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ABSTRACT

Zyrnugraphiwl methods (activity gel, overlay gel, activity blot and :wtivity, blotting) for detecting DNA-medifyiug (repair) enzymes
are reviewed . Emphasis is put on the novel activity blotting method in which DNA repair enzytoes electroplioresed on a gel are blotted
and detected on a damaged DNA-fixed nylon membrane . Its practical procedures. including a non-radioactive detection procedure, and
representative results are also describmi .
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BSA

	

Bovine serum albumin
CRB

	

Coomassie brilliant blue R-250
dNTPs

	

Deoxynucleosidc triphosphates
EDTA

	

Ethylenedia.minetetraacetate
kDa

	

Kilodalton
SDS

	

Sodium dodecyl sulphate
PAGE

	

Polvacrylamidc gel elect ophoresis
SSC

	

Standard saline citrate consisting of 0 .15 Al NaC1 and 0 .015 Al sodium citrate (pH
)

TCA

	

I'richloroacetic acid
Tris

	

Tris(hydroxymcrhyl)aminomcthane
TEN buffer

	

A buffer consisting of 10 mM Tris-(ICI (pH S.0), 1 mVf EDTA and 100 mat N a C I
Triton ; buffer B

	

A solution consisting of 0.0175% Triton X-100, 0 .25 A4 sucrose, 10 mM'fris-HCI,
4 mM MgCl-,, 1 mat LDTA and 6 mA4 2-mercaptoethanol (pH 8 .0. adjusted at
25'C)

I . INTRODUCTION

Contrary to the impression that cellular DNA
is stable and genetic information is maintained
invariably, a large amount of DNA damage can
occur in cellular DNA . The constituents, such as
bases, deoxyrihose and phosphate, are constantly
renovated by cellular repair mechanisms [1-3] .
Sometimes these mechanisms fail, resulting in ge-
netic changes or cell death . The genetic changes
arc possible causes of cellular transformation,
ageing, molecular diseases and genetic diversity
[1,4-7] . Various (several tens or more) types of
DNA damage are produced in cells exposed to
physical, chemical and biological stresses [I 7] .
The lesions are generally repaired by cellular
DNA repair systems to their original state [I 3[ .
To understand the mechanisms of genetic main-
tenance and their relation to genetic changes,

knowledge of DNA repair systems is very impor-
tam .

A typical DNA repair is known to occur in the
following sequence: priming (recognition of
DNA damage and incision-excision reaction) ;
repair DNA synthesis :: repair patch ligation ; and
chromatin reorganization . The complexity of
DNA repair mechanisms is thought to he due
mainly to diversity in the priming step . Several
ten kinds of repair enzyme largely engaged in the
priming step are thought to be present in mam-
malian cells . although at present only several en-
zymes that catalyse the priming reaction for spe-
cific types of DNA damage have been purified
and characterized [1-7] . To clarify DNA metabo-
lism (including repair and mutation), further
studies on DNA-modifying (repair) enzymes are
necessary .

Zymography (activity staining of enzymes sep-
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crated by gel electroplloresis) of DNA-modifying
enzymes is very useful for their molecular-mass
estimation, characterization (or identification)
and purification. Various zymographic methods
for detecting DNA-modifying enzymes have
been developed . The strategies for these methods
are divided roughly into two categories . M one
type of strategy, tractionauon ol'prolems and de-
tection of DNA-modifying enzymes are conduct-
ed in the same gel . This procedure, frequently re-
ferred to as "activity gel", uses DNA-embedded
gels for protein separation and detection (re-
viewed in refs . 8 and 9) . In the other type of strat-
egy, fractionation of proteins is performed first in
a standard gel. and then a substrate DNA im-
pregnated gel, paper or membrane is overlaid on
the electrophoresed gel for detection or the target
DNA-modifying protein (reviewed in ref . 9) .
Three different procedures (overlay gel_ activity
blot and activity blotting on damaged DNA-
fixed membranes) are included in this activity
transfer category .

General and extensive reviews on staining for
enzymes (including DNA-modifying enzymes) in
gels have been published [9-11 ] . Activity gel anal-
ysis of DNA-modifying enzymes has also been
reviewed In the present paper, descrip-
tions of the procedures for activity gels, overlay
gels and activity blot are restricted to the essen-
tials. Emphasis is laid on the novel activity blot-
ting technique for detection of DNA repair en-
zymes [13 16], in which DNA repair enzymes
electrophoresed on a gel are blotted on damaged
DNA-fixed membranes and then the blotted
membrane is processed for detection of the target
DNA repair enzymes .

2 ACTIVITY GEL

2.1 ACtivil y gel analysis uj'nucleccse

Inactivity get analysis for DNA-modifying en-
zymes, the substrate DNA (,native, modified or
synthetic) is immobilized in the acrylamide gel .
Proteins are electrophoretically separated using
the gel, and the activity of the target DNA-mod-
ifying enzyme is detected by an appropriate dc-

1 49

tection method on the gel . DNases electropho-
resed in native disc polyacrylamide gels were first
demonstrated on the gels in bands of hydrolysed
DNA that did nor stain with a DNA-binding
dye, methyl green [17] . A sensitive lluoromcirie
method for the detection of DNascs on DNA-
polyacrylamide gels was developed using closed
circular-duplex DNA and cthidium bromide as a
DNA-binding dye [I8] .

Protein separation in native gels containing
DNA is frequently disturbed by charge interac-
tion between DNA and protein. Ib overcome
this difficulty, Rosenthal and Lacks [19,20] devel-
oped 8 system in which nucleases denatured by
sodium dodecy] sulphate (SDS) were electropho-
resed in SDS-polyacrylamide gels containing nu-
cleic acid, and the nuclease activities were detect-
ed on the gels after renaluration of the enzymes
by removal of SDS, as schematically shown in
Fig. IA. This system has many advantages, when
the enzyme can be renatured after SDS poly-
aecylamide gel electrophoresis (PAGE) [19] . Be-
cause all proteins are rendered negatively
charged on denaturation with SDS, all uuclcases .
regardless of isoelectric point, can be separated
and detected . Molecular masses of proteins elec-
trophoresed on the gels can be estimated by using
appropriate protein-size markers. because pro-
tein separation by SDS-PAGE is based on molec-
ular mass . Hydrophobic proteins as well as hy-
drophilic proteins can he analysed . Many mod-
ifications of these methods [19,20] and applica-
tions for various enzymes [21-28] have been re-
ported .

2.2. Aclivily gel untilc .sis q;'DiVA palnnicraae and
prioress

To detect DNA polymerase by activity gels, a
sample containing DNA polymerase is electro-
phoresed in a gel with immobilized, gapped (acti-
vated) calf thymus DNA . After the treatment of
protein renaluration, the gel is incubated in a
substrate mixture in which one of four deoxyri-
bonucleoside triphosphates (dNTPs) is x-S e P-1a-
belled . After the gel has been washed with 5%
trichloroacetic acid (TCA) to remove unineorpo-
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rated radioactivity, and dried on a Whatman
3MM filter, the radioactivity incorporated into
the DNA is detected at the vicinity of the poly-
merase band by autoradiography [29], as sche-
matically shown in Fig . 1B. The gel can subse-
quently be stained with Coomassie brilliant blue
(CB B) to determine the molecular mass of the
enzyme involved . The present system is also used
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Fig . 1 . Schcmxtie representation of 1110 activity gel methods for detecting endodeoxyribonuclcase (A) and DNA polvmerase (B)

to detect exonuclease (5'-3' and 3'-5') by using
"P-labelled gapped DNA in place of the unla-
belled DNA [29] . Blank and co-workers [30,311
reported a modified procedure for promoting the
renaturation of enzymes, in which fibrinogen was
embedded in eels, and detergent was washed out
from gels with aqueous isopropyl alcohol after
electrophoresis . The method for detecting activ-
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iLy of DNA polymerase after electrophoresis of
denatured proteins in DNA-SDS-polyacrylamide
gels was termed the "activity gel" method [32] ; at
present, this term is used generally to indicate the
method for detecting enzymes with nucleic acid-
modifying activities in nucleic acid-containing
gels after eel clectrophoresis. Primase associated
with DNA polymerase-a is also detected using a
gel containing unprimed, single-stranded M13
DNA [33] .

Modifications of these methods and applica-
tions for detecting DNA polymerases [31,34-40],
active subunits of DNA polymerase-a [32,33,
41--45], DNA polymerase-ff [46,47], DNA poly-
merase-+ [48] and DNA polymerase-r5 [49] have
been reported .

Longley and co-workers [50-52] have recently
reported simultaneous in situ detection of DNA
polymerase and associated exonuclease following
SDS-PAGE. . in this method, purified DNA poly-
merases are separated by electrophoresis through
SDS polyacrylamide gels containing 32P-labelled
synthetic oligodeoxyrihonucleotide primers an-
nealed to M13mp2 DNA templates . Following
electrophoresis and SDS removal . the enzymes
arc allowed to renature and express catalytic ac-
tivities . Olieodeoxyribonucleotides modified by
the catalytic activities are resolved from the gel
by a second dimension of electroploresis
through a denaturing DNA sequencing get. By
using modified [12P]oligonucleotides annealed to
Ml3 DNA. in situ activities of exonuclease, DNA
glycosylase, endonuclease and DNA ligasc arc al-
so detected by this method [51,52] .

2.3. Activity gel analysis of polv(ADY-ribose)
polymerase

Poly(ADP-ribose) polymerase catalytic activ-
ity is detected by activity gel techniques essential-
ly on the same principle as for nucleases and
DNA polymerases . Poly(ADI'-ribose) polymer-
ase is electrophoresed on SDS polyacrylamide
gels containing activated DNA . After renatura-
tion of the enzyme, the gels are incubated with
[ 32 P]NAD' for assay of poly(ADP-ribose) poly-
merase activity . Non-incorporated [32 P]NAD' is

removed by washing with 5% TCA solution . Au-
to-[ 32P]ADP-ribosylated enzymes in polyacryla-
mide gels are detected by autoradiography
[47,53-55] .

2.4. Activity gel analysis of DIVA ligase

DNA ligase activity is detected after electro-
phoresis on SDS-polyacrylamide gels containing
a polv(dA) :5'- 72 P-oligo(dT) substrate [56-59] .
After clectrophoresis, the proteins within the gel
are renatured by washing, and the gel is incubat-
ed with I mM ATP and 5 mM MgC12 for in Situ
DNA ligase reaction . The gel is then washed and
treated with calf intestinal alkaline phosphatase
to remove 5'- 3°_1'-ends of the unligated oligo(dT) .
DNA ligasc activity on the gel is demonstrated by
autoradiography [56-59] .

2.5. Activity gel onaivsir of other DNA-modifying
en?yfnes

DNA methyltransf'erase is electrophoresed on
DNA-SDS-polyacrylamide gels and renatured .
its activity is assayed by incubating the gel with
[methyl-3H]S-adenosylmethionine and detected
by lluorography [60,61] . DNA 3' repair diester-
ase [62 .63], terminal deoxynucleoLidyl translerase
[64], polynucleotide pliosphorylases [65-67], ri-
bonuclease Hl [68] and reverse transcriptases
[69-71] arc also analysed by the activity gel meth-
od .

? . OVERLAY GEL

Protein separation in native gels containing
DNA is frequently disturbed by charge interac-
tion between DNA and protein . Overlay gel
methods have been developed to avoid the dis-
turbance and to detect activities of DNA-modify-
ing enzymes after PAGE under non-denaturing
conditions [38,72 78] . In the representative meth-
od, proteins are separated in a polyacrylamide
gel without DNA under non-denaturing condi-
tions, and then an ovedayer, made from agarose
gel containing DNA and ethidium bromide, is
placed on top of the polyacry]amide gel (73] .
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DNase activity is detected as a dark hand on a
fluorescent background on the overlay gel, as
schematically shown in Fig . 2A. Yasuda e1 al .
[77] devised a thin agarose film containing DNA
and ethidium bromide for the overlayer and got
good results for the analysis of DNasc isozymcs .
Besides DNase, DNA polymerases separated in

Merbrana
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eI *oGhassis
(SDS-PAGE1

Ex[nobf ng

Rnnalumtion of protoinn
on :he membrane

DNasa laalvated CNA

Enryrsrexroon

Was.

Anoradicgraphy

Fig. 3 . Schematic representation of the activity blot method for

detecting poly (ADP-naose) polymerase .

native polyacrylamide gels are also demonstrated
using overlay gels containing activated DNA and
four dNTPs, one of which is a "P-labelled nucle-
otide (Fig. 2B) [38 .74 76] . Overlay gel methods
are thought to have several advantages : (I) oligo-
meric enzymes can be detected; (2) monomeric
enzymes, which arc difficult to Denature . may be
detected; (3) protein separation based on their
isoelectric points can be used to identify enzymes .
a s reported previously [73,77] .

4 . AC11b'1'I'Y BLUI'

the activity blot method was devised to detect
polv(ADP-ribose) polymerase electrophoresed
on polyacrylamide gels, as schematically shown
in Fig. 3 [79] . Calf thymus poly(ADP-ribose)
polymerase or a crude extract containing the en-
zyme is separated on SDS-polyacrylamide gels .
The gels are incubated in the presence of 2-mer-
captoethanol. Separated proteins are blotted on a
nitrocellulose sheet . The blotted sheet is incubat-
ed in a renaturation brdler containing 0 .3% (v;/v)
Tween 20, DNase I-activated DNA and divalent
cations (Zn` and Mg2 ') . The blotted mem-
brane is incubated in the renaturation buffer sup-
plemented with [adenylatc-"-P]NAD, and then
washed with the renaturation butler . The blots
are dried and analysed by autoradiography 179] .
The method is applied to achieve direct detection
of bacterial colonies transformed with the human
poly(ADP-ribose) polymerase expression plas-
mtd [791 .

McLaren or al. [80] described a similar method
for isolating Chinese hamster ovary (CHO) cells
deficient in polv(ADP-ribose) polymerase activ-
ity by direct screening of colonies replica-plated
onto nylon cloth .

S ACTIVITY BLOTTING

The activity blotting method has been devised
to detect DNA repair enzymes electrophoresed
on acrylantide gels [13 16] . The method consists
of the following six steps : (l) preparation of
crude, partially purified or purified enzymes ; (2)
SDS- (denatured) or native (non-denatured)
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PAGE of the enzyme preparations ; (3) renatura-
tion of proteins electrophoresed on 5DS-PAGE ;
(4) preparation of damaged DNA-fixed mem-
branes; (5) protein blotting (activity blotting) on-
to a damaged DNA-fixed membrane . a process
during which incision and/or excision are intro-
duced to the damaged DNA by a repair
enzyme(s); (6) detection of the activity-blotted
site(s) to localize the repair enzyme .

The incision and%or excision provide priming
sites for repair DNA synthesis . The blotted mem-
brane is incubated with DNA polymerise in the
presence of x- 32P-labelled or non-radioactively
(digoxygenin-) labelled substrate . The site of sub-
strate incorporation on the membrane that re-
flects the molecular mass of the repair (priming)
enzyme is finally visualized by autoradiography
or fluorescent staining of digoxygenin . Each step
can be modified for adaptation to the target en-
zyme. The activity blotting method for the detec-
tion of enzymes involved in the priming step of
DNA repair is schematically illustrated in Fig . 4 .

Steps 1 3 described above are common to the
methods of the activity gel, overlay gel, activity
blot and activity blotting. Among these steps, the
renaturation step is particularly important and
has been discussed extensively in previous papers
which we refer later . Steps 4 6 are unique to the
activity blotting method, and are also referred to
in the following sections .

5.1 . Preparations of cell extracts and partially pu-
rified DNA repair enzymes

There is no special enzyme preparation proce-
dure for the zymography of nucleic acid-modify-
ing enzymes . An appropriate preparation proce-
dure for the target enzyme should be selected
from previously reported papers or newly de-
vised . We describe here preparation procedures
for mammalian and E . coli major apurinic/ apyri-
midinie (AP) endonucleases used for demonstra-
tion of the activity blotting technique .
Mammalian major AP endonuctcase (desig-

nated as APEX nuclease) was extracted from per-
mcabilizcd mouse ascites sarcoma or HeLa cells
with 0.2 M potassium phosphate buffer (pH 7 .5)

S. S'id,i ct al. J Ch, , n,fuXr, 6J8 '19)3 ) 147--'6('

[14,81,82] . After adjustment ol' the potassium
phosphate concentration to 0.1 M. the extract
(N, fraction) was mixed with packed phospho-
cellulose equilibrated with 0.1 M potassium
phosphate buffer and rocked gently at 4'C over-
night. The phosphocellitlose was washed with 0 .1
W potassium phosphate buffer and then trans-
ferred to a column. The enzymes were eluted with
0.3 M potassium phosphate buffer . The eluent
was diluted with deionized water to 0 .1 M potas-
siuut phosphate or dialysed against 50 m~t1 Tris-
HCI and 1 mM EDTA (pH 8.0) to reduce the salt
concentration . because electrophoresis of pro-
teins on SDS-polyacrylamide gels was disturbed
when the ionic strength of the sample buffer was
high (the electrophoresed lane becomes wide) .
The phosphocellulose fraction (fraction N 2 ) con-
centrated by ultrafiltration was mixed with a one
fourth volume of the tour-fold-concentrated gel
loading buffer for SOS-PAUL: (see Section 5.2)
[81,81] . The mixture, in an Eppendorf tube, was
immersed in a bath of boiling water for 2 min
and, after chilling, an aliquot of the mixture was
applied to SDS-PAGE .

E, coli HBI01 strain cells were suspended in I
ml of the loading buffer for SDS-PAGP. [83] . The
cell suspension was boiled for 5 min and then
immediately centrifuged at 10 000 g for 10 min .
The supernatant was used as E. call whole cell
extracts for applying on SDS-polyacrylamide
gels .

5.2 . SDS- (denatured) and nalicc (nwrderru-
lured) poll acrvlarnide gel electrophoresis

Generally .. Laemrrrli's buffer system [83 has
been used for SDS-PAGE of the activity gel and
activity blot methods . We also have used the
buffer system with minor modifications and an 8
x 8.5 x 0.1 c n slab gel for the activity blotting
method . The electrode buffer contained 0 .025 Al
Tns base, 0.192 Al glyeine and 0 .1°(v SDS (pH
8 .3) . The stacking gel contained 3% acrylaunide,
0.08% N,N'-urcthylenebisacrylamide, 0 .125 Al
Tris-HCI (pH 6.8), 0 .1 °fin SDS, 0.I % N,N,N'.N'-
tetramethylcthylenediamine (TEMED) and
0.03% ammonium pcrsulphate . The separation
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gel contained 12% acrylamide . 0_33% N,N'-
methylenehisacrylamide, 0 .375 W Tris-110 (p11
8 .S) . 0.1% SDS. 0.054 IEMED and 0.05% am-
monium persulphate . The samples in the gel
loading buffer 10.0625 Bbl Tris-HO (pH 6.8), 2"4,
SDS, 2_5% 2-mercaptoethanol, 0 .25 41 sucrose
and 0 .01% bromophenol blue] were incubated at
100°C for 2 min . and loaded onto the gel . Electro-
phoresis was conducted at room temperature at a .
constant current of 15-20 mA until the dye front
reached 2 mm over the bol lom of the gel (c a. 2 3
11) .

Molecular mass markers used for SDS gel elec-
trophoresis arc MW-SDS-70L (Sigma, USA) .
Bovine serum albumin (BSA). which is added
sometimes to the sample at a final concentration
of I nrg/rn1 and included in the gel at a concentra-
tion of 10 ltg/ml to enhance the renaturation of
the target enzymes and to stabilize the rcnaturcd
enzymes in activity gels [12,13], is nor added in
the revised activity blotting technique, to prevent
the contamination of nuclease and some other
protein with BSA preparations [12] .

Native (or non-denatured) PACE . in which
proteins are separated according to both size and
charge. can he used for the activity blotting anal-
vsis of oligomeric enzymes and monomeric en-
zymes. which cannot renature fully after SDS de-
naturation (Fig . 4) [10], although the resolution is
poor. Application of isoeleciric. focusing for the
activity blotting method may increase the resolu-
tion [13,77] .

5.3 . Renaturation of ecianes in SOS-polpticryl-
arrride gel

Electrophoresis carried out under denaturing
and reducing conditions requires renaturation of
the enzymes for activity detection . Lacks and
Springhorn [84] showed that a number of en-
zymes arc reraturabtc after SDS-PAGE . En-
zymes appear to recover activity as soon as the
SDS diffused out of the eel . Most monomeric en-
zymes can be renaturcd even after disruption of
their disulphide bonds [84]. Oligomeric enzymes
composed of identical subunits are poorly reuat-
urable [84] . To remove SDS after SDS-PAGE .

S. .Seki rt a1 . , J . t hroniukgr . 6Ly (0Y3) '4 '-io6

the gels are rinsed a few times in 50 m .f4 Tris
HCl butler with or without L-2 ntNM ED TA (pH
7.5) and, if required, in the presence of 3-5 mM
2-mcrcaptocthanol 112 .291. Prolonged incubation
of gels in 3-5 rnM 2-mcrcaptocthanol is not rec-
ommended because softening of the gels is ob-
served [29] .

It has been shown that the RNase and DNase
activities detected after SDS-I' .AGE vary widely .
depending or the particular SDS preparation
used for electrophoresis [30,31 .85]. Blank et a! .
[31] suggested that lipophihc contaminants in
some SDS preparations inhibited reratura.tion of
DNA polymerase (also possibly other enzymes) .
To overcome the SDS variability by promoting
enzyme renaturation, they reported a modifica-
tion of the activity gel method in which fibrino-
gen was embedded in gels and, after electropho-
resis. the gels were washed to remove the deter-
gent with aqueous isopropyl alcohol [31] . In a
study of catalytic peptides of Mouse DNA poly-
merase using the activity gel method, Karawya
and co-workers [32,34] found that the sensitivity
for detecting purified enzymes was markedly in-
creased by the addition of a heterogeneous mix-
ture of proteins (a heat-inactivated crude homog-
enate of mouse myeloma or heat-treated fetal calf
serum) to the enzyme sample prior to cleetropho-
resis

i
and that it was essential to survey different

lots of SDS to identity those that produce a high
enzyme activity signal after renaturation .

IIager and Burgess [86] renaLured the protein
eluted from SDS-polyacrylamide gels as follows .
The protein eluted was concentrated, and SDS
was removed by acetone precipitation of the sam-
ple. Renaturation of the protein occurred after
the precipitate was dissolved in 6 11 guanidine
hydrochloride and then diluted . According to the
procedure, treatment with 6 47 guanidine hydro-
chloride (a denaturation agent) and buffer wash
of gels were used to renature calf thymus terminal
deoxynucleotidyl trunsferase in situ alter SDS-
PAGE [64]. Fraser and co-workers [21 .24]
showed that many SDS preparations could he
used for activity gel analysis when 0 .1 % Triton
X-100 was included in the washing stops to re-
move SDS and the lipophilic contaminants . Si-
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ntonin ei al. [79] used a renaturation buffer con-
taining 0.3% (v,lv) Tween 20 in their activity blot
analysis .

Necessary cofactors for enzyme renaturation
and/or activity, such as divalent cations and,/or
reducing agents, should be added during the re-
naturation and/or reaction processes .

In the present activity blotting technique, the
gel electrophoresed was rinsed briefly in a renat-
uration buffer consisting of 40 m.41 Tris-f ICI
(pH 8.0), 2 mM MgC1z , 0.02% sodium azide and
0.1 % (w;iv) Triton X-100, and shaken in the buff
cr at 4°C for 2-3 h with four changes of the buff-
er. The gel was left overnight at 4°C in fresh buff
er with gentle shaking .

5.4. Preparation of damaged DNA fixed mern-
branes

This is a step unique to activity blotting analysis .
Highly polymerized (calf thymus) DNA or closed
circular (plasmid) DNA should be used for the
preparation of native DNA-fixed membranes to
minimize the background level or priming sites
for DNA polymerase of the control, undamaged
DNA. The stock solution of DNA (2 .5 mgiml in
dcionized water) is diluted with two-fold-concen-
trated standard saline citrate (SSC) to a final con-
centration o1' 0.145 mg'ml. A nylon membrane
(Amersham Hyhond-N, Boehringer positively
charged nylon membrane or equivalent) (6 x 9
cm) prewetted in two-fold-concentrated SSC, is
immersed in the DNA solution in a plastic beaker
or in a scalable plastic bag, and incubated with
gentle movement of the ,solution at room temper-
ature for l It . After the incubation, the membrane
is rinsed three tunes in two-fold-concentrated
SSC'__ blotted on Kintwipe or a coarse filter paper
to remove excess fluid, and then air-dried over-
night in the dark . The DNA-fixed membrane is
stored in a dark box until use. To make a dam-
aged DNA-fixed membrane . the native DNA-
fixed membrane is either treated with a solution
of a DNA-damaging reagent, such as bleomycun,
neocarzinostatin (a glycopeptide antitumour
drug) or alkylating agents and DNase 11, or irra-
diated with X-rav or ultraviolet light .
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For example, the hleomyc-in-darn aged DNA-
fixed membrane is prepared by treating the native
DNA-fixed membrane at 37°C for 30 min with
Triton buffer B (0 .017f% Triton X-100, 0 .25 M
sucrose, 10 mM Tris-HC1 . 4 mM MgCl2 , I mM
EDTA and 6 m114 2-mercaptoethanol . pH 8 .0)
supplemented with 5 µg/ml bleomycin A2 and 30
f4M ferrous ammonium sulphate [13,87]. The
neocarzinostatin-treated membrane is prepared
by incubating the native DNA-fixed membrane
at 37°C for 1 h in the dark with Triton buffer B
supplemented with neocarzinostatin at 50 U/ml .
To prepare an acid-depurinated DNA-fixed
membrane, the native DNA-fixed membrane is
incubated in 37 .5 mM sodium citrate (pH 3 .5) at
60 °C for 30 min [13,87] . The acid depurination of
DNA is conducted just before activity blotting to
avoid spontaneous nicking. To prepare a DNase
11-treated membrane, the native DNA-fixed
membrane is treated at 37°C for 60 min with a
solution consisting of 0.1 U of DNase 11, 50 mM
sodium acetate (pH 5 .0) and 0 .1% Triton X-100
[28] . After the treatment with DNA-damaging
agents, the membranes are rinsed three times in
two-fold-concentrated SSC- rinsed three times in
a blotting buffer (40 mM 1'ris-HO, pH 8 .0, 2
m114 MgCI 2 , 0.02% sodium azide and 6 mM 2-
mercaptoc(hanol) . and used for protein blotting .

If the DNA damage can be induced in a DNA
solution by a DNA-damaging agent, and the
damaged structure is stable in a solution and dur-
ing the preparation process of DNA-fixed mem-
brane, we can use the damaged DNA to prepare
a damaged DNA-fixed membrane . For example,
the stock DNA solution is irradiated at ambient
temperature, using a Toshiba Model KXC-18 X-
ray unit at 100 Gy, and stored at - 20°C until use
[R8] . The X-irradiated DNA is fixed on nylon
membranes as described above, The same mod-
ification can be applied to prepare DNA-fixed
membranes treated with bleomvcin, neocarzino-
statin, cisplatiu, DNase I, DNasc 11 or ultraviolet
light .

The damaged DNA-fixed membranes can be
prepared in advance and stored at room temper-
ature in the dark until use, when the damaged
DNA structure produced by a DNA-damaging
agent is stable .
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55.5- Protein (activity) blotting to damaged DNA-
J.red rnernbranes

The blotting of enzyme activity from gels on
damaged DNA-fixed membranes can be done by
the methods of capillary blotting, vacuum blot-
ting and clectroblolting .

5.5 .1 . Capillary blotting and vacuum blotting
The gel left overnight at 4'C in the fresh buffer

(as described in the Section 5 .3) is transferred to
the blotting buffer described above (Section 5.4) .
and shaken gently for 30 min and for an addi-
tional 30 min in the fresh buffer .

Capillary transfer of enzyme activity from the
renatured or native polyacrylamide gel to a dam-
aged DNA-fixed nylon membrane is performed
essentially as described for DNA transfer by
Southern [99,90] with the following modifica-
tions. The renatured gel is placed on a transfer
support covered with Whatman 3MM paper .
The damaged DNA-fixed membrane is then
placed on the gel, and proteins (activities) are
transferred to the membrane with the blottuig
buffer (described in Section 5-4) at 30'C for 24 48
h . Necessary cofactors (such as divalent callous)
for activity of the target enzyme should be in-
eluded in the blotting buffer . because incision
and,for excision (or DNA modification) by the
enzymes occurs during the blotting process . After
the blotting, the membrane is washed for 20 min
with three changes of I UN buffer [l0 mM Tris-
HCl (plf 8 .0), I mM EDTA and 1011 mM NaCII.

Alter the washing, the membrane can he pro-
ceeded directly to the next step (Section 5 .6), or
air-dried and stored for a while . The air-dried
membrane. is rinsed once in TEN buffer just be-
fore proceeding to the next step .

Fig. 5 shows an example of the results of radio-
active detection after the capillary blotting of ac-
tivities of human APEX nuclease, its 33-kDa C-
terminal peptide and E. colt exonuclease 111 115 1,

The, bleomycin-damaged DNA-fixed membrane
is used for the detection of DNA 3' repair dics-
terase activity, which is involved in the conver-
sion of 3'-phosphoglycolate termini ('3'-blocked
DNA damage) of bleomycin-damaged DNA into
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Fig . i, Deteetiuu of p . .niug ucLi,ities cur DNA polymc :aee Lit'
HeLa cell 15441)a pro--ein jAPEX nuclease) and it, 33-kDa
peptide fragment on damaged DNA-fixed rnenihranes by the ac-
tivity blotting method . The sample; were eleetrophoreserl on
SDS-polvacrytamice gels . Fraelionated proteins were stained
with CBB in lanes t and 2. Fract .onated proteins wcie renatured
and b.otted by the capillary procedure on a bleomycin-trotted
DNA fixed membrane ( l a-.es I and 4) or an acid-depnrinated
DNA-fixed membrane (lane 5) . I he membranes were incubated
with Kleeow pulymerasc in the presume of a_' 2 P •l ahefled sub-
sti ate, and then the sites of substrate incorporation (primed sites)
on the membranes were visualized by autoradiography . Lanes I
and 3, the whole cell extract I pg protein per land of E colt
1111101 strain cells: lanes 7., 4 and 5 . e prcpHralinn (=raclinn N,
ieccriberl in section S . I ; .30 t.g prolcin per tare) of APEX nude-
ase partially purified from HeLa twills . The uraiul band detected
in lane 3 and the upper and lower hands ut lane 4 correspond to
DNA 3' repair diesterase activities of exonuclease Ill, APEX
nuclease (indicated by the right upper arrow) and Its 33-1,130
peptide fragment (indieatcd by the right lower arrow), respec-
tively, The upper and lower bands in lane 4 correspond to 5' AP
endom ulease activities of APEX nuelcasc and its 33 k Da peptide
Bagment, -cspcntivelyy

free 3' hydroxyl termini . The acid-depurinated
DNA-fixed membrane is ased for the detection of
5' AP endonuclcasc activity, which catalyses in-
cision of the 5' side of AP sites to produce free
3'-hydroxyl termini . The resultant 3'-hydroxyl
termini have priming activity for DNA polyme-
rase which is included in the detection system of
the present activity blotting . The result shown in
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Fig. 5 suggests that human APEX mtclease and
its 33-kDa peptide fragment both show DNA 3'
repair diesterase and 5' AP endonuclease activ-
ities, as reported previously [l5] . The E. coli ex-
tract, which contains exonuclease 111 with DNA
3' repair diesterase activity, is added to the detec-
tion system as an enzyme-positive control .
Vacuum transfer of the enzyme activity on

damaged DNA-fixed membranes using vacuum
blotting devices is based on the same principle as
that for the capillary transfer [901 .

5 . 5 . 2_ lfleclrohlotting
Electrophoretic transler of proteins from SDS-

polvacrylamide gels to a damaged DNA-fixed
membrane is performed by the western blotting
technique [90 92] with the following modifica-
tions. After electrophoresis, the gels are preincu-
baled at 37°C for 20 ntiii in a reduction buffer
containing 7 mti1 2-mercaptoethanol, 192 mM
glycine and 25 mill Tris-HCI (pH 8 .3), with con-

stain shaking . The incubation is repeated twice
with the fresh reduction buffer. Elcctrotransfer of
proteins onto a damaged DNA-fixed membrane
is performed at 0'C and 70 V for 1 h . The eleetro-
blotted membrane is rinsed three times and
soaked with gentle shaking at 4°C overnight in a
rcatalurauon buffer consisting of 40 mM 'Iris-
HCI (pH 8 .0 at 25°C), 2 mM MgCl2, 0.02% sodi-
um azide and O . l % I -triton X-100 . The membrane
is incubated at 37°C for 30 min in the same buffer
to prime for DNA synthesis (the blotted enzyme
incises and/or excises the damaged DN A fixed on
the membrane). The membrane is washed three
times, for 20 min each time, with TEN buffer .
After the washing, the membrane can he used di-
rectly for the next step (Section 5.6). or stored
air-dried before the next step .

Fig. 6 shows an example of the result of non-
radioactive detection of exonuclease III and
APEX nuclease after the electroblotting of the E .
colt extract and partially purified mouse APEX
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Fig.6 Non-radioacI1wdelea;linnnil)NA Vrepairdiestcrascond5' Ape don licicase UI I vines by the cicetroblotling prcccdure of the
activity blottirg method . The P.- enh HBI(1I it rain cc'. us Iract (lanes 13) and the N, fraction (see Section 5 .11(~anes 4-6) .1 permeable
mouse cell extract were elects-ophoresed on SUS polyacrylmnide gels . Native DNA was lixcd uu Hyhnnd N (Amersham) and damaged
as described in Section 5,4 . rractionated proteins were stained with CBB (A), Fractionated proteins were electroblotted of a bleomyein-
damaged DNA-fixed membrane (B), or an acid-depurinated DNA-fixed membrane (C) . The membranes were washed and soaked i n the
rcnaluration buffer, and. then incubated at 37°C for 30 min in the same buffer to prime for DNA synthesis . Tie membranes were
incubated for DNA synthesis by the run-radioactive detection procedure (Section 5 .6 2), and the sites of substrate incorporation
(primed sites) on the nienibnures were visualized by the digoxygenin luminescent detection . Theamonnt of the FF null cell extract loaded
was 1 5 µg in lane I, 3 .8 pg in lane 2, and 7 .5 pi; in lane 3'l'he amount ofthe N, traction was 45 pg in lane 4, 90 pg in lane 5. and I SD pg
in :anc 6. Roughly dose-dependent positive signals are detected at the positions of 30 kDa (exonuclease 111 Indicated by the right lower
arrow) in lanes 13 and of 354 kDa /APEX nuclease indicated by the right upper arrow) in lanes 4-6 . Positive signals at the 33-kDa
position are due to the 11-1:1)a C'.-terminal peptide fragment of APEX nuclease-
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nuclease elect ropho resed on SDS-polyacryla-
mide gels . The blcomycin-damaged DNA-fixed
and acid-depurinated DNA-fixed membranes are
used for detection of DNA 3' repair diesterase
and 5' AP endonuclease activities . respectively .
As reported previously [1.14,81], exonuclease III
and APEX nuclease both have DNA 3' repair
diesterase and 5' AP endonuclease activities, and
arc detected semi-dose-dependently .

5.6 . Localization q} D?V 1-rnodi/ring (repair) en-
- Pile'?

The procedures for demonstrating the target
enzyme on the activity-blotted membrane vary
with the enzyme function and the damaged DNA
fixed on the membrane. We have chosen DNA-
modifying enzymes such as DNase 1, F. coli exo-
nuclease III and APEX nuclease, a matrunalian
major AP endonuclease, to illustrate the activity
blotting . These enzymes have priming activity Cur
DNA polymerase on appropriate DNAs by gen-
erating free 3'-hydroxyl termini .

The activity-blotted membranee is incubated
with 3% BSA in TEN buffer at 37°C for I h to
saturate the remaining protein binding sites, and
then washed three, times for 5 min each with a
buffer [40 mM Tris-HCI (pH 8.0), 5 mM rvlgC] 2
and 50 m M NaCI] . The sires primed by the activ-
ity blotting are demonstrated by DNA synthesis
in the presence of either radioactive substrate or
non-radioactively labelled substrate .

5.6 .1 . Radioactive detection
To label the primed sites . the blotted, BSA-

treated membrane is placed in a scalable plastic
bag and incubated for DNA synthesis as 37°C for
30 thin in 2-5 nil of a DNA polymerase substrate
solution containing 40 until Tris HCI (pH 8,0 ad-
justed at 25'C), 5 mM MgCl,, 50 mM NaCI, 5
m,M 2-mercaptoethanol, 100 p.M each dATP,
dGTP and dTTP . I uM unlabelled dCTP, 1011Ci
of [732 PjdCTP (3000 Ci/mmol, Amersham), and
I C of Klenow polymerase (or 2 U of DNA poly-
merase-ji) . A 25-ml volume of the reaction rnix-
ture is used for two sheets (attached hack-to-
hack) of ea . .50 cm 2 each of the blotted metn-
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branes. Alter the incubationn for DNA synthesis,
the membrane is washed five times, for 10 min
each time, with 5% (w%v) 'I- CA to remove unin-
corporated nucleotides, blotted on paper towels
and air-dried. The membrane is exposed at

60`C for 12-48 h to Fuji New RX X-ray film
and DuPont Cornex Lightening-plus screens .

Many examples of activity blotting analysis us-
ing the radioactive detection procedure have
been reported [13-16,82], and an example is
shown in Fig . 5. Radioactive detection is rather
snore sensitive than non-radioactive, but the lat-
ter is more convcntcnt than the former .

Some commercial preparations of "P-labelled
nucleotides are eontatninated with [32P]poly-
phosphates . The contamination causes non-spe-
cific labelling of almost all protein hands blotted
on damaged DNA-fixed membrane. We have
had no such problems with the ['-'P]dCTP from
Amersham,

5.6.2 . Nor9-radioactive detection
The blotted, BSA-treated membrane is placed

in a sealable plastic bag and incubated for DNA
synthesis at 37'C for 30 min in 2 .5 ml of a DNA
polymerase substrate solution containing 40 mM
Tris-HCl (pH 8 .0), 5 mM McC1 2 , 50 Tn W NaCl,
5 ntM 2-mercaptoethanol, 100 fiM each dA'I P,
dGTP and dCTP, 65 u M dTTP, 3511.14 digoxyge-
nin-dUTP (Boehringer Mannheim) and I U of
Klenow polymerase. After the DNA synthesis .
the membrane is washed in 5 % (w/v) TC'A with
three chanacs for 10 min each to remove unin-
curporated nucleotides, in two-fold-concentrated
SSC with three changes for 10 min each, and in
the same solution overnight .

Detection of the digoxygenin-labelled DNA is
performed at room temperature using digox -yge-
nin-luminescent detection kit (Boeluinger Mann-
heim) according to the company protocol . Brief-
ly, the membrane is washed shortly in buffer I
(0 .1 d1 nialeic acid and 0 .15 119 NaCI, pH 7.5
adjusted with NaOH) supplemented with 0 .3'%
(w; v) Tween 20, incubated for 30 min with 100 nil
of I i blocking reagent in buffer 1, and then in-
cubated for 30 min in 20 in] ofdiluted anti-digox-
ygenin-alkaline phosphatase conjugatz solution .
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The membrane is washed twice . for 15 min each
time, with butler 1 supplemented with 0.3%
Tween 20 to remover unbound antibody conju-
gate, equilibrated for 2 min with 20 ml of buffer 3
[0.1 M Tris-HCI (pH 9.5) . 0.1 M NaCl Lind 50
nA4 MgC1 i] and incubated at room temperature
for 5 min in ca. 10 ml of a diluted AMPPD [3-(2'-
spi roadamantane)-4mcthoxy-4-(3"-phosphoryl-
oxy)phenyl-l,2-dioxvethane] solution . After re-
moval of the solution and air bubbles from the
sealable hag containing the membrane by gentle
squeezing, and sealing of the bag, the membrane
in the bag is incubated at 37'C for 15 min . and
then exposed to an X-ray Iilm at room temper-
ature for 20-120 min, as for autoradiography .
The blotted membrane may be used for immun-
ologieal detection of the enzyme protein after the
zymographic analysis .

Figs . 6 and 7 are both examples of the non-
radioactive detection of DNA 3' repair diesterase
and 5' AP endonuclease activities, and Figs . 8
and 9 are examples of the non-radioactive detec-

lion of DNase 1. Figs. 7 and 8 are examples of
capillary blotting, whereas Figs . 6 and 9 arc ex-
amples of electroblotting . Capillary blotting re-
quires a longer processing time than electroblot-
tmg but the detection sensitivities of the former
are generally higher than those of the latter . The
detection of the enzyme activities is dependent on
the enzyme dose in both procedures, although
the protein blotting is incomplete, especially in
case of capillary blotting .

Other non-radioactive detection procedures,
such as ECL (Amersham), may be applied to the
activity blotting method .

5.7. DNA-rnodifyinn (repair) enz,ymerdetectedor
possibly detected by the activity Molting method

The activity blotting method has been shown
to be applicable to the detection of activities of
endonucleases, such as DNase I, DNA 3' repair
diesterase, AP endonuclease, and DNA 3' phos-
phalase (Figs . 5 9) [13-16,82] . Active peptide
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Fig . Nor_-radioactive detection of DNA 3 repair diesterase and 5' AP endonuclease activities by to capillary blotting procdue ul
the acaivily blotting method . The sample and the method of the activity blotting were the same as described in Fig, 6, except that a
puailivcly charged nylon membrane (nnchringer Mannheim) was used in place of I lyhond N, and the capillary blotting procedure was
used in place of the eleclrublotlitg prucxdure . The amount ul'the F. eo!i cell extract loaded wac 1 .4 p p, in lane 1, 2 8 pg in lane 2 and 5 .6
pg in lane 3 . The anrount of the N, fraction was 45 jig in lane . 90 ug in lane 5 and 1S0 I t g in tone 6. The positions indicated by the righti
upper and lower arrows are the bands of APEX nuclease and exonuclease Ill, respe<lkely .'I he capillary blotting In ooedure gave almost
she sane result as the elect, oblotting procodure, all hough the enzyme-dose dependency o-tlte signals is ciaerer in tie former than in the
latter .
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Fig. . 8 . Non-radioactive detection of ONase I by the capillary blotting procedure Oft he activity blotting method . DNase i 13 .3 tl :ug :',t
kDa) was obtained from Takara Sixuzo (Kyoto . Japan) After SDS-PAGE of DNasc 1 . the enzyme was renatured and blotted on a
native DNA-fixed membrane- I he membrane was incubated for DNAsynlhesis by the con radioactive detection procedure (Section
5 .6 .2) . lard the sites primed by UNase I and DNA-svnLhcsirest were deleeed by digoxy^end-. luminescent detection (indicated by an
arrow) .- When a large amount of the enzyme was applied oil a Id r, a I rime positi>c sigTtnI with a clear centre is ahservcvi (H, lanes
Thecdearcentre indicates a region in which DNA is largely digested . The amount (U) of DNase I loaded was . (At 0 .001 iii lane I, ) .4025
in lane 2, 0 X305 in lane 3, 0l) I it. ktne 4, 0 .025 _n lane 5, 005 in lane 6 and 0.1 in lane 7 . (f3) 0,0 1 5 in lane . . 0 .05 in lane 7 . 11 in ]Line 3 .
025 in lane 4 0S in lane 5 and I .0 in lane 6- Lxperimems (A) and (13) were conducted seoantc :y .

Fig . 9 . Non-radioactive detection of DNasc I he the electmblot-
tine procedure of the activity blotting utcthod . The sample and
the method of the activity blotting were as described in Fig- 9 .
exctpt that [he elccaohlniIine procedure was used in place of the
Capillttry Matting procedure . And that the blotted it iemhianu was
washed twice with a solution containing 40 tub) Tris-FIC] (pH
8 .0) . 2 mM MgCI, and 6 mM 2-mere aptnethanolt and incubated
at 3f1"C for I h in the same buffer prier In DNA synthesis . The
amount (U) ol'DNcse I loaded was 0 .01 in lane 1 . 0.025 in lane 2 .
0-05 in lane 3, 0_I in lane 4 . 0 .25 in lanes, 0 .5 to lane 6, and 10 to
lano 1 .
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lragineuts derived from APEX nuclease and an
active hybrid protein expressed in E. cult arc also
detected (Pig, 5) [13 16,82] .

The method may be applied for detecting vari-
ous other DNA-modifying enzymes by contriv-
ing the damaged DNA fixed on membranes and
the detection system . For example, DNA ligase
may be detected by blotting active DNA ligasc in
a gel on a poly(dA) : 5'-32P-oligo(dT)-fixed mem-
brane, basically as described previously [13,56-
59]. DNA polymerase and reverse transcriptasc
may he detected by using gapped DNA-fixed
membranes and RNA-fixed membranes, respec-
tively. Poly(ADP-rihose) polymerase and meth-
yltransferase may be detected by electroblotting
of protein on gapped DNA- and native DNA-
fixed membranes. and incubating with
[3sP]NAD- and [methyl-'HIS-adenosyl mclhio-
nine,respectively, by applying the previous pro-
cedures 153,60.79] . Various N-glyeosylases may
be detected by blotting N-glycosylase activity on
a nylon-membrane-fixed DNA with appropriate
base damage . such as O'-methvladeninc for O'-
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methyladenine DNA glycosylasc and uracil for
uracil N-glycosylase. The resultant AP sites on
the membrane arc detected by incubating the
membrane with 5'-AP endunuclcasc (such as
APEX nuclease). DNA polymerase and radiola-
belled or non-radiolabetled substrate mixture for
DNA synthesis. DNA binding protein for a mod-
ified DNA may be detected immunologically by
blotting on the modified DNA-fixed membrane
after gel electrophoresis .

h H.I .I .1ION OF ENZYMES PROM GELS . RENATURA-
TION AND PARTIAL PROTEIN SFQIIFNCING

The methods reviewed in this paper permit the
identification of the band of an active DNA-
modifying enzyme and its purification after gel
electrophoresis (Fig . 10). When an enzyme is not
characterized enough, further purification is nec-
essary to characterize it. Zymography, combined
with protein staining of the gel, provides valuable
information on the enzyme purification . If chro-
matographic purification is not easy but zymo-
graphic analysis using SDS-PALL is possible, it
can be purified from the SDS-polyacrylamide gel
of its partially purified preparations or from the
elcetrophoresed gel of its crude preparations by a
combination of isoclcctric focusing_ and SDS-
PACE . The target enzyme can he purified by cut-
ting out the enzyme band from the gel in which
the band is well resolved from its surroundings .
['he enzyme protein is eluted from the gel hand,
renatured and characterized .. basically according
to the method of Ilager and co-workers [86,93]
and Ishii e1 a1 . ]94] .

Briefly, the protein hand is visualized in the gel
by light staining with CBB or KCL cut out, and
sliced into ca. 1-nun' pieces . The pieces are sus-
pended in 2 M Tris-HC1 buffer (pH 8 .0) in an
Eppendorl'tuhe . The tube is rotated at room tem-
perature for 1 5-60 min, then the sample is cen-
trifuged, and the pellet is collected by removing
the supernatant- The protein is elated in an ex-
traction butler containing 50 mM Tris-HC1 (pH
8 .0) . 0.1 % SDS, 0.1 mM EDTA, 150 mM NaCl,
5 m Al dithiothreitol (DTT) and 50 µg ; ml BSA by
rotating the tube at room temperature for 122-224

Partially purified DNA-modifying (repair) enzyme

1
SIDS-PAGE

Activity blotting C1313 staining

	

Preparative

Elution

Cutting out

1 6 3
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Enzyme pharacteriaation r SDSPAGE Chromatography

Protein (peptice) sequencing

{
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Fig . 10 . Strategy for studying a DNA-modirving (repair) en-
zyme .

h, and the sample is centrifuged to collect the
eluent. Protein in the eluent is precipitated at
- 80'C for I h or more with four volumes of cold
acetone. SDS and CBB are removed in the ace-
tone extract . The precipitate is washed with 80%
ethanol-20% dilution buffer consisting of 50 mrbl
Tris-HC1 (pH 8 .0), 0.1 mM EDTA, 150 mM
NaCl, I mM dithiothreitol (DTT) . 50 pg/m1 BSA
and 20% (wjv) glycerol . Ethanol and acetone are
evaporated by centrifuging for 2 5 ruin in Speed-
Vac concentrater (Sarvant). The precipitate is
dissolved thoroughly in 20 p1 of 6 .11 guanidine-
HCl in the dilution butler, and the solution is
allowed to stand at 37'C'. for 1 11 . The solution is
then diluted 50-fold with the dilution buffer and
permitted to renatme for 12-24 It at room tem-
perature. The enzyme activity of the sample is
assayed directly or after concentration by ultra-
filtration .
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Determination ofparLial amino acid sequences
of the target enzyme can he made possible by
using the gel-purified preparations directly, or af-
ter partial digestion with protease. The band cor-
responding to the target enzyme or its peptide
fragment on the CBB-stained polyacrylamidc gel
is excised, immersed and rotated in deionized wa-
ter with several changes for one day to remove
acetic acid . The gel pieces are crushed, immersed
and rotated to extract the enzyme for one day in
50 mM ammonium bicarbonate solution (pH 10
adjusted with ammonium hydroxide) containing
0.1%/ SDS and dithiothreitol at 1 mg/nil, as de-
scribed previously [95] . The extract is concentrat-
ed by ultrafiltration . The N-terminal amino acid
seq uenee of the gel-purified protein is determined
by a protein sequenator . By using the sequence
information, eDNA cloning for the enzyme may
become possible [141 . For further details on se-
quencing of the gel-purified protein, ref, 96
should he consulted .

7. CONCI .['SION

Zymographic methods (activity staining of en-
zymes separated by gel electrophoresis) for de-
tecting DNA-modifying (repair) enzymes have
several advantages [8,9 .11,121 : (I) enzymically ac-
tive proteins can he detected and characterized
even in crude preparations : in particular, their
molecular masses can he estimated ; (2) active pre-
cursors and degradation products of enzymes can
be detected ; (3) semiquantitative comparative as-
say of enzymes is possible : (4) enzymes obtained
from cells in various stages. various tissue cells
and various organisms can be compared ; (5) iso-
zyntes, expressed enzymes . mutant enzymes and
multifunctional enzymes can be identified ; (6) zv-
mographv provides information for further puri-
fication of an enzyme, and a step in the deternd-
nation of the primary structure of the enzyme.

Known zymographic methods for DNA-ntod-
ifying enzymes can be divided into the activity gel
and activity transfer methods . The latter methods
include overlay gel, activity blot and activity
blotting on damaged DNA-fixed membranes .
Each method has both merits and demerits, and a
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selection should be made to suit the purpose . In
the present review, emphasis is placed on a novel
method of the activity blotting oil damaged
DNA-fixed membranes- because the other meth-
ods have been reviewed in detail previously
[8,9,121 . The activity blotting method has wide
applicability by selecting or contriving the dam-
aged DNA-fixed membranes and detection meth-
ods. It is especially applicable to the detection of
various DNA repair enzymes . 'I:he blotted mem-
branes can he handled easily (washing . incuba-
tion, activity detection and so on l, and non-ra-
dioactive detection is possible. By improving the
method, it may he used for zymographic detec-
tion of many kinds of DNA-modifying enzyme,
for detection of DNA binding proteins, for
screening of bacterial colonies transformed with
expression plasmid, and for screening of disor-
ders of DNA-modifying enzymes in clinical spec-
imens .
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