
a-Lactones and (3-lactones are highly reactive
and are used, or occur, as intermediates in or-
ganic synthesis; y- or 8-lactones are stable and
have been found in cheese. Lactones possess a
strong aroma, which, although not specifically
cheese-like, may be important in the overall fla-
vor of cheese.

y-Lactones and 8-lactones in freshly secreted
milk probably originate from the corresponding
y- and 8-hydroxyacids following release from
triglycerides; they are formed spontaneously
following release of the corresponding hydroxy-
acid. Lactones could also be produced from keto
acids released by lipolysis, followed by reduc-
tion to hydroxyacids. It has been reported that
the mammary gland of ruminants has a 8-oxida-
tion system for fatty acid catabolism, and thus
oxidation within the mammary gland may be the
primary source of lactone precursors. The poten-
tial for lactone production depends on such fac-
tors as feed, season, stage of lactation, and
breed.

8-Lactones have very low flavor thresholds.
y-C12, y-C14, y-C16, 8-C10, 8-C12, S-C14, 8-C15, 8-
C16, and 8-C18 lactones have been identified in
Cheddar cheese, and their concentration corre-
lates with age and flavor intensity, suggesting
that certain lactones are significant in Cheddar
cheese flavor, although this has not been con-
firmed.

The concentration of lactones in Blue cheese
is higher than in Cheddar, probably reflecting
the extensive lipolysis that occurs in Blue
cheese. The principal lactones in Blue cheese are
S-C14 and S-C16.

11.7 PROTEOLYSIS

11.7.1 Introduction

Of the three primary biochemical events (gly-
colysis, lipolysis, and proteolysis) that occur in
cheese during ripening, proteolysis is the most
complex and, in the view of most investigators,

Figure 11-10 p-Oxidation of fatty acids to methyl ketones by Penicillium roqueforti and subsequent reduction
to secondary alcohols.
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the most important. It is primarily responsible
for textural changes—in hardness, elasticity, co-
hesiveness, fracturability, stretchability, melt-
ability, adhesiveness, and emulsifying prop-
erties (see Chapter 13)—and makes a major
contribution to cheese flavor and the perception
of flavor (through release of sapid compounds).
Unfortunately, some small peptides are bitter
and, if present at sufficient concentrations, will
cause bitterness, a common flavor defect in
cheese (see Chapter 12).

Proteolysis during maturation is essential in
most cheese varieties. The extent of proteolysis
varies from very limited (e.g., Mozzarella) to
very extensive (e.g., Blue varieties), and the
products range in size from large polypeptides
only slightly smaller than the intact caseins
through a succession of medium and small pep-
tides to free amino acids. Clearly, no one pro-
teolytic agent is responsible for such a wide
range of products. Small peptides and amino ac-
ids contribute directly to cheese flavor, and the
latter may be catabolized to a range of sapid and
aromatic compounds that are major contributors
to cheese flavor (e.g., amines, acids, carbonyls,
and sulfur-containing compounds). Although
the catabolism of amino acids is not proteolysis,
it is dependent on the formation of amino acids
and will be treated in this section.

11.7.2 Assessment of Proteolysis

Proteolysis is routinely monitored in studies
on cheese ripening and is a useful index of
cheese maturity and quality. Considering the
complexity of proteolysis, a variety of methods
may be used, depending on the depth of informa-
tion required. These methods fall into two gen-
eral classes: specific and nonspecific. The latter
include determination of nitrogen soluble in or
extractable by one of a number of solvents or
precipitants (e.g., water, pH 4.6 buffers, NaCl,
ethanol, trichloroacetic acid, phosphotungstic
acid, and sulfosalicylic acid) or permeable
through ultrafiltration membranes and quanti-
fied by any of several methods (e.g., Kjeldahl,
biuret, Lowry, Hull, absorbance at 280 nm) or by
the formation of reactive a-amino groups quan-

tified by reaction with one of several reagents
(e.g., trinitrobenzene sulphonic acid [TNBS], o-
phthaldialdehyde [OPA], fluorescamine, Cd-
ninhydrin, and Li-ninhydrin). Such methods are
valuable for assessing the overall extent of pro-
teolysis and the general contribution of each pro-
teolytic agent. Nonspecific techniques are rela-
tively simple and are valuable for the routine
assessment of cheese maturity, since soluble ni-
trogen correlates well with cheese age and to a
lesser extent with quality.

Specific techniques involve the use of chroma-
tography and/or electrophoresis, which resolve
individual peptides. They permit monitoring pro-
teolysis of the individual caseins and identifica-
tion of the peptides formed. Various forms of
chromatography have been used to study peptides
in cheese, including paper, thin-layer, ion-ex-
change, gel permeation, and metal chelate tech-
niques as well as, more recently, a variety of high-
performance techniques, especially reverse-
phase high-performance liquid chromatography.
Electrophoresis is a very effective and popular
technique for assessing primary proteolysis in
cheese, especially alkaline urea-PAGE, but SDS-
PAGE and isoelectric focusing are also used. Gel
electrophoretograms are not easy to quantify ac-
curately, which is a major limitation of these tech-
niques. In recent years, capillary electrophoresis
is being applied increasingly to the analysis of
peptides in cheese and has given very satisfactory
quantifiable results.

Techniques for assessing proteolysis in
cheese during ripening have been the subject of
a number of recent reviews, including Fox
(1989); Fox, McSweeney, and Singh (1995);
Grappin, Rank, and Olson (1985); International
Dairy Federation (1991); McSweeney and Fox
(1993, 1997); and Rank, Grappin, and Olson
(1985). See Chapter 23 for further details.

11.7.3 Proteolytic Agents in Cheese and
Their Relative Importance

Cheese contains proteolytic enzymes from
rennet, milk, starter lactic acid bacteria (LAB),
adventitious nonstarter LAB (NSLAB), and, in
most varieties, secondary cultures.



Several studies using the model cheese sys-
tems described in Section 11.3, especially stud-
ies on Cheddar and Gouda, have shown that en-
zymes in rennet (chymosin or rennet substitute)
are mainly responsible for initial proteolysis and
the production of most of the water-soluble or
pH 4.6-soluble N (Figure 11-11). However, the
production of small peptides and free amino ac-
ids is due primarily to the action of enzymes
from starter bacteria. y-Caseins, formed from (3-
caseins by plasmin, have been found in all
cheese varieties that have been studied, indicat-
ing plasmin activity, and such activity has been
confirmed in cheese supplemented with plasmin
or containing a plasmin inhibitor. Nonetheless,
plasmin activity is probably not necessary for
satisfactory cheese ripening. The rennet en-
zymes are extensively, probably completely, de-
natured in high-cooked cheeses, such as Mozza-
rella, Parmesan, and Emmental, and therefore
the contribution of plasmin to primary proteoly-
sis is considerably higher in these varieties than
in Cheddar- and Dutch-type cheeses. The pH
optimum for plasmin is about 7.5, and hence
cheese (~ pH 5.2) is not a very suitable substrate.
However, the pH of many cheeses increases dur-
ing ripening (e.g., the pH of Camembert in-
creases to ~ 7), and these therefore are more
amenable to plasmin action.

Although NSLAB can dominate the micro-
flora of Cheddar-type cheese during much of its
ripening, their influence on proteolysis in cheese
is relatively limited and mainly at the level of
free amino acid formation.

Some adjunct or secondary cultures are very
proteolytic (e.g., P. roqueforti, P. camemberti,
and B. linens). Consequently, these microorgan-
isms make a major contribution to proteolysis in
those cheeses in which they are used, especially
in Blue cheeses, in which extensive mold growth
occurs throughout the cheese.

The extent and specificity of proteolysis in
representatives of the principal groups of cheese
have been characterized (and are described in
Section 11.8). The specificity of the principal
proteinases and peptidases on the individual
caseins in cheese has been established and can
be related to proteolysis in cheese. The specific-

ity of the principal proteolytic enzymes found in
cheese is described briefly below, and actual
proteolysis in some varieties is discussed in Sec-
tion 11.8.

11.7.4 Specificity of Cheese-related
Proteinases

Coagulant

As discussed in Chapter 6, the principal and
essential role of the coagulant in cheesemaking
is the specific hydrolysis of K-casein, as a result
of which the colloidal stability of the casein mi-
celles is destroyed and coagulation occurs under
suitable conditions of temperature and calcium
concentration. Most of the rennet added to
cheesemilk is lost in the whey or denatured as a
result of cooking the curd-whey mixture to a
high temperature. Typical values for the percent-
age of added rennet retained in the curd range
from about 0% for high-cook cheese (e.g., Moz-
zarella, Parmesan, and Emmental) through 6%
for Cheddar to about 20% for high-moisture,
low-cook cheeses (e.g., Camembert).

Chymosin (EC 3.4.23.4), the principal pro-
teinase in traditional rennets used for cheese-
making, is an aspartyl proteinase of gastric ori-
gin, secreted by young mammals. Its action on
the B-chain of insulin indicates that chymosin is
specific for hydrophobic and aromatic amino
acid residues. Chymosin is weakly proteolytic.
Indeed, limited proteolysis is one of the charac-
teristics to be considered when selecting protein-
ases for use as rennet substitutes.

The primary chymosin cleavage site in the
milk protein system is the Phei05-Meti06 bond in
K-casein, which is many times more susceptible
to chymosin than any other bond in milk pro-
teins, and its hydrolysis leads to coagulation of
the milk (see Chapter 6). Cleavage of K-casein at
Pheios-Metloe yields para-K-casein (K-CN fl-
105) and glycomacropeptides (GMP; K-CN
f 106-169). Most of the glycomacropeptides are
lost in the whey, but the para-K-casein remains
attached to the casein micelles and is incorpo-
rated into the cheese. ocsi-casein, ocs2-casein, and
P-casein are not hydrolyzed during milk coagu-



lation but may be hydrolyzed in cheese during
ripening.

In solution, chymosin cleaves the LeUi92-Ty^93

bond of p-casein very rapidly; the larger peptide,
p-CN f 1-192, is commonly referred to as P-I-
casein. At very low ionic strength (e.g., distilled
water), this bond is the second most susceptible
bond to hydrolysis in the caseins, after the PhCi05-
Metio6 bond of K-casein, with a KM and kcat of
0.075 mM and 1.54 S"1 for the micellar protein and
0.007 mM and 0.56s"1 for the monomeric protein.
However, its hydrolysis is strongly inhibited
when the ionic strength is increased, even in 50
mM phosphate buffer; it is strongly inhibited by
5% NaCl and completely by 10% NaCl. The bond
Alai89-Phei90 and bonds in the region of residues
LeUi65 and LeUi40 of p-casein are hydrolyzed less
rapidly. The peptide p-CN f 1-189 has the same
mobility as p-CN fl-192 on urea-PAGE at pH 9
and is also referred to as p-I-casein. The peptides
P-CN fl-165 and p-CN fl-140, referred to as p-
II- and p-III-casein, respectively, are readily re-
solved by urea-PAGE.

p-Casein undergoes very little proteolysis by
chymosin in cheese. Undoubtedly, NaCl is an

inhibitory factor (Cheddar cheese contains
4-6% salt-in-moisture), but even in salt-free
cheese proteolysis is very limited. Perhaps the
concentration of milk salts is sufficient to cause
inhibition, and protein-protein interactions may
also contribute to the low level of proteolysis
(the C-terminal region of p-casein is very hydro-
phobic, and intermolecular hydrophobic interac-
tions may cause the chymosin-susceptible bonds
to become inaccessible). The small peptide P-
CN f 193-209 and ^agments thereof are bitter
and hence even limited hydrolysis of p-casein by
chymosin may cause bitterness. Because the
concentration of NaCl in the interior of most
brine-salted cheeses increases slowly due to dif-
fusion from the surface (see Chapter 8), suffi-
cient proteolysis of p-casein by chymosin may
occur in Dutch-type and other low-cooked
cheese to cause bitterness.

The primary site of chymosin action on ocsi-
casein is PhC23-PhC24. Cleavage of this bond is
believed to be responsible for softening of
cheese texture, and the small peptide asrCN fl-
23 is rapidly hydrolyzed by starter proteinases.
The hydrolysis of asrcasein in solution by

Age

Figure 11-11 Formation of water-soluble nitrogen (WSN) in Cheddar cheese that (A) has controlled microflora
(is free of nonstarter bacteria); (B) has controlled microflora and is chemically acidified (starter free); (C) has
controlled microflora and is rennet free; and (D) has controlled microflora and is rennet and starter free.
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chymosin is influenced by pH and ionic
strength. In 0,1 M phosphate buffer, pH 6.5,
chymosin cleaves ocsl-casein at PhC23-PhC24,
Phe28-Pro29, Leu40-Ser4i, LeUi49-PhCi50, Phe153-
Tyri54, LeUi56-ASp157, Tyr159-Proi6o, and Trp164-
Tyr165. These bonds are also hydrolyzed at pH
5.2 in the presence of 5% NaCl (i.e., conditions
similar to those in cheese), and in addition Leun-
PrOi2, PhC32-GIy33, LeU10I-LyS102, LeU142-AIa144,
and Phe179-Ser180 are hydrolyzed (McSweeney,
Olson, Fox, Healy, & Hojmp, 1993a). The rate
at which many of these bonds are hydrolyzed
depends on the ionic strength and pH, particu-
larly LeU101-LyS102, which is cleaved far faster at
the lower pH. The kcat and KM for the hydrolysis
of Phe23-Phe24 bond of asl-casein by chymosin is
0.7 s-1 and 0.37 mM, respectively.

Primary proteolysis (i.e., the formation of
large peptides) in low-cooked cheese, including
Cheddar, in which the chymosin is not inacti-
vated during cooking, is due mainly to
chymosin, and as discussed in Section 11.8, the
cleavage sites correspond to those cleaved in
(X81-CN in solution at pH 5.2.

as2-Casein appears to be relatively resistant to
proteolysis by chymosin. Cleavage sites are re-
stricted to the hydrophobic regions of the mol-
ecule (i.e., residues 90-120 and 160-207). The
bonds Phe88-Tyr89, Tyr95-Leu96, Gln97-Tyr98,
Tyr98-Leu99, Phe163-Leu164, PhC174-AIa175, and
Tyr179-Leu180 were reported by McSweeney,
Olson, Fox, and Healy (1994) to be the primary
cleavage sites. Although para-K-casein has sev-
eral potential chymosin cleavage sites, it does
not appear to be hydrolyzed either in solution or
in cheese.

Good-quality calf (veal) rennet contains about
10% bovine pepsin (EC 3.4.23.1), but values up
to 50% have been reported in "calf rennet. The
principal peptides produced from Na-caseinate
by bovine pepsin are similar to those produced
by chymosin, but the specificity of bovine or
porcine pepsins on bovine caseins has not been
rigorously determined. The LeU109-GIu110 bond
of asl-CN appears to be resistant to chymosin
but is relatively susceptible to pepsin. The pep-
tide OC81-CN fl 10-199 is quite pronounced in

electrophoretograms of cheese made with com-
mercial calf rennet but not of cheese made using
microbial chymosin, which has the same speci-
ficity as purified calf chymosin.

The specificity of the microbial rennet substi-
tutes is quite different from that of chymosin
(Figure 11-12); C. parasitica proteinase is much
more active on P-casein than chymosin. The
principal cleavage sites for R. miehei proteinase
in ocsl-casein are Phe23-Phe24, PhC24-VaI25,
Met123-Lys124, and Tyr165-Tyr166. The principal
sites on p-casein are GIu31-LyS32, VaI58-VaI59,
Met93-Gly94, and Phe190-Leu191.

Indigenous Milk Proteinases

Milk contains several indigenous proteinases.
Plasmin is the principal indigenous proteinase,
but a low level of cathepsin D is also present.
Several other proteinases have been reported in
milk but are believed to be of little significance
in milk and dairy products.

Plasmin. Plasmin (fibrinolysin, EC 3.4.21.7)
has been the subject of much study (for reviews
see Bastian & Brown, 1996; Grufferty & Fox,
1988). It is a component of blood, where its
physiological role is solubilization of fibrin
clots. Plasmin is a component of a complex sys-
tem consisting of the active enzyme, its zy-
mogen (plasminogen), and activators and inhibi-
tors of the enzyme and of its activators (Figure
11-13), all of which are present in milk. The
components of the plasmin system enter milk via
defective mammocyte membranes and are el-
evated in late lactation and during mastitic infec-
tion. Plasmin, plasminogen, and plasminogen
activators are associated with the casein micelles
in milk and consequently are incorporated into
cheese curd, while the inhibitors of both plasmin
and plasminogen activators are in the serum
phase and are lost in the whey.

Plasmin is a trypsin-like serine proteinase
with a pH optimum at about 7.5 and a high speci-
ficity for peptide bonds containing lysine at the
N-terminal side. It is active on all caseins but es-
pecially on ocs2- and p-caseins. Plasmin cleaves
p-casein at three primary sites: LyS28-LyS29,
LyS105-HiS106, and LyS107-GIu108, with the forma-



tion of the polypeptides p-CN f29-209 (Yi-CN),
f 106-209 (Y2-CN), and fl 08-209 (Y3-CN); (3-CN
f 1-105 and fl-107 (proteose peptone 5); p-CN
f29-105 and f29-107 (proteose peptone 8-slow);
and (3-CN fl-28 (proteose peptone 8-fast) (see
Figure 3-11). Additional cleavage sites include
LyS29-Ue30, Lysii3-TyrU4, and Arg183-Aspi84.

Plasmin cleaves as2-casein in solution at eight
sites—LyS2I-GIn22, Lys24-Asn25, Argn4-Asnii5,
LySi49-LyS150, Lysi50-Thr15i, Lys18i-Thr182,
Lys!88-Alai89, and Lys197-Thr198—and thereby
produces about 14 peptides, 3 of which are po-
tentially bitter.

Although plasmin is less active on asrcasein
than on ocs2- and p-caseins, it hydrolyzes ocsl-
casein in solution at the bonds Arg22-Phe23,
ATg90-TyT9I, LyS102-LyS103, LyS103-TyT104, LyS105-
VaI106, LyS124-GIu125, and Arg151-Gln152 (Mc-

Sweeney et al., 1993b). The formation of A,-
casein, a minor casein component, has been at-
tributed to its action on ocsl-casein.

Although K-casein contains several potential
sites, it is very resistant to plasmin, and the prod-
ucts have not been identified. Even though the
pH of cheese is quite far removed from the pH
optimum of plasmin, the hydrolysis of p-casein
in cheese is due mainly to plasmin. Being quite
heat stable, plasmin and plasminogen survive
HTST pasteurization and cheese cooking, and
plasmin is principally responsible for primary
proteolysis in high-cooked cheeses, such as Par-
mesan and Emmental.

Cathepsin D. The indigenous acid proteinase
in milk, cathepsin D (EC 3.4.23.5), has received
little attention. It is relatively heat labile (com-
pletely inactivated by 7O0C x 10 min) and has a

Figure 11-12 Urea-PAGE of Na-caseinate hydrolyzed with different rennets (0.04 RU/ml) at pH 5.2 for 30 min.
Lane 1: sodium casemate; lanes 2, 5, 8, 11, and 14: sodium casemate containing O, 1, 2.5, 5, and 10% NaCl
hydrolyzed by chymosin; lanes 3, 6, 9, 12, and 15: sodium casemate containing O, 1, 2.5, 5, and 10% NaCl
hydrolyzed by R. miehei proteinase; lanes 4, 7, 10, 13, and 16: sodium caseinate containing O, 1, 2.5, 5, and 10%
NaCl hydrolyzed by C. parasitica proteinase.



pH optimum of 4.0. The specificity of cathepsin
D on the caseins has not been determined, al-
though electrophoretograms of hydrolyzates in-
dicate that its specificity is similar to that of
chymosin; surprisingly, it is unable to coagulate
milk (McSweeney, Fox, & Olson, 1995).

The contribution of cathepsin to cheese ripen-
ing is unclear but is very likely to be less than
that of chymosin, which is present at a higher
concentration and has a similar specificity.

Other Indigenous Milk Proteinases. The
presence of other proteolytic enzymes in milk
has been reported, including thrombin, a lysine
aminopeptidase, and proteinases from leuco-
cytes, but they are considered not to be signifi-
cant in cheese (see Grufferty & Fox, 1988).

Proteolytic Enzymes from Starter

Although LAB are weakly proteolytic, they
do possess a proteinase and a wide range of pep-
tidases, which are principally responsible for the
formation of small peptides and amino acids in
cheese. The proteolytic system of Lactococcus
has been studied thoroughly at the molecular,
biochemical, and genetic levels. The system of
Lactobacillus spp. is less well characterized but
the systems of both genera are generally similar.
Sc. thermophilus is less proteolytic than Lacto-
coccus or Lactobacillus and has been the subject
of little research. The extensive literature on the
proteolytic systems of LAB has been compre-
hensively reviewed by Kunji, Mierau, Hagting,
Poolman, and Konings (1996); Law and
Haandrikman (1997); Monnet, Chapot-Chartier,

and Gripon (1993); Tan, Poolman, and Konings
(1993); Thomas and Pritchard (1987); and
Visser(1993).

The proteinase in LAB is anchored to the cell
membrane and protrudes through the cell wall,
giving it ready access to extracellular proteins;
all the peptidases are intracellular. The oligo-
peptides produced by the proteinase are actively
transported into the cell, where they are hydro-
lyzed further by the battery of peptidases (see
Chapter 5).

Cell envelope-associated proteinases (CEPs)
of Lactococcus have been classified into three
groups: P1-, Pnr, and mixed-type proteinases. P1-
type proteinases degrade (3- but not ocsi-casein at
a significant rate, while Pm-type proteinases rap-
idly degrade both asr and (3-caseins. The nucle-
otide sequences of the genes for both P1- and P1n-
type proteinases are very similar. Based on their
specificity on ocsi-CN fl-23 (a peptide produced
very rapidly from ocsi-CN by chymosin), lacto-
coccal proteinases can be classified into seven
groups, a-g (Figure 11-14).

The specificity of the CEPs from several
Lactococcus strains on asr, as2-, P-, and K-
caseins and short peptide substrates has been es-
tablished (see Fox & McSweeney, 1996; Fox,
O'Connor, McSweeney, Guinee, & O'Brien,
1996; Fox, Singh, & McSweeney, 1994). The
lactococcal CEP is involved in the formation of
many of the small peptides in cheese, and the
peptidases are responsible for the release of
amino acids.

Lactococcus spp. contain at least the follow-
ing intracellular proteolytic enzymes:

Plasminogen
(casein micelles)

Plasminogen activator(s)
(casein micelles)

Inhibitors of plasminogen
activators

(milk serum)

Plasmin inhibitors
(milk serum)

Plasmin
(casein micelles)

Figure 11-13 Schematic representation of the plasmin system in milk.



Amino acid substitutions at positions relevant for substrate binding
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Figure 11-14 Classification of cell envelope-associated proteinases of lactic acid bacteria according to their specificity toward ocsl-casein fragment 1-23.



• Proteinases capable of hydrolyzing caseins
with a specificity different from that of the
CEPs. Their activity in cheese has not been
demonstrated.

• Four endopeptidases (PepOi, PepO2, PepFb

PepF2) that are unable to hydrolyze intact
caseins but can hydrolyze internal peptide
bonds in large casein-derived peptides (up
to 30 amino acid residues). The specificity
of these endopeptidases on several casein-
derived peptides and on synthetic peptides
has been established, but their activity in
cheese has not been demonstrated.

• Four aminopeptides (PepN, PepA, PepC,
PepP). PepN is a broad specificity metallo-
enzyme, PepC is a broad specificity thiol
enzyme, PepA is a metalloenzyme with
high specificity for N-terminal GIu or Asp
residues, and PepP is a metalloenzyme that
releases the N-terminal residue from pep-
tides with Pro as the penultimate residue.

• An iminopeptidase (Pepl) that releases N-
terminal Pro.

• A dipeptidyl aminopeptidase (PepX) that
has a high but not absolute specificity for
peptides with Pro at the penultimate posi-
tion, releasing X-Pro dipeptides, where X
may be one of several residues.

• A pyrrolidone carboxylyl peptidase (PCP)
that releases a cyclic pyroglutamic acid
from the N-terminal.

• A tripeptidase (PepT).
• A number of dipeptidases, including a gen-

eral dipeptidase (PepV); PepL, which pref-
erentially hydrolyzes dipeptides and some
tripeptides containing an N-terminal Leu;
and proline-specific dipeptidases, prolinase
(PepR) and prolidase (PepQ), which hydro-
lyze Pro-X and X-Pro dipeptidases, respec-
tively.

Most of these peptidases have been isolated
from at least one strain of Lactococcus and char-
acterized (Table 11-3).

The activity and stability of these peptidases
in cheese has not been established, but at least
some are active, as indicated by the presence of

relatively high concentrations of certain pep-
tides and amino acids in cheese. The proteolytic
system is capable of hydrolyzing casein com-
pletely to free amino acids. The sequential ac-
tion of the peptidase system is shown schemati-
cally in Figure 11-15. This complex proteolytic
system is required by LAB for growth to high
numbers in milk that contains a low concentra-
tion of small peptides and free amino acids.

Thermophilic obligately homofermentative
Lactobacillus spp. (Lb. helveticus, Lb. del-
brueckii spp. bulgaricus, Lb. delbrueckii ssp.
acidophilus), alone or paired with Sc. ther-
mophilus, are used as starters for high-cooked
cheeses. The proteolytic system of the thermo-
philic lactobacilli is generally similar to that of
the lactococci and includes a CEP, the specific-
ity of which has not been determined. These
bacteria die and lyse relatively rapidly in
cheese (see Chapter 10), releasing intracellular
peptidases, which explains the high level of
amino acids in cheese made with thermophilic
starters.

Sc. thermophilus is weakly proteolytic (no
proteinase has yet been isolated), but it pos-
sesses substantial peptidase activity. Its contri-
bution to proteolysis in cheese is probably less
than that of the thermophilic lactobacilli, but de-
finitive studies are lacking.

Proteolytic System ofNonstarter
Microflora

The starter cells, both Lactococcus and ther-
mophilic Lactobacillus, reach maximum num-
bers shortly after manufacture and then die off
and lyse. In contrast, NSLAB grow from very
low initial numbers (< 50 cfu/g) to about 107-108

cfu/g within about 3 months and dominate the
microflora of long-ripened cheeses for most of
their ripening period. As discussed in Chapter
10, the interior of cheese is a hostile environ-
ment for bacteria. It has a relatively low pH
(=5), has a relatively high salt content (2-4%),
lacks a fermentable carbohydrate, is anaerobic,
and may contain bacteriocins produced by
starter bacteria. Hence, cheese is highly selec-
tive, and the NSLAB microflora is dominated by



Table 11-3 Peptidases of Lactic Acid Bacteria

Optimal Activity

ClassSubunits0CpHMoI. Wt. (kDa)
Principal Assay

SubstrateOrganism

Oligoendopeptidases (PepO, PepF, LEP, MEP, NOP)

M
M
M
M
N
M
M
M
M

1
2
1

>2
1
1
1
1
1

40
37

30-38
42
35
40

40
47

7-7.5,
6

6-6.5,
8-9
6-7
7.5
6.0
8.0
7.7

49
98
80
70
180
70
70
70
70
70

Peptides
Peptides
O81-CN 11-23
Met-enkephalin
(X31-CNf 1-23
O8I-CNf 1-23
O81-CNf 1-23
Bradykinin
Bradykinin
Met-enkephalin

Lc. lactis ssp. lactis CNRZ 267
Lc. lactis ssp. cremoris H61
Lc. lactis ssp. cremoris H61
Lc. lactis ssp. cremoris Wg2
Lc. lactis ssp. cremoris HP
Lc. lactis ssp. cremoris C1 3
Lc. lactis ssp. lactis MG 1363
Lc. lactis ssp. cremoris SK1 1
Lc. lactis ssp. lactis NCDO763
Lb. delbr. ssp. bulgaricus B14

Aminopeptidases

Aminopeptidase N (general aminopeptidase, AMP, PepN)

M
M

M, -SH
M
M
M
M
M
M
M
M
M
M
M

M1-SH

continues

1
1
1

1
1
1
1
1
1
1
1

35
40
40

47.5

50
37
39
40
50
35
36
35

6.5
7
7

6.2-7.2

7
7
7
6

6.5
6.5
7.0

6.9-7.0

85
36
95

78-91
38
95
97
95
92
87
98
97
89
97
96

Lys-p-NA
Lys-p-NA
Lys-p-NA
Lys-p-NA
Lys-p-NA
Lys-p-NA
Lys-p-NA
Lys-p-NA
Leu-p-NA
Leu-p-NA
Lys-p-NA
Lys-p-NA
Lys-p-NA
Lys-p-NA
Lys-p-NA

Lc. bv. diacetylactis CNRZ 267
Lc. lactis ssp. cremoris AC1
Lc. lactis ssp. cremoris WG2

Lb. delbrueckii ssp. lactis 1 183
Lb. acidophilus R-26
Lb. delbr. ssp. bulgaricus CNRZ 397
Lb. helveticus CNRZ 32
Lb. delbrueckii ssp. bulgaricus B14
Lb. helveticus LME-51 1
Lb. easel ssp. case/ LLG
Lb. delbr. ssp. bulgar. ACA-DC233
Lfc. helveticus ITGL1
Sfr. sa/. ssp. thermophilus CNRZM 99
Sc. sa/. ssp. thermophilus CNRZ302
Sc. sa/. ssp. thermophilus NCDO573



Aminopeptidase A (glutamyl aminopeptidase, GAP, PepA)

50-55 3 M
8 65 6 M
8 50 -10 M

G M

130
245
520
240

Glu-/Asp-p-NA
Glu-p-NA
Glu-p-NA
Asp-p-NA

Lc. lactis ssp. cremoris HP
Lc. lactis ssp. lactis NCDO 712
Lc. lactis ssp. cremoris HP
Lc. lactis ssp. cremoris AM2

Aminopeptidase C (thiol aminopeptidase, PepC)

-SH
-SH

6
4

40
50

7
6.5-7

300
220

His-p-NA
Leu-Gly-Gly

Lc. lactis ssp. cremoris AM2
Lb. delbrueckiissp. bulgaricus B14

Pyrrolidone carboxylyl peptidase (pyroglutamyl aminopeptidase, PCP)

S2378-8.580
Pyr-p-NA
Pyr-p-NA

Lc. lactis ssp. cremoris HP
Lc. lactis ssp. cremoris HP

X-Prolyldipeptidyl aminopeptidase (XPDA, PPDA, XAP, PepX)

S
S
S
S
S
S
S
S
S
S
S
S
S

continues

2
2

2
1

2
2
3
1
1
1

45-50
40-45

50-55
40
50
45
45
50

46-50
50
50

7
8.5
6-9
6-9
7
7
7

6.5
6.5
6.5
7.0
6.5
7.0

180
190
117
150
165
72
82

170-200
170-200

270
95
90
79

X-Pro-p-NA
Ala-Pro-p-NA
Gly-Pro-NH-Mec
X-Pro-p-NA
X-Pro-p-NA
X-Pro-p-NA
X-Pro-p-NA
Ala-Pro-p-NA
Ala-Pro-p-NA
Gly-Pro-p-NA
Ala-Pro-p-NA
Gly-Pro-p-NA
Gly-Pro-p-NA

Lc. lactis ssp. cremoris P8-2-47
Lc. lactis ssp. lactis NCDO 763
Lc. lactis ssp. cremoris AM2
Lc. lactis ssp. lactis H1
Lb. delbrueckii ssp. lactis
Lb.helveticusCNRZ32
Lb. delbr. ssp. bulgaricus CNRZ 397
Lb. delbrueckii ssp. bulgaricus B1 4
Lb. acidophilus 357
Lb. delbr. ssp. bulgaricus LBU- 147
Lb. delbr. ssp. lactis DSM7290
Lb.helveticusLHE-5M
Lb. easel ssp. case/ LLG



Table 11 -3 continued

Optimal Activity

ClassSubunits0CpHMoI. Wt. (kDa)
Principal Assay

SubstrateOrganism

M
S

-SH

M
M
M
M
M

M
M

M
M
M

-SH
M

2
3
1

1

1
1

2
2
3

>1

37
40
40

30

50
50

35
55

33
40

8.5
6-7
7.5

7
7.5
8
8
7

6.5-7.5
7.35-9.0

7
7.5
8.6
5.8
6.0

100
100
46

25,34
51
100
49
51

43
42

75
103-105

105
72
85

Pro-Gly-Gly
Pro-p-NA
Pro-AMC

Dipeptides
Leu-Leu
Leu-Gly
Dipeptides
Dipeptides

Leu-Pro
Leu-Pro

Tripeptides
Leu-Leu-Leu
Tripeptides
Leu-Leu-Leu
Leu-Gly-Gly

Proline iminopeptidase (PIP, Pepl)

Pr. freud. ssp. shermanii 13673
Lc. lactis ssp. cremoris HP
Lb. delbr. ssp. bulgar. CNRZ 397
Lb. case/ ssp. easel LLG

Dipeptidases (DIP, PepV, PepD)

Lactococcus spp.
Lc. bv. diacetylactis CNRZ 267
Lc. lactis ssp. cremoris H61
Lc. lactis ssp. cremoris Wg2
Lb. delbr. ssp. bulgaricus B14

Prolidase (PRD, PepQ)

Lc. lactis ssp. cremoris H61
Lc. lactis ssp. cremoris AM2

Tripeptidases (TRP, PepT)

Lc. bv. diacetylactis CNRZ 267
Lc. lactis ssp. cremoris Wg2
Lc. lactis ssp. cremoris AM2
Lc. lactis ssp. cremor/slMN-C12
Lb. delbrueckiissp. bulgaricus B1 4

Key: AMC = aminomethyl coumarin; M = metallo; p-NA = p-nitroanalide; S = serine; -SH = thiol.



Figure 11-15 Schematic representation of (a) the hydrolysis of casein by lactococcal cell envelope-associated
proteinase (CEP) and (b) the degradation of a hypothetical dodecapeptide by the combined action of lactococcal
peptidases: oligopeptidase (PepO), various aminopeptidases (PCP, PepN, Pep A, PepX), tripeptidase (PepT),
prolidase (PepQ), and dipeptidase (PepV).
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a few species of mesophilic lactobacilli (Lb.
casei, Lb. paracasei, Lb. plantarum, and Lb.
curvatus). Some authors have reported the pres-
ence of pediococci in cheese, but recent studies
have failed to find them in significant numbers.

The proteolytic system of these mesophilic
lactobacilli is not as well studied as that of the
lactococci or thermophilic lactobacilli. Since
they do not grow well in milk in the absence of
an added source of small peptides or amino ac-
ids, they may lack a CEP. Also, the method used
to release CEPs from lactococci—washing cells
with a calcium-free buffer—fails to release
CEPs from mesophilic lactobacilli. These latter
bacteria do possess a range of intracellular pepti-
dases, but few of these have been studied.

NSLAB appear to contribute little to primary
proteolysis in Cheddar cheese but do contribute
to the release of free amino acids (see Fox,
McSweeney, & Lynch, 1998). As discussed in
Chapter 15, mesophilic lactobacilli have been
used as adjunct starters in Cheddar cheese, in
which they are reported to modify and perhaps
improve flavor.

There are few reports on the proteolytic activ-
ity of pediococci (see Fox et al., 1996) and their
significance in cheese ripening is unknown.

Proteinases from Secondary Starter

Most cheese varieties have a secondary mi-
croflora, the function of which is other than acid
production. Originally, this microflora was ad-
ventitious, and its development occurred as a re-
sult of selective conditions (e.g., pH, humidity,
temperature, and aw). Today, the secondary mi-
croflora may be adventitious, but in many cases
the milk or curd is inoculated with selected mi-
croorganisms. The principal secondary microor-
ganisms are Penicillium roqueforti (Blue mold
cheese); P. camemberti (surface mold cheese,
such as Camembert and Brie); Brevibacterium
linens, Arthrobacter, and other coryneform bac-
teria (surface smear-ripened cheese); Propioni-
bacterium freudenreichii subsp. shermanii
(Swiss-type cheese); and several species of
yeasts (see Chapter 10). Most of these microor-
ganisms are metabolically very active and con-

sequently may dominate the ripening of cheeses
in which they occur.

P. roqueforti and P. camemberti secrete as-
partyl and metalloproteinases, which have been
fairly well characterized, including their speci-
ficity on OC8I- and (3-caseins (see Gripon, 1993).
Intracellular acid proteinase(s) and exopepti-
dases (amino and carboxy) are also produced by
P. roqueforti and P. camemberti but have not
been well studied (see Gripon, 1993). Tri- and
dipeptidases and proline-specific peptidases
from P. roqueforti and P. camemberti do not ap-
pear to have been studied.

The proteinase of Br. linens ATCC 9174 has
been purified and characterized, including its
specificity on as!- and p-casein (see Rattray &
Fox, 1998). An extracellular aminopeptidase
and an intracellular aminopeptidase have also
been purified.

Propionibacterium spp. are weakly proteo-
lytic but strongly peptidolytic. They are particu-
larly active on proline-containing peptides, and
consequently Swiss-type cheeses contain high
concentrations of proline, which may contribute
to the characteristic flavor of these cheeses.
Aminopeptidase, iminopeptidase, and X-prolyl
dipeptidylaminopeptidase has been isolated
from at least one strain of P. freudenreichii
subsp. shermanii (see Fernandez-Espla & Fox,
1997).

11.8 CHARACTERIZATION OF
PROTEOLYSIS IN CHEESE

The extent of proteolysis in cheese ranges
from very limited (e.g., Mozzarella) to very ex-
tensive (e.g., Blue-mold varieties). PAGE shows
that the proteolytic pattern, as well as its extent,
exhibits marked intervarietal differences; the
PAGE patterns of both the water-insoluble and
water-soluble fractions are, in fact, quite charac-
teristic of the variety, as shown in Figures 11-16
and 11-17. RP-HPLC of the water-soluble frac-
tion or subfractions thereof also show varietal
characteristics (Figures 11-18 and 11-19). Both
the PAGE and HPLC patterns vary and become
more complex as the cheese matures, and they



are in fact very useful indices of cheese maturity
and to a lesser extent of cheese quality. There-
fore, they have potential as tools in the objective
assessment of cheese quality. Urea-PAGE pat-
terns of Cheddar cheeses at various stages of
maturity are shown in Figure 11-20.

Complete characterization of proteolysis in
cheese requires isolation and identification of the
individual peptides. A comprehensive fraction-
ation protocol is shown in Figure 11—21. Many of
the water-insoluble and water-soluble peptides in
Cheddar cheese have been isolated and identified
by amino acid sequencing and mass spectrom-
etry; these are summarized in Figures 11-22 and

11-23. All the principal water-insoluble peptides
are produced either from ocsi-casein by chymosin
or from (3-casein by plasmin and represent the C-
terminal fragments of these proteins (Figure
11-22). In mature Cheddar (> 6 months old), all
of the ocsi-casein is hydrolyzed by chymosin at
PhC23-PhC24. The peptide ocsl-CN fl-23 does not
accumulate but is hydrolyzed rapidly at GIn9-
Glyio, GInn-GlUi4, and/or LeUi6-ASnn by the
lactococcal cell wall proteinase, depending on its
specificity (see Figure 11-14). A significant
amount of the larger peptide (O8I-CN f24-199) is
hydrolyzed at Leui0i-Lysi02. In 6-month-old
Cheddar, about 50% of the (J-casein is hydro-

Figure 11-16 Urea-PAGE of the water-insoluble fraction of a selection of cheese varieties: 1, Na-caseinate; 2-
4, Cheddar; 5-7, Emmental; 8, Maasdamer; 9, Jarlsberg; 10-12, Edam; 13-15, Gouda.



lyzed, mainly by plasmin, to y-casein ((3-CN £29-
209, f 105-209, and f 107-209) and proteose pep-
tones (p-CN fl-28, fl-104, fl-106, £29-104, £29-
106). These polypeptides do not appear to be
hydrolyzed by chymosin or lactococcal protein-
ase. Although as2-casein gradually disappears
from PAGE patterns of cheese during ripening,
few polypeptides produced from it have been
identified. Para-K-casein is quite resistant to pro-
teolysis, and no peptides produced from it have
been identified.

Most of the water-soluble peptides are de-
rived from the N-terminal half of ocsl- and (3-
caseins (Figure 11-23). The N-terminal of many
of these peptides corresponds to a chymosin
(Osi-CN) or plasmin (|3-CN) cleavage site, but

some appear to arise from the action of the lac-
tococcal CEP. However, the N-terminal and es-
pecially the C-terminal of many peptides do not
correspond precisely to the known cleavage sites
of chymosin, plasmin, or lactococcal proteinase.
The discrepancy in N-terminal suggests the ac-
tion of bacterial aminopeptidases. Carboxypep-
tidase activity would explain why the C-terminal
of many peptides does not correspond to known
proteinase cleavage sites, but this activity has
not been reported in Lactococcus spp. It must be
presumed that another proteinase, perhaps from
NSLAB or endopeptidases (PepO or PepF
types) from starter and NSLAB, are involved, or
perhaps other cleavage sites for lactococcal cell
wall proteinase remain to be identified.

Figure 11-17 Urea-PAGE of the water-soluble fraction of a selection of cheese varieties: 1, Na-caseinate; 2—4,
Cheddar; 5-7, Emmental; 8, Maasdamer; 9, Jarlsberg; 1-12, Edam; 13-15, Gouda.



The N-terminal sequence of asrCN fl-9 and
fl-13 is RPKHPIK, which should be susceptible
to PepX. The accumulation of these peptides in
Cheddar and the apparent absence of peptides

with a sequence commencing at Lys3 of otsl-CN
suggest that PepX is not active in cheese.

A number of authors have shown that the very
small peptides (< 500 Da) make a significant

Figure 11-18 RP-HPLC profiles of the 70% ethanol-soluble fractions of Cheddar (1), Parmesan (2), Emmental
(3), Leerdammer (4), Edam (5), and Gouda (6) cheese.



contribution to Cheddar flavor but only a few of
these peptides have been identified.

A large number of 12% TCA soluble and in-
soluble peptides in the water-soluble extract of

Parmesan have been identified by fast atom
bombardment mass spectrometry (Addeo,
Chianese, Sacchi, et al., 1994; Addeo, Chianese,
Salzano, et al., 1992). Although Parmesan un-

Figure 11-19 RP-HPLC profiles of the 70% ethanol-insoluble fractions of Cheddar (1), Parmesan (2),
Emmental (3), Leerdammer (4), Edam (5), and Gouda (6) cheese.



dergoes extensive proteolysis and has a very
high concentration of free amino acids, it con-
tains low concentrations of medium-size pep-
tides.

Although very extensive proteolysis occurs in
Blue cheeses, and some of the larger peptides
detectable by PAGE have been partially identi-
fied (see Gripon, 1993), very little work has
been done on the small pH 4.6-soluble peptides.
Some of the peptides resulting from the cleavage
of OC8I-CN fl-23 (produced by chymosin) by
lactococcal CEP have been identified in Gouda.

Proteolysis in Swiss-type cheeses has been stud-
ied using PAGE and RP-HPLC, but small pep-
tides have not been isolated and characterized.

Significant concentrations of amino acids, the
final products of proteolysis, occur in all cheeses
that have been investigated (see Fox & Wallace,
1997). Relative to the level of water-soluble N,
Cheddar contains a low concentration of amino
acids (see Figure 12-14). The principal amino
acids in Cheddar are GIu, Leu, Arg, Lys, Phe,
and Ser (Figure 11-24) (see Fox & Wallace,
1997, for a comprehensive compilation of data

Figure 11-20 Urea-polyacrylamide gel electrophoretograms of Cheddar cheese after ripening for 0,1,2, 3,4, 5,
6, 8, 10, 12, 14, 16, 18, and 20 weeks (lanes 1-14). C, sodium casemate.



for amino acids, in various cheeses). Parmesan
contains a very high concentration of amino ac-
ids, which appear to make a major contribution
to the characteristic flavor of this cheese. The
presence of amino acids in cheeses clearly indi-
cates aminopeptidase activity. Since these en-
zymes are intracellular, their action indicates
lactococcal cell lysis. Based on the presumption
that amino acids contribute to cheese flavor, a
search is now on for fast-lysing lactococcal
strains susceptible to heat-, phage-, or bacterio-
cin-induced lysis (see Chapter 15). Amino acids
have characteristic flavors (see Chapter 12), and
although none has a cheeselike flavor, it is be-

lieved that they contribute to the savory taste of
mature cheese.

11.9 CATABOLISM OF AMINO ACIDS
AND RELATED EVENTS

Catabolism of free amino acids probably
plays some role in all cheese varieties but is par-
ticularly significant in mold- and smear-ripened
varieties. Catabolism involves decarboxylation,
deamination, transamination, desulfuration, and
hydrolysis of amino acid side chains leading to
the production of a wide array of compounds,

Figure 11-21 Scheme for the fractionation of cheese nitrogen.
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including carboxylic acids, amines, NH3, CO2,
aldehydes, alcohols, thiols, and other sulfur
compounds, phenols, and hydrocarbons. Gen-
eral pathways of amino acid catabolism are sum-
marized in Figure 11-25. The catabolism of
amino acids has been reviewed by Fox and
Wallace (1997); Hemme, Bouillanne, Metro,
and Desmazeaud (1982); and Law (1987).

Decarboxylation involves the conversion of
amino acid to the corresponding amine, with the
loss OfCO2. The presence of primary amines in
cheese can be explained in terms of simple de-
carboxylation, although the formation of sec-
ondary and tertiary amines is more difficult to
explain. The principal amine in cheese is
tyramine. A number of amines produced in
cheese are biologically active (see Chapter 21).

Deamination results in the formation of NH3

and a-ketoacids. Ammonia is an important con-
stituent of many cheeses, such as Camembert,
Gruyere, and Comte. Ammonia can also be
formed by oxidative deamination of amines,

yielding aldehydes. Transamination results in
the formation of other amino acids by the action
of transaminases. Aldehydes formed by the
above processes can then be oxidized to acids or
reduced to the corresponding alcohols.

Amino acid side chains can also be modified
in cheese. Hydrolases can release ammonia from
Asn and GIn or by the partial hydrolysis of the
guanidino group of Arg, forming citrulline or,
through degradation, ornithine. Phenol and in-
dole can be produced by the action of C-C lyases
on Tyr and Trp.

Volatile sulfur compounds, including hydro-
gen sulfide (H2S), dimethylsulfide [(CH3)2-S],
dimethyldisulfide (CH3-S-S-CH3), and methan-
ethiol (CH3SH), are found in most cheeses and
can be important flavor constituents. Sulfur-con-
taining compounds are produced mainly from
methionine, since Cys is rare in the caseins (it
occurs at low levels in only ocs2- and K-caseins,
which are not extensively hydrolyzed in cheese).
Methanethiol and related compounds are

Figure 11-22 Schematic representation of the principal water-insoluble peptides isolated from Cheddar cheese
and identified. ocsl = casein (A), (3 = casein (B).



Figure 11-23 Water-soluble peptides derived from ocsl

Cheddar cheese and identified. The principal chymosin,
age sites are indicated by arrows.

;asein (A), ocs2-casein (B), and p-casein (C) isolated from
3lasmin, and lactococcal cell-envelope proteinase cleav-
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Figure 11-24 Typical concentrations of amino acids in Cheddar, Gouda, Emmental, and Parmigiano-Reggiano.
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thought to be particularly important in the flavor
of Cheddar cheese.

Although enzymes capable of catalyzing most
of the catabolic reactions described above have
been identified, few of them have been isolated
and characterized from cheese-related microor-
ganisms, especially LAB. Perhaps this is be-
cause more complex assay methods are needed
to detect these enzymes when present at low lev-
els. Since the products of amino acid catabolism
probably contribute to the finer points of cheese
flavor, it is expected that research will focus on
this area in the immediate future.

11.10 CONCLUSION

Cheese ripening involves a very complex se-
ries of biochemical reactions catalyzed by living
microorganisms or by enzymes from several
sources. The primary events—glycolysis, Ii-
polysis, and proteolysis—have been described
rather thoroughly. The fermentation of lactose,
mainly to lactic acid, is caused by living micro-
organisms, principally the starter culture (or ad-
ventitious bacteria in the case of artisanal
cheeses). The fermentation of lactose has been
described thoroughly. Lipolysis is quite limited
in most cheese varieties, and in those varieties in
which it is important, lipolysis has been well
characterized in terms of extent and the enzymes
involved. The initial steps in proteolysis and the
enzymes responsible have been established for
the principal varieties. Secondary proteolysis is
characterized to some extent in a few varieties,
but proteolysis is so complex and variable, both
between and within varieties, that it is probably
not possible to characterize it in full detail.

Many of the enzymes responsible for primary
ripening have been isolated and characterized.
However, the stability and activity of these en-
zymes in the cheese environment have received
little attention, although they appear to warrant
research. The primary reactions are probably re-
sponsible for changes in cheese texture, such as
an increase in pH (due to the catabolism of lactic
acid and/or production OfNH3 from deamination
of amino acids) or hydrolysis of the protein ma-

trix. With the exception of fatty acids, the prod-
ucts of primary reactions are relatively minor
contributors to cheese flavor.

Modifications of the primary products of gly-
colysis and lipolysis are fairly well character-
ized. The catabolism of fatty acids to methyl ke-
tones via (3-oxidation and decarboxylation is a
major contributor to the characteristic flavor of
Blue-mold cheeses but is not significant in most
varieties. The catabolism of lactic acid has a mi-
nor influence on the flavor of most cheeses. An
exception is Swiss-type cheeses, but even in
these cheeses the catabolism of lactic acid is less
important for the flavor than for the production
of CO2 for eye formation. The catabolism of
amino acids is the least well characterized aspect
of cheese ripening. It is very likely that the prod-
ucts of amino acid catabolism are major con-
tributors to the flavor of many cheese varieties.
The ammonia produced in many of these reac-
tions contributes to the pH of cheese during rip-
ening, and this change in pH affects the texture
of the cheese and probably affects the stability
and activity of many enzymes, which in turn
probably influence flavor development. It is
very likely that future research on cheese ripen-
ing will focus on amino acid catabolism.

Since the biochemistry of cheese ripening is
responsible for its flavor, texture, and appear-
ance, elucidation of these biochemical reactions
is clearly a prerequisite for controlling and
modifying cheese ripening. Such knowledge is
essential for the selection of primary and sec-
ondary cultures and for their genetic modifica-
tion. Without this knowledge, selection of starter
cultures will be empirical.

The stability and activity of microorganisms
and enzymes in cheese depend on its composi-
tion. Although the composition of cheese pro-
duced in modern factories using modern tech-
nology is controlled within quite narrow limits,
the quality of the resultant cheese is somewhat
variable, even when the cheese is made from
pasteurized milk essentially free of indigenous
bacteria and using high-quality rennet and
starter. This suggests that slight variations in
curd composition are important, perhaps owing



to their effect on the stability and activity of key
enzymes. To date, most studies on these aspects
of cheese ripening have been performed on
model systems that are well controlled and
oversimplified.
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