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ABSTRACT

An extraction and assay system was developed for quantifying endogenous muscle
proteases from a single 5-g sample. A single extraction buffer was developed for
simultaneous extraction of both calcium-dependent proteases (CDP) and cathepsins.
Protease activity determined by the modified procedure was compared to standard
procedures currently used in our laboratory. The successful use of the modified procedure
on muscle biopsies was verified. Activities per gram of ovine longissimus muscle of CDP
system components for 50-g standard and 5-g modified procedures were not different (P >
.05) for CDP-I (1.16 vs 1.08), CDP-II (.89 vs 1.03), or CDP inhibitor (2.34 vs 2.32),
respectively. Activities of cathepsins per gram of muscle for standard and modified
procedures were higher (P < .05) for the modified procedure (cathepsins B + L, 202.0 vs
309.8), but not different (P > .05) for cathepsin B (76.6 vs 98.8). Cystatin-like activity was
not different (P > .05; 3.4 vs 3.2). To test the effect of location within the longissimus
muscle on protease activities, 5 g of longissimus muscle was removed immediately
postmortem from each of six locations from each side of three steer carcasses. Location
within the longissimus muscle had no effect (P > .05) on the protease activities measured.
Protease activities determined on bovine longissimus muscle biopsies with the modified
procedure were similar to immediate postmortem activities. These data verify that the
modified procedure was as able to quantify endogenous muscle proteases as the standard
procedures and could be used on muscle biopsies. This procedure should be useful in
studying the role of endogenous muscle proteases in muscle growth and postmortem
proteolysis.
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Introduction

Numerous researchers are studying the role
of two endogenous protease systems (calcium-
dependent proteases [CDP] and lysosomal
cysteine proteinases) in the postmortem ten-
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derization of meat (for review, see Goll et al.,
1983; Koohmaraie, 1988) and muscle protein
turnover (Goll et al., 1989). Current procedures
for determining the activities of endogenous
muscle proteases require separate muscle sam-
ples for the CDP system and the lysosomal
cathepsins. In addition, the CDP procedure
currently requires killing the animal to obtain
the muscle samples.

The ability to determine activities of the
CDP and cathepsin enzyme systems on a small
muscle biopsy from a live animal would be
beneficial in elucidating the role of these
enzyme systems in muscle growth and subse-
quent postmortem tenderization of meat. This
procedure may also be useful in developing a
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predictor of meat tendemess of a live animal
based on endogenous protease activity. The
objective of this study was to develop a
procedure for quantifying endogenous muscle
proteases from a single 5-g muscle biopsy
sample.

Materials and Methods

Samples. Two Dorset ewe lambs (8 mo of
age, 50 kg) were slaughtered and 500 g of
longissimus muscle (trimmed of connective
tissue and fat) was removed from each within
15 min after exsanguination. The muscle was
ground once (.32-cm plate), mixed, and ran-
domly divided into 1) eight 50-g samples for
standard CDP, 2) eight 5-g samples for
standard cathepsins, and 3) eight 5-g samples
for simultaneous extraction of CDP and
cathepsins. The standard procedures for quan-
tifying the CDP system were those described
by Koohmaraie (1990a) with the following
modification. The ionic strength of the super-
natants was reduced by dialyzing for 20 h
against 20 mM Tris, 5 mM EDTA, 10 mM B-
mercaptoethanol, pH 7.5, rather than by adding
water. The standard procedure for quantifying
cathepsins B and B + L was described by
Koohmaraie and Kretchmar (1990) as method
IID."

Modified Procedure. A 5-g muscle sample
was trimmed of fat and connective tissue,
diced into .5-cm3 pieces and homogenized in
10 volumes (vol/wt) of extraction buffer (50
mM sodium acetate, 10 mM f-mercap-
toethanol, 10 mM EDTA, 2% Triton X-100
(volfvol), adjusted to pH 5.8 with 1 N NaOH).
Homogenization was conducted with a Poly-
tron> homogenizer (speed setting of 6) at 2°C
with two, 30-s burst and a 30-s cooling period
between bursts. Homogenates were centrifuged
at 105,000 X gmax for 1 h, filtered through
cheesecloth and then through glass wool (both
had been washed with cold, distilled, deionized
water). The supernatant volume was measured.
The pH of the supernatant was approximately
6.3. A 3-ml aliquot was removed for cathepsin
quantification. The pH of the 3-ml aliquot was
adjusted to 5.0 with 1 N acetic acid. Although
not required, we recommend that the supema-
tant be centrifuged after pH and salt adjust-
ment to remove precipitated proteins before

3Brinkman Instruments, Westbury, NY.
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affinity chromatography. Quantifying of
cathepsins then proceeded as described by
Koohmaraie and Kretchmar (1990) for method
"D" with no further modification.

The pH of the remaining supernatant was
adjusted to 7.5 by dropwise addition of 1 N
NaOH. The supematant was dialyzed for 20 h
against 20 mM Tris base, 5 mM EDTA, 10
mM fB-mercaptoethanol, adjusted to pH 7.5
with 6 N HCI. The sample was centrifuged at
105,000 X gmax for 1 h, filtered through glass
wool and loaded on a 1.5-cm X 20-cm column
of DEAE-Sephacel, which had been
equilibrated with equilibrating buffer (40 mM
Tris base, .5 mM EDTA, 10 mM B-mercap-
toethanol, adjusted to pH 7.45 with 6 N HCI).
The column was washed with equilibrating
buffer until the absorbance at 278 nm of the
outflow was < .1. The bound proteins were
eluted first with a 180-ml continuous gradient
of 25 to 200 mM NaCl in equilibrating buffer
and then with 400 mM NaCl in equilibrating
buffer (60 ml). Flow rate was 30 ml/h and
3.0-ml fractions were collected.

Fractions 40 to 65 were assayed for CDP-I,
fractions 65 to 80 for CDP-II, and fractions 15
to 45 for CDP inhibitor activities. For CDP-I,
1.0 mi of a fraction was incubated with 1.0 ml
of assay media (100 mM Tris, 5 mM CaCl,, 1
mM NaNi;, 5 mg/ml casein, 10 mM B-
mercaptoethanol, pH 7.5) at 25°C for 60 min
(with appropriate blanks). For CDP-II, .5 ml of
a fraction was incubated with 1.5 ml of assay
media at 25°C for 60 min (with appropriate
blanks). The reactions were stopped with an
equal volume of 5% trichloroacetic acid
(TCA). After centrifugation at 2,000 X gmax
for 30 min, the A,;g of the supernatant was
determined. For CDP inhibitor, 1.5 ml of assay
media, .2 ml of CDP (DEAE-Sephacel purified
CDP-II with < .45 units of activity) and .5 ml
of a fraction were used. The fraction (or water)
and the CDP were mixed and incubated for 3
min at 25°C, then the assay media was added
and incubated at 25°C for 60 min. To ensure
the maximum expression of inhibitor activity,
the fractions with inhibitor activity were
pooled and several volumes (.7 to 1.2 ml) were
assayed. The problems in measurement of
maximal inhibitor activity have been discussed
(Koohmaraie, 1990a). For CDP-1 and CDP-II,
one unit of activity was defined as the amount
of enzyme that catalyzed an increase of 1.0
absorbance unit at 278 nm in 60 min at 25°C.
For CDP inhibitor, one unit of activity was
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defined as the amount of the inhibitor that
inhibited one unit of DEAE-Sephacel purified
CDP-II activity. Data are reported as units of
activity/gram of muscle.

Location Effect. Three crossbred (1/4
Hereford, 1/4 Angus, 1/4 Pinzgauer, and 1/4
Red Poll) steers (450 kg, 12 mo of age) were
slaughtered and 5 g of longissimus muscle was
removed within 30 min after exsanguination
from each of six locations from each side. Two
sites were located parallel to the 12th rib
(anterior) and the 2nd (medial) and 4th
(posterior) lumbar vertebra. At each of these
sites, the following two samples were re-
moved: 1) one-third (dorsal), and 2) two-thirds
(ventral) the distance across the longissimus
muscle from the vertebra. From each of these
samples, the CDP system components and
cathepsins B and B + L were quantified as
described for the modified procedure.

Biopsy Samples. Fifteen crossbred (1/4
Hereford, 1/4 Angus, 1/4 Pinzgauer, and 1/4
Red Poll) steers weighing 205 kg were
biopsied. A 5-g longissimus muscle sample
from the first lumbar vertebra region was
removed surgically after proximal lumbar
paravertebral anesthesia. The sample was
processed immediately as described previously
for the modified procedure.

Statistical Analysis. The data were analyzed
by analysis of variance with the GLM proce-
dures of SAS (1989). The analysis of data
comparing the procedures was conducted as a
completely randomized design. The location
effect was analyzed as a 2 (dorsal to ventral
location) X 3 (cephalad to caudal location)
factorial arrangement of a completely random-
ized design.

Results

Comparison of Procedures. Development of
the modified procedure required considerable
preliminary work (data not shown). An extrac-
tion buffer was needed that could successfully
extract both the CDP and the cathepsins
without loss of activity. Because cathepsins B
and L are irreversibly inactivated at pH 7.0 and
above (Barrett and Kirschke, 1981) and CDP
precipitate at pH < 6.2 (isoelectric precipita-
tion), the buffer used should have the ability to
maintain the pH of the supernatant between 6.3
and 6.5 after extraction and centrifugation.
Several buffers were compared including the
following: 100 mM Tris (the standard CDP
buffer), 50 mM sodium acetate (the standard
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TABLE 1. ACTIVITIES (MEAN + SEM)
OF THE CALCIUM-DEPENDENT PROTEASE (CDP)
SYSTEM AND CATHEPSINS B AND B + L FROM
STANDARD AND MODIFIED PROCEDURES

Ttem Standard Modified
CDP-I° L6+ .07 108 £ .03
cpp-¢ 89t .02 103+ .06
CDP inhibitor® 234+ 07 232+ .10
Cathepsin Bf 766 + 8BS 988 + 59

Cathepsin B +Lf  202.0° + 25,9 309.8% + 31.1

Cystatin8 344 £ 20 319+ .13

abMeans within a row with different superscripts dif-
fer (P < .05).

“Low-Ca?*-requiring CDP. Total caseinolytic activity/
gram of muscle.

9High-Ca?*-requiring CDP. Total caseinolytic activity/
gram of muscle.

®Inhibition of casein hydrolysis by CDP-II. Total activ-
ity/gram of muscle.

fomole product relcased-min‘l-gram of muscle™l,

8Measured as the ratio of B + L activity after to before
cystatin removal by affinity chromatography.

cathepsin buffer), 200 mM imidazole, and 100
mM MES (2 [N-Morpholino] ethane sulfonic
acid). Only 50 mM sodium acetate resulted in
activities comparable to the standard CDP
extraction buffers (data not shown). However,
the standard cathepsin extraction system also
contained 100 mM NaCl and .2% Triton X-
100, a nonionic detergent, to disrupt the
lysosomal membrane for an efficient extraction
of these enzymes. The NaCl was deleted from
the extraction buffer, and .2% of the detergent
Triton X-100 only slightly increased activities
of the CDP system (data not shown). Tan et al.
(1988) reported that Triton X-100 activates
CDP-II approximately 1.6- to twofold at a final
concentration of 1.25%. The concentration of
Triton X-100 in the modified extraction buffer
was only .2%. Because Triton X-100 is a
nonionic detergent it should not bind to an
anion-exchange resin such as DEAE-Sephacel.
After dialysis and extensive washing of the
DEAE-Sephacel column with equilibrating
buffer, we determined that the assay for a
component of the CDP system contained, at
most, .005% Triton X-100, which has no effect
on CDP-II activity (Tan et al, 1988). In
addition, the Triton X-100 had no effect on
regeneration and reuse of the DEAE-Sephacel
(data not shown).

A comparison of the standard procedures
with the modified procedure is shown in Table
1. There was no difference (P > .05) in the
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TABLE 2. EFFECT OF LOCATION WITHIN THE LONGISSIMUS MUSCLE ON THE ACTIVITIES
(MEAN + SEM) OF THE CALCIUM-DEPENDENT PROTEASE (CDP) SYSTEM
AND CATHEPSINS B AND B + L

] Cathepsins

Item cop1if CDP-II# CDP Inhibitor?  Cathepsin B! B+L! Cystatin)
Vertical

Aaterior® 1.08 + .07 1.08 + .05 352 % .16 325+ 16 2313 £ 16,0 385 £ .21
Medial® 1.09 £ .06 1.03 + .04 3.68 t .14 327+ 16 2469 + 158 3.80 £ .23
Posterior® 1.03 £ .06 1.06 + .05 349 £ .16 324 + 238 2356 £ 159 339 + .17
Horizontal

Dorsal? 1.06 + .04 1.04 £ .04 3.65 £ .14 331+ 18 2345 + 136 369 .17
Ventral® 1.08 £ .06 1.07 + .03 3.50 £ .11 320+ 15 2413 £ 120 3,67 = .18

#Located parallel to the 12th rib.
b ocated parallel to the 2nd lumbar vertebra.
®Located parallel to the 4th lumbar vertebra.

9 ocated one-third across the longissimus muscle from the vertebrae.
®Located two-thirds across the longissimus muscle from the vertebrae.
fLow-Ca2*-requiring CDP. Total caseinolytic activity/gram of muscle.
8High-Ca?*-requiring CDP. Total caseinolytic activity/gram of muscle.
Biphibition of casein hydrolysis by CDP-IL. Total activity/gram of muscle.

inmole of product released-min‘l-gram of muscle™),

iMeasured as the ratio of B + L activity after to before cystatin removal by affinity chromatography.

P > 27 for all comparisons.

activities of any component of the CDP system
between procedures (Table 1). All activities
were expressed on a per gram of wet tissue
basis. There were also no differences (P > .05)
in the activities of cathepsin B or cystatin-like
inhibition. However, the modified procedure
resulted in greater (P < .05) cathepsin B + L
activity (Table 1). This may not be a real
effect, however, because the B + L activity
from beef (Table 2) is more like the standard
procedure (Table 1).

A representative chromatograph of the
DEAE-Sephacel chromatography from the
modified procedure is shown in Figure 1.
Clearly, all threz components of the CDP
system were scparated with this procedure.
There were at least four fractions between the
last fraction containing CDP inhibitor activity
and the first fraction containing CDP-I activity.
The appropriate combination of gradient slope,
gradient volume, and fraction volume will
result in successful separation of CDP-I and
CDP inhibitor.

Comparison of Sample Location. The
5-g sample used in the modified procedure
might not be representative of the whole
muscle. There could be heterogeneous distribu-
tion or even a “gradient” of protease activity
such that measured activity depends on the

location within the muscle from which the
sample is obtained. Indeed, data such as those
of Crouse et al. (1989) that indicate that shear
force increases from the ventral to the dorsal
side of the longissimus muscle lend support to
this idea. However, the data in Table 2 indicate
that the sample location within the longissimus
muscle (varied either along the length or
across the muscle) had no effect (P > 05) on
activities of either the CDP system or the
cathepsins measured.

Biopsy Samples. The application of the
modified procedure to muscle samples re-
moved via biopsy was successful (Table 3).
The activities of both protease systems deter-
mined from biopsies were very similar to
activities from immediately postmortem sam-
ples (Table 2). These data establish the validity
of using the modified procedure to quantify
endogenous muscle protease activities from a
muscle biopsy.

Discussion

Considerable progress has been made in the
comparative quantification of endogenous
muscle proteases during the last 10 yr. Several
methods of quantifying the CDP system
components have evolved, primarily from
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Figure 1. A representative chromatograph of DEAE-Sephacel separation of calcium-dependent protease (CDF)
inhibitor, low-calcium-requiring CDP (CDP-I), and high-calcium-requiring CDP (CDP-II) from the modified procedure.
CDP inhibitor and CDP-I were cluted with a linear 25 to 200 mM NaCl gradient in equilibrating buffer. Column size: 1.5
cm X 20 cm; flow rate: 30 mi/h; fraction volume: 3.0 ml; gradient volume: 180 ml (60 fractions). CDP-II was then eluted

with 400 mM NaCl in equilibrating buffer (20, 3 ml fractions).

different approaches to isolation of the pro-
teases from their original tissues. Initial at-
tempts at quantification involved a crude
calcium-activated factor (CAF) preparation
from isoelectric precipitation, which did not
take into account either the two forms of the
protease or its endogenous inhibitor (Busch et
al., 1972; Dayton et al., 1976). The discovery
of low- (CDP-I) and high- (CDP-II} calcium-
requiring forms of CDP (Mellgren, 1980;
Dayton et al.,, 1981; Szpacenko et al, 1981)
and discovery of an endogenous inhibitor of
the CDP (Okitani et al.,, 1976; Waxman and
Krebs, 1978; Otsuka and Goll, 1980) resulted
in attempts to separate these three components
of the CDP system.

Elce et al. (1984) reported that CDP activity
could be measured in as little as 200 mg of
muscle with an immunoassay procedure. How-
ever, their procedure could only measure CDP-
I, and it actually measured the amount of
CDP-II antigenic protein, not its catalytic
activity. Clark et al. (1986) reported that
reactive red agarose affinity chromatography
could be used to separate and, thus, quantify
CDP-I1 and CDP inhibitor from 100 mg of
muscle and could be used for as little as 2 to 3
mg of tissue. Their procedures however, did
not completely separate CDP-I from CDP
inhibitor. In our laboratory, reactive red

agarose chromatography results in significant
losses of the components of this proteolytic
system. Gel permeation chromatography has
also been used (Szpacenko et al, 1981);

TABLE 3. ACTIVITIES (MEAN + SEM)
OF THE CALCIUM-DEPENDENT PROTEASE (CDP)
SYSTEM AND CATHEPSINS B AND B + L
FROM MUSCLE BIOPSY SAMPLES

Item Biopsy sample®
CDP-I 113+ 05
CDP-II 105+ .05
CDP inhibitord 415+ .11
Cathepsin B® 363 + 20
Cathepsin B +1.° 187.0 * 14.6
Cystatinf 413+ 20

®Biopsies removed from longissimus muscle after
proximal lumbar paravertcbral anesthesia.

bl ow-CaZt-requiring CDP. Total caseinolytic activity/
gram of muscle,

°High-Ca®*-requiring CDP. Total caseinolytic activity/
gram of muscle.

S1nhibition of casein hydrolysis by CDP-IL Total activ-
ity/gram of muscle.

®Nanomoles of product released mimite~!-gram of
muscle™!, )

fMeasured as the ratio of B + L activity after to before
cystatin removal by affinity chromatography.



1564

however, this procedure will not separate
CDP-I from -IL. Hydrophobic chromatography
(Phenyl-Sepharose) will separate CDP-I from -
II, but the yield of these proteases is signifi-
cantly less than that obtained from DEAE-
Sephacel  ion-exchange  chromatography
(Kretchmar et al.,, 1989; Koohmaraie, 1990a).
Probably the most common method of separa-
tion is by DEAE~ellulose or DEAE-Sephacel
ion-exchange chromatography. Perhaps the
best method for quantifying the components of
this proteolytic system would be an ELISA
procedure. However, it is not currently possi-
ble to employ ELISA, primarily for the
following reasons: 1) the antibody currently
available does not distinguish between active
(intact or autolyzed) and inactive (autolyzed)
CDP and 2) ELISA can only measure the
amount of a given protease, and not its
catalytic activity. It is conceivable that these
limitations could be overcome in the future.

The cathepsins have usually been quantified
in muscle by assaying the supemate from a
crude muscle homogenization. Various syn-
thetic substrates have been used to quantita-
tively assay for catheptic enzymes (Barrett,
1980; Barrett and Kirschke et al, 1981). In
addition, the discovery of cysteine proteinase
inhibitors (cystatins), which inhibit some of
the cathepsins, has led to a procedure for
removing the cystatins from the supernate
before assaying for the cathepsins (Anastasi et
al., 1983; Koohmaraie and Kretchmar, 1990).
Koohmaraie and Kretchmar (1990) also have
recently described modified procedures for
assaying cathepsins from muscle homogenates
that optimize activity determinations.

A critical point in quantifying endogenous
muscle protease activities for comparative
purposes is to avoid loss of activity by using as
few purification steps as possible during
extraction and isolation. The procedures
described in this paper are a modification of
the procedures described by Koohmaraie
(1990a) and can be used to quantify all three
components of the CDP system from 5 g of
muscle. As little as 3 g (data not shown), and
possibly less, muscle could be used. However,
several steps in the procedures deserve particu-
lar attention. The pH of the supemate after
centrifugation must be > 6.2 to prevent
isoelectric precipitation of the CDP. The ionic
strength of the supemate must be reduced to
that of the equilibrating buffer (via dialyzing
or addition of water) before ion-exchange
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chromatography to ensure binding of CDP
inhibitor, in particular, and possibly CDP-I to
the resin. Although Clark et al. (1986) claimed
that DEAE-cellulose chromatography could
not separate CDP-I from CDP inhibitor,
careful control of elution conditions (gradient
slope, gradient volume, and fraction volume)
will result in successful separation of CDP
inhibitor from CDP-I. The relationship be-
tween CDP inhibitor dose and inhibitory
activity in the assay is not linear (Banik et al.,
1990). Therefore, a dose-response curve was
developed by varying pooled inhibitor fraction
volume (with constant quantity of CDP) to
determine the minimum volume of pooled
inhibitor fraction that resulted in the maximum
inhibitory activity. This volume was used to
determine reported CDP inhibitor activity.

The ability to quantify both these types of
proteases from a single 5-g biopsy sample
should be very beneficial in attempts to
characterize the role of these proteases in
muscle protein tumover and postmortem ten-
derization of meat. It is now possible to
monitor the activities of these proteases in the
same animal at different stages of growth from
biopsied samples. In addition, this procedure
may be useful in developing a predictor of
meat tendemness in the live animal The
importance of CDP inhibitor in the postmor-
tem proteolysis and subsequent tenderization
of meat has been established (Koohmaraie,
1990b, Koohmaraie et al., 1990; Shackelford et
al., 1990a; Wheeler et al.,, 1990; Whipple et
al., 1990b) and equations for predicting meat
tendemess from endogenous protease activities
have been published (Whipple et al., 1990a).
This information could be obtained from sires
and progeny to estimate heritability and then
used to select animals with more tender meat.
The protease activities and myofibril fragmen-
tation index from a biopsy sample (Crouse and
Koohmaraie, 1990) might be used in combina-
tion to predict meat tendemess of the live
animal.

Implications

A procedure was developed for the simul-
taneous extraction and subsequent assay of
both calcium-dependent proteases and cathep-
sins B and B + L from a single
5-g muscle biopsy. The ability to determine
activities of the calcium-dependent and cathep-
sin enzyme systems from a muscle biopsy
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should be very beneficial to further elucidate
the role of these enzyme systems in muscle
growth and postmortem proteolysis of meat.
This procedure may also be useful in develop-
ing a predictor of meat tendemess of a live
animal.
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