0

0.0

0.0

CNRZ32

0.0

0.0

4.8

0.0

3.6

2.7

0.0

0.0

LC301

0.0

0.0

17.0

10.7

0.6

0.0

0.0

0.0

BLl

10.2

0.0

32.2

0.0

0.5

0.0

0.0

0.0

BL2

100.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

1

This approximates Met aminotransferase activity in CFE, and was determined by following an increase in KTMB.

2

This approximates reversible L-amino acid oxidase activity, decarboxylase activity, and production of methanethiol production from
KTMB.

(XJ

1--'
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mix were incubated for an additional 24 hat cheese-like conditions, a peak that
co-migrated with KMTB was observed in all the lactic acid bacteria tested, but
not in brevibacteria.
KMTB Demethiolase or Decarboxylase
Activity

Catabolism of KMTB was determined by measuring the loss of the added
KMTB in the assay mixture using capillary electrophoresis. The peak area of
KMTB did not change in any strain tested (Table 9) when the CFE was incubated
with KMTB in the presence of both PLP and thiamine pyrophosphate for 48 h.
Similar observations were found at both physiological and cheese-like
conditions.
Influence of Methionine and
Cysteine on MTPC

Addition of Met to the growth medium suppressed MTPC in L. lactis
subsp. cremoris S2. As the initial concentration of Met in the medium increased,
the rate of cystathionine breakdown decreased (Fig. 16A). When Cys was
removed from the growth medium, the MTPC from cystathionine increased
(Table 10). KMTB production decreased as the level of Met in the growth
medium increased (Fig. 16A).
When similar experiments were done with B. linens BL2, no cystathionine
degradation, or KMTB production or degradation was detected (Fig. 16B).
Unlike with lactococci, as the initial Met concentration in the growth medium of

B. linens BL2 increased, the MTPC from Met increased (Fig. 16B).
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Figure 16. Effect of methionine concentration in the growth medium on
free thiol production and Met aminotransferase activity in cell-free extracts of L.
lactis subsp. cremoris 52 (panel A) and B. linens BL2 (panel B).
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TABLE 10. Effect of cysteine concentration in the growth medium on the
production of free thiols from cystathionine at a methionine concentration
of 0.002% in B. linens BL2 and L. lactis subsp. cremoris S2.
Amount of free thiols produced
(µM /per mg protein/h) in:
% Cys in growth
medium
0.002
0

L. lactis subsp. cremoris S2

B. linens BL2

17

13

968

161

DISCUSSION
It is widely hypothesized that lactococci, the bacteria used as the starter

bacteria, die and lyse during ripening, releasing their intracellular contents into
the cheese matrix (10). It is also thought that the released enzymes act on cheese
constituents, such as protein and fat, to produce compounds important in
Cheddar cheese flavor. One example is the degradation of Met to other sulfurcontaining compounds that have been associated with improved Cheddar cheese
flavor (28), even though these compounds alone do not contain the essential
Cheddar-type flavor.
It is assumed that the majority of the intracellular enzymes are still active

in the cheese matrix. However, cheese is a harsh environment with a pH of 5.0 to
5.2 and salt at 3 to 5% in the water phase. Recently, Weimer et al. (30)
demonstrated that aminopeptidase (AP) and lipase/ esterase (LE) activities in
aging Cheddar cheese were low initially and decreased further to a lower but
detectable residual level. Further, they compared AP and LE activities in cells
grown to the logarithmic phase in the laboratory, and observed a decrease in
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activity similar to the residual activity found in cheese compared to optimum
assay conditions. These data indicate that enzyme assays done in cheese-like
conditions approximate enzyme activity in cheese, and that some intracellular
enzymes considered to be important in the ripening process decrease in activity
during cheese aging. Results from this investigation were similar to the results
obtained with different intracellular enzymes by Weimer et al. (30). Hence, if we
take into account observations from this study and previous observations of
Weimer et al. (30), it is reasonable to generalize that the activities of intracellular
enzymes decrease as they are released into the cheese matrix and that this
reduction can be approximated by assaying the enzyme in the laboratory at pH
5.2 with 3 to 5% NaCl added to the reaction mix.
Additionally, Weimer et al. (30) found that whole cells retained MTPC
under cheese-like conditions but observed no MTPC in CFE assayed under the
same conditions. The current study confirms the observations of Weimer et al.
(30) with regard to some of the brevibacteria, lactococci, and lactobacilli. With a
broader sampling of bacteria important in cheese making, micrococci were
observed to contain low or no detectable MTPC (Fig. 14). These data suggest that
production of sulfur-containing metabolites from Met by whole cells in cheese is
likely, but the absolute quantity of sulfur-containing metabolites will vary
depending on the bacteria used in cheese production and the relative amount of
cell lysis during cheese aging.
To study which enzyme system is responsible for free thiol formation in
cheese-like conditions, two organisms were selected based on the trained sensory
evaluation defined by Weimer et al. (30), Alting et al. (1), Bruinenberg et al. (4),
and Collin and Law (6) . The MTPC of lactococci is thought to be due to
cystathionine y-lyase,

~-lyase,

and brevibacteria by MGL (6). The demethiolation
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mechanism in lactobacilli is unknown. The CFE of the bacteria tested
contained MTPC from Met, under optimum assay conditions, but did not have
measurable MTPC at pH 5.2 with 5% NaCl added (Table 9). However, with
cystathionine as the substrate, we observed residual-free thiol production which
approximated cystathionine y- and

~-lyases

under cheese-like conditions in all

strains tested except L. helveticus CNRZ32, B. linens BLl, and B. linens BL2 (Table
9). In lactococci, residual-free thiol production was 0.01 to 26% of the original
activity, and in L. casei LC301 it was 63% after 1 h incubation under cheese-like
conditions. These data support the observations of Alting et al. (1), Bruinenberg
et al. (4), and Collin and Law (6). In addition, these data suggest that B. linens
BLl contains all three enzymes; however, unlike with lactococci, these enzymes
are inactive under cheese-like conditions in this strain. Further, these data
indicate the demethiolation enzymes in lactobacilli are cystathionine y- or~
lyase; however, the enzymes of L. casei LC301 are more stable to acid and salt
than the lactococcal enzymes or those of L. helveticus CNRZ32.
Cystathionine y- and

~-lyase

have recently been purified from Lactococcus

lactis subsp. cremoris (1, 4). Alting et al. (1) describe cystathionine

~-lyase

from

lactococci as having the additional ability to demethiolate Met to generate
methanethiol as a secondary reaction. This inadvertent reaction is 100-fold less
efficient than its primary catabolic reaction of transforming cystathionine to
homocysteine. They postulate that this enzyme is responsible for methanethiol
formation in Cheddar cheese, but conclusive evidence is not available.
Alternatively, Bruinenberg et al. (4) propose that cystathionine y-lyase, which
catalyzes the conversion of cystathionine to Cys, is another enzyme responsible
for the production of methanethiol in cheese. Again, definitive evidence
demonstrating activity of this enzyme in ripening cheese is lacking.
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Observations made in this study indicate these enzymes are active in cheeselike conditions on cystathionine (suggesting they may be active in cheese) but
that their relative activity will depend on which strain is used in manufacture.
However, this type of activity was not observed in the flavor adjunct bacteria
tested except for L. casei LC301. These data suggest that these enzymes may be
active in ripening cheese, but the activity on Met in the cheese matrix will be at
least 100-fold lower than the values reported in Table 9.
If we take into account the inefficient conversion of Met to methanethiol

by cystathionine

~-lyase,

(based on 100-fold reduction in activity), the theoretical

residual-free thiol production of cystathionine

~-lyase

under cheese-like

conditions is between 0.0001 and 0.25% of the activity observed with
cystathionine as the substrate. If we assume further decreases in activity, as
Weimer et al. (30) observed for AP and LE, the probable free thiol production in
the cheese matrix from Met would be a small fraction of one percent. Therefore,
if these enzymes are of importance in cheese flavor development via production
of sulfur-containing metabolites from Met, they must be produced in high
concentrations before cell lysis in the cheese matrix. This suggests the addition
of other enzymes that behave differently from cystathionine y-lyase and
cystathionine

~-lyase

may be beneficial in improving Cheddar cheese flavor.

Initial observations to support this hypothesis are reported by Weimer et al. (30),
who used whole cells of B. linens BLl and BL2.
Brevibacteria contain methionine y-lyase, which converts Met directly to
methanethiol (6). This enzyme has been purified to homogeneity from several
other genera unrelated to cheese manufacture (16, 26, 27), and partially purified
from brevibacteria (6). Use of brevibacteria cell lysates to accelerate cheese
ripening is partially successful (12) but sensory evaluation judged the flavor
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change to be undesirable in a short period. Weimer et al. (30) used whole cells
of brevibacteria in cheese making and observed an increase in cheese flavor
compared to the addition of lactobacilli. Presumably, the flavor increase was
linked in part to the ability of brevibacteria to produce volatile sulfur
compounds. Observations made in our study suggest that B. linens BLl contains
methionine y-lyase, as well as cystathionine y- and

~-lyase,

but B. linens BL2 only

has methionine y-lyase. B. linens BL2 is auxotrophic for Met, which further
supports the supposition that it lacks cystathionine y- and

~-lyase;

however, this

may not be the only explanation for the auxotrophy. This auxotrophy for Met
may also explain why BL2 has the highest MTPC. The lack of enzymes to
convert Met to Cys and lack the aminotransferases to produce KMTB may force
the utilization of Met into other pathways, namely demethiolation. In any case,
these enzymes are not active under cheese-like conditions in brevibacteria,
suggesting that if brevibacteria lyse in the cheese matrix, the MTPC will
decrease.
The metabolic importance of these enzyme systems is well established,
and in brevibacteria these activities are known to be controlled by the
concentration of Met in the medium (9). This study found the demethiolation
enzyme activity in CFEs of L. lactis subsp. cremoris S2 and B. linens BL2 are
influenced by the Met and Cys concentration in the growth medium (Fig. 15;
Table 10). Even small increases in Cys concentration decrease free thiol
production from cystathionine in L. lactis ssp. cremoris S2 about 57-fold (Table
10), suggesting that cystathionine y- and

~-lyase

are also controlled by Cys

concentration in lactococci. Additionally, aminotransferase activity in L. lactis
ssp. cremoris S2 decreased with the addition of Met to the growth medium but no
influence on the Met aminotransferase was observed in B. linens BL2 (Fig. 15).

89
With the addition of 0.002% Met to the medium, the Met aminotransferase
activity decreased 43% and with addition of 0.02% Met the activity decreased
63%. Conversely, addition of Met significantly increased MTPC in BL2. These
data suggest that the amount of free Met in milk is sufficient both to decrease the
cystathionine y- and

~-lyase,

and the Met aminotransferase activity in lactococci

by at least 50% and to stimulate MTPC in brevibacteria.
In cheese, free amino acids are at low concentration, with free Met being

present at 0.02 to 3% (5, 31), and Cys being present at 0.4% (31). These levels of
Met and Cys are high enough to inhibit the free thiol production of L. lactis
subsp. cremoris S2 with cystathionine as the substrate (Fig. 15A), but the same
levels are stimulatory in B. linens BL2 with Met as the substrate (Fig. 15B). In
consideration of the overall interconversion pathway between Cys and Met,
these data suggest that B. linens BL2 will produce more volatile sulfur-containing
compounds than will L. lactis subsp. cremoris S2 in cheese, providing the
brevibacteria do not lyse. Preliminary data indicate that brevibacteria survive at
least 12 mo at a constant cell density, suggesting that it is possible to add these
bacteria to cheese and increase volatile sulfur compounds beyond the capabilities
of lactic acid bacteria.
The implication of these data in cheese flavor development is complex,
but one possible interpretation is that the MTPC in lactococci will decrease as the
cheese ages since the cells lyse as the Met concentration increases above the
inhibitory level for intact cells. Alternatively, if cystathionine is present in
cheese, which is unknown, the action of cystathionine y- or

~-lyase

would yield

Cys or homocysteine. Conversely, the MTPC of B. linens BL2 increased with
increasing amounts of Met, which might lead to more methanethiol in cheese
should the cells remain intact.
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Production of KMTB, which allows us to estimate Met aminotransferase
activity and leads away from the direct conversion of Met to methanethiol, was
found under optimum conditions in all strains tested except B. linens BL2 (Table
9). However, under cheese-like conditions only L. helveticus CNRZ32 contained
measurable activity after 1 h of incubation; with an additional 24 h of incubation,
KMTB production was observed in all strains tested except B. linens BL2. These
data suggest the Met aminotransferase activity in lactococci and lactobacilli is
present under cheese-like conditions. Additionally, once KMTB was formed we
did not detect further catalysis (Table 9), indicating that if the enzyme is active in
cheese, it will remove Met from the amino acid pool and hence decrease
methanethiol production.
If this hypothesis is true, one would expect the Cheddar flavor score in

trained sensory evaluation to decrease if the organism contained Met
aminotransferase activity in cheese-like conditions. The addition of L. helveticus
CNRZ32 to Cheddar cheese did not increase the rate of Cheddar flavor
development as much as B. linens BL2 (Appendix B). Considering the formation
and degradation of KTMB in these cultures and their influence on cheese flavor,
we concluded that Met may be taken from the free amino acid pool in cheese and
become unavailable for thiol formation by the bacteria tested, thereby decreasing
the Cheddar score in the sensory evaluation of cheese made with the addition of
lactobacilli, as compared to the addition of brevibacteria.
In conclusion, we observed lactococci and lactobacilli contain
cystathionine y- and

~-lyase,

which produce free thiols. Brevibacteria contain

methionine y-lyase that converts Met directly to methanethiol. Based on the
influence of pH, salt, Met, and Cys concentration, the theoretical calculations for
the inadvertent catalysis of Met by cystathionine y- or

~-lyase,

we suggest that
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the cystahtionine y- or P-lyase from lysed lactococci make an insignificant
contribution to the production of volatile sulfur compounds from Met in cheese.
Finally, taking into account the overall pathway that leads to methanethiol, we
concluded that the addition of whole cells of brevibacteria is an alternative to the
addition of other lactic acid bacteria to improve Cheddar cheese flavor via the
metabolism of Met.
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CHAPTER VI
PURIFICATION AND CHARACTERIZATION
OF METHIONINE y-L YASE FROM

BREVIBACTERIUM LINENS BL21
ABSTRACT
L-methionine y-lyase (EC 4.4.1.11) was purified to homogeneity from

Brevibacterium linens BL2, a coryneform bacterium, which has been used
successfully as an adjunct bacteria to improve the flavor of Cheddar cheese. The
enzyme catalyzes the a, y elimination of methionine to produce methanethiol, aketobutyrate, and ammonia. It is a pyridoxal phosphate-dependent enzyme,
with a native molecular mass of approximately 170 kDa, consisting of four
identical subunits of 43 kDa each. The sequence of the first 22 amino acids of the
N-terminal end of the enzyme is Lys-Ser-Leu-His-Pro-Glu-Thr-Leu-Met-Val-HisGly-Gly-Met-Lys-(Gly)-Leu-Thr-(Glu)-Ala-Ser-Val-(His). The purified enzyme
had highest activity at pH 7.5, and was stable at pH ranging from 6.0 to 8.0 for 24
h . The pure enzyme had its highest activity at 25°C, but was active between S°C
and S0°C. Activity was inhibited by carbonyl reagents, completely inactivated by
DL-propargylglycine, and unaffected by metal chelating agents. The pure
enzyme had catalytic properties similar to those of L-methionine y-lyase from

Pseudomonas putida. The K,,, for the catalysis of methionine was 6.12 mM and its
maximum rate of catalysis was 7.0 µmol min· 1 mg· 1 . The enzyme was active
1

Coauthored by B. Dias and B. C. Weimer. Reprinted with permission
from Applied and Environmental Microbiology. Copyright held by American
Society for Microbiology, Washington, D. C. See Appendix A for copyright
clearance under salt and pH conditions found in ripening Cheddar cheese but
susceptible to degradation by intracellular proteases.
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INTRODUCTION

Methanethiol is associated with desirable Cheddar-type sulfur notes in
good-quality Cheddar cheese (2, 27). The mechanism for the production of
methanethiol in cheese is unknown, but is linked to the catabolism of methionine
(1, 15). L-Methionine y-lyase (EC 4.4.1.11; MGL), also known as methionase, Lmethionine y-demethiolase, L-methionine methanethiollyase (deaminating), is a
pyridoxal phosphate (PLP)-dependent enzyme that catalyzes the direct
conversion of L-methionine to a-ketobutyrate, methanethiol, and ammonia by an
a, y-elimination reaction (25). It does not catalyze the conversion of Denantiomers (24, 25, 26). MGL in Pseudomonas putida is a multifunctional enzyme
system since it catalyzes the a, y- and a, P-elimination reactions of methionine
and its derivatives (24). In addition, the enzyme also catalyzes the P-replacement
reactions of sulfur amino acids (24). Since its discovery in Escherichia coli and

Proteus vulgaris by Onitake (19), this enzyme has been found in various bacteria
and is regarded as a key enzyme in bacterial metabolism of methionine.
However, this enzyme has not been purified to homogeneity from any food
grade microorganisms.
MGL is widely distributed in bacteria, especially in pseudomonads, and is
induced by the addition of L-methionine to the culture medium (9, 28). The
enzyme has been purified from Pseudomonas putida (26), Aeromonas sp. (25),

Clostridium sporogenes (11), and Trichomonas vaginalis (16), and partially purified
and characterized from Brevibacterium linens NCDO 739 (4).

B. linens is a non-motile, non-spore-forming, non-acid-fast, Gram-positive
coryneform bacterium normally found on the surface of Limburger and other
Trappist-type cheeses. This organism tolerates salt concentrations ranging
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between 8 and 20% and is capable of growing in a broad pH range from 5.5 to
9.5, with an optimum of pH 7.0 (20). In Trappist-type cheeses, brevibacteria
depend on Saccharomyces cerevisiae to metabolize lactate, which increases the pH
of the curd, as well as to produce growth factors that are important for their
growth (20). Interest in B. linens has focused around its ability to produce an
extracellular protease, which has recently been isolated (21), and its ability to
produce high levels of methanethiol (3, 8, 10, 22).

B. linens produces various sulfur compounds, including methanethiol, that
are thought to be important in the Cheddar-like flavor and aroma (3, 8, 10, 22).
Ferchichi et al. (8) suggested that MGL is responsible for the methanethiolproducing capability of B. linens but did not provide definitive evidence.
Weimer et al. (28) proposed B. linens BL2 is responsible for Cheddar-type flavor
development in low-fat cheese, but again conclusive evidence was lacking. In
this study, MGL was purified to homogeneity from B. linens BL2, and its physical
and chemical properties were examined.
MATERIALS AND METHODS
Chemicals

L-Ethionine, L-methionine sulfone, L-methionine sulfoxide, L-cysteine, Smeth y 1- L-cysteine, 0-actety1-L-serine, DL-selenomethionine, D L-selenocysteine,
S-adenosylhomocysteine, and S-adenosylmethionine were purchased from Fluka
(Ronkonkoma, NY). PLP was obtained from Boehringer Mannheim GmbH
(Mannheim, Germany); all other chemicals were obtained from Sigma Chemical
Co. (St. Louis, MO). Size exclusion standards for the calibration of the gel
filtration column were obtained from Pharmacia Biotechnology (Uppsala,
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Sweden). Unless mentioned otherwise, all reagents used in this study were
analytical grade.
Bacterial Strain and Growth Conditions

B. linens BL2, obtained from the Utah State University culture collection,
was frozen (-70°C) in Trypticase soy broth (TSB) containing 30% glycerol and
stored at -70°C until further use. Before each use, a frozen stock culture was
thawed and grown in 5 mL of TSB at 25°C with aeration (250 rpm) for two
transfers prior to inoculation for further studies.
Enzyme Assays

Amounts of free thiol groups were determined by the method of Laakso
and Nurmikko (12). The assay mixture contained 50 mM potassium phosphate
(KP; pH 7.2), 10 mM L-methionine, 0.02 mM PLP, 0.25 mM 5, 5'-dithio-bis-2nitrobenzoic acid (DTNB), and the enzyme in cell-free extracts (CFE) or in pure
form in a final volume of 1.0 mL. The reaction mixture was incubated
quiescently at 25°C for 1 h and observed at 412 nm in a double beam UV2100U
spectrophotometer (Shimadzu Scientific Instruments, Inc., Pleasanton, CA). The
concentration of thiols produced was determined from a standard curve
obtained with solutions of known concentrations of ethanethiol.
a-Ketobutyrate produced by the a , y-elimination of methionine was
measured by derivitizing the reaction mix with 3-methyl-2-benzothiazolone
hydrazone (23) . The assay mixture (18) contained 50 mM KP (pH 7.2), 10 mM Lmethionine, 0.02 mM PLP, and >0.015 U of the enzyme in a final volume of 0.5
mL. The reaction mixture was incubated at 25°C for 1 h, and the reaction was
stopped by the addition of trichloroacetic acid to a final concentration of 5%.
After centrifugation at 16,000 x g for 2 min the a-ketobutyrate formed in the
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supernatant solution was determined using 3-methyl-2-benzothiazolone
hydrazone (23).
Isolation and Purification of MGL

Purification steps were carried out at 0 to 5°C unless otherwise mentioned.
B. linens BL2 was grown in TSB with 0.1% L-methionine, at 25°C for 36 h with

shaking at 250 rpm. Cells from 10 liters, grown in ten 2-liter baffle flasks, were
harvested by centrifugation (6,000 x g for 10 min at 4 °C), and washed twice with
50 rnM KP (pH 7.2) . Washed cells were resuspended in 50 mM KP (pH 7.2),
containing 1 mM phenylmethylsulfonyl fluoride (PMSF), 1mMEDTA,0.02 mM
PLP, 2% ethanol, and 1 mg / mL of lysozyme and incubated at 37°C for 1 h to lyse
the cells. DNase I (0.25 µg/mL; Sigma Chemical Co.) was then added to the cell
lysate, stirred at room temperature for 1 h, and centrifuged (10,000 x g for 1 h, at
4°C), and the supernatant was decanted and treated as CFE.
The CFE was fractionated using ammonium sulfate (AS). Crystalline AS
was added gradually over a period of 15 min to a beaker containing the CFE in
an ice bath. Protein precipitated by 55% saturation with AS and 65% saturation
with AS were collected by centrifugation (10,000 x g for 15 min at 4 °C) and
dissolved in 50 mM KP buffer (pH 7.2) containing 1mMPMSF,1 mM EDTA,
0.02 mM PLP, and 2% ethanol. This was then desalted using a 30-kDa-Ultrafree
centrifugal ultrafiltration device (Millipore Corporation, Bedford, MA) by
centrifugation at 4,000 x g at 4 °C.
The retentate with MGL activity was filtered though a 0.22-µm-pore-sizelow-level-protein binding filter (Millipore Corporation) before being loading on
an anion exchange column (650M DEAE-Fractogel; EM separations, Gibbstown,
NJ) equilibrated with 20 rnM sodium phosphate (NaP; pH 7.2). The column was
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washed with the same buffer containing 0.15 M NaCl until the absorbance at
280 nm of the eluate decreased to less than 0.05 absorbance units. The enzyme
was then eluted with the same buffer containing 0.41 M NaCL
The fraction containing the enzyme was desalted with a 30 kDa Ultrafree
centrifugal filter unit (4,000 x g for 1 h, at 4°C; Millipore Corporation). Solid AS
was added to the concentrated fraction to a final concentration of 1.5 M. The
sample was centrifuged (10,000 x g for 30 min at 4°C) and then filtered with a
0.22-µm-pore-size-low-level-protein binding filter (Gelman Sciences, Ann Arbor,
MI) to remove all precipitated proteins before being injected on a Porous PH
hydrophobic-interaction chromatography column (PerSeptive Biosystems,
Framingham, MA). The column was equilibrated with 1.5 MAS dissolved in 20
mM NaP (pH 7.2) . Proteins were eluted at 5 mL/min by linearly decreasing the

AS concentration from 100 to 0%. Absorbance was monitored at 280 and 480 nm
with a diode array detector (Beckman Instruments, Fullerton, CA) connected to a
high-performance liquid chromatograph (System Gold; Beckman Instruments) .
Fractions were desalted using 30-kDa Ultrafree centrifugal filter units
(Millipore Corporation), after which the fraction containing activity was applied
to a MonoQ HR 5/5 anion-exchange column (Pharmacia Biotech.) equilibrated
with 20 mM NaP buffer (pH 8.0). Proteins were eluted at 1 mL / min with a linear
gradient from 0.3 to 0.4 M NaCL
The peak with MGL activity was then injected on a Superose 12 HR 10/ 30
(Pharmacia Biotech.) gel filtration column equilibrated with 0.02 M KP buffer
(pH 7.2) . The protein was eluted with the same buffer, and the peak with activity
was concentrated using a 30-kDa-Ultrafree centrifugal filter unit. The enzyme
was either assayed immediately or stored at -70°C in 0.1 M KP buffer (pH 7.2).
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Protein Assay

The total protein content in each CFE was determined using the
bichinconinic acid assay (Pierce Chemical Co., Rockford, IL) according to the
manufacturers instructions. Bovine serum albumin was used to obtain a
standard curve.
PAGE

Discontinuous denaturing polyacrylamide gel electrophoresis (PAGE)
was performed using a 12% resolving and 4% stacking gel as described by
Laemmli (13), in a Protean II Xi Cell (Bio-Rad Laboratories, Hercules, CA) at 30
mA for 6 h. The proteins were visualized by silver staining (Phastgel silver kit;
Pharmacia Biotech.). Broad-range molecular mass marker proteins (Bio-Rad
Laboratories) were used as references. A 0.5-mm thick gel was used for Nterminal micro-sequencing, where as a 0.75-mm thick gel was used for internal
sequencing. Gels for sequencing were stained with Coomassie brilliant blue
(Sigma Chemical Co.).
Electro blotting

Polyvinylidene fluoride (PVDF) membranes (Millipore Corporation) and
gels were treated according to the manufacturer's instructions prior to
electroblotting. Electroblotting was performed using a Trans Blot Cell
electroblotter (Bio-Rad Laboratories) at a constant voltage of 14 V, for 12 h. Upon
completion of transfer, membranes were stained in an aqueous solution
containing 0.1 % Coomassie brilliant blue, 50% methanol, and 10% acetic acid for
15 .min. Membranes were destained in a 48% methanol solution for 10 min,
followed by a 90% methanol solution for 2 min. The enzyme band was cut out
and the N-terminal sequence information was obtained.
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N-Terminal Sequencing

The N-terminal amino acid sequence was obtained at the Biotechnology
Research Center (USU, Logan) using an Applied Biosystems 477A automated
protein sequencer.
Digestion of Enzyme for Internal
Sequencing

Gel slices containing the enzyme were excised and rinsed with water for
10 min. Another gel slice containing no protein served as a control. After
washing, the gel slices were incubated in 0.1 M Tris (pH 8.0), containing 50%
CH3CN for 30 min at 25°C. This solution was decanted and the gel fragments
dried. The gel slices were incubated in 0.1 M Tris (pH 8.0), containing 0.05%
hydrogenated Triton X-100 and 1 µg Lys-C (Wako BioProducts, Richmond, VA)
for 24 hat 35°C. Tubes containing the mix were then sonicated in a sonic
cleaning bath for 5 min, before the digestion buffer containing the peptides was
transferred to a new tube. One hundred µL of 0.2% trifluoroacetic acid was then
added to the samples, which were frozen until analyzed using reverse phase
high performance liquid chromatography (Protein Chemistry Core Facility,
Baylor College of Medicine, Houston, TX).
Estimation of Molecular Mass of
the Enzyme

The molecular mass of the purified enzyme was estimated by size
exclusion chromatography using a Superose 12 HR 10/30 (Pharmacia Biotech.),
equilibrated with 20 mM KP buffer (pH 7.2), and calibrated with ferritin (440
kDa), catalase (232 kDa), aldolase (158 kDa), bovine serum albumin (68 kDa),
ovalbumin (45 kDa),

~-lactoglobulin

and RNase A (13.7 kDa).

(36 kDa), chymotrypsinogen A (25 kDa),
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Substrate Specificity of the
Purified Enzyme

The ability of the purified enzyme to catalyze elimination reactions
against amino acids and substituted amino acids was tested separately with Lmethionine, D-methionine, L-ethionine, L-methionine sulfone, L-methionine
sulfoxide, a-keto y-methyl thiobutyrate (KMTB), DL-homocysteine, Lcystathionine, L-cysteine, D-cysteine, L-cystine, S-methyl-L-cysteine, 0-actetyl-Lserine, DL-selenomethionine, DL-selenocysteine, S-adenosylhomocysteine, Sadenosylmethionine, DL-homocysteic acid, and L-djenkolic acid. Activity was
measured by incubating the enzyme in 0.05 M KP buffer (pH 7.5) containing 0.02

mM PLP, at 25°C for 1hwith10 mM of each substrate. We measured a-keto
acids produced from each, with the exception of KMTB, for which thiol
production was determined.
Influence of Temperature and pH

Optimum temperature for 1-h assays was determined by assaying activity
over temperatures ranging from 4 to 50°C in 0.05 M KP buffer (pH 7.5), with each
buffer being made at each of the tested temperatures. Temperature stability of
the enzyme was determined by incubating the enzyme in 0.05 M KP buffer (pH
7.5), for up to 1 hat temperatures ranging from 4 to 50°C. Aliquots were

removed at various times, and residual activity was measured at 25°C in 0.05 M
KP buffer (pH 7.5) by determining the amount of a-ketobutyrate produced with
10 mM Met as the substrate. Thermal inactivation parameters were obtained
from a plot of ln k versus 1/T, where k is the rate constant for denaturation of the
enzyme and Tis absolute temperature. The slope of the line is represented by
Ea/R, where Ea is the energy of activation for the denaturation reaction and R is
the universal gas constant expressed in joules per mole per degree.
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The stability and optimum pH of the enzyme were determined at 25°C
using 50 mM potassium citrate (pH 4.0 to 6.5), 50 mM KP (pH 6.5 to 8.0), and 50

mM potassium-glycine-NaOH (pH 8.0 to 10.0) buffers. The pH stability of the
enzyme was determined by incubating the enzyme at each pH with 0.02 mM
PLP for 24 h at 4 °C. Residual activity was measured by incubating the enzyme in
0.05 M KP buffer (pH 7.5) at 25°C for 1 hand by determining the amount of aketobutyrate produced with 10 mM Met as the substrate.
Influence of Inhibitors

Compounds tested for their inhibitory effect included DLpropargylglycine, h ydroxylamine, L-penicillamine, N-ethylmaleimide,
iodoacetate, EDTA, Tris, and glycine. The enzyme was incubated with 1and10
mM concentrations of the compound for 10 min before addition of substrate (10
mM of L-Met). The amount of a -ketobutyrate produced after incubating at 25°C
for 1 h was then determined.
Kinetic Studies

Enzyme kinetics for the a,

~

-elimination reaction was determined using

methionine as the substrate and measuring the amount of methanethiol
produced using DTNB (12) . The enzyme was incubated with 0.05 M KP (pH 7.5),
0.02 mM PLP, and 0.28 mM DTNB 0.1to40 mM Met. The reaction was started
by the addition of substrate, and product formation was monitored continuously
at 412 nm using a UV2100U double beam spectrophotometer (Shimadzu
Scientific Instruments, Inc.). The Km and Vrnax for the enzyme reactions were
estimated from Eadie-Hofstee plots.

104
Absorption Spectrum of the Enzyme

The absorption spectrum of the enzyme was measured using a diode
array detector attached to a high performance liquid chromatography unit
(Beckman Instruments) by gel filtration chromatography on a Superose 12 HR
10 / 30 column during the final purification stage of the enzyme.
RESULTS
Purification of MGL

Purification of MGL to homogeneity was accomplished in five successive
steps (Table 11). Eighty percent of the enzyme activity precipitated between 55
and 65% AS (Fig. 17). In the second step, the enzyme eluted between 0.21 and
0.41 M NaCl during anion-exchange chromatography on DEAE-Fractogel. In the
third step, we used a hydrophobic interaction chromatography on a Porous PH
column, and the enzyme was eluted with 0.75 MAS (Fig. 18). During the fourth
step, done by anion-exchange chromatography using a MonoQ column, the
enzyme eluted with 0.37 M NaCl (Fig. 19). The enzyme was finally separated
from other proteins by using gel filtration chromatography on Superose 12 (Fig.
20) . This scheme resulted in a homogeneous enzyme (Fig. 21) that was purified
82-fold, with an activity yield of 0.2%.
Amino Acid Micro Sequencing

The following N-terminal sequence was obtained: Lys-Ser-Leu-His-ProGlu-Thr-Leu-Met-Val-His-Gly-Gly-Met-Lys-(Gly)-Leu-Thr-(Glu)-Ala-Ser-Val(His). N-terminal amino acid sequence information for three peptides were
obtained after digestion of the enzyme with Lys C. The first sequence obtained
was similar to the N-terminal amino acid sequence of the undigested enzyme.

TABLE 11. Purification of MGL from B. linens BL2.
Total
protein
(mg)

Total
activity
(U")

Cell free extract

495.00

1389

AS fractionation

182.00

DEAE Fractogel

Specific
activity
(U/mg)

Purification
factor

Yield (%)

2.8

1.0

100.0

1100

6.0

2.2

79.2

75.00

522

6.8

2.4

37.6

Porous PH

1.20

86

71.5

25.5

6.2

Mono-Q

0.08

14

177.3

63.3

1.0

Superose 12

0.01

2

228.9

81.7

0.2

Purification step

"One unit is defined as 1 nmole of thiol generated per min.
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Figure 17. Distribution of methionine y-lyase activity in ammonium
sulfate fractions .

Both the other peptides had the following N-terminal sequence: (Ser)-Leu-ThrGlu-Ala-Gly-Val-His-Val-Pro-Ala-Ile-Asp-Leu-Ser-Thr-?-Asn-(Gly)-Val.
Enzyme Size and Absorbance
Characteristics

The molecular mass of the native enzyme was estimated to be
approximately 170 kD determined during the final stage of purification using a
Superose 12 gel filtration column. When electrophoresed in denaturing
conditions using SDS-PAGE (Fig. 21) a single band with an approximate
molecular mass of 43 kDa was observed. Analysis of the absorption spectrum of
the purified enzyme demonstrated a peak at 420 nm in addition to a peak at 280
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nm (Fig. 22).
Substrate Specificity

The activities of the purified enzyme on various substrates were
determined by the production of a-keto acids. The production of thiols from
KMTB was monitored. The purified enzyme was capable of catalyzing the a,

~

elimination of a number of substrates. DL-Ethionine and DL-homocysteine
produced more activity than with methionine (Table 12). Addition of oxygen
atoms to the sulfur atom of methionine, as observed by using L-methionine
sulfone and L-methionine sulfoxide, as substrates resulted in over 50% decrease
in activity. The enzyme activity against S-adenosyl methionine and S-adenosyl
homocysteine was less than 7% compared to methionine. When the sulfur atom
of methionine was replaced with a selenium atom, the enzyme was still able to
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Figure 22. Absorption spectrum of MGL from B. linens BL2.
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TABLE 12. Substrate specificity of the purified MGL from
B. linens BL2.
Substrate

Relative activity(%Y

DL-homocysteine

134 ± 22

DL-ethionine

111 ±8

L-methionine

100

DL-selenomethionine
L-methionine sulfone
L-methionine sulfoxide

80±8
45± 1
42±4

S-methyl L-cysteine
0-acetyl L-serine
S-adenosy1 methionine
L-cysteine

36±5
18
7±1

S-adenosyl homocysteine
D-methionine
DL-methionine DL-sulfoximine
L-cystathionine
0-succiny1 L-homoserine
L-cystine
a-keto y-thiomethyl butyrate
L-djenkolic acid

2±1
1±1
0
0
0
0

0

ob
0

aDetermined by a-keto acid production. The values represent the means of three
determinations± standard deviation.
bDetermined by thiol production.
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catalyze the elimination reaction. L-Cysteine was degraded to 2% of the level
of activity on methionine; however, addition of a methyl group to the sulfur
atom of cysteine made it much more susceptible to degradation. The D
enantiomers of methionine and cysteine did not serve as substrates for the
enzyme.
Kinetic Parameters

The Km for the catalysis of methionine as determined from the rates of
methanethiol and cx-ketobutyrate production was found to be 6.12 m.M, with a
Vmax of 7.0 µmol min· 1 mg·1 as determined from Eadie-Hofstee plots (Fig. 23).
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Figure 23. Eadie-Hofstee Plot for MGL purified from B. linens BL2.
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Influence of Temperature and pH
The pH optimum for the a, y elimination of methionine was 7.5 to 8.0 (Fig.
24A). At pH 5.5 the enzyme retained over 20% of its activity, at pH 4.5 its
activity decreased to 10%, and at pH 4.0 it became inactivated. At pH 7.5 the
enzyme had highest activity at 25°C (Fig. 24B).
The enzyme was stable at a pHs ranging from 6.0 to 8.0 for 24 h (Fig. 25).
Partially purified, as well as pure enzyme could be stored on ice at 4°C in 0.05 M
KP (pH 7.5) with 0.02 mM PLP without significant loss in activity for over 2
weeks. Freezing and thawing the enzyme solution resulted in a loss of over 60%
of the enzyme activity, and the enzyme was labile to temperatures greater than
30°C (Fig. 26). The denaturation reaction demonstrated first-order kinetics and
had a standard free energy of activation of 186 KJ mol-1 (Fig. 27).
Enzyme Inhibitors
The enzyme was completely inhibited by 1 mM concentrations of carbonyl
reagents, such as hydroxylamine, and by a 10 mM of DL-penicillamine. DLpropargylglycine completely inhibited enzyme activity at 1 mM (Table 13).
Thiol-reducing agents, such as iodoacetate, did not decrease activity at 1 mM but
did so at 10 mM. Metal-chelating agents did not influence enzyme activity.
Enzyme activity decreased with increasing concentrations of NaCl
concentrations (Fig. 24C). At a 5% NaCl concentration the enzyme retained 10%
of its activity.
DISCUSSION
In this study, MGL from B. linens BL2 was purified to homogeneity and

subsequently characterized. MGL converts methionine to methanethiol, a
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TABLE 13. Effect of inhibitors on MGL activity from
B. linens BL2.
Relative activity (%)a at
inhibitor concentration (rn.M):
Inhibitor

1

10

Hydroxy lamine
DL-penicillamine
DL-propargylglycine

0

0

91

0

0

0

97

79

Iodoacetate
EDTA

99
106
79
Glycine
99
Tris
89
78
a Determined by a-keto acid production. Enzyme activity
on 10 mM Met with no inhibitor added was considered
to be 100% activity.
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compound associated with desirable Cheddar cheese flavor (2, 27). Although
Collin and Law (4) reported the partial purification of MGL from B. linens, this is
the first report of the purification to homogeneity of MGL from a food-grade
microorganism. Purification was completed in five steps with a 0.2% yield. The
purification scheme of Nakayama, et al. (18) was initially used in an attempt to
purify the enzyme; however, different elution patterns were observed,
suggesting a difference in the physical properties of the enzymes from the two
species. Failure to include PMSF and EDTA in the cell lysis buffers resulted in a
rapid loss of enzyme activity due to proteolytic degradation. By anion-exchange
chromatography on DEAE-Fractogel, a 41 % reduction in the yield of the enzyme
was observed without a significant increase in specific activity; however, this
step was found to be essential to remove lipids from the sample and prevent
subsequent columns in the purification procedure from being poisoned.
The total molecular mass of the purified enzyme was 170 kDa with four
subunits of 43 kDa (Fig. 21). In this respect, the enzyme is similar to other
purified MGL (16, 26); however, MGL from C. sporogenes has been reported to
contain two sets of nonidentical subunits (11) .
The Kmfor the catalysis of methionine, as determined from the rates of
methanethiol and a-ketobutyrate production, was found to be 6.12 rnM.

The~

of the brevibacterial enzyme is approximately six times higher than that
observed in pseudomonad enzyme. Ferchichi et al. (9) determined the
approximate Kmin CFE of B. linens CNRZ 918 for L-methionine to range from 14
rnM to 46 rnM depending on the growth phase of the cells. However, since a
CFE is a complex environment containing many enzymes, it is difficult to make
any comparisons. Since methionine is required by this strain (5) for growth, this

Km value for a methionine degrading enzyme is reasonable.
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The purified MGL was capable of the catalysis of L-amino acids (Table
12). In addition to sulfur- and selenium-containing amino acids, the enzyme had
catalytic activity against 0-acetyl L-serine. Cystathionine and KMTB, however,
were not substrates. These results indicate that the enzyme is capable of acting
on C-S, C-Se, and C-0 bonds, but not on C-C bonds. Replacement of the
thioether group of methionine with a sulfoxide or sulfone group decreased
degradation. Unlike the enzyme purified from P. putida (6), the enzyme purified
from B. linens BL2 did not degrade 0-succinyl L-homoserine.
The brevibacterial enzyme is similar to the pseudomonad enzyme (18) in
its substrate specificity, but it is distinctly different from MGL purified from C.

sporogenes (11) in its inability to catalyze L-cystine and its lower activity against
L-cysteine. It differs from the enzyme purified from Aeromonas sp. in that it has
no activity toward cystathionine (7). The enzyme's catalytic properties also
differ from T. vaginalis (16) in that it has much lower relative activities towards
homocysteine, cysteine, and 0-acetyl serine. Despite these differences all reports
note higher relative activity for homocysteine against methionine. It is
interesting to note the high activity of this enzyme on homocysteine, a precursor
of methionine in the methionine biosynthetic pathway, suggesting this may be a
substrate-level regulatory function .
The purified enzyme had an absorbance spectrum typical of other PLPcontaining enzymes, with a characteristic absorption maxima at 420 nm due to
the azomethine linkage between the formyl group of PLP and an amino group of
the enzyme (17). Additionally, carbonyl reagents, known inhibitors of PLPcontaining enzymes, strongly inhibited this enzyme (Table 13). These data
indicate that, like other MGLs purified so far, the MGL from B. linens BL2 is also

120
a PLP-dependent enzyme. Furthermore, metal ion chelators did not affect
enzyme activity, indicating that the enzyme is not a metalloenzyme.
The enzyme had highest activity at 25°C. However, this enzyme was not
as temperature stable as the partially purified enzyme from B. linens NCDO 739
(4). Other proteins in the partially purified preparation may contribute to the
temperature stability of the B. linens NCDO 739 enzyme. Similar pH stability
and pH optimum curves were obtained as compared to the partially purified
enzyme from B. linens NCDO 739. However, a notable difference is that the
enzyme from B. linens BL2 had 18% residual activity at pH 5.0 compared to only
2% in B. linens NCDO 739. This indicates differences in properties of the enzyme
produced by different strains within the same genera may exist. Alternatively,
impurities present in the partially purified enzyme preparation may affect
activity.
The enzyme was active at the pH (Fig. 24A), temperature (Fig. 24B), and
salt concentration (Fig. 24C) conditions existing in aging Cheddar cheese,
suggesting this enzyme may be active in the cheese matrix during ripening.
However, residual activity in this environment should not exceed 0.6% of the
activity under optimum conditions. Additionally, considering the susceptibility
of this enzyme to proteolysis it is likely that activity would rapidly decrease with
cell lysis, supporting this hypothesis. Weimer et al. (28) tested CFEs for the
capacity to produce methanethiol under cheese-ripening conditions (pH 5.2, 4%
NaCl), but detected no activity. This outcome may be explained by the fact that
other enzymes like proteases in the CFE may inactivate the enzyme.
Additionally, evidence to support this theory is the rapid loss of the capacity to
produce methanethiol observed in CFEs stored in the absence of protease
inhibitors (data not shown). Alternatively, methanethiol produced may be
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converted to other compounds, like S-methyl thioesters, by enzymes in the
CFE (14) that might be active under cheese-ripening conditions.
An important consideration when evaluating the role of this enzyme in
the development of cheese flavor is whether the cells lyse. If the cells are alive
and metabolically active, as was suggested by Weimer et al. (28), then
methionine could be transported into the cells, where it will be converted into
methanethiol. Subsequently, methanethiol may either be converted to other
compounds or diffuse into the cheese matrix. If the cells lyse or the membranes
are permeablized, transport of methionine into the cell will rely on diffusion, and
the enzyme will be exposed to many proteolytic enzymes in the cheese matrix.
Consequently, the ability of this enzyme to impact cheese may be linked to the
ability of the cell to resist lysis, persist, and remain metabolically active during
cheese ripening.
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CHAPTER VII
PRODUCTION OF VOLATILE SULFUR COMPOUNDS
IN CHEDDAR CHEESE SLURRIES
ABSTRACT

The influence of Lactococcus lactis ssp. cremoris S2, Brevibacterium linens
BL2, and L-methionine y-lyase (MGL) purified from B. Linens BL2 on the
production of volatile sulfur compounds (VSCs) in aseptic cheese slurries was
investigated. Cheese curds were prepared with L. lactis ssp. cremoris S2 and by
direct acidification with L-glucono 8-lactone. B. linens BL2 and MGL were added
to the slurries made by each method. Significant differences (p < 0.0001) in VSC
production were observed between slurries made by direct acidification and
those made with starter. Methanethiol levels decreased in the absence of starter;
however, it increased over the first 4 d of incubation in slurries made with L.

lactis ssp. cremoris S2. In the presence of starter, B. linens BL2 and MGL increased
the production of methanethiol. Production of dimethyltrisulfide was correlated
to methanethiol (R2=0.80). Dimethyldisulfide levels increased over time in all the
slurries prepared with L. lactis ssp. cremoris S2. Addition of free methionine to
slurries made from curds prepared with starter resulted in an increase in VSC
production. It appears that starter bacteria aid in the generation and stabilization
of methanethiol. The addition of B. line·ns BL2 and MGL increased methanethiol
production, which may influence flavor development.
INTRODUCTION

Sulfur compounds feature in virtually every list of compounds associated
with Cheddar cheese flavor and aroma. Included in this list of volatile sulfur-
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containing compounds are methanethiol, methional, dimethyl sulfide (DMS),
dimethyl disulfide (DMDS) dimethyl trisulfide (DMTS), carbonyl sulfide, and
hydrogen sulfide (5). Methanethiol, an influential aroma compound, has a very
low odor detection threshold of around 0.02 pg mL· 1 in air (10) . It has been
determined to be a major contributor of the aroma of decaying meats (21, 32) and
has been characterized as putrid, fecal, and sulfurous. However, methanethiol is
considered desirable in many other foods such as Limburger, Trappist, and
Muenster cheeses where it imparts characteristic sulfur notes. Methanethiol was
first detected in Cheddar cheese by Libbey and Day (22). Manning (26) was the
first to correlate methanethiol production and the development of distinctive
Cheddar flavor. Other researchers have also demonstrated a link between
desirable Cheddar-type sulfur notes and methanethiol production in good
quality Cheddar cheese (3). However, methanethiol, when present alone, does
not contribute typical Cheddar-like flavor notes in cheese (23).
Little is known about the mechanism of production of methanethiol and
other volatile sulfur compounds (VSCs) in Cheddar cheese. Several theories exist
for the formation of methanethiol in cheese. Early literature suggests that the
starter enzymes do not play a role in the production of methanethiol, which may
arise purely by chemical reactions. S-methyl cysteine, formed by the reaction of
cysteine and methionine, can degrade to produce methanethiol, pyruvate, and
ammonia. Another proposed chemical route for the formation of methanethiol,
is via methional, formed by Strecker degradation reactions of methionine.
It was postulated that the starter microorganisms merely created an

environment favorable to the formation of VSCs. These changes in the cheese
environment included decreasing the pH and oxidation-reduction potential of
the cheese matrix. Starter microorganisms are also thought to aid in VSC
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production by generating methionine and cysteine as a result of proteolysis of
milk proteins (20). However, the starter microorganisms may have a more direct
role in the enzymatic generation of VSCs (1, 4, 7, 9, 34, 35).
Methanethiol is readily oxidized to DMDS and DMTS under appropriate
conditions (28). The role of these compounds in cheese flavor is ambiguous.
Some authors claim they positively influence cheese flavor (6, 17), while others
question their significance (33). DMS has been found to be a natural component
of milk, its levels influenced by the diet of the cow (12). It has been detected in
Cheddar cheese by numerous investigators (24, 25, 26, 27). However, it has not
been found to correlate with Cheddar cheese flavor as it did not consistently
occur in the "cheesy" fraction of Cheddar cheese distillates (26). Kodota and
Ishida (18) have shown that several microorganisms can produce it.
Brevibacteria are normally found on the surface of Limburger and other
Trappist-type cheeses and are not traditionally used in Cheddar cheese
manufacture. Weimer et al. (35) successfully used Brevibacterium linens as an
adjunct to improve the flavor of 60% reduced-fat Cheddar cheese. One
advantage this organism has over other adjuncts is the profuse production of
methanethiol (11) via the enzymatic catalysis of methionine by L-methionine ylyase (MGL; 8). Characterization of MGL purified from B. linens BL2 suggest that
the enzyme may show some residual activity in cheese (8). Wijesundera et al.
(36) demonstrated that aseptic cheese curd slurry systems are a useful model for
studying the development of cheese flavors. They noticed differences in flavor
and free fatty acid profiles depending on the starter and adjunct combination
used. We used the aseptic cheese slurry system developed by Roberts et al. (30)
as a model system to study the influence of Lactococcus lactis ssp. cremoris 52, B.
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linens BL2 and MGL purified from B. Linens BL2 on the production of
methanethiol and other VSCs.
MATERIALS AND METHODS
Enzyme Purification

MGL was purified from B. linens BL2 using the method of Dias and
Weimer (8) . The purified enzyme was stored on ice at 4°C in 0.1 M potassium
phosphate buffer (pH 7.5) containing 0.02 mM pyridoxal phosphate, prior to
addition to cheese slurries for 2 d. The enzyme was assayed for activity (8) prior
to addition to slurries. One unit of activity is defined as the amount of enzyme
required to release 1.0 µmol of methanethiol from methionine per min at pH 7.5
at 25°C.
Growth of Starter Bacteria and
Adjuncts for Cheese Making
L. lactis ssp. cremoris 52 was grown in Elliker's Broth (Difeo, Detroit, Ml) at

30°C and frozen in 10% non-fat dry milk containing 30% glycerol. B. linens BL2 .
was grown in tryptic soy broth (Difeo) with aeration at 25°C and frozen in sterile
tryptic soy broth containing 30% glycerol. Strains were stored at -70°C until
further use. Before each use, frozen stock cultures were thawed and grown in
their respective media at their respective temperatures for two transfers.
L. lactis ssp. cremoris 52 was inoculated into 2% ultra high temperature

processed milk (Gossners, Logan, UT) and incubated at 30°C for 14 h . This was
then used to inoculate the cheese milk. B. linens BL2 was grown in tryptic soy
broth containing 0.25% L-methionine at 25°C for 36 h with aeration by shaking at
250 rpm. Cells were harvested by centrifugation (5,000 x g for 10 min at 4 °C),
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washed twice with 0.05 M potassium phosphate buffer (pH 7.2), and adjusted
to an optical density of 0.35 at 600 nm in 0.05 M potassium phosphate (pH 7.2).
Slurry Preparation

An aseptic cheese curd slurry system developed by Roberts et al. (30) was
used for the manufacture of cheese slurries. Pasteurized milk containing 2%
milkfat (Utah State University Dairy) was preacidified with 10% acetic acid to a
pH of 6.3, poured into sterile cheese slurry vats (1 L per vat). The milk was heat
treated by heating to 75°C, holding at 75°C for 5 min and rapidly cooling to 30°C
for 15 min using an ice bath. This procedure was repeated three times.
Two methods were used for the manufacture of cheese curds. The cheese milk
was acidified either by inoculation with a 1% inoculurn of L. lactis ssp. cremoris S2
or 0.70% L-glucono o-lactone (GDL) . Brevibacteria and MGL were added to the
acidified curd, which resulted in eight treatments (Table 14). Cheese milk was
inoculated with 1 mL of the B. linens BL2 suspension at the same time as the
starter. The inoculated cheese milk was stirred and kept at 30°C for 30 min.
Chymax (1 mL of a 0.75% solution; Pfizer, Milwaukee, WI) was added to the
cheese milk to induce setting after holding for 45 min at 30°C. The curd was then
cut and allowed to heal for 15 min before cooking to 39°C at a rate of 1°C increase
per 5 min in a waterbath. The curd was held at 39°C to facilitate exchange of
lactose and lactate. During this time the curd was stirred gently to prevent
matting. Vats were transferred to a laminar flow hood and the whey was
drained. When the pH of the draining whey reached 5.4, the cheese curd was
transferred to sterile stomacher bags. Samples were removed for moisture
analysis. A sterile NaCl solution was added to adjust the final moisture content
of the curd mix to 73% with 3% salt in the moisture. The curd mix was then
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TABLE 14. Experimental design of cheese slurry production.
Trial

Acidulant

Supplement

L. lactis subsp. cremoris S21

None

2

L. lactis subsp. cremoris S2

L-Methionine2

3

L. lactis subsp. cremoris S2

L-Methionine + B. linens BL2 3

4

L. lactis subsp. cremoris S2

L-Methionine + L-Methionine y-lyase 4

5

L-glucono 8-lactone

None

6

L-glucono 8-lactone

L-Methionine

7

L-glucono 8-lactone

L-Methionine + B. linens BL2

8

L-glucono 8-lactone

L-Methionine + L-Methionine y-lyase

1

1

Gist Brocades, Millvile, UT, added at approximately 108 cfu mL- 1;

2

Added at 0.1% in the water phase;

3

Gist Brocades, Millvile, UT, added at approximately 104 cfu mL-1;

4

Added at 2.4 U g-1 slurry
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homogenized for 2 min on high setting in a Seward Stomacher 400 (London,
UK) to obtain the cheese slurries. MGL was added to the slurries prior to
homogenization.
Samples were removed for moisture analysis. A sterile NaCl solution was
added to adjust the final moisture content of the curd mix to 73% with 3% salt in
the moisture. The curd mix was then homogenized for 2 min on high setting in a
Seward Stomacher 400 (London, UK) to obtain the cheese slurries. Moisture
analysis of the cheese curd was performed using an AVC 80 (CEM Corporation,
Matthews, NC) microwave used at 90% power for 5 min to measure the moisture
in 2-3 g of curd.
Microbial Analysis

Starter cultures and flavor adjunct bacteria were estimated daily for 7 d
and again on day 14. Lactic acid bacteria were counted after anaerobic
incubation on Elliker's agar (Difeo) at 30°C for 2 d. Lactobacilli were enumerated
after anaerobic incubation on Rogosa SL agar (Difeo) at 37°C for 2 d.
Brevibacteria were enumerated after aerobic incubation on tryptic soy agar
containing 3% NaCl, at 25°C for 3 d. Total bacterial counts were obtained by
using standard plate count agar and counting after aerobic incubation at 30°C
after 2 d .
Static Headspace Sampling and
Analysis

Cheese slurry (5 g) was transferred to sterile 22-mL headspace vials sealed
with a Teflon-lined silicon septum (Tekmar Inc., Cincinnati, OH). Duplicate vials
were prepared for each treatment, at all time points. Vials were flushed with
argon for 5 min while agitating using a vortex mixer set on high and
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subsequently incubated at 25° C. Each day, vials were loaded on to a
headspace autosampler (Tekmar 7000, Tekmar Inc.) . Samples were heated to
70 °C and allowed to equilibrate for 30 min before being mixed for 5 min at a
power setting of five . A 2-mL injection was then cryofocused at -70°C onto the
top of a SPBl-Sulphur column (Supelco, Bellefonte, PA). An injection was made
by increasing the temperature of the cryofocusing unit to 200°C for 1 min.
Volatile sulfur compounds in the cheese slurry headspace were separated
and detected using a gas chromatography system (17A Ver. 3, Shimadzu
Corporation, Columbus, MD) fitted with a flame photometric detector operating
in the sulfur mode at 394 nm. A 30-m, 0.32-mm ID, 100% polydimethylpolysiloxane coated, 4-µm film thickness, fused silica capillary column
(SPBl-sulphur; Supelco) was attached to the gas chromatography system.
Helium was used as the carrier gas at a flow rate of 1 mL min·1 • The initial
column temperature of 30°C was held for 1 min, increased to 200°C at the rate of
l0 °C min·1 and maintained for 10 min. The peak area of the eluting compounds
was determined using electronic integration software and the data were
analyzed on a personal computer using Shimadzu Class VP software (Shimadzu
Corporation). Compounds were identified by comparing retention times of
authentic compounds to the retention times of compounds in the samples. VSCs
were quantified by preparing standard curves with authentic compounds
(Appendix D; Fig. D-1) . The standard curves were obtained using the method
described by Kim and Olson (19). The detection limit of the flame photometric
detector response was 0.4 pg mL 1, with a linear range of 0.4 pg mL 1 to 40 pg
mL·1, for methanethiol, DMS, and DMDS.
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Statistical Analysis

Each of the volatile sulfur compounds detected in headspaces was
analyzed by analysis of variance using Minitab (Minitab, Inc., State College, PA)
computer software in a three-way factorial design with sub-sampling (Eq. 1).
Duplicate samples for each treatment were obtained at each time point tested.
Least square difference tests were used to calculate the differences between
means at a significance level of a< 0.05.

Yijk

= Overall mean+ Methodi + Treatmen~ + Timek +

(Method x Treatrnent)ii+ (Method x Time)ik+

[Eq. 1]

(Treatment x Time)ik + (Method x Treatment x Time)iik
RESULTS
Proximate Analysis

Cheese curd prepared with L. lactis ssp. cremoris S2 had a pH of 5.4 and a
moisture content ranging from 60-66% after draining. Cheese curd prepared
with GDL had a pH of 5.1 and a moisture content ranging from 58-64% after
draining the whey. The moisture content of all the vats was adjusted to give a
final moisture content of 73% with 3% NaCl in the moisture.
Microbial Analysis

Lactococci, brevibacteria, nonstarter lactobacilli, and total plate counts
were carried out daily on all the slurries. Nonstarter lactobacilli were not
detected in any of the slurries and no contaminating organisms were found in
slurries made with L. lactis ssp. cremoris S2. Starter counts ranged from 2.5 x 108
to 1.0 x 108 du g- 1 on day zero and decreased to 6-0 x 105 to 1.9 x 106 du g- 1 (Fig.
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28A) . Brevibacteria were added to 5.0 x 104 cfu g- 1 and decreased to less than
100 cfu g· 1 by day 5 (Fig. 28B).
GDL slurries containing B. linens BL2 produced colonies consistent with
the morphology of brevibacteria, suggesting that these plate counts were
produced by the addition of B. linens BL2 rather than a contaminating organism.
In slurries made with GDL only, GDL plus methionine, and GDL plus

MGL, non-lactic acid bacteria organisms were observed in the slurries on day
three to 14 (Fig. 28C). The contaminating organisms were gram positive, catalase
positive bacilli that had waxy colonies, with a smooth edge or a reddish orange
colony with a rough edge that was distinctly different from the morphology of B.

linens BL2.
Gas Chromatography
Five to eight sulfur-containing compounds were observed in the sample
headspaces. Five of these compounds eluted at the same time as standards used
in this study (Appendix C, Fig. C-1) and identified to be methanethiol (3.2 min),
DMS (4.7 min), DMDS (9.4 min), methylthiobutyrate (MTB) (12.3 min), and
DMTS (14.l min). VSC eluting at 1.6 min (unknown 1) and 1.8 min (unknown 2)
were formed in all the slurries made with GDL (Appendix C, Fig. C-2), but were
not observed in slurries made with L. lactis ssp. cremoris 52. Slurries made with

L. lactis ssp. cremoris 52 contained two other unidentified VSC that eluted at 2.9
min (unknown 3) and 3.1 min (unknown 4) (Appendix C, Fig. C-2), which were
absent in the slurries made with GDL.

134

Figure 28. Microbial analysis of cheese slurries for L. lactis ssp. cremoris S2
Eopulations (Panel A), brevibacteria population (Panel B), and total plate count
(Panel C) in Cheddar cheese slurries.
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VSC Production

Slurries made with L. lactis ssp. cremoris S2 contained significantly (p <
0.0001) more total VSC compared to those made with GDL. Furthermore,
addition of methionine to slurries made with L. lactis ssp. cremoris S2 increased
the production of VSC 4-fold (Fig. 29). However, addition of free methionine did
not change the total VSC levels in slurries made with GDL. Increased total peak
areas were largely due to an increase in DMDS production. Addition of
methionine did not influence DMS production. Statistical analysis of VSC
content (Appendix C, Table C-1) demonstrated that methanethiol, DMDS, and
DMTS were significantly (p < 0.0001) influenced by the method of production
(GDL or starter), the addition of brevibacteria and MGL (p < 0.0001), and the
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Figure 29. Influence of methionine addition on the production of volatile
sulfur compounds in slurries made with GDL or L. lactis ssp. cremoris S2.
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incubation time (p < 0.0002).
Interactions among the main effects were also significantly different (p <
0.0001). DMS content was not significantly different in any condition tested.
VSC production in slurries made with GDL was significantly (p < 0.0001) lower
than those made with L. lactis ssp. cremoris 52 (Fig. 30A, B, and C). Addition of B.

linens BL2 and MGL did not significantly (p = 0.56) change levels of methanethiol
and DMS (Fig. 30A, B, and C). However, addition of B. linens BL2 resulted in
significantly (p < 0.0001) higher levels of DMDS production (Fig. 30C).
In headspaces of slurries made with L. lactis ssp. cremoris 52 (Fig. 30D),
methanethiol levels increased until day 4, after which it decreased. DMS levels
remained constant whereas DMDS levels doubled over the 14-d incubation
period (Fig. 30D). DMTS levels mirrored those of methanethiol and were found
to correlate to methanethiol content at each time point (R2 =0.80). Similar trends,
but higher production of methanethiol and DMTS, were observed in slurries
containing B. linens BL2 and MGL (Fig. 30E and F). After 14 d of incubation at
25°C, significantly (p = 0.02) higher levels of DMDS were observed in slurries
containing B. linens BL2 and MGL (Fig. 30E and F). Levels of DMS were not
influenced by B. linens BL2 and MGL addition.
DISCUSSION

Cheese slurries have been used as a model system to study cheese
ripening for many years (5, 9, 15, 16). Despite their inability to exactly replicate
the environment found in aging cheese, they have proven useful for comparing
various experimental treatments before making cheese, which is an expensive
and time-consuming experiment. In this study, use of the slurry system
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Figure 30. Volatile sulfur compound production in cheese slurries
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139
described by Roberts et al. (30) produced slurries that were contaminant-free,
except when no starter culture was added (Fig. 28).
Comparison of information generated in slurries with similar information
from cheese has been problematic (13). This difference might be due to the
inability to control contamination, or can be related to differences in dissolved
oxygen content, moisture content, and incubation temperature during ripening.
For example, Weimer et al. (35) observed B. linens BL2 to persist in 60% reducedfat Cheddar cheese for at least 6 mo at the same level; however, this study found
this organism to decline with the addition of the same starter culture (Fig. 28B) .
Despite the lack of precise replication of aging cheese, slurries are useful models
to evaluate specific metabolic differences in bacteria and their impact on
metabolite formation and accumulation.
To investigate the influence of L. lactis ssp. cremoris 52 on methanethiol
production from methionine, slurries were prepared using L. lactis ssp. cremoris
52 and by direct acidification with GDL. Slurries were prepared by each method
with and without the addition of methionine. Total VSC production was four
times higher in slurries made with L. lactis ssp. cremoris 52 compared to those
made with GDL (Fig. 29), indicating that lactococci are responsible for VSC
production. While other reports suggest lactococci might produce VSC from
methionine in cheese, this is the first report that demonstrates lactococci utilize
methionine to produce VSC in a model cheese system.
Alting et al. (1) and Bruinenberg et al. (4) found that cystathionine

~-lyase

and cystathionine y-lyase from L. lactis ssp. cremoris SKll produce methanethiol
from methionine, despite the primary function of these enzymes in the
conversion of cystathionine to homocysteine and cysteine. Additionally, a
pathway initiated by an aminotransferase can result in methanethiol production
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via a-keto methylthiobutyrate and p-hydroxy methyl butyrate (14). Dias and
Weimer (7) observed that L. lactis ssp. cremoris S2 is capable of producing free
thiols from methionine. They noted high levels of cystathionine-degrading
enzymes and aminotransferase, which were active under salt and pH conditions
existing in ripening Cheddar cheese (pH 5.2, 5% NaCl) after 24 h. Conversely,
Dias and Weimer (7) did not observe free thiol production from a-keto
methylthiobutyrate with cell extracts. Observations in this study confirm the
ability of lactococci to metabolize methionine in a cheese-type environment
resulting in the production of VSC. Presumably, cystathionine

~-lyase,

cystathionine y-lyase, and aminotransferases are involved in the VSC production,
but further work is needed to confirm the role of these enzymes.
Statistical analysis indicated specific VSCs were significantly different
(p < 0.0001) during the aging of slurry made with starter and GDL (Fig. 30).
Individual VSC compounds did not significantly change in slurries made with
GDL alone (p > 0.5; Fig. 30A). Addition of MGL increased DMDS 2-fold and
DMTS 4-fold (Fig. 30B) by day 14, but this observation may be due to the
contaminating microbe. Addition of B. linens BL2, which was not contaminated,
produced higher amounts of DMDS compared to the other GDL treatments (Fig.
30C), but no methanethiol was observed. Production of polymers of
methanethiol may be due to the oxidation/reduction state of the slurry, as it has
been reported to be much higher than in cheese (29, 31).
Conversely, slurries made with L. lactis ssp. cremoris S2 contained
significantly different (p < 0.0001) amounts of each VSC during slurry aging (Fig.
30D-F). Slurries made with L. lactis ssp. cremoris S2 had significantly different
amounts of methanethiol (p < 0.0001), DMDS (p < 0.0001), and DMTS
(p < 0.0001) during slurry ripening (Fig. 30D). Methanethiol and DMTS
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increased until day 4 or 5, and then decreased. Similar trends in methanethiol
production were observed by Aston and Creamer (2) in the study of the
production of VSC in Cheddar cheese. They observed increasing levels of
methanethiol until 6 mo of ripening after which the levels declined. The present
study also found DMDS to increase as methanethiol and DMTS decreased. This
observation suggests that methanethiol or DMTS is a precursor for other
compounds. Further work is needed to confirm this interaction. In light of the
reactivity of sulfur compounds in various redox states, it is logical to assume that
interconversion between methanethiol and larger polymers is controlled by the
redox potential of the system as described by Parliment et al. (28).
The Km of MGL from B. linens BL2 is 6.7 mM (8). Based on these
observations, we added methionine to our experimental slurries to avoid
confounding the results due to substrate exhaustion. Addition of MGL to
slurries made with L. lactis ssp. cremoris S2 significantly increased methanethiol
(p < 0.0001), DMDS (p < 0.0001), and DMTS (p < 0.0001) (Fig. 30E). The
production trends were similar to that of L. lactis ssp. cremoris S2, but addition of
the enzyme increased methanethiol and DMTS almost 2-fold at the peak. These
observations indicate that the enzyme was still active in cheese-type conditions
despite its susceptibility to proteolytic degradation suggested by Dias and
Weimer (8) with pure enzyme in a buffer system.
Addition of B. linens BL2 to slurries made with L. lactis ssp. cremoris S2
also demonstrated a VSC production trend similar to slurries containing only
L. lactis ssp. cremoris S2. However, DMDS was twice that produced by L. lactis

ssp. cremoris S2 and about 1.5 times higher than with MGL at day 14.
Significantly lower (p < 0.0001) levels of DMTS were found with the addition of

B. linens BL2 compared to MGL. It appears that the addition of B. linens BL2
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whole cells impacts the cheese environment and the interconversion of sulfur
compounds during slurry aging. The addition of L. lactis ssp. cremoris 52, MGL,
and B. linens BL2 increased the production of VSC in the slurry headspaces
compared to GDL slurries to above the taste threshold (2 pg mL- 1; 10). These data
demonstrate the importance of starter cultures in sulfur metabolism and show
that specific flavor adjunct treatments have the potential to increase the amount
of VSC in cheese-type conditions. Thus, addition of MGL or B. linens BL2 could
improve Cheddar cheese flavor. However, no direct comparison is possible since
sensory evaluation of the slurries produced in this study was not carried out.
Use of whole cells of B. linens BL2 significantly improved consumer
acceptance of reduced-fat Cheddar cheese (35) . Based on their results and
previous correlation of methanethiol with improved Cheddar cheese flavor
Weimer et al. (35) hypothesized that higher flavor scores received by cheeses
made with B. linens BL2 were due to its high methanethiol-producing
capabilities. But, methanethiol was not measured during ripening. By taking the
results from this study, the improvement of cheese flavor observed by Weimer et
al. (35) and the increase in methionine content in cheese during ripening to about
100 mg kg·1 (13), it is reasonable to conclude that addition of B. linens BL2 will
increase VSC during cheese ripening.
In conclusion, B. linens BL2 and MGL appear to have increased the
production of VSC during slurry aging above the flavor threshold. The total VSC
production increased during aging, but addition of MGL or BL2 increased
specific compounds above that of L. lactis ssp. cremoris S2 alone. The dynamic
interaction between the reactive thiols depended on the local environmental
conditions, which was altered by B. linens BL2 differently to that of MGL.
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Further, these data indicate that addition of MGL or B. linens BL2 could
improve Cheddar cheese flavor during aging.
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CHAPTER VIII
SUMMARY

Intracellular AP and LE activity decreased with increasing NaCl and
decreasing pH and was not correlated to trained or consumer sensory
evaluation. Laboratory experiments in simulated cheese-like conditions reflected
the total AP activity in cheese, but did not predict the contribution of specific
substrates, suggesting that other parameters in addition to pH and salt-in-themoisture influenced AP activity during aging. As cheese ripened, LE activity
decreased. LE activity was lower in all cheeses, suggesting that either these
enzymes have a limited life in cheese or inhibitors are produced during aging.
Cultures with higher aminopeptidases Nor C-type hydrolysis patterns did not
increase the flavor of low-fat cheese. The lack of AP and LE activity correlation
to cheese flavor suggests other, possibly secondary metabolic, reactions play a
role in converting protein and fat to desirable flavor compounds.
There was considerable variability in thiols produced under cheese-like
conditions; Brevibacterium linens BL2 contained significantly more thiolproducing capability than lactococci, micrococci, and lactobacilli. This may
explain why addition of brevibacteria improved Cheddar-type flavor in trained
taste panels. Whole cells retained thiol-producing capability, while CFE
contained no measurable thiol-producing capability under cheese-like
conditions. This suggests that the production of sulfur-containing metabolites
from Met by whole cells in cheese is likely, but the absolute quantity of sulfurcontaining metabolites will vary depending on the bacteria used in cheese
production and the relative amount of cell lysis during cheese aging.
Mechanistic studies on the enzyme systems responsible for free thiol
formation in cheese-like conditions illustrated at least two groups of enzymes are
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responsible for thiol formation in the bacteria studied. Enzymes that act
primarily on methionine, like MGL, release methanethiol. Highest levels of this
enzyme were found in and B. linens BL2. Cystathionine-degrading enzymes,
cystathionine y- and

~-lyase,

are absent in B. linens BL2, but are expressed at high

levels in lactococci. The lactobacilli and B. linens BLl are also capable of
degrading cystathionine. Yet another enzymatic route to the degradation of
methionine via aminotransferases was demonstrated in lactococci, lactobacilli,
and B. linens BLl. Furthermore, Met aminotransferase activity in lactococci and
lactobacilli is present in cheese-like conditions. Once KMTB was formed, further
catalysis was not detect, indicating that if this enzyme is active in cheese it will
remove Met from the amino acid pool and hence decrease methanethiol
production.
The expression of these enzymes was found to be influenced by Met and
Cys concentration in the growth medium as demonstrated in CFE of L. lactis
subsp. cremoris 52 and B. linens BL2. Even small increases in Cys concentrations
decrease the production of cystathionine-degrading enzymes in L. lactis ssp.

cremoris 52 about 9-fold, indicating that the production of these enzymes is
highly regulated in lactococci. Additionally, aminotransferase activity in L. lactis
ssp. cremoris 52 decreased with the addition of Met to the growth medium, but
no influence on the Met aminotransferase was observed in B. linens BL2.
Conversely, addition of Met significantly increased thiol-producing capability in

B. linens BL2. The data indicate that the expression of these enzymes by L. lactis
subsp. cremoris 52 and B. linens BL2 will be greatly influenced by the levels of free
amino acids in the cheese curd.
To further study the methanethiol-producing capabilities of B. linens, BL2
we purified MGL to homogeneity and subsequently characterized it. This was
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the first report of the purification to homogeneity of MGL from a food-grade
microorganism. Purification was completed in five steps with a 0.2% yield. The
total molecular mass of the purified enzyme was approximately 170 kDa with
four subunits of about 43 kDa. MGL from B. linens BL2 is PLP dependent and is
inhibited by carbonyl reagents. The Km for the catalysis of methionine was
determined to be 6.12 rnM. This is approximately six times higher than that
observed in Pseudomonas putida, indicating that it is not as efficient. Although
similar to other MGLs purified thus far, MGL from B. linens BL2 has distinct
differences in its specificity and catalytic properties. Additionally, the enzyme
was very susceptible to proteolytic degradation.
Purified MGL was active at the pH, temperature, and salt concentration
conditions existing in aging Cheddar cheese, suggesting this enzyme may be
active in the cheese matrix during ripening. However, residual activity in this
environment should not exceed 0.6% of the activity in optimum conditions.
Additionally, considering the susceptibility of this enzyme to proteolysis, it is
likely that activity would rapidly decrease with cell lysis as suggested by the
inability of CFEs to produce methanethiol under cheese-like conditions. An
important consideration when evaluating the role of this enzyme in the
development of cheese flavor is whether the cell lyses. If the cells are alive and
metabolically active, then methionine could be transported into the cells, where it
will be converted into methanethiol. Subsequently, methanethiol may either be
converted to other compounds, or diffuse into the cheese matrix. If the cells lyse
or the membranes are permeablised, transport of methionine into the cell will
rely on diffusion, and the enzyme will be exposed to many proteolytic enzymes
in the cheese matrix. Consequently, the ability of this enzyme to impact cheese
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may be linked to the ability of the cell to resist lysis, persist, and remain
metabolically active during cheese ripening.
The relative influence of MGL, B. linens BL2, and starter microorganism L.

lactis ssp. cremoris S2 on VSC production was studied using aseptic cheese slurry
systems. Total VSC production was 4.3-fold higher in L. lactis ssp. cremoris S2
slurries when compared to slurries made from GDL. In the presence of L. lactis
ssp. cremoris S2 production of methanethiol, DMDS, and DMTS increased, but
not DMS. Since DMS production did not increase over time, nor did it differ
significantly between treatments, we conclude that it is not produced by L. lactis
ssp. cremoris S2 or B. linens BL2. The presence of methanethiol in slurries
prepared without microorganisms indicates that methanethiol production is also
possible by purely chemical means.
In slurries prepared with L. lactis ssp. cremoris S2, we observed increasing
levels of methanethiol till the fourth day of incubation, after which levels
decreased. These observations suggest that methanethiol is a precursor for some
other compound which may have a role in Cheddar flavor. Our data suggest
that methanethiol is being converted to DMDS, DMTS, or some other
unidentified compound.
The addition of B. linens BL2 increased the production of methanethiol
and total VSC in the slurry headspaces. Similar trends in methanethiol levels in
headspaces were observed over time as in slurries without B. linens BL2.
However, levels of methanethiol detected were almost double when B. linens BL2
was used after 4 d of incubation. Since B. linens BL2 numbers decreased during
incubation of slurries made with L. lactis ssp. cremoris S2, it is hard to draw
conclusions regarding the decreasing levels of methanethiol in the headspaces. It

150
is possible that the methanethiol was converted to DMDS, DMTS, and other
volatile or non-VSCs.
Purified MGL is still active in the cheese slurries and leads to an increase
in the production of methanethiol. Levels of methanethiol detected were similar
to those detected in slurries to which B. linens BL2 was added, and similar trends
were observed. However, levels of enzyme added far exceeded those that can be
expected from levels of B. linens BL2 added as an adjunct.
In conclusion, the AP activity of cheese starter and adjunct bacteria did

not correlate with Cheddar flavor development, which suggests that although
they may play a role in the development of Cheddar flavor, they are not limiting.

L. lactis ssp. cremoris S2 is capable of the production of methanethiol in a cheese
system. Lactococci and lactobacilli contain cystathionine y- and

~-lyase,

which

can produce free thiols. However, B. linens BL2 contains MGL, which can result
in a much higher levels of methanethiol being produced and may be one of the
reasons for the greater acceptability of low-fat Cheddar cheese made with this
strain as an adjunct. Taking into account the overall pathway that leads to
methanethiol, we conclude that addition of whole cells of brevibacteria is an
alternative to the addition of other lactic acid bacteria to improve Cheddar cheese
flavor.
Advisor's note: data in Appendix E were used to draw some of the
conclusions reported in this summary, despite placement in the appendix and
not in the main body of the text. This placement in no way diminishes the values
of these data nor Benjamin Dias's contribution to them, but rather reflects the
placement of his name in the author list of publication.
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cheese evaluated by trained judges.
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TABLE C-1. ANOVA table for VSC production in cheese slurries.
Source of variation

Methanethiol
Method
Treatment
Time
Method *Treatment
Method *Time
Treatment *Time
Method *Treatment*Time (Error)
Total
Dimethyl sulfide
Method
Treatment
Time
Method *Treatment
Method *Time
Treatment *Time
Method *Treatment*Time (Error)
Total
Dimethyl disulfide
Method
Treatment
Time
Method *Treatment
Method *Time
Treatment *Time
Method *Treatment*Time (Error)
Total
Dimethyl trisulfide
Method
Treatment
Time
Method *Treatment
Method *Time
Treatment *Time
Method *Treatment*Time (Error)
Total

df

SS

p

1
3
7
3
7
21
21
127

241.85
53.56
53.13
53.49
72.08
23.49
17.50
530.81

0.00
0.00
0.00
0.00
0.00
0.25

1
3
7
3
7
21
21
127

0.87
1.99
9.67
7.59
16.14
16.52
19.78
76.41

0.35
0.56
0.23
0.07
0.05
0.65

1
3
7
3
7
21
21
127

3806.38
700.54
983.96
424.93
187.03
527.03
175.09
6955.19

0.00
0.00
0.00
0.00
0.02
0.01

1
3
7
3
7
21
21
127

1.03
0.13
0.10
0.12
0.17
0.04
0.04
1.71

0.00
0.00
0.00
0.00
0.00
.48
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INTRODUCTION
L-methionine y-lyase (MGL) has been purified from several organisms
(Tanaka et al., 1976; Tanaka et al., 1985; Kreis and Hession 1973; Lockwood and
Coombs, 1991). Recently the gene sequence coding for the enzyme was
sequenced from Pseudomonas putida (lnoune et al. 1995). Identifying the gene
sequence in a food grade organism like Brevibacterium linens could prove useful
to the food flavor industry. Mutants with a dysfunctional gene for the enzyme
could conclusively prove the role of MGL in methanethiol production in various
food systems like Cheddar cheese. Knowledge of the gene sequence is necessary
before the enzyme can be overexpressed in order to produce greater quantities of
the enzyme for use in various flavor applications. Furthermore, it would be the
first step towards engineering organisms capable of producing desired levels of
methanethiol in a controlled fashion. Eventually, it may even be possible to
clone the enzyme into cheese starter bacteria, in an attempt to create the much
sought perfect cheese starter culture.
Approach 1

This approach was undertaken before the MGL gene from P. putida was
available. Primary structural information obtained from amino acid sequences of
MGL purified from P. putida were compared to other PLP enzymes involved in

a, y-elimination reactions and y-replacement reactions, including cystathionine ylyase (rat) and cystathionine y-synthase (Escherichia coli), reveal a fairly conserved
region around the PLP binding Lys residue of the enzymes (Fig. D-1).
Based on this conserved region a degenerate oligonucleotide probe with the
following sequence was designed and sequenced at the Biotechnology Center
(USU, Logan): C ARM G NC C NY TN GARY TN G G NG C. The 3' end of
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v D N T y _ c T p y L ~Q R p Lr L GA DL v v H ~ A T K y L S~H G~ I T A~
- VD NT F - MS A Y F Q R P L ALGA D I CM C S AT K Y MN G H S DV V MG

(1)
(2)

VD NT F - L S PA L Q NP
1 L ALGA D L V L H S CT K Y LNG H S D V VA G

(3)

Figure D-1. Comparison of the amino acid sequences of the L-methionine
')'-lyase (P. putida) (1), cystathionine ')'-lyase (Rattus rattus) (2) and cystathionine ')'synthase (E. coli) (3). Conserved regions are boxed, the pyridoxal phosphate
binding lysine residue is in blue, and the sequence usea to design a primer in
red.

the oligonucleotide probe was then labeled with digoxigenin-11-dd-UTP using a
chemiluminescent labeling kit (Genius 5, Boehringer Mannheim, Indianapolis,
IN). A phage library of B. linens BL2 was constructed using Lambda ZAP®II
vector system (Stratagene, LaJolla, CA). The phage was used to infect a lawn of

E.coli XLl-blue (Stratagene). After overnight incubation, nylon membrane
replicas were made of plates containing 250-500 pfu. The membranes were then
hybridized with the previously labeled oligonucleotide probe. Non-specific
binding of the probe to the membranes was observed. Increasing the stringency
of the hybridization reaction resulted in a failure of the probe to bind to the blots.
Approach 2

After the MGL gene was sequenced from P. putida (Inoune et al. 1995).
Based on this sequence the following PCR primers
TGGTCGACAACACCTACTGC and TAATGGATCAGCTCCACCTG were
designed to amplify a segment the gene from P. putida ATCC 8209. When B.

linens DNA was used as the template with the same primer set, no product was
produced. The expected 320 base pair PCR product obtained from P. putida
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ATCC 8209, was then extracted from a gel and sequenced to confirm its
identity (Fig. D-2).
The extracted PCR product was then labeled with digoxigenin-11-dd-UTP
using the Genius 2 Kit (Boehringer Mannheim). The labeled DNA was then used
to probe blots of chromosomal digests of B. linens BL2 and P. putida ATCC 8209.
The probe bound to a 2741 bp fragment of a Sal I digest of B. linens BL2
chromosomal DNA. The DNA from this region was extracted from an agarose
gel and cloned into PGEM 32 (Promega, WI) which was then used to transform
E. coli JM109 cells. Seventeen transformants were obtained. When plasmids

from these transformants were blotted on to nylon membranes and probed with
the previously labeled 320 bp fragment, it bound to all the plasmids including
the negative control which was a plasmid with no insert. Once again increasing
the stringency conditions of the hybridization reaction resulted in the failure of
the probe to bind to the blots.

acgccgtacc tgcaacggcc actggagctg ggcgccgacc tggtggt g ca
ttcggccacc aagtacc t ga gcggccatgg cga cat ca ct gc tggca tt g
tggtgg gcag ccaggc a ctg gtgga ccgta tac g tc t gc a gggcc t c aag
gacatga ccg gtgcggt gct ctcgccccat gacgcc g c a c tgt t g a tgcg
cggcatcaag accctc a acc tgcgcatgga ccgccac t gc gcc aacgctc
aggtgctggc cgagt tcctc g cccggc a gc cgc a ggt g ga gctac t a

Figure D-2. Nucleotide sequence of the amplified segment of MGL gene
from P. putida ATCC 8209
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Due to time limitations and change in focus of the project, this avenue
was not followed. Further investigation was terminated, and the purification of
the enzyme was undertaken. Neither of these approaches gave positive results.
This suggests that the gene coding for MGL in B. linens is significantly different
from the gene coding for the enzyme in P. putida. With the N- terminal amino
acid sequence and internal amino acid sequence of the enzyme available
(Chapter VI) it is now possible to design PCR primers to first amplify a fragment
of the gene and then eventually clone the entire gene.
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APPENDIXE
INFLUENCE OF NACL AND PH ON INTRACELLULAR
ENZYMES THAT INFLUENCE CHEDDAR
CHEESE RIPENING 1
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ABSTRACT

The influence of NaCl and reduced pH was determined for
aminopeptidase, lipase/ esterase, and methanethiol-producing capability in
selected lactic acid bacteria and brevibacteria in simulated cheese-like conditions.
The observations simulated cheese-like conditions were confirmed in 60%
reduced-fat Cheddar cheese. The activity of each enzyme decreased with NaCl
addition and pH reduction to approximate a Cheddar cheese environment (5%
NaCl and pH 5.2). Residual intracellular aminopeptidase activity was
dominated by general aminopeptidase activity (aminopeptidase N and/ or
aminopeptidase C) in laboratory, simulated cheese-like conditions, and 60%
reduced-fat Cheddar cheese curd extracts. During cheese aging, total
lipase/esterase activity peaked at 120 d then decreased, even though starter
culture populations remained high. Whole cells were capable of producing
methanethiol under cheese-like conditions, but not cell-free extracts. Met and
Met-containing peptides induced methanethiol-producing capability for 2-3
generations and could be re-induced later in the growth cycle of Brevibacterium

linens BL2.
Aminopeptidase and lipase/ esterase activity in reduced-fat cheese were
not correlated to an increase in Cheddar-type flavor, but a culture's
methanethiol-producing capability was associated with higher cheese consumer
preference scores. Results suggest use of cheese-like conditions may aid in
selecting cultures to increase desirable flavors for low-fat cheese manufacture.
Coauthored by B. C. Weimer, B. Dias, M. Ummadi, J. Broadbent, C. Brennand, J.
Jaegi, M. Johnson, F. Milani, J. Steele, and D. V. Sisson. Reprinted with
permission from Le Lait. Copyright held by Elsevier Science Limited, Oxford,
UK. See Appendix A for copyright clearance and coauthor release letters.
1
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Additionally, data suggest that whole cells are important for proper flavor
development in 60% reduced-fat Cheddar cheese.
INTRODUCTION
Many consumers are concerned about the nutritional value of the food
they consume. Demand for dairy products containing lower fat, cholesterol, and
saturated fatty acids is steadily increasing (21). However, it is difficult to
manufacture lower fat Cheddar cheese with good flavor. Defects in cheese in
which fat was reduced by more than 50% include lack of flavor, off-flavors such
as meaty, brothy, unclean, and bitterness, as well as improper body and texture
(7, 21, 22, 25, 30, 41). Cultures suitable for full-fat Cheddar cheese often do not
produce acceptable low-fat Cheddar cheese (25). Fat removal changes the basic
biochemistry of ripening. The primary biochemical reactions in cheese ripening
which lead to cheese flavor and texture development include glycolysis,
proteolysis, and lipolysis (19). Additionally, undefined secondary reactions,
such as protein dephosphorylation and amino acid (AA) metabolism, may be
important as well (19, 36, 38). Microbial enzymes including proteases strongly
influence the flavor and texture of aging cheese (1, 4, 5, 15, 19, 28, 31, 33, 39, 46).
As a result, considerable interest has focused on the enzymology and molecular
biology of the lactococcal proteinase system and the impact of these enzymes
have on desirable flavors and bitterness (16, 27, 33, 43). Free amino acids are
thought to be precursors for background cheese flavor compounds, but the
mechanism is largely undefined (1, 28, 32, 33).
Adjunct bacteria have been used to boost typical Cheddar cheese flavor
(34), initially focusing on lactic acid bacteria (NSLAB), since they grow to high
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numbers (10 7 CFU I g of cheese during storage at 8°C) during cheese ripening
and presumably contribute to cheese flavor (9, 12). NSLAB consist
predominantly of Lactobacillus plantarum, Lactobacillus casei, and Lactobacillus

brevis. Micrococci, brevibacteria, and pediococci have also been used as adjunct
bacteria, although to a lesser extent than lactobacilli (11, 34). Addition of adjunct
bacteria has shown some promise in manufacturing low-fat cheese with reduced
defects and improved flavor (22, 26, 33).
Methanethiol is a degradation product of the sulfur-containing amino
acid, methionine, and has been associated with good Cheddar cheese flavor (6,
20, 29). Methanethiol is one of the compounds that correlates to highly flavorful
Cheddar cheese, but alone or in excess it produces atypical flavors (6). Other
compounds associated with good cheese flavor have not been conclusively
elucidated. Based on this observation, Law (28) accelerated Cheddar cheese
flavor development by adding cell-free extracts (CFE) of brevibacteria, which
produce large amounts of methanethiol. Flavors typical of 6-mo-old Cheddar
cheese were observed in about 2 mo. However, the cheese rapidly overripened
and had flavor and texture defects. Thus addition of methanethiol-producing
bacteria into lower fat cheese may increase the amount of positive, typical
Cheddar-type flavors, but strains must be carefully selected to avoid defects.
The mechanism for the production of methanethiol by bacteria is not fully
understood, but it is linked to at least two enzymes-L-methionine y-lyase (MGL;
13) and cystathionine

~-lyase

(3). The degradation of methionine steps begins

with deaminases, decarboxylases, transaminase, and aminotransferases, and by
the conversion of amino acid side-chains in which MGL and cystathionine

~

lyase are part of a larger metabolic pathway. Little is known of the enzymes,
pathways, and mechanisms involved in the formation of methanethiol during
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cheese ripening. This study investigated the influence of ripening conditions
on aminopeptidase, lipase/ esterase, and methanethiol production during aging.
MATERIAL AND METHODS
Bacterial Strains

L. lactis ssp. cremoris Sl (Marschall Products, Madison, WI), SKll (Steele
laboratory collection), and L. lactis ssp. lactis S3 (Marschall Products) were grown
in Elliker's broth (Difeo, Detroit, MI) at 30°C for 16 to 18 h before each use.

Brevibacterium linens BLl and BL2 (Weimer laboratory collection) were grown in
trypticase soy broth (TSB; Becton Dickinson, Cockeysville, MD) at 25°C with
aeration at 250 rpm for 24 to 36 h before each use. Lactobacillus casei LC301
(Marschall Products) and LC202 (Marschall Products) were grown in MRS broth
(Difeo) at 30°C for 16 to 18 h before each use. Lactobacillus helveticus LH212
(Marschall Products) and CNRZ 32 (Steele laboratory collection) were grown in
MRS broth (Difeo) at 37°C for 16 to 18 h before each use. Lactococci and
lactobacilli were frozen in 10% non-fat dry milk (NFDM) containing 30% glycerol
while brevibacteria were frozen in TSB containing 30% glycerol. All strains were
stored at -70°C until further use. Before each use, frozen stock cultures were
thawed and grown in their respective media at their respective temperatures for
two transfers prior to inoculation into 100 mL growth media for further testing.
Preparation of CFEs

Cultures were incubated to mid-logarithmic phase and harvested from
100 mL of media by centrifugation at 7,000 x g for 15 min at 4°C. The pellet was
collected and washed twice with 0.05 M potassium phosphate buffer (pH 7.2)
before resuspension in 5 ml of 0.01 M potassium phosphate buffer (pH 7.2).
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CFEs were prepared by vortexing at high speed with glass beads (Sigma
Chemicals, St. Louis, MO) for 2 min at 25°C. The CFE was collected by
centrifuging at 5, 000 x g for 30 min and the volume was made up to 15 mL with
sterile water and added directly to either 0.05 M potassium citrate (pH 5.2) or
0.05 M potassium phosphate (pH 6.8).
Protein Assay

The protein content in each CFE was determined using the bichinconinic
acid assay (Pierce Chemical Co., Rockford, IL). Bovine serum albumin was used
to obtain a standard curve.
Proteinase Characterization

The proteinase activity of each strain was determined using a BODIPY FLlabeled casein (Molecular Probes, Eugene, OR) according to the kit instructions.
Cells in mid-logarithmic phase were added (50 µl) to the substrate and incubated
for 24 hat the culture's respective growth temperature in the dark. The replicate
fluorescence tests measured the relative fluorescence units (RFU), which were
adjusted for the plate count before and after incubation.
Aminopeptidase and Lipase/Esterase
Assays

Aminopeptidase (AP) activity was measured using automated reflectance
colorimetry as described by Dias and Weimer (14) with 10 mM stock solutions of
Arg-, Leu-, Lys-, Ala-, Met-, Asp-, Val-, Gly-, Pro-, and y-glutamyl-p-nitroanilide
(p-NA) L-amino acid derivatives (Sigma Chemicals) made in sterile water at

30°C. p-Nitroanilide L-amino acid derivatives (Sigma Chemicals) of Tyr-, Phe-,
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and Trp- were dissolved in 0.5 mL N, N-dimethyl formamide before addition
to sterile water to a final volume of 10 mL.
Lipase/ esterase (LE) activity was determined at 420 nm in a model DU-65
spectrophotometer (Beckman Instruments, Fullerton, CA) with p-Nitrophenyl
derivatives (Sigma Chemicals) of butyrate and caprylate prepared as described
by Blake et al. (8). The method was modified for cheese-like conditions to
include a step to quench the reaction with SDS at a final concentration of 3.7%,
followed by addition of 1 M sodium phosphate (pH 6.8) to increase the pH. This
adjustment allowed p-nitroanilide to be used as the indicator even though it is
colorless at pH 5.2.
For salt/pH studies, either 0.05 M potassium citrate (pH 5.2) or 0.05 M
potassium phosphate (pH 6.8) was used for the reaction buffer. The enzyme
assay mixture contained 100 µl of 1 rnM chromogenic substrate in the assay
buffer and 100 µl of CFE. Assays were done at 30°C for lactococci, L. casei, and
brevibacteria and at 37°C for L. helveticus in 96-well microtiter plates (Baxter
Diagnostic, Inc., Deerfield, IL) with sterile tape coverings. Substrates were preincubated at 30°C for 15 min in microtiter plates before addition of CFE.
Hydrolysis of the chromogenic substrates was measured with reflectance
colorimetry by monitoring an increase in yellow color (b*) using an Ornnispec®
4000 Bioactivity monitor (Wescor, Inc., Logan, UT). Readings were taken every 5
min and assays were carried out in duplicate. Wells containing 100 µl of 1 rnM of
each substrate in the assay buffer and 100 µl of each buffer were used as controls.
Assays were adjusted for the amount of protein added to the assay mixture in
the CFE. The AP activity was defined as rate of color change (.D.b* I mg
protein/h) in the intracellular fraction. LE activity was defined as A420 /mg
protein/h.
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The intracellular portion of AP and LE activity was measured in the
extracellular, cell-wall-bound, cell membrane (spheroplast), and CFE fractions.
Activity on each substrate from each fraction was summed and used as the
denominator to determine the percentage of total intracellular enzyme activity.
The proportion due to the intracellular activity was calculated by dividing the
summed activity for the intracellular fraction by the sum of activity for each
fraction, multiplied by 100.

Methanethiol-Producing Capability2
The procedure described by Ferchichi et al. (18) was used to determine the
thiol-producing capability (MTPC). Briefly, thiol produced from L-methionine
(substrate) reacts with 5, 5'-dithio-bis-2-nitrobenzoic acid (DTNB) to produce a
yellow aryl mercaptan, which is detected spectrophotometrically at 412 nm after
1 h incubation at 25°C for brevibacteria, 37°C for L. helveticus, and 30°C for L. casei
and lactococci. Controls with only substrate or cells were used to adjust the raw
data. A standard curve was obtained using different concentrations of
ethanethiol. At pH 5.2, 0.05 M potassium citrate buffer was used; however, at
pH 7.2, a 0.05 M potassium phosphate buffer was used.

Induction of MethanethiolProducing Capability
The inducibility of MTPC was studied using methionine and methioninecontaining peptides. Equimolar concentrations of Met and Met-containing
peptides (2 mM) were used in the growth media. The MTPC of B. linens BL2 was
monitored after incubation for 36 h at 25°C with aeration (250 rpm).
2

Note: This assay is not specific for methanethiol; it detects all thiols.
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Preparation of Cheese Extracts

Cheese samples (20 g) were blended in 180 mL of 0.05 mM sodium
phosphate buffer (pH 7.2) in a Stomacher 400 (Seward, London, UK) for 4 min on
the high setting. The blended mixture was centrifuged at 10,000 x g for 30 min
(25°C), defatted by filtering through GFA filter paper (Whatman International
Ltd., Maidstone, UK), and passed through Whatman #5 filter paper before being
concentrated five times by ultrafiltration (30,000 MW cut off) with a 15-mL
Centriprep®(Amicon, Inc., Beverly, MA). Erythromycin was added to a final
concentration of 0.1 µg/mL to prevent additional enzyme synthesis by
microorganisms during the assay.
Cheese Making

Forty-eight vats of 60% reduced-fat Cheddar cheese were manufactured
within a 2-week period in the University of Wisconsin-Madison pilot dairy
processing area by a licensed Wisconsin cheese maker. Raw, whole milk was
skimmed to 1.3% fat and pasteurized at 73.3°C for 16 s. Each vat of cheese was
manufactured from 250-kg milk. Two single-strain L. lactis ssp. cremoris, Sl and
SKll, and L. lactis ssp. lactis S3 were used to make cheese with and without
flavor-adjunct bacteria. Each starter culture and flavor-adjunct was grown
separately in skim milk steamed for 45 min and incubated at 30°C for 12-14 h. In
preliminary trials, the rate of acid development was slightly different for each
starter culture; therefore, the amount of culture used varied: 1.25% of Sl, 2.00%
of SKll, and 0.5% of S3.
Six different adjunct cultures (two strains each of L. helveticus, L. casei, and

B. linens) were used. Lactobacilli were grown in MRS broth (Difeo Laboratories,
Detroit, MI) at 37°C for 12-14 h. Brevibacteria were propagated in medium 220
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(46) for 2 d at 30°C in 500-mL flasks held in a shaking water bath (250 rpm).
The adjuncts were added as follows: L. helveticus strains 3.7 x 10 6 /kg milk to 8.7 x
106 /kg milk; L. casei strains 2.2 x 10 7 /kg milk to 4.0 x 107 /kg milk; and B. linens
strains 6.8 x 10 7 /kg milk to 8.4 x 10 7 /kg milk. Starter and flavor adjunct cultures
were added at the same time to the milk. After culture addition (15 min),
calcium chloride was added (49 mL; Rhodia, Inc. Madison, WI). Chymax, double
strength fermentation-produced chymosin (Pfizer, Milwaukee, WI), was added
at a rate of 19 mL per vat.
The milk coagulum was cut with 0.95-cm knives at a milk pH of 6.5 and
allowed to heal for 5 min, followed by 10 min of gentle agitation before heating.
The temperature of the curd/whey slurry was raised from 32°C to 37.8°C over 25
min. After heating, a curd strainer was inserted into the vat and the whey was
slowly drained. Cheese slabs were cheddared followed by milling at pH 5.95.
After milling (15 min), the curd was salted in three additions, 5 min apart, with
1.25 g flake salt/kg milk. The salted curd was packed into a 9 kg Wilson-style
hoops and pressed for 4 h at ambient temperature. The resulting Cheddar cheese
blocks were stored at 7°C for aging. All cheeses were made in duplicate.
Proximate Analysis

Milk was analyzed for fat by the Babcock method (37). Cheese was
analyzed for moisture using a moisture oven (44), fat was measured by the
Babcock method (37), pH was quantitated by the quinhydrone method (45), and
salt was analyzed with a sodium electrode (24). Cheese was also analyzed for
12% TCA soluble nitrogen (2), 5% soluble nitrogen (23), lactose (kit 176303;
Boehringer Mannheim, Mannheim, Germany), L( +)-lactic acid, and D(-)-lactic
acid (40).
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Bacterial Counts During Cheese Aging

Starter cultures and flavor adjunct bacteria were estimated after 0, 2, 4,
and 6 mo of aging. Brevibacteria were counted by the spread plate technique
while all other bacteria were counted by the pour plate technique. Lactic acid
bacteria were counted after anaerobic incubation on Elliker's agar (Difeo) at 30°C
for 2 d. Lactobacilli were enumerated after anaerobic incubation on Rogosa SL
agar (Difeo) at 37°C for 2 d. Brevibacteria were enumerated after aerobic
incubation on Medium 220 agar at 30°C for 3 d.
Sensory Analysis

Analysis was carried out by descriptive trained taste panels at the
University of Wisconsin-Madison. Panels consisted of six to ten experienced
judges who evaluated the cheese for flavor and body characteristics using
category scaling and giving a consensus rating in all categories except for flavor
and body and texture preference. One of the assessors marked the consensus
rating on a ballot sheet and then gave a copy of the marked ballot sheet to each
judge. Random numbers were assigned to the cheeses, and judges tasted them
on a blind basis. Cheese attributes were scored using the reference (consensus)
as a guideline. The following flavor attributes were evaluated: Cheddar flavor
intensity (1 = none to 7 = aged), bitter (1 = none to 7 = pronounced), off-flavor
intensity (1 =none to 7 =pronounced), and overall flavor preference (1 =dislike
very much to 7 =like very much). Body and texture analysis included: body (1 =
very soft to 7 =very firm), body breakdown (1 =very curdy to 7 =very smooth)
and overall body texture and preference (1 =dislike very much to 7 =like very
much).
Analysis by consumer taste panels was carried out at Utah State
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University. Each consumer panel(> 100 judges) evaluated flavor, texture,
and overall preference using a 9-point hedonic scale. Six to eight samples (3-4 g),
coded with a random number, were evaluated at room temperature under red
lights in individual testing booths. Sample order was randomized between
judges to avoid positional bias. Water was available for mouth-rinsing between
samples.
Statistical Analysis

Laboratory enzyme assays were performed and analyzed in a completely
randomized design using JMP® statistical software (SAS Institute, Inc., Cary,
NC). Cheese manufacture, cheese enzyme assays, and flavor evaluation used a
completely randomized split-plot design with repeated measures (Eq. 1). Starter
culture was the whole plot factor and flavor adjunct was the sub-plot factor. The
time during aging was the repeated measure. These analyses were done using
Minitab (Minitab, Inc., State College, PA) and canonical analysis of trained
sensory scores was made with JMP® Statistical software (SAS Institute, Inc.,
Cary, NC).
Overall mean+ Starter Culturei +Error (a)i +Flavor
Adjunctk +(Starter Culture by Flavor Adjunct)ik +Error
(b)ik + Time1 +Error (c)ikl +(Starter Culture by Time)i1 +
(Flavor Adjunct by Tirne)kl +(Starter Culture by Flavor
Adjunct by Tirne)ikl +Error (d)ikl

(Eq. 1)

RESULTS
Protease Activity

Each strain varied in its proteinase, total AP, and LE activity. L. lactis ssp.

cremoris Sl and L. helveticus LH212 were more proteolytic than other strains
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examined (Table E-1). L. lactis ssp. lactis S3 was less proteolytic on a per cell
basis, but produced bitter cheese within 2 mo of aging. After 6 mo of aging, this
cheese was eliminated from taste panels due to extreme bitterness. While the
proteinase activity per cell was low in L. lactis ssp. lactis S3, the amount of
proteolysis during cheese ripening was similar to other starter cultures,
presumably because the cell numbers were above 109 CFU I g of cheese.
Aminopeptidase Activity
The magnitude of total AP activity was a variable trait among the bacteria
tested. L. helveticus strains had AP activity between 3.7 and 72 times higher than
other bacteria tested at laboratory conditions (Fig. E-lA) with;::: 84% of the
activity in the intracellular fraction (Table E-1). Addition of NaCl had little
influence on intracellular AP activity in all strains, except L. helveticus, in which
activity decreased significantly (P < 0.05). Activity at pH 5.2 was substantially
reduced compared to activity at pH 6.8. Total intracellular AP activity of most
strains decreased further when assayed at cheese-like conditions of pH 5.2 and
5% NaCl; however, activity in L. casei LC301 and B. linens BL2 were activated at
this condition compared to pH 5.2 (Fig. E-lA).
In laboratory and simulated cheese-like conditions, substrate hydrolysis

patterns were consistent with high general AP (aminopeptidase N and
aminopeptidase C) activity. At pH 6.8 without salt, AP activity was similar for
Arg, Leu, and Lys hydrolysis; Ala and Met were hydrolyzed at half the rate, but
accounted for >98% of the total intracellular AP activity. In cheese-like
conditions the individual AP substrate hydrolysis pattern changed. Hydrolysis
was dominated by Arg, Leu, and Ala; Lys and Met were equal, and accounted
for 88 to 99% of the total AP activity. Substrate hydrolysis patterns also shifted

TABLE E-1. Laboratory characterization of the bacteria used in cheese making.
Intracellular
AP activity
(%2)

Intracellular
LE activity
(%2)

17.82

84

84

L. lactis subsp. cremoris SKl 1

0.69

85

83

L. lactis subsp. lactis S3

0.02

89

87

Brevibacterium linens BLl

0.123

86

80

Brevibacterium linens BL2

0.82 3

69

91

Lactobacillus casei LC301

0.67

96

93

Lactobacillus casei LC202

0.57

89

65

Lactobacillus helveticus LH212

19.7

96

51

Lactobacillus helveticus CNRZ

0.11

98

30

Strain

Proteinase
activity
(RFU 1 I cell)xl0 5

Lactococcal starters:
L. lactis subsp. cremoris Sl

Flavor adjunct bacteria:

1

Relative fluorescence units (see the description of the proteinase assay in the Materials
and Methods section) .
2
% Intracellular activity = total intracellular enzyme activity /I (total activity in the
extracellular, cell wall, cell membrane, and intracellular fraction).
3
Proteinase activity found in culture supernatant.
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Figure E-1. Influence of pH and salt on total intracellular aminopeptidase
activity (panel A) and total lipase/ esterase activity (panel B) of starter cultures
and flavor adjunct bacteria. Bacteria tested are L. lactis ssp. cremoris Sl and SKll;
L. lactis ssp. lactis S3; L. helveticus LH212 and CNRZ32; L. casei LC301 and LC202;
and B. linens BLl and BL2.

189

in cheese during ripening. Equal activity among Arg, Leu, Lys, Met, and Ala
was observed. In cheese, aminopeptidase N and aminopeptidase C activity
accounted for approximately 56% of the total AP activity.
Lipase/Esterase Activity

LE activity was also variable between strains at optimum assay
conditions; L. helveticus strains had the lowest total activity (Fig. E-lB). Total
intracellular LE activity was more variable between strains than was AP activity
(Table E-1). The majority of LE activity was intracellular except in L. helveticus
strains. No LE activity was found in cell-free supernatants. Despite variation in
activity at optimum assay conditions, all cultures had low LE activity at cheeselike conditions (Fig. E-1 B) .
Thiol Production

The thiol-producing capability was also characterized in optimum and
cheese-like conditions. Whole cells, grown overnight, and added to the optimum
assay mixture, contained various MTPC (Fig. E-2A). The lactic acid bacteria
contained varying, but lower, MTPC than B. linens BL2. Whole cells tested in
cheese-like conditions contained lower MTPC than those in optimum conditions.
At cheese-like conditions B. linens BL2 contained the highest MTPC. However, if
cells from this strain were lysed and the CFE was added to the assay mixture, no
residual MTPC was observed at cheese-like conditions (Fig. E-2A). Addition of
Met and Met-containing peptides induced MTPC during cell growth (Fig. E-3),
however, no trend was observed due to peptide length or composition associated
with MTPC. Peptides formed in Cheddar cheese from the hydrolysis of ~-casein
by the lactococcal proteinase system also increased MTPC. In the presence of the
inducer this increase lasted two to three generations, which equals 5 to 7 h
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Figure E-2. Influence of pH and salt on the MTPC of whole starter
cultures and flavor adjunct bacteria (panel A) and cell-free extracts (panel B).
Bacteria tested are L. lactis ssp. cremoris Sl and SKl 1; L. lactis ssp. lactis S3; L.
helveticus LH212 and CNRZ32; L. casei LC301 and LC202; and B. linens BLl and
BL2.
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(Fig. E-3, inset) and could be re-induced later in the growth cycle with the
addition of more inducer.
Cheese Making and Trained
Sensory Evaluation

To explore the relationship between AP and LE activities and flavor, each
starter culture was combined with each flavor adjunct to make 60% reduced-fat
Cheddar cheese. All cheeses were within expected proximate analysis
parameters for Cheddar cheese with an average moisture of 49.2% ± 0.6%, an
average fat content of 13.3% ± 0.3%, an average salt-in-the-moisture of 3.4% ±
0.2%, and 0.6% ± 0.2% residual lactose at 1 d.
Enzyme activity during cheese ripening was monitored (Fig. E-4). Total
AP activity never exceeded 5 ~b* I mg protein/h in any cheese tested and usually
decreased during aging. The hydrolysis patterns using chromogenic substrates
was associated with general AP activity (aminopeptidase Nor C) throughout
aging and were associated with an increase in TCA-soluble nitrogen.
Lipase / esterase usually rose slightly during aging and peaked at 120 d, but
remained low during aging (Fig. E-4) . In cheese, the individual LE substrate
hydrolysis was distributed between all the substrates tested. The hydrolysis, in
descending order, was caprylate, butyrate, laurate, myristate, palmitate, stearate,
and propionate, with a range of 29% to 4%.
Taste panels done with trained participants demonstrated that cheese
made with single strain starter cultures had a mild flavor with no bitter or offflavors after 6 mo (Fig. E-5). L. helveticus CNRZ32 produced a mild flavored
cheese after 6 mo, similar to cheese made with starter cultures alone. B. linens
BLl produced slightly more off-flavors than other adjunct bacteria tested, while
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Figure E-4. Starter culture count (diamonds), non-starter lactic acid
bacteria count (squares); not including brevibacteria), total aminopeptidase
activity (triangles), and total lipase/esterase activity (circles) during aging in
cheeses rated with significantly better flavor bl consumer sensory eva1uation.
Panel A represents cheese made with Sl, Pane B represents cheese made with Sl
+ L. helveticus CNRZ32, Panel C represents cheese made with Sl + L. helveticus
LH212, Panel D represents cheese made with Sl + L. casei LC301, Panel E
represents cheese made with Sl + B. linens BL2, and Panel F represents cheese
made with SK11 + B. linens BL2. All data are means of replicate cheese trials.
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while bitterness was more pronounced with L. casei strains. Cheese made
with B. linens BL2 and L. helveticus LH212 contained a more pronounced
Cheddar-like flavor than cheese made other flavor adjuncts. However, total AP
(R2 = 0.16 for consumer overall acceptance), individual AP substrates, total LE (R2

= 0.32 for consumer overall acceptance), and individual LE substrates did not
correlate to cheese flavor data from consumer evaluation or trained taste panel.
Consumer Evaluation

Consumer preference for lower-fat Cheddar cheese was evaluated by
untrained sensory evaluation. Consumers preferred younger, more mild
Cheddar cheese, with significantly (P < 0.05) lower scores at 6 mo. Starter
culture (P = 0.006), flavor adjunct (P

= 0.003; Table E-2, E-3), and the interaction

between starter culture and adjunct significantly (P < 0.02) influenced consumer
flavor preference (Table E-4) . Flavor adjuncts formed two groups; L. helveticus
LH212 and B. linens BL2 were most preferred (Table E3 and E-4). These data
highlight strain variation and its importance regarding cheese flavor in starter
cultures and flavor adjunct bacteria.
The interaction between the starter culture and adjunct is noticeable when
comparing the relative flavor ranking of cheese made with L. helveticus CNRZ32
and B. linens BL2 at different ages (Table E-4). For example, consumers
significantly preferred L. helveticus CNRZ32 and B. linens BL2 over other adjuncts
paired with L. lactis ssp. cremoris Slat 2 mo, but preferences decreased when
these flavor adjuncts were paired with either of the other two starters. This type
of preference switching was noticeable at all time points.
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TABLE E-2. ANOV A for flavor scores by consumers.

Source of variation
Starter
Error (a)
Adjunct
Starter *Adjunct
Error (b)
Time
Error (c)
Starter *Time
Adjunct *Time
Starter *Adjunct *Time
Error (d)
Total

df

SS

p

2

8.0370
0.2469
3.5207
4.2484
1.8762
1.3349
0.0991
1.4167
0.8640
0.6060
1.9538

0.006

3
6
12
18
2
2
4
12
24
39
124

0.003
0.02
0.08
<0.0005
0.20
0.96

TABLE E-3. Consumer flavor preference of 60% reduced-fat Cheddar cheese
with starter culture and adjunct flavor bacteria as independent variables.
Cultures are ranked in descending preference with the same letter indicates no
significant difference (a= 0.01).
Starter culture

Flavor adjunct bacteria

L. lactis ssp. cremoris Sia

L. helveticus LH212a

L. lactis ssp. cremoris SKll b
L. lactis ssp. lactis S3c

B. linens BL2a
L. helveticus CNRZ32b
B. linens BLl b
L. casei LC301 b
L. casei LC202b
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TABLE E-4. Consumer flavor preference of 60% reduced-fat Cheddar cheese
during aging based on the interaction of starter culture and flavor adjunct.
Cultures are ranked in descending preference with the same letter indicates no
significant difference (a= 0.02).
2mo

4mo

6mo

Sl + BL2a

53a

Sl + BL2a

Sl + CNRZ32a

5ia

SKll + BL2a

SKll + BL2b

51 + LH212b

s1 a

Sl + LH212b

Sl + CNRZ32b

Sl + LC301b

53bc

51 + BL2b

Sl + LH212b

sic

5Kll + BL2bc

SKllbc

SKllct

5Kllc

Sl + CNRZ32c

SKll + BLlct

Sl + BLlct

53c

SKl 1 + LH212ct

SKl 1 + LC202ct

SKl 1 + LH212c

Sl + LC202cte

5Kl 1 + LH212ct

SKll + BLlct

Sl + BLle

SKll + BLlct

5Kl 1 + LC202ct

SKl l + CNRZ32e

53 + LH212e

Sl + BLlct

Sl + LC301 f

5Kl 1 + CNRZ32e

SKll + LH212ct

S3 + LC301 f

51 + LC301 e

Sl + LC202e

SKl 1 + LC202f

S3 + LC301 ef

SKll + LC301 ef

S3 + LH212g

51 + LC202f

S3 + LC301 f

S3 + LC202g

53 + LC202f

S3 + BL2g

SKl 1 + LC301 g

S3 + BLlg

S3 + LH212g

S3 + BLlh

53 + CNRZ32g

S3 + LC202h

S3 + CNRZ32h

S3 + BL2g

S3 + BLli

S3 + BL2i

5Kll + LC301g

S3 + CNRZ32i
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DISCUSSION AND CONCLUSION

Cheese flavor development is largely the result of microbial activity in
ripening cheese (36, 38). Most investigators agree that proteinases and
peptidases are important to cheese flavor development, but little is known about
the relative influence of individual proteolytic enzymes (19). As a result most
cheese manufacturers rely on empirical information to select cheese-making
strains. We investigated the influence of AP, LE, and MTPC in an attempt to link
specific enzyme activities in simulated cheese-like assay conditions with
desirable flavor characteristics in reduced-fat Cheddar cheese.
Intracellular AP activity decreased with increasing NaCl and decreasing
pH and was not correlated to trained or consumer sensory evaluation. The
residual activity was dominated by hydrolysis of substrates associated with
aminopeptidases Nor C, but the relative contribution of individual substrates
associated with general AP activity changed depending on the condition.
Laboratory experiments in simulated cheese-like conditions reflected the total AP
activity in cheese, but did not predict the contribution of specific substrates,
suggesting that other parameters in addition to pH and salt-in-the-moisture
influenced AP activity during aging. Cultures with higher aminopeptidases Nor
C-type hydrolysis patterns did not increase the flavor of low-fat cheese, which
agrees with the results of Christensen et al. (10) and McGarry et al. (31) .
Intracellular LE activity also decreased with the addition of NaCl and the
reduction in pH to 5.2. Residual LE activity in simulated cheese-like conditions
and cheese curd was dominated by shorter chain fatty acid hydrolysis. As
cheese ripened, LE activity generally decreased even though cell numbers
increased, suggesting that LE activity in cheese curd was not associated with
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intracellular enzymes. After 120 d of ripening, LE activity was lower in all
cheeses, suggesting that these enzymes have a limited life in cheese, or that
inhibitors were produced during aging. Intracellular LE activity also was not
correlated to increased cheese flavor during aging. The lack of AP and LE
activity correlation to cheese flavor suggests other, possibly secondary metabolic,
reactions play a role in converting protein and fat to desirable flavor compounds.
There was considerable variability in MTPC under cheese-like conditions;
brevibacteria contained significantly more MTPC than lactobacilli and lactococci,
which may explain why addition of brevibacteria improved Cheddar-type flavor
in taste panels. Whole cells retained MTPC, while CFE contained no measurable
MTPC at cheese-like conditions, suggesting that the enzymes responsible for
methanethiol production are not active in the cheese matrix during ripening. At
least two enzymes, cystathionine

~-lyase

and MGL, contribute to MTPC, via

related pathways (3, 18). While Alting et al. (3) claim that they detected
cystathionine

~-lyase

activity at pH 5.2 with 4% NaCl, we did not observe MTPC

in CFE under these conditions. These results need to be further investigated to
determine whether both enzymes are inhibited upon cell lysis and release into
the cheese matrix.
The ability of MTPC to be maintained and induced in whole cells suggests
that methanethiol will be produced during cheese aging. Met or Met-containing
peptides are required for sustained MTPC activity during cheese ripening. A
possible source of Met during aging is casein-derived peptides derived from the
action of the lactococcal cell wall proteinase (17, 35, 42) with a measured
concentration of <0.5 µmoles / g to 1.6 µmole/gin the cheese matrix during aging
(10). Laboratory results for methanethiol production have confirmed results
found during aging for whole cells and CFE, suggesting that this may be an
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important selection criteria for use of starter cultures. In accordance with the
studies of Christensen et al. (10) and McGarry et al. (31), AP activity did not
appear to be primary factors in improving cheese flavor.
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