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The processing of dry-cured ham is very complex and involves numerous bio-
chemical reactions that are reviewed in this paper. Muscle proteins undergo an
intense proteolysis resulting in a great number of small peptides and high
amounts of free amino acids. The enzymes responsible of these changes are pro-
teinases (cathepsins B, D, H and L and, to a less extent, calpains) and exopepti-
dases (peptidases and aminopeptidases). Muscle and adipose tissue lipids are also
subject to intense lipolysis generating free fatty acids by the action of lipases that,
in a second stage, are transformed to volatiles as a result of oxidation. Sensory
profiles of dry-cured ham are strongly affected by these enzymatic reactions. In
addition, the activity levels of the muscle enzymes significantly depend on the
properties of raw ham, such as age and crossbreeding as well as the process con-
ditions such as temperature, time, water activity, redox potential and salt content.
Thus, the control of the muscle enzyme systems, mainly proteases and lipases, is
essential for the optimal standardisation of the processing and/or enhancement of
flavour quality of dry-cured ham. © 1997 Elsevier Science Ltd

INTRODUCTION

The origin of dry-curing, initially used as a preservation
process for times of scarcity, is lost in ancient times.
Today, salting has lost importance as a preservation
method due to the spread use of refrigeration techni-
ques, but has been modified or improved to dry-curing
where there is an incorporation of additives and
adjuncts such as nitrates and ascorbic acid to the salt
(Flores & Toldra, 1993). The result is a flavourful and
attractive meat product, so famous that it is present in
the most prestigious restaurants and the most remark-
able banquets and ceremonies.

The quality of dry-cured hams depends on the raw
materials and the ripening conditions. In Spain there are
two main types of dry-cured hams, Iberian and Serrano.
Iberian dry-cured ham is produced from an autochto-
nous pig, fed and fattened with acorn (Quercus Ilex L.)
which is found in the south west region of Spain. A
cross section of this ham shows a high degree of mar-
bling, firm texture and exquisite typical flavour. Serrano
dry-cured ham is produced from different crossbreed-
ings of white pigs and presents a cross-section with
lower marbling, firm texture and a typical flavour that
can be more or less intense depending on the length of
the ripening. There are other dry-cured hams in the
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Mediterranean area; some of the most important are Ita-
lian Parma and San Daniele hams, French Bayonne ham.

Complex biochemical reactions, which are described
in this review, take place during the ripening period.
The result is an important contribution to the develop-
ment of a characteristic and typical flavour (Toldra et
al., 1996a).

TECHNOLOGY FOR THE PROCESSING OF
DRY-CURED HAM

The process for dry-cured ham, based on traditional
procedures, mainly consists of several stages which are
briefly described (Toldra, 1992; Flores & Toldra, 1993):

1. reception and classification of hams, and then pre-
salting where a mixture of curing ingredients (salt,
nitrate and/or nitrite) and additives (ascorbic acid)
are rubbed onto the lean muscle surface of the ham;

2. salting, where hams are then placed fat side down,
entirely surrounded by salt and arranged in single
layers without touching each other. There is no
addition of water so that curing agents slowly dif-
fuse into the ham solubilized by the original
moisture in the meat. This period usually takes 8-
10 days (1-1.5 days Kg™' of weight) at tempera-
tures between 2 and 4°C;
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3. during the next stage, named post-salting, a com-
plete salt equalization takes place. The tempera-
ture is kept below 4°C for a period of time not less
than 20 days but not exceeding 2 months;

4. the last and more complex stage is the ripening/
drying stage. The hams are placed in natural or
air-conditioned chambers and subjected to differ-
ent time-temperature-relative humidity cycles.
Temperature is usually held between 14 and 20°C
with a relative humidity decreasing from 90 to
70%. Hams ripening or aging might take from 6 to
18 months.In fact, this last stage has the most
important variations in process conditions. Thus,
the ripening period for Serrano ham is about 9-12
months while in the case of Iberian ham it can be
extended up to 18-24 months. The external part of
the ham, which mainly corresponds to the muscle
Semimembranosus (SM), dries up during the pro-
cess due to the dehydration. On the other hand,
internal muscles such as Biceps femoris (BF) pre-
sent higher residual moisture content that allows a
better enzyme activity for longer periods of time
and thus increased biochemical changes.

ACTIVITY OF THE MUSCLE ENZYMES IN THE
PROCESSING OF DRY-CURED HAM

Proteins and lipids constitute the major chemical com-
ponents of meat and are the main subject of action of
the muscle enzyme systems. Since they are involved in
many reactions affecting the flavour quality of a meat
product (Spanier, 1992), proteolysis and lipolysis will
constitute the main focus of discussion.

Proteolysis

An intense proteolysis expressed as an increase in non
protein nitrogen has been reported especially during the
initial period of maturation (Bellatti e al., 1985; Toldra
et al., 1992a; Astiasaran er al., 1988). This change
should be of an endogenous origin since low numbers of
micro-organisms are found inside the hams (Toldrd &
Etherington, 1988). Furthermore, no proteolytic activity
was detected on myofibrillar and sarcoplasmic proteins
(Molina & Toldra, 1992) by P. pentosaceus and S.
xylosus which are the most important micro-organisms
found in dry-cured ham (Molina et al., 1989a,b). Thus,
most of the recent research has been focused on the
muscle enzyme systems.

Lysosomal proteinases

Lysosomes contain a great variety of enzymes including
proteinases and inhibitors such as cystatins. The main
lysosomal proteinases, which are also the best charac-
terized, are cathepsins B, D, H and L. These enzymes are
small, in the range 2040 KDa, and active at acidic pH
values. Cathepsins B, H and L are cysteine proteinases

while cathepsin D is an aspartic proteinase. They have
shown the ability to degrade different myofibrillar pro-
teins when in in vitro environments. Thus, Cathepsin D
has been found especially active against myosin heavy
chains, titin and also on M and C proteins, tropomyosin
and troponins T and I (Zeece & Katoh, 1989). Actin is
degraded but at a slower rate (Schwartz & Bird, 1977).
Cathepsin B also degrades myosin and actin but has no
effect on myosin light chains and troponin C
(Schwartz & Bird, 1977). Cathepsin L has been
demonstrated to degrade myosin heavy chain, actin,
tropomyosin, a-actinin and troponins T and I but not
troponin C (Matsukura et al., 1981). This enzyme has
been found extremely active in degrading both titin
and nebulin (Etherington, 1987). Finally, cathepsin H
posseses the properties of both endo and aminopepti-
dase so that Okitani et al. (1981) proposed it to be
classified as an aminoendopeptidase.

Toldra et al. (1993a) compared the electrophoretic
patterns of different stages in the processing of dry-
cured ham using a specific extraction buffer (Toldra et
al., 1992a). An intense proteolysis is observed with a
progressive disappearance of myosin heavy chain and
light chains 1 and 2, troponins C and I and the appear-
ance of 150, 95 and 16 KDa fragments as well as
numerous fragments in the 50-100 KDa and 20—
45 KDa regions. Thus, cathepsins would play an
important role in all these proteolytic events collabor-
ating with the initial degradation by calpains in hydro-
lyzing muscle proteins, especially those not degraded by
calpains, such as myosin, actin and «-actinin (Toldra &
Etherington, 1988; Toldra er al., 1993a). The role of
endogenous inhibitors (cystatins) during dry-curing is
unknown as yet.

There are some peptides isolated from meat, resulting
from endogenous proteolysis, that show specific tastes
(Spanier & Miller, 1993). Peptide mappings, carried out
along the complete process, revealed a strong proteolysis
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PEPTIDE VARIATION (Area % peaks I-V)

Fig. 1. Peptide accumulation, expressed as area percentage, in
dry-cured ham after 15 months of processing. Ranges I to V
indicate the order of ranges of molecular mass after gel filtra-
tion HPLC. Range I: 4500-2700 Da, range II: 2700-1200,
range III: 1200-500 Da, range IV: 500-375 Da and range V:
375-160 Da. Adapted from Rodriguez ef al. (1995).
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(Rodriguez et al., 1995) associated with specific tastes
(Aristoy & Toldra, 1995). Figure 1 shows the increase of
small peptide fractions (below 1,200 Da) at the end of
the process while those of intermediate size decrease
(2700—4500 Da). Further fractionation of the peptides
with Mr below 2700 by gel filtration revealed that the
savoury fractions, corresponding to Mr between 1500
and 1700, mainly contained serine, glycine, alanine,
arginine, threonine and leucine (Aristoy & Toldra, 1995).

Cathepsins B, H and L are quite stable and show
activity along the entire process (see Table 1) with
recoveries of 5-10% of the initial activity after 15
months of processing (Toldra et al., 1993a). However,
cathepsin D 1s not so stable and its activity disappears
between 6 and 10 months of process (Rico et al., 1991;
Toldra et al., 1993a).

Neutral proteinases: calpains

Calpains are a group of cystein endopeptidases, known
in the literature by a variety of names such as calcium-
activated neutral proteinases, calcium-dependent pro-
teases or calcium-activated factor, requiring calcium ions
for activity. These enzymes, that seem to be widely dis-
tributed in the cytosol and in the Z-disc region, show
maximal activity at neutral pH, around 7.5. Calpain I
requires 50-70 uM of Ca2* for activation while calpain
I requires 1-5 mM of Ca?*. However, calpains have
little activity at pH 6.0, usual in hams, and only show
25% of their optimal activity at pH 5.8. Another lim-
itation for calpain activity in post mortem muscle is the
existence of the endogenous inhibitor, calpastatin, alth-
ough when compared to other species, pork muscle has
the lowest level (Ouali & Talmant, 1990). However, cal-
pains have been reported to degrade troponin T and 1,
tropomyosin, C-protein, filamin, desmin and vinculin as
well as titin and nebulin (Goll ef al., 1983; Koohmaraie,
1994). No effect has been detected on myosin, actin, a-
actinin and troponin C. In any case, calpains have a
restricted activity so that proteins are cleaved to large
peptides (Goll et al., 1983, 1991), even though there is
evidence for in vitro degradation to small peptides or
amino acids (Harris et al., 1995). The contribution of
calpains to proteolysis is very limited because its activity
is lost after the salting stage (Sarraga, 1992; Rosell &
Toldra, 1996). In any case, they would collaborate with
cathepsins in the initial breakdown of myofibrillar pro-
teins during the salting and early post-salting stages.

Muscle exopeptidases

The role of exopeptidases in protein and peptide degra-
dation has received relatively little attention in meat
although these enzymes are involved in the latter stages
of proteolytical degradation (Toldra & Verplaetse,
1995). A substantial amount of work on the purification
and characterization of dipeptidyl peptidases and tri-
peptidyl peptidases is being carried out at the author’s
laboratory so that their role during dry-curing will be
clarified in the near future. On the other hand, infor-
mation regarding aminopeptidases is already available
and is described below.

Muscle aminopeptidases

Aminopeptidases appear to be metallo-proteins with a
wide variability in molecular weights and a complex
structure. Aminopeptidase B, leucyl, alanyl, and pyro-
glutamyl aminopeptidases have been localized in the
cytosol. These enzymes are named on the basis of their
preference or requirement for a specific N-terminal
amino acid. All of them are active at neutral pH (Flores
et al., 1993) except leucyl aminopeptidase at basic pH.
Alanyl aminopeptidase is the most important since it
accounts for as much as 86% of the total aminopepti-
dase activity in the cytosolic fraction of skeletal muscle
(Lauffart & Mantle, 1988). This enzyme has a broad
substrate specificity towards aromatic, aliphatic and
basic aminoacyl-bonds. Aminopeptidases have shown
good stability along the processing of dry-cured ham
(see Table 2) with activity still recovered after more than
8 (Toldra, 1992) or even 12 months (Toldra et al.,
19925h)

There is an important relationship between amino-
peptidase activity, especially alanyl aminopeptidase, and
the generation of free amino acids. In fact, a noticeable
increase in the concentration of free amino acids during
the processing of dry-cured ham, as shown in Fig. 2, has
been reported (Aristoy & Toldra, 1991; Toldra et al.,
1995). Glutamic and aspartic acids, alanine, leucine,
lysine and valine appear to be some of the amino acids
experiencing higher increases (Toldra & Aristoy, 1993).
The combination of all these free amino acids and small
peptides contribute to the characteristic taste of dry-
cured ham (Aristoy & Toldra, 1995). However, an
excess of proteolysis (proteolysis index higher than 29-
30%) might impair this typical flavour by exaggerating
the bitter and metallic taste (Virgili et al., 1995). Other

Table 1. Typical conditions for the processing of Serrano dry-cured ham. Adapted from Toldra et al. (1996a)

Stages Temperature (°C) Relative humidity (%) Time (days)
Reception/pre-salting 04 85-95 1-2
Salting 04 75-95 8-12
Post-salting 0-6 70-95 40-60
Ist phase dry-curing 6-16 70-95 >45
2nd phase dry-curing 16-24 70-95 >35
3rd phase dry-curing 24-34 70-95 >30
4th phase dry-curing 12-20 70-95 >35
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Table 2. Stability of the muscle enzymes in dry-cured ham,

expressed as percentage of residual activity, after 8 and 12 to 15

months of processing. Adapted from Motilva er al. (1993b);
Toldra et al. (1992¢, 1993a)

Enzymes Residual Residual
activity (%), activity (%),
eight months 12-15 months

Cathepsin B 20-25 5-10

Cathepsin B+ L 20-30 5-10

Cathepsin H 15-20 5-10

Cathepsin D 0-5 0

m-calpain 0 0

Alanyl aminopeptidase 20-25 20-25

Aminopeptidase B 10-15 5-10

Leucyl aminopeptidase 90-95 15-20

Pyroglutamylaminopeptidase 20-25 0-5

Adipose neutral lipase 8-12 0

Acid lipase 4045 5-10

Neutral lipase 40-45 10-15

Acid esterase 6065 2-5

Neutral esterase 80-100 10-15

amino acids are correlated with specific ham tastes such
as glutamic acid with saltiness, tyrosine and lysine with
aged taste and leucine with acid taste (Careri et al.,
1993). These compounds may also act as flavour pre-
cursors in the generation of volatiles.

Lipolysis

Lipids of subcutaneous adipose tissue show an intense
lipolysis during dry-curing. The onset of changes has
been reported to occur during the first processing steps,
salting and post-salting (Pezzani et al., 1988) where a
substantial increase in free fatty acids is reported
(Motilva et al., 1993a). In the case of muscle lipids, most
of the lipolysis takes place during the initial five months
(Motilva et al., 1993b). As in the case of proteolysis, the
muscle enzyme systems play an important role in the
generation of free fatty acids.

0 200 ;00 600 800
FAA Increments (mg/100g muscie)
Fig. 2. Accumulation of free amino acids (FAA) in dry-cured

ham after 15 months of processing. Adapted from Toldra et
al. (1995).

Adipose tissue lipases

Adipose tissue contains three important lipolytic
enzymes (Belfrage et al., 1984): lipoprotein lipase, hor-
mone-sensitive lipase and monoacylglycerol lipase.
Optimal pH for these enzymes is in the neutral/basic
range (Motilva et al., 1992). The lipoprotein lipase is
specific for primary esters so that fatty acids at position
1 have preference over those at position 3. Unsaturated
monoacylglycerols are faster hydrolyzed than satura-
ted compounds (Miller et al., 1981). The hormone-
sensitive lipase, which has an optimum of activity at
neutral pH, hydrolyses the ester-bond in triacylgly-
cerols and the resulting diacylglycerols. The last
enzyme is the monoacylglycerol lipase that hydrolyses
1 or 2 monoacylglycerols with no positional specifi-
city. These enzymes are active during salting and
post-salting but only the neutral enzyme remains
active during the ripening/drying (Motilva et al,
19934) as shown in Table 2.

An intense lipolysis, as a result of triglycerides
hydrolysis, has been detected in the first stages of the
process with an important generation of free fatty acids
which accumulate as shown in Fig. 3. So, myristic, hep-
tadecanoic, linolenic and arachidonic acids are those
generated in greater amounts.

Muscle lipases

Lysosomal acid lipase is the major lipolytic enzyme in
muscle. It is located in the lysosomes and hydrolyses tri,
di and monoacylglycerols at acid pH (4.5-5.5) (Imanaka
et al., 1984), although it has a marked preference for
primary ester bonds of triacylglycerol. However, only a
slight degradation of triglycerides has been observed in
dry-cured ham (Motilva et al., 1993b; Buscailhon et al.,
1994) even though the enzyme is stable through the
entire process. Acid phospholipase A2 catalyses the
hydrolysis of the 2-acyl ester of sn-3-phosphoglycerides
at the lipid/water interface (Yuan et al., 1990). This
enzyme plays an important role in the biochemical
pathways involving phospholipids degradation. This is

myristic
pentadecanoic
patmitic

heptadecanocic

stearic ;-
palmitoleic

oleic

lincleic

linolenic

* arachidonic /
0 15 30 45 60 350
FFA Increments (mg/100g fat)

Fig. 3. Accumulation of free fatty acids (FFA) in the adi-
pose tissue of dry-cured ham after 15 months of processing.
Adapted from Motilva et al. (1993a).
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also the case in dry-cured ham since most of the generated
free fatty acids proceed from phospholipid degradation
(Flores et al., 1985; Buscailhon et af., 1994). These free
fatty acids accumulate as the process progresses up to
10 months where they reach a maximum (see Fig. 4) or
even decrease. It should be taken into account that
muscle lipases are still active after 15 months of proces-
sing (see Table 2). On the other hand, the generation of
short chain free fatty acids is very low suggesting a
minor role of muscle esterases even though they are
quite stable (see Table 2) and active (Motilva et al.,
19935).

Generation of volatiles

The typical aroma of dry-cured ham is correlated with
the initiation of lipid oxidation (Flores et al., 1985) and
the subsequent generation of volatile compounds during
the process, especially during the latest stages (Buscail-
hon et al., 1993a). There are dozens of compounds, even
though the particular extraction methodology used in
each laboratory may give slight differences, already
identified in the volatile fraction of Iberian (Garcia et
al., 1991; Lopez et al., 1992) and French (Berdagué et
al., 1991; Buscailhon et al., 1993b) dry-cured hams. The
major groups are hydrocarbons (Loury, 1972), alde-
hydes — hexanal being the most abundant — and
alcohols (Garcia et al., 1991). There are other com-
pounds like ketones (Berdagué er al., 1991), free fatty
acids (Motilva er al., 1992), y-lactones (Berdagué &
Garcta, 1990), esters (Shahidi er al., 1986) and other
compounds such as benzene derivatives, amines and
amides. Further discussion on volatiles is reviewed by
other authors in this issue.

PROCESS INFLUENCE

Sensory profiles of dry-cured ham are strongly affected
by the hydrolysis and oxidation patterns which can sig-
nificantly differ depending on the raw ham properties
and the manufacturing technique.

Effect of raw meat
Some differences in proteolytic activity, especially in
cathepsin L and H and some aminopeptidases, have
been detected among porcine breed types (Flores et al.,
1994) and, in fact, further research on pork genotypes
and enzyme activity is currently being developed at the
author’s laboratory. On the other hand, no clear rela-
tionships have been found between muscle lipases and
aminopeptidases and the metabolism of the muscles
(Flores et al., 1996) even though Buscailhon et al.
(19935) observed a favourable correlation between pig-
ment concentration and sensory quality.

DFD (dark, firm and dry) hams have been reported
to have lower proteolytic activity than normal hams
while PSE (pale, soft and exudative) have a higher
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oleic ¥
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Fig. 4. Muscle accumulation of free fatty acids (FFA) dry-
cured ham after 15 months of processing. Adapted from
Motilva et al. (1993b).

activity (Sarraga, 1992). High cathepsin B activity in
raw hams has been statistically correlated with higher
moisture content and lower protein levels (Schivazzappa
et al., 1992). Thus, a higher level of cathepsin B activity
may result in an excess of softness as observed in def-
fective Parma hams (Parolari ez al., 1994). In a recent
work, light hams (12.5 Kg average weight) from 11
months old pigs have been found to contain higher
activities of cathepsins B and B+ L and lower of pyro-
glutamylaminopeptidase and dipeptidylpeptidase IV
than heavy (10.5 Kg average weight) hams from 7-8
months old pigs (Toldra et al., 1996b). In general, heavy
hams showed a kind of trend characterised by a greater
peptidase to proteinase ratio and a higher lipase activity
(Toldra et al., 19964).

Influence of process parameters

Dry-curing is a mild process where no high tempera-
tures are used. Temperature is kept below 4°C during
the salting and post-salting stages so that low enzyme
activity is expected. In fact, most of the biochemical
changes become significant in the drying/ripening stage
where temperature rises to 14-16°C, or even to 20-24°C
for a short period at the end of the process. These tem-
peratures are adequate for a good activation of the
enzymes.

Water activity decreases along the process down to
values of 0.80 or even lower at the end. The enzyme
activities progressively decrease as water activity is
reduced (Toldra et al., 1992¢, 1993b) except acid lipase
and acid esterase that remain unaffected (Motilva &
Toldra, 1992).

Redox potential ranges from —150 mV to —250 mV
during the processing of dry-cured ham, facilitating
the activity of a great number of muscle proteases,
such as cathepsins and some aminopeptidases, that
need reducing conditions for activity (Motilva er al.,
1993¢).
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The pH experiences a slight increase along the pro-
cess, starting at values around 5.6 and finishing at 6.3—
6.5. This narrow pH range is however adequate for
most of the muscle enzymes. Only cathepsin D, an acid
proteinase, presents low activity (below 20%) at the pH
typical of dry-cured ham (Rico et al., 1990). It has to
be taken into account that the time of processing is
very long, between nine and 24 months depending on
the final quality, and this allows a noticeable enzyme
action even for those enzymes not working in optimal
conditions.

Effect of curing agents and adjuncts

Salt and nitrate constitute the main curing ingredients
while ascorbic acid is added as a curing adjunct (Flores
& Toldra, 1993). Salt plays an important role in
controlling the enzyme activity. Thus, neutral lipase and
acid esterase are inhibited by salt (Motilva & Toldra,
1992) while cathepsins and aminopeptidases are strongly
inhibited (Rico et al., 1990, 1991; Toldra er al., 1992c,
1993b) except aminopeptidase B that shows an enhance-
ment in activity because it is a chloride activated enzyme
(Flores et al., 1993). Acid lipase (Motilva & Toldra,
1992) and m-calpain (Rosell & Toldra, 1996) are also
activated at low salt concentrations. Salt can help in
controlling some defects such as the reported soft def-
fective Parma hams where the activity of cathepsin B is
too high (Parolari ez al., 1994). In that case, an addi-
tional amount of salt would help in preventing that
problem by inhibiting the excess of cathepsin B activity.
Nitrate and ascorbic acid do not significantly affect the
enzyme activities (Toldra, 1992). Only m-calpain has
shown inhibition by ascorbic acid (Rosell & Toldra,
1996).

CONCLUSIONS

In summary, muscle proteases and lipases are very
important for the development of typical sensory char-
acteristics of dry-cured ham. A better knowledge of
these endogenous enzymes as well as the effect of raw
meat and process conditions is very important. Manip-
ulation of process parameters or curing agents might
give hams with different quality levels. Thus, the control
of the muscle enzyme systems is essential for the optimal
standardization of the processing and/or enhancement
of flavour quality of dry-cured ham.
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