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In the postgenomic era, the comprehensive proteomic analysis of metabolic and signaling pathways is inevitably
faced with the challenge of large-scale identification and characterization of polypeptides with a particular enzymatic
activity. Previous work has shown that a wide variety of enzymatic activities of microbial, plant, and animal origin
can be assigned to individual polypeptides using in-gel activity staining (zymography). However, a number of
limitations, such as special substrate requirements, the lack of a standard procedure, and difficulties in distinguishing
enzymes with overlapping activities have precluded the widespread use of zymography as a routine laboratory
method. Here we demonstrate that, by employing small-defined substrates that are covalently attached to the gel
matrix, we can largely overcome the aforementioned problems and assay readily a number of different classes of
enzymatic activities within gels after standard SDS-polyacrylamide electrophoresis. Moreover, this development is
compatible with the two-dimensional separation of proteins and thus has great potential in the high-throughput
screening and characterization of complex biological and clinical samples.

Zymography (in-gel activity staining), a two-stage technique in-
volving protein separation by electrophoresis followed by in situ
(in-gel) assay of enzymatic activities, has proved to be extremely
useful for the detection of a wide range of microbial, animal, and
plant enzymes—including numerous nucleases and proteases
(for reviews, see Gabriel and Gersten 1992; Gersten and Gabriel
1992; Lantz and Ciborowski 1994; Cazenave and Toulme 2001;
Scadden and Naaby-Hansen 2001). Certain advantages of zymog-
raphy over conventional assays, such as the ability to assess the
repertoire of enzymes that have a particular activity in nonfrac-
tionated cell extracts and to estimate the molecular weight and
isoelectric point of the corresponding polypeptides and their iso-
forms, can be invaluable in identifying and monitoring specific
and nonspecific activities in complex biological and clinical
samples and developing purification schemes. The most straight-
forward and widely used zymographic assays are based on the
degradation or modification of high-molecular-weight substrates
(e.g., gelatin, RNA transcripts) that are retained within the gel
and remained unchangeable except within the immediate vicin-
ity of the enzyme(s) being assayed (Gersten and Gabriel 1992;
Lantz and Ciborowski 1994; Cazenave and Toulme 2001; Scad-
den and Naaby-Hansen 2001). Suitable substrates, however, are
only available for a limited number of classes of enzymes. A sig-
nificant obstacle in developing assays for specific enzymes using
high-molecular-weight substrates can be the existence of mul-
tiple sites that are recognizable by enzymes with different speci-
ficities. In this regard, small defined substrates, which are cur-
rently being synthesized in great variety and used in enzymo-
logical studies, have obvious advantages over macromolecules,
but cannot be used directly in zymography as they are not re-
tained efficiently within gels due to their small size. We demon-
strate here that this barrier can be overcome by the covalent

linking of a small, defined substrate to the gel matrix prior to
electrophoresis.

RESULTS
To illustrate the effectiveness of using synthetic molecules that
are covalently attached to the gel matrix, we chose a short syn-
thetic decaribonucleotide as a model substrate. The oligonucleo-
tide was synthesised with the sequence ACAGUAUUUG linked at
the 3� end via an 18-link spacer to an acrylamide group (Fig. 1),
which was incorporated using Acrydite phosphoramidite (Ken-
ney et al. 1998). This acrylamide-oligonucleotide was radiola-
beled at the 5� end when required (see below), co-polymerized
into standard SDS-polyacrylamide gels and used for the in-gel
activity staining of several evolutionarily unrelated enzymes;
mammalian RNase A, bacterial alkaline phosphatase, and T4
polynucleotide kinase. As shown in Figure 2 (panels A–C), we
were able to detect the release of radiolabel from gel areas that
corresponded to RNase A and alkaline phosphatase and the at-
tachment of radiolabel to the 5� end of hydroxylated substrate by
polynucleotide kinase. The [�-32P] ATP for the latter reaction was
supplied in buffer after electrophoresis and the removal of SDS.
Remarkably, these assays were at least as sensitive as silver stain-
ing without modification of standard gel electrophoresis and
washing conditions (see Methods). Further increases in sensitiv-
ity can, however, be obtained by optimizing the conditions for
each enzyme. We were able, for example, to increase the sensi-
tivity of our RNase A assay by 1000-fold. This was achieved sim-
ply by omitting reducing reagent and raising the amount of im-
mobilized substrate by fivefold (Fig. 2D). The detection of 1–10
pg of RNase A is comparable with the sensitivity of previously
described zymograms that used poly(C) as substrate (Bravo et al.
1994).

Synthetic oligoribonucleotides including the oligonucleo-
tide 5�-ACAGUAUUUG are being used to probe the substrate
specificity and enzymology of the RNase E/G family of ribonucle-
ases (McDowall et al. 1995; Kaberdin et al. 2000), members of
which have been shown to have central roles in RNA processing
and decay (for review, see Coburn and Mackie 1999). We show
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(Fig. 3) that an oligonucleotide of the same sequence can be
successfully used in an in-gel assay of RNase G activity: a zone of
clearing was associated with the position of the 58-kD RNase G
polypeptide present in a purified sample and an Escherichia coli
cell lysate. Two additional zones of clearing were detected in the
lysate lane at positions corresponding to polypeptides of around
27 and 15 kD, respectively. However, importantly, we were able
to discriminate RNase G from these other activities using a sec-
ond covalently-linked substrate 5�-ACAGUGCCCG 3� that con-
tained nucleotide changes (underlined) known from conven-
tional assays to block cleavage by RNase G. Clearing remained
associated with the polypeptides of 27 and 15 kD, but not with
RNase G. The 27-kD polypeptide is likely to be the E. coli RNase
I (Nicholson 1997), whereas the identity of the 15-kD polypep-
tide is the subject of further studies.

Given the increasingly important role of 2D gel techniques
in the large-scale analysis of proteins, we next investigated the
utility of covalently attached substrates in the assay of enzymatic
activities following 2D gel electrophoresis using RNase G as an

example. As shown in Figure 4, a number of spots that appear to
correspond to different isoforms of RNase G (a polypeptide with
molecular weight 58 kD and isoelectric point 5.6) were readily
detected following 2D separation of E. coli cell extract and sub-
sequent in-gel activity staining. Furthermore, the entire area of
the 2D gel could be assayed as the distribution of covalently
attached substrate remained uniform. In contrast, many nonco-
valently attached substrates move appreciably in an electric field
resulting in an area at either the top or bottom of SDS/
polyacrylamide gels where substrate is depleted. Without cova-
lent attachment our radiolabeled oligonucleotide could not be
detected within the gel following electrophoresis (data not
shown).

DISCUSSION
We have shown here that small, defined oligonucleotides that
have been covalently linked to the gel matrix are excellent sub-
strates for zymography incorporating either standard SDS or 2D
gel electrophoresis (Figs. 2–4). This approach can be adopted
readily and expanded to assay a wide variety of activities that
modify or cleave nucleic acids as Acrydite-containing oligo-
nucleotides can be purchased (e.g., from Sigma-Genosys) or syn-
thesized with relative ease by laboratories that have access to
phosphoramidite chemistry. For example, enzymes such as heli-
cases, polymerases, transcriptases, methylases, and certain endo-
nucleases that have substrates with double-stranded segments
can be assayed by hybridizing complementary segments to
Acyridite-linked oligonucleotides prior to polymerization of the
gel. Peptides can also be chemically synthesized, in most cases,
by relatively straightforward approaches and procedures have
been developed recently that allow peptides to be conjugated
efficiently to mono- and oligonucleotides (Stetsenko and Gait
2000a; Stetsenko and Gait 2000b). Combined, these technologies
provide a route for linking small, defined peptide substrates to
the matrix of polyacrylamide gels thereby expanding our devel-
opment of zymography to include protein-modifying enzymes
such as proteases, phosphatases, and protein kinases. The latter
should be particularly advantageous in the biochemical identifi-
cation and analysis of activities that have important roles in ap-
optosis and signaling pathways. In principle, the chemical link-
age of any type of small substrate (e.g., a carbohydrate) to the gel
matrix could facilitate the identification of the corresponding
enzyme activity by zymography.

Mass spectrometric techniques are being developed that are
able to analyze femtomole to attomole levels of protein isolated
from 2D gels (Bakhtiar and Nelson 2001). This level of sensitivity
exceeds that of conventional techniques for staining proteins
using Coomassie Blue, silver nitrate, zinc imidazole, or fluores-
cent dyes such as SYBRO Ruby. Zymography that utilizes syn-
thetic substrates may be extremely sensitive without necessitat-
ing the use of radio-isotopes. Fluorescent markers (and quench-
ers) can be incorporated readily during the synthesis of, for
example, oligonucleotide (Park et al. 2001) and peptide sub-
strates (Chersi et al. 1997; Fulop et al. 2001) and used in con-
junction with plate readers that quantitatively measure specific
florescence signals within gels. In combination with the continu-
ing development of mass spectrometric techniques, the above
may lead to the identification and characterization of enzymes
that are below the current limits of detection by nonenzymatic
staining. Increased sensitivity will be particularly beneficial in
the analysis of biological material that can only be obtained in
limited amounts and is difficult to culture, for example, that
from biopsies and swaps, and may lead not only to new research
tools but also assays for monitoring disease and detecting infec-

Figure 1 Chemical structure of acrydite-modified oligonucleotides
Acr#1 (5� ACAGUAUUUG 3�) and Acr#2 (5� ACAGUGCCCG 3�). The ac-
rydite and 18-link spacer are indicated by open square boxes. Three dots
represent segments (underlined) of both oligonucleotides that are not
shown.
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tion and biological contamination. The use of polyacrylamide
gels containing covalently linked oligonucleotides is compatible
with the trypsinization of polypeptides within gel plugs and the
subsequent analysis of the released products by mass spectrom-
etry. Likewise, synthetic peptide substrates should not be prob-
lematic as any product release from them following trypsin di-
gestion can be predicted and taken into account.

METHODS
Chemical Synthesis of Acrydite-Modified
RNA Oligonucleotides
Oligoribonucleotides Acr #1 (ACAGUAUUUG) and Acr #2
(ACAGUGCCCG) were synthesized using an ABI 391 DNA syn-
thesizer with a standard 1-µmole DNA assembly cycle and ABI

Figure 2 In-gel assay of ribonuclease A (A) alkaline phosphatase (B) and polynucleotide kinase (C) activities using an oligonucleotide substrate (5�
ACAGUAUUUG; Acr #1) chemically linked to the polyacrylamide matrix. The substrate used in A and B was radiolabeled at the 5� end prior to
incorporation into the gels, whereas in C the substrate was unlabeled. The diagrams that are part of each panel provide a schematic illustration of the
corresponding reactions. BAP and PNK are abbreviations for bacterial alkaline phosphatase and polynucleotide kinase, respectively. The gels on the right
of each panel have been silver stained and the sizes of marker bands (M) are indicated on the left of each gel. Autoradiographs on the left of each panel
show the results of each in-gel assay. The amount of enzyme added to each lane is indicated at the top of the gels and autoradiographs. In D, the RNase
A assay was repeated using fivefold more substrate in the absence of a reducing agent and followed the protocol of Bravo et al. (1994). The short and
long incubation times were 30 and 90 min, respectively.
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reagents. To universal support (500 Å), Acrydite 2.0 phosphora-
midite (Mosaic Technologies) was added, followed by a spacer
phosphoramidite 18 {18-O-Dimethoxytritylhexaethylene-
glycol,1-[(2-cyanoethyl)-(N,N-diisopropyl)] phosphoramidite}.
All these reagents were purchased from Glen Research. The nucleo-
tide portion was then added using 5�-O-dimethoxytrityl-2�-O-t-
butyldimethylsilyl-ribonucleoside-3�-O-(2-cyanoethyl)-N,N-
diisopropylphosphoramidites purchased from ChemGenes, Inc.

Oligonucleotides were deprotected with methanolic ammo-
nia (30°C, 30 h) followed by triethylamine trihydrogen fluoride/

DMSO treatment (1:1, 20°C, 16 h). Deprotected oligonucleotides
were added to a DNAPac PA-100 (4 � 250) anion exchange col-
umn (Dionex) that had been equilibrated with 50 mM NaCl and
were eluted with a gradient of 10% to 70% 1MNaCl over 20 min.
The peak fractions were further purified using a Jupiter C18 re-
verse phase (5 µm, 300 Å, 4 � 250) column (Phenomenex)
equilibrated with 100 mM NH4OAc and eluted with a gradient of
0 to 35% 100 mM NH4OAc/acetonitrile (1:1) using a DX500
HPLC Chromatography System (Dionex). Following dialysis
against de-ionized water, the masses of the purified oligonucleo-
tides were confirmed using Q-Tof mass spectrometry in conjunc-
tion with maximum entropy analysis of the m/z spectrum.

Enzymes and Protein Preparations
The enzymes used in this study were bacterial alkaline phospha-
tase (MBI Fermentas), T4 polynucleotide kinase (MBI Fermentas)
and ribonuclease A (Sigma-Aldrich). Aliquots of an extract of E.
coli BL21(DE3) cells (Novagen) were prepared as described in Mic-
zak et al. (1996) and recombinant RNase G was purified as de-
scribed previously (Tock et al. 2000).

Activity Staining
SDS protein gels containing covalently attached oligonucleotides
were prepared according to the standard protocol (Sambrook et
al. 1989) except that the solution used to generate the resolving
gel(s) was supplemented with acrylamide-modified oligonucleo-
tide (∼0.3 pmole/mL) prior to polymerization. After electropho-
resis, the gels were washed extensively with 25% (vol/vol) iso-
propanol to remove SDS (Blank et al. 1982) and then proteins
were refolded using the procedure described by (Nilsson et al.
2002). The activity staining was performed at 30–37°C for 1 h,
followed by 2-h incubation at ambient temperature. The buffers
used for the assay of enzymatic activities were 20 mM Tris-HCl
(pH 7.5) containing 10 mM MgCl2 for bacterial alkaline phos-
phatase, 20 mM Tris-HCl (pH 7.5) containing 5 mM magnesium
acetate, 100 mMNH4Cl, 0.1 mM EDTA, 1 mMDTT for ribonucle-
ases A and G, and 50 mM Tris-HCl (pH 7.6) containing 10 mM
MgCl2, 5 mM DTT, 1 µCi/mL [�-32P] ATP (Amersham Biosci-
ences) for T4 polynucleotide kinase. To achieve higher sensitivity
in the assay of RNase A (Fig. 2D), we increased the concentration
of the immobilized substrate fivefold, excluded 2-mercaptoetha-
nol and dithiothreitol from RNase A samples and performed the
assay using the protocol of Bravo et al. (1994).

2D Electrophoresis of E. coli Proteins
E. coli cells BL21(DE3) were grown in M9 medium supplemented
with glucose (Sambrook et al. 1989) to an optical density (600
nm) of ∼1.0, harvested by centrifugation (5000g, 10 min), resus-

Figure 4 Silver and activity staining of E. coli proteins separated by 2D electrophoresis. The left half of this figure is a silver-stained gel that shows the
position of polypeptides following 2D SDS PAGE. The right half is an autoradiography of the same gel that shows the results of an in-gel assay using as
substrate the Acr#1 oligonucleotide radiolabeled at the 5� end. An arrow in each half of the figure indicates the position of spots corresponding to
nuclease digestion of the substrates.

Figure 3 In-gel discrimination of a sequence-specific nuclease activity
using a pair of oligonucleotide substrates. The sequences of the two
substrates (Acr#1 and Acr#2) that were covalently linked separately to gel
matrix are shown in A. Aliquots of an extract of E. coli BL21(DE3) and
purified recombinant RNase G (Rng) were run side by side in three SDS
polyacrylamide gels shown in B. The gel on the left did not contain
substrate and was stained with Coomassie blue to indicate the position of
the 58-kD Rng polypeptide. The gels in the middle and on the right
contained Acr#1 and Acr#2, respectively, and were activity stained as
described for RNase A in Fig. 1.
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pended in lysis buffer (Amersham Biosciences), incubated for 30
min at room temperature and centrifuged (37,000g, 5°C) for 1 h.
The supernatant was precipitated using CHCl3/methanol (Wessel
and Flugge 1984) and the protein pellet resuspended in 1�
sample buffer (Amersham Biosciences). An aliquot containing
150 to 200 µg of protein was used for rehydration loading of the
sample (∼12 h) onto an 18-cm-long Immobiline pH 4–7 DryStrip
(Amersham Biosciences) followed by isoelectric focusing (IEF),
which was performed according to the vendor’s instructions us-
ing the IPGphor Isoelectric Focusing system (Amersham Biosci-
ences). The polypeptides were separated in a SDS 12% (wt/vol)
polyacrylamide gel containing 5�-radio-labeled Acr#1 linked to
the gel matrix as described above.
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