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ABSTRACT

Proteases are involved in the regulation
of many biological functions. This study de-
scribes a novel method for detecting pro-
tease activity by fluorescent zymogram 
in-gel protease assays, using SDS polyacry-
lamide gels copolymerized with a peptide-
MCA (4-methyl-coumaryl-7-amide) sub-
strate. This method allows simultaneous
determination of protease cleavage speci-
ficity and molecular weight. Trypsin was
electrophoresed in SDS polyacrylamide gels
copolymerized with Boc-Gln-Ala-Arg-MCA,
the gel was then incubated in assay buffer,
and trypsin cleavage of the peptide-MCA
substrate generated fluorescent AMC (7-
amino-4-methyl-coumarin), which was sub-
sequently detected under UV transillumina-
tion. Chymotrypsin activity was detected in
gels copolymerized with Suc-Ala-Ala-Pro-
Phe-MCA substrate. Selective detection of
these proteases was demonstrated by the ab-
sence of trypsin activity in gels containing
the chymotrypsin substrate, and the lack of
chymotrypsin activity in gels containing the
trypsin substrate. Detection of proteolytic
activity from secretory vesicles of adrenal
medulla (chromaffin granules) was ob-
served with the trypsin substrate, Z-Phe-
Arg-MCA, but not with the chymotrypsin
substrate. Overall, this sensitive fluorescent
zymogram in-gel protease assay method can
be used for rapid determination of protease
cleavage specificity and enzyme molecular
weight in biological samples. This assay
should be useful for many research disci-
plines investigating the role of the many pro-
teases that control cellular functions.

INTRODUCTION

Proteases regulate key biological
functions in health and disease. Limited
proteolysis is involved in the control of
cellular functions, including peptide
hormone and neurotransmitter biosyn-
thesis (6,24,26), cell death (23,28),
transcriptional control of gene expres-

sion (22,31) and other functions. Aber-
rations in these proteolytic controls
contribute to disease conditions such as
cancer (11,27), neurodegenerative dis-
eases (3,5,21) and viral infections
(9,25). Investigations of proteases re-
quire informative and sensitive assays
to optimize their characterization. In
this report, a novel method is described
for thedetectionofproteolyticactivityby
sensitive, fluorescent zymogram in-gel
protease assays that provide information
about protease cleavage specificity and
molecular weight. This method differs
from previously reported zymogram
protease assays (8,12,16,18,19).

Proteases typically possess speci-
ficity for cleavage at particular amino
acid residues. The P1 residue at the N-
terminal side of the cleaved peptide
bond (cleavage between P1-P1′ resi-
dues) is an important determinant of
protease cleavage specificity (2). Based
on this selectivity, fluorogenic peptide-
MCA (4-methyl-coumaryl-7-amide)
substrates are widely used to detect
proteolytic activity (1,4,10). Cleavage
between the X-MCA (X = P1 residue)
bond of a peptide-MCA substrate liber-
ates AMC (7-amino-4-methyl-couma-
rin), which is detected fluorometrically.

Using peptide-MCA substrates
copolymerized into SDS polyacry-
lamide gels, we have developed a fluo-
rescent in-gel protease assay that al-
lows direct evaluation of proteolytic
activity in the gel in situ to acquire in-
formation about protease cleavage
specificity and molecular weight. This
method has the advantage that it is non-
radioactive and allows detection of low
levels of enzyme activity. The fluores-
cent zymogram in-gel protease assay
with peptide-MCA substrates allows
direct determination of protease activi-
ty to simultaneously gain information
about protease cleavage specificity and
apparent molecular weights of proteas-
es in biological samples.

MATERIALS AND METHODS

In-gel trypsin assays used SDS
polyacrylamide gels copolymerized
with the trypsin substrate Boc-Gln-Ala-
Arg-MCA prepared by the method of
Laemmli (15). All solutions were ster-
ilized by filtration through 0.22-µm

membranes (Millipore, Bedford, MA,
USA) and boiled before use. The
resolving gel consisted of 200 µM Boc-
Gln-Ala-Arg-MCA (Bachem Califor-
nia, Torrance, CA, USA), 14% poly-
acrylamide, 0.37% bis-acrylamide,
0.375 M Tris-HCl (pH 8.8) and 0.1%
SDS cast in a Novex gel cassette (Invit-
rogen, Carlsbad, CA, USA) with gel
dimensions of 8 × 7 × 0.1 cm. Polymer-
ization of polyacrylamide was conduct-
ed in the dark at room temperature for 1
h. The 6% polyacrylamide stacking gel
contained 0.25 M Tris-HCl (pH 6.8)
and 0.03% SDS; the gel was allowed to
polymerize for 1 h at room tempera-
ture. Trypsin (0.5–100 ng, Roche Mol-
ecular Biochemicals, Indianapolis, IN,
USA) was prepared in 1× sample buffer
[50 mM Tris-HCl (pH 6.8), 0.1% SDS
and 2% glycerol] and was subjected to
electrophoresis with 1× running buffer
[25 mM Tris-HCl (pH 8.3), 192 mM
glycine and 0.1% SDS] at 4°C for 1 h at
a constant current of 25 mA. The gel
was then washed in cold 2.5% Triton

X-100 solution for 10 min, and in cold
distilled water for 10 min. The gel was
incubated in trypsin assay buffer [50
mM Tris-HCl (pH 7.5), 10 mM CaCl2
and 0.005% Triton X-100) at 37°C for
30 min. For in-solution gel assays of
trypsin, Boc-Gln-Ala-Arg-MCA was
omitted from the gel, and after elec-
trophoresis, gels were incubated in
trypsin assay buffer containing 200 µM
Boc-Gln-Ala-Arg-MCA. Fluorescent
bands of trypsin activity were immedi-
ately observed by a Model TFX 35M
UV-B transilluminator (Bio-Rad Labo-
ratories, Hercules, CA, USA) (385 nm
= AMC group excitation wavelength).
Fluorescent images were recorded by
the Kodak DC120 digital camera and
were analyzed by the Kodak Elec-
trophoresis Documentation and Analy-
sis System (EDAS) 120 (Eastman Ko-
dak, Rochester, NY, USA).

It was noted that detection of prote-
olytic activity in fluorogenic peptide-
MCA zymogram gels was optimized
when zymogram gels were prepared on
the same day as electrophoresis and as-
say. In addition, diffusion of the AMC
fluorescent group is minimal with these
short incubation times and immediate
detection of fluorescence.

Chymotrypsin (Worthington Bio-
chemical, Lakewood, NJ, USA) activi-
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ty was assessed by in-gel assay in a
14% polyacrylamide gel with 200 µM
Suc-Ala-Ala-Pro-Phe-MCA (Bachem
California) copolymerized in the re-
solving gel, with a stacking gel of 6%
polyacrylamide. Electrophoresis was
performed and the gel treated under the
same conditions as described above.
The assay buffer used for chymotrypsin
activity contained 50 mM Tris-HCl (pH
7.5) and 0.005% Triton X-100. The gel
was incubated at 37°C for 30 min. Ac-
tivity bands were observed under a UV

transilluminator and documented as de-
scribed for trypsin.

To demonstrate the specificity of the
in-gel fluorescent zymogram technique
for detection of proteases, we com-
pared the activities of trypsin and chy-
motrypsin, as well as a biological sam-
ple of isolated secretory vesicles from
adrenal medulla (chromaffin granules)
in gels copolymerized with three differ-
ent peptide-MCA substrates (200 µM
each). Chromaffin granules were pre-
pared as described previously (14,30).
Different amounts of trypsin, chy-
motrypsin and chromaffin granules
(lysed) were electrophoresed in gels
containing Boc-Gln-Ala-Arg-MCA
(trypsin substrate), Suc-Ala-Ala-Pro-
Phe-MCA (chymotrypsin substrate) or
Z-Phe-Arg-MCA (trypsin substrate).
The Boc-Gln-Ala-Arg-MCA gel was
incubated in 50 mM Tris-HCl (pH 7.5),
10 mM CaCl2 and 0.005% Triton X-
100; the Suc-Ala-Ala-Pro-Phe-MCA
was incubated in 50 mM Tris-HCl (pH
7.5) and 0.005% Triton X-100; and the
Z-Phe-Arg-MCA gel was incubated in
100 mM citric acid (pH 5.0), 1 mM
EDTA, 1 mM DTT and 10 mM
CHAPS for 30 min at 37°C.

To detect molecular weight markers
(BenchMark protein ladder; Life Tech-
nologies, Rockville, MD, USA) on gels

after fluorescent in-gel protease assays
were conducted, gels were stained for
protein in 0.2% (w/v) Coomassie Bril-
liant Blue R-250 (Bio-Rad Laborato-
ries), 50% methanol and 7% acetic
acid; gels were then destained in 50%
methanol and 7% acetic acid. Gels
were soaked in Gel-Dry drying solu-
tion for 30 min at room temperature
and air-dried using the DryEase Mini-
Gel drying system (both from Invitro-
gen). Images of the Coomassie-stained
gels were recorded and analyzed by the
Kodak digital camera and EDAS.

RESULTS

Trypsin activity was detected by the
fluorescent zymogram in-gel protease
assay method with Boc-Gln-Ala-Arg-
MCA substrate copolymerized in the
SDS polyacrylamide gel (Figure 1).
Various amounts of trypsin (10, 20, 40
and 60 ng) were subjected to elec-
trophoresis followed by incubation in
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Figure 1. Fluorescent in-gel zymogram assay
of trypsin. (a) In-gel assay of trypsin with gels
containing peptide-MCA substrate. Various
amounts of trypsin (10, 20, 40 and 60 ng in lanes
1– 4, respectively) were subjected to elec-
trophoresis on a SDS polyacrylamide gel (14%
polyacrylamide) copolymerized with 200 µM
Boc-Gln-Ala-Arg-MCA substrate. After incubat-
ing the gel in assay buffer at 37°C for 30 min,
trypsin activity was detected as a fluorescent 25-
kDa band (arrow). (b) Assay of trypsin with pep-
tide-MCA substrate in the in-solution assay.
Known amounts of trypsin (10, 20, 40 and 60 ng
in lanes 1– 4, respectively) were subjected to
SDS-PAGE without substrate in the gel. The gel
was then incubated in assay buffer containing 200
µM Boc-Gln-Ala-Arg-MCA substrate at 37°C
for 30 min. Trypsin activity was detected as a 25-
kDa fluorescent band (arrow).

Figure 2. Fluorescent in-gel zymogram assay
of chymotrypsin. Various amounts of chy-
motrypsin (5, 10, 20, 30, 40 and 50 ng in lanes
1–6, respectively) were electrophoresed on a 14%
SDS polyacrylamide gel with 200 µM Suc-Ala-
Ala-Pro-Phe-MCA copolymerized in the gel. The
gel was incubated in chymotrypsin assay buffer
for 30 min at 37°C. Chymotrypsin activity was
detected as two fluorescent bands (arrow).



assay buffer at 37°C for 30 min. Fluo-
rescent bands representing trypsin ac-
tivity that cleaved at the Arg-MCA
bond of Boc-Gln-Ala-Arg-MCA to lib-
erate fluorescent AMC was detected
using UV transillumination (Figure 1a).
This sensitive fluorescent in-gel sub-
strate assay detected nanogram levels
(20 ng) of 25-kDa trypsin, which is
consistent with its known molecular
weight. Moreover, trypsin activity
bands were sharp and highly defined.

For comparison, fluorescent in-solu-
tion gel assays of trypsin were per-
formed by electrophoresis on SDS poly-
acrylamide gels without peptide-MCA
substrate, followed by incubation of gels
in assay buffer containing Boc-Gln-Ala-
Arg-MCA at 37°C for 30 min (Figure
1b). Detection of trypsin by the in-solu-
tion assay required higher levels of
trypsin (at least 40 ng) than the in-gel
method. In addition, the fluorescence
activity band was more diffuse in the in-
solution assay. These results demon-
strate that the in-gel assay format with

peptide-MCA substrate copolymerized
in the gel is more sensitive than the in-
solution assay method. Copolymeriza-
tion of peptide-MCA substrate in SDS
polyacrylamide gels for zymogram pro-
tease assays represents a novel approach
for identifying proteolytic activities.

To further assess the detection of
proteases by the fluorescent in-gel zy-
mogram assay, the detection of chy-
motrypsin in gels containing the chy-
motrypsin substrate Suc-Ala-Ala-Pro-
Phe-MCA was tested (Figure 2). Sensi-
tive detection of chymotrypsin activity
was achieved, as demonstrated by the
production of fluorescent bands of ac-
tivity with as low as 10 ng chymo-
trypsin. Under the conditions of these
nonreducing gels, a primary 37–38 kDa
band of chymotrypsin activity was de-
tected, as well as an activity band of
41–42 kDa. Chymotrypsin possesses
two pairs of disulfide bonds that may
influence the electrophoretic mobility
of the enzyme under nonreducing con-

ditions (29). Under reducing condi-
tions, chymotrypsin possesses an ap-
parent molecular weight of 25 kDa (7).
These results demonstrate the sensitive
detection of both chymotrypsin and
trypsin by peptide-fluorescent sub-
strates copolymerized in the in-gel zy-
mogram assay.

The selective detection of trypsin
and chymotrypsin based on their differ-
ent cleavage specificities was assessed.
Trypsin but not chymotrypsin was de-
tected in gels containing the trypsin
substrate Boc-Gln-Ala-Arg-MCA (Fig-
ure 3a). Furthermore, chymotrypsin but
not trypsin was detected in gels con-
taining the chymotrypsin substrate Suc-
Ala-Ala-Pro-Phe-MCA (Figure 3b).
These results demonstrate that distinct
proteases may be selectively detected
by different peptide-MCA substrates.

Proteolytic activity in a biological
sample by the fluorescent in-gel assay
was demonstrated in this study. Isolated
chromatin granules from bovine adren-
al medulla contained proteolytic activi-
ties of 70 and 60 kDa that were detected
using Z-Phe-Arg-MCA, a substrate for
trypsin (Figure 3c). However, proteolyt-
ic activities from these granules were
not detected using a different trypsin
substrate, Boc-Gln-Ala-Arg-MCA (Fig-
ure 3a). Furthermore, the granule activi-
ty was not detected using the chymo-
trypsin substrate Suc-Ala-Ala-Pro-Phe-
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Figure 3. Substrate specificity of in-gel zymo-
gram assays to detect different proteases. (a)
Boc-Gln-Ala-Arg-MCA zymogram in-gel assay:
detection of trypsin but not chymotrypsin or
chromaffin granule proteolytic activities. Various
amounts of trypsin (5, 10, 20 and 50 ng in lanes
1– 4, respectively), chymotrypsin (5, 10, 20 and
50 ng in lanes 5–8, respectively) and lysed chro-
maffin granules (2 and 4 µg in lanes 9 and 10, re-
spectively) were subjected to electrophoresis
under nonreducing conditions on a 14% poly-
acrylamide gel copolymerized with Boc-Gln-
Ala-Arg-MCA. Gels were assayed for proteolytic
activities as described in Materials and Methods.
Fluorescent bands of proteolytic activity are indi-
cated (arrow). (b) Suc-Ala-Ala-Pro-Phe-MCA
zymogram in-gel assay: detection of chymo-
trypsin but not trypsin or chromaffin granule pro-
teolytic activities as in (a) but with Suc-Ala-Ala-
Pro-Phe-MCA copolymerized in the gel.
Fluorescent bands of proteolytic activity are indi-
cated (arrow). (c) Z-Phe-Arg-MCA zymogram
in-gel assay: detection of trypsin and chromaffin
granule proteolytic activities but not chy-
motrypsin as in (a) but with Z-Phe-Arg-MCA
copolymerized in the gel. Fluorescent bands of
proteolytic activities are indicated (arrows).



MCA. These findings demonstrate that
cleavage site-specific proteases can be
characterized by the choice of peptide-
MCA substrate copolymerized in the
fluorescent zymogram gels.

DISCUSSION

This report demonstrates the simple
and sensitive method of fluorescent zy-
mogram in-gel protease assays that pro-
vides information about the protease’s
cleavage specificity and molecular
weight. Multiple fluorogenic peptide-
MCA substrates can be used to simulta-
neously assess protease cleavage speci-
ficities and their apparent molecular
weights. This assay can be used to se-
lectively detect a protease in a biologi-
cal sample that recognizes and cleaves a
specific peptide sequence, in the form
of a peptide-MCA substrate. Moreover,
this in-gel protease assay may be useful

for identifying several proteases of dif-
ferent molecular weights present in a
single sample.

Several previous reports (13,17,20)
demonstrate the detection of protease
activity after electrophoresis in nonre-
ducing gels by electrophoretic transfer
of proteases to nitrocellulose mem-
branes, followed by the incubation of
the membrane with peptide-p-nitro-
anilide substrates to detect activity. The
advantages of the fluorescent in-gel as-
says discussed in this study over the
previous methods are: (i) gels copoly-
merized with peptide-MCA substrate
will assay a greater proportion of the
protease compared to transfer of the
protease to nitrocellulose membranes
because only a fraction of the total pro-
tein in the gel is electrophoretically
transferred; (ii) gels containing peptide-
MCA substrate are more sensitive than
the incubation of nitrocellulose mem-
branes in an assay solution containing

peptide-pNA substrates because pico-
molar levels of AMC can be detected
compared to p-nitroaniline (nanomolar
levels detected); and (iii) gels contain-
ing peptide-MCA substrates provide a
more direct and rapid procedure for de-
tection of proteolytic activity.

The fluorescent in-gel method is
also advantageous compared with a
commercially available enzyme over-
lay membrane method that detects pro-
tease activity by overlaying the gel with
a peptide-MCA-containing membrane
that only assays the enzymes at the gel-
membrane interface. However, the in-
gel method in this study assays the en-
tire enzyme sample contained in the gel
colpolymerized with substrate.

The determination of the mechanis-
tic class of the protease may also be
conducted by including protease in-
hibitors in the assay buffer during incu-
bation of the gel to monitor proteolytic
activity (30). This assay should be use-
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ful for many research disciplines inves-
tigating the role of the numerous pro-
teases that control biological functions.
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