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Su mm ary
The nuc le ar matrix is a str uc tur e involved in organization of DN A s tr uctur e and re gulation of replication and
tr anscr iption.  I t is ge ner ally be lie ve d that s ome e nz ymatic activities of nucleotide e xc ision re pair ar e loc alize d in this
nuclear  subfrac tion and that the  nuclear  matr ix anchorage  affe cts  the pr efe re ntial re pair of (potentially) active genes.
Thus  answ ering the que stion w hat is the  role  of nuclear matrix is ver y important to fully unde rstand the  DN A repair
me chanisms.  We have s tudie d the  in v itr o interactions betwe en nucle ar  matr ice s from rat live r cells  and damaged
DN A.  A  s pec ific 36-bp D NA se que nc e w as  either UV -ir radiate d or damaged by be nz o(a)pyre ne diol epoxide  and N-
ac etoxy-acetylaminofluor ene .  The data presented in this communication show that damaged DNA did not
preferentially bind to nuclear matrices; damage-recognition proteins were loosely attached to the nucleoskeleton
and were easily extracted from chromatin.

I. Introd uction
The genetic ma teria l of eukaryotic  ce lls is organize d

into structura l a nd func tiona l domains.  In the  inte rphas e
chromatin such doma ins  a re frequently termed “D NA 
loops”.  This loop organiza tion se ems  to be maintained by
anchora ge  of s pec ific DN A s equence s (MA R/SAR ) to a
protein netw ork of the  nucleos ke leton.  The s ke letal
structure s c an be  purified after remova l of majority of D NA 
and chromatin prote ins  (nuc le i a re  trea ted w ith nuclea ses 
and extra cte d with high salt buffe rs).  Such a re sidua l
structure  is  c alled the “nuclear matrix”.  The
nucleos ke leton/nuclear matrix is  thought to be involve d not
only in nuclea r morphology but a ls o in regulation of D NA
re plica tion and gene e xpres sion (review ed in Bodnar 1988;
Ga rrard 1990; Jac ks on et al, 1992; Boulika s 1995; Iborra et
al, 1998; Da vie e t al, 1998).

Ge nomes  of a ll orga nis ms  are under pe rmane nt
pres sure of ge notoxic  agents that ca n introduc e damage  into
DN A struc ture.  M any labora torie s showe d that ge notoxic 
ca rc inoge ns prefe re ntially da mage DNA  a tta ched to skeleta l

structure s of the  nucleus.  The le vels of DN A les ion induce d
by s imple  alkylating a ge nts  (Rya n et al, 1986), polycyc lic
aromatic hydrocarbons (e .g. be nz o(a )pyre ne) (Ue ya ma et al,
1981; Mironov e t a l, 1983; O bi et a l, 1986; Pe rin-R ousse l et
al, 1988; Widlak & Rz es zow ska-W olny, 1993), aromatic
amines (e .g. 2-ac etyla minofluore ne ) (Gupta  e t a l, 1985;
Widlak & Rz es zow ska-W olny, 1994), UV -radiation
(Widlak et al, 1996) and metal ions  (Xu e t a l, 1994) w ere
found to be highe r in the matrix-a tta ched DN A a s compa red
to non-ma trix chromatin fra ctions.  It is sugge sted that
prefere ntial dama ge  of the ma trix-attac hed D NA re flects a
spec ific active s ta te of this  chromatin frac tion (Boulika s,
1992; Ma cLeod, 1995).

It has be en postula ted that c arc inoge n-induc ed da mage
of the nucleos ke leton might be an importa nt ca usa tive fa ctor
of func tiona l and gene tic ins tability of c ancer c ells (Pienta et
al, 1989; Pienta & Ward, 1994).  Thus , effic ient repair of
DN A fra ction a tta ched to this  nuclear s tructure  may be  a
ve ry importa nt ta sk for cellular defe ns e mec hanis ms.  In
fa ct, s ome D NA  le sions  c an be  re moved faster from the
ma trix-bound D NA fractions than from non-matrix D NA.
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Such fa ster re pair of the matrix-a tta ched DN A fra ction wa s
show n for le sion induc ed by be nz o(a )pyre ne (Widlak &
Rz es zow ska-W olny, 1993), chromium (Xu e t a l, 1994) a nd
ionizing radia tion (oxidative  ba se  da ma ges  like  thymine 
glyc ol or 8-hydroxygua nine) (Za stawny et al, 1997).  In
contrary, da ma ges  induce d by dime thylnitros amine  (R ya n et
al, 1986) and 2-a ce tylaminofluorene (Gupta  e t a l, 1985;
Poirier e t a l, 1990) w ere not prefere ntially re moved from the
ma trix-attac he d D NA .

The nuc le otide  excision repair (NER) is  an important
and unive rsa l pa thway w hic h removes a broad spec trum of
DN A damage.  N ER ca n rec ogniz e a nd re pa ir not only
bulky les ion induce d by UV-irradia tion, polycyc lic
hydroca rbons  or a romatic  amines but a ls o oxidative bas e
da ma ges .  The proce ss starts from rec ognition of a les ion
followe d by incis ion of DNA  c hain on both sides  of the 
da ma ge.  The n, re moval of the  le sion-conta ining
oligonucleotide takes place  a long with DNA  repa ir
synthes is  and ligation to fill a nd clos e the  re sulting ga p.  In
ma mmalian ce lls N ER  is  tremendously c omple x and
involve s about 30 polype ptide s.  The first s tep of repair
complex formation s eems to be  binding of a  hete rodimer
XPA/RPA  to damage d fra gment, the n other protein
complexes  ca n bind to ta rge t DNA .  Binding of tra nsc ription
fa ctor TFIIH  leads to unwinding of DN A helix around the
da ma ge and e na ble s the  a ction of e ndonucle as es XPG a nd
XPF/ERC C1 to incise  the damaged strand on both sides  of
the damage.  Some  c omponents of NER pathwa ys  are
spec ific for global ge nome re pair (XPC prote in) or
transcription-coupled re pair (CSA and C SB prote ins) (rev.
in: Sa nc ar, 1996; Frie dbe rg, 1996; Lindahl et a l,1997; DN A
Wood, 1997).  The  X PA prote in re cognize s a  broa d
spec trum of DN A damage  a nd se ems  to be a genera l
re cognition fa ctor, howe ver othe r damage-rec ognition
proteins are  probably also involve d in NER .  Among the m
is  X PE fa ctor (UV -D DB prote in), which s how s the  highes t
affinity to UV -induced 6-4 photoproducts (Na egeli, 1995).
Differe nt le ve ls of NER effic iency ca n be distinguis he d: (i)
slow  re pa ir of inac tive genes , (ii) fas t repair of
transcriptiona ly ac tive (or pote ntially ac tive) gene s and (iii)
ac ce lerated re pair of the tra nsc ribed s tra nds, which involves
transcription-coupled re pair (TC R).  Prefe re ntial re pa ir of
(potentia lly) active genes re sults  not only from TCR 
involve me nt but is als o determined by othe r fac tors (e .g.
chromatin structure ) (re vie we d in Boulikas , 1992).  Effic ie nt
re moval of D NA  da ma ge from the matrix-bound fra ction
might s imply reflec t the  as socia tion of prefere ntially-
re pa ire d tra ns criptionally ac tive genes  with the nuc le ar
ma trix.  On the other ha nd, preferentia l repair of
(potentia lly) active genes could result from their c lose
proximity to the nucle ar ma trix where  the re pair mac hinery
is  loca lized (rev. in: Mullenders et a l, 1990, B oulikas, 1995).

The data which suggested that nucleotide excision
repair might be localized in specific nuclear compartment
originally concerned DNA repair synthesis.  It was shown
that UV-induced unscheduled DNA synthesis occurred in

association with the nucleoskeleton (McCready & Cook
1984; Harless & Hewitt 1987).  Mullenders et al (1984,
1988, 1990) found that DNA repair patches were enriched
in the nuclear matrix of human cells irradiated with low
doses of UV.  This effect was enhanced in cells deficient
in global genome repair (xeroderma pigmentosum group
C cells), but in cells deficient in transcription-coupled
repair (Cockayne’s syndrome cells) the effect was lost.  In
contrary, we have found that unlike replicative DNA
synthesis, the nuclear matrix from liver cells of rats
injected with 2-aminofluorene was not enriched in newly
synthesized DNA (Widlak & Rzeszowska-Wolny, 1994).
This observation probably reflects the fact that 2-
aminoflurene-induced damage is not preferentially
removed from the matrix-attached DNA and (unlike UV-
induced damage) may not be preferentially removed from
transcriptionally active genes in rodent cells (Tang et al,
1989).  On the other hand, if the matrix localization of
DNA synthesis is a general feature of NER, some
differences in the experimental model used may also
cause this discrepancy.  As the repair patches are short
(~30 nucleotides) and the rate of synthesis is rapid there is
enough time during experiment for damage to be repaired
at a skeleton and then for the repaired DNA to detach
from it.  Secondly, repaired DNA which was originally
attached to the nucleoskeleton (probably through
polymerases) might be subsequently detached from it
during the matrix purification procedure.  In fact, there is
evidence showing that even in UV-irradiated cells newly
synthesized repair patches of DNA can be easily released
from the nucleoskeleton (Jackson et al, 1994).

The data showing that DNA repair synthesis process
is localized in the nucleoskeleton suggests the model in
which damage in genomic DNA is recognized and
brought into association with the nuclear matrix, where
NER “machinery” is localized.  Such a model has been
confirmed by different lines of evidence.  Park et al,
(1996) showed that repair endonuclease XPG was firmly
(but reversibly) associated with the nuclear matrix.
Koehler & Hanawalt (1996) detected transient binding of
damaged DNA to the nuclear matrix in UV-irradiated
cells. Some activities involved in NER (unlike resynthesis
step) are very loosely attached to chromatin (Bouayadi et
al, 1997).  This may suggest that the process is initiated
by soluble proteins which scan the genome then mediate
binding of damaged DNA to the matrix-localized repair
machinery.  The damaged-DNA binding (DDB) proteins
are naturally best candidates for such a role.  In fact, UV-
irradiation of mammalian cells induced translocation of
UV-DDB, XPA and RP-A proteins (which all are
involved in damage recognition) from a chromatin
fraction loosely associated with the nuclear matrix to the
tightly associated fraction (Otrin et al, 1997).

Previously we had shown that UV-damaged MAR
sequences bound preferentially to the nuclear matrices
from rats which were not treated with any DNA damaging



Gene Therapy and Molecular Biology Vol 4, Page 277

277

factors (Widlak et al, 1996).  It might suggest that some
damage-recognition proteins are constitutive components
of the nuclear matrix.  It has been postulated that
proximity to the nuclear matrix is one of the factors
involved in fast repair of (potentially) active genes
(Boulikas, 1996).  Thus, the nuclear matrix localization of
damage-recognition proteins could partially explain the
mechanisms of preferential repair of this fraction of a
genome.  The aim of this work was to elucidate whether
damage-recognition proteins are residual components of
the nuclear matrix.

II. Results and Discussion
We studied the in vitro interactions between the

nuclear matrices from rat liver cells and damaged DNA.
A 36-bp duplex oligonucleotide was UV-irradiated or
adducted by be nz o(a )pyre ne diol epoxide  (BPD E) and N-
ac etoxy-a cetylaminofluorene  (AAA F).  DN A les ions
induced by the  firs t two fa ctors , but not the las t one , are
know n to be re moved with high efficie nc y from the  ma trix-
bound D NA  and the y may differ as  a  subs tra te  for strand-
and gene-spe cific  preferentia l repair.

To evaluate the effects of DNA lesions upon protein-

DNA interactions, the in vitro binding of DNA to nuclear
matrices was studied according to Cockerill & Garrard
(1986) method.  The nuclear matrices contained about
15% of total nuclear proteins, mainly lamins and other
high molecular weight proteins but not histones.  The
fraction of matrix-bound DNA was separated from
unbound DNA after centrifugation of matrices.  The data
from experiment in which matrix-DNA complexes were
formed in the presence of non-damaged non-specific
competitor (E. coli DNA) are shown in Figure 1A.  We
have found that none of the tested lesions affected the
affinity of probed DNA to nuclear matrices.  The binding
efficiency of DNA carrying a lesion induced by AAAF,
BPDE or UV was similar to that of undamaged DNA
control.  To confirm data obtained with a non-specific
competitor, we studied formation of complexes in the
presence of excess undamaged/damaged homologous
competitor.  DNA damaged by AAAF or BPDE was used
as a radioactive probe while the same oligonucleotide or
the undamaged oligonucleotide were used as non-
radioactive competitors.  The data which are shown in
Figure 1B and 1C confirmed that both damaged and
undamaged DNA have the same affinities for the nuclear
matrices.

Figure 1 A. The in vitro binding of damaged DNA to the nuclear matrices.  The complexes between nuclear matrix proteins and DNA
probes (either undamaged or damaged) were formed in the presence of excess undamaged non-specific competitor.  The matrix-binding
efficiency is presented as a relative amount of the probe bound to matrices.  Values are means from 3 assays.
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Figure 1 B and C. The in vitro binding of damaged DNA to the nuclear matrices.  The complexes between nuclear matrix proteins and
AAAF-damaged or BPDE-damaged probes were formed in the presence of excess of undamaged or damaged homologous competitor.
Values are means from 3 assays (± S.D.).

.

We also compared the distribution of a damage
between fractions of DNA that did or did not bind to
nuclear matrices.  In this experiment about 50% of the
probed DNA (in which one lesion per about 10 molecules
was present) became bound to the matrices.  The patterns
of lesions in matrix-bound and unbound DNA fractions
are shown in Figure 2.  The adducts patterns in both
fractions were similar for all three DNA-damaging
factors.  We calculated the relative levels of damage (the
amount of adducts per the amount of total DNA) and
compared these values between fractions.  The ratio
between adduct levels in the matrix-bound and the
unbound DNA fractions was 1.4, 1.1 and 1.3 for AAAF-
damaged, BPDE-damaged and UV-irradiated DNA,
respectively (the values are means from three
experiments).  The data show that the nuclear matrices
bound damage-carrying DNA molecules with very weak
(yet detectable) preferences over undamaged DNA.  We
showed previously that the presence of UV-induced
damage increased the efficiency of MAR DNA binding to
the nuclear matrix in vitro (Widlak et al, 1996).  In an
experiment in which we studied binding of UV-irradiated
kappa Ig MAR DNA to rat liver nuclear matrices the level
of lesion in matrix-bound DNA was 5-fold higher as
compared to unbound fraction.  The data presented in this
communication suggest that the observed phenomenon
was specific for MAR sequence but not for the DNA
sequence studied here (the MAR-binding proteins
recognize some specific structural features of DNA which
are probably affected by the UV-induced photoproducts).

Figure 2. The chromatograms of damaged DNA
complexed in vitro with the nuclear matrix proteins.  Shown are
fractions bound to the matrices as well as unbound material.
About 100 ng of each DNA was used for the assay.  Denoted are
major forms of lesions (according to synthetic standards). CPD -
cyclobutane pyrimidine dimers.
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The data presented above suggest that most of
damage-recognition proteins were extracted out from
nuclei during the preparation of matrices.  To study the
presence of damage-recognition proteins in nuclear
extracts we used a method based on electrophoretic
mobility shift assay (EMSA).  In this method, damaged
DNA is complexed in vitro with soluble protein extracts
in the presence of non-damaged competitor DNA.  The
presence of proteins that have high affinity to damaged
DNA is detected by gel electrophoresis in the form of
retarded bands containing protein-DNA complexes
(Protic & Levine, 1993).  In our experiments we have
used DNA damaged by AAAF, BPDE or UV-radiation as
radioactive molecular probes.  The damage-recognition
proteins were detected in protein fractions extracted from
nuclei with increasing concentrations of NaCl, thus
differing in stringency of their binding to the chromatin
and nuclear matrix.  The data showing the presence of
proteins that preferentially bound to either UV-irradiated
or AAAF-damaged DNA are shown on Figure 3.  The
proteins that specifically recognized UV-irradiated DNA
(UV-DDB) were loosely attached to chromatin and could
be eluted from the nucleus with low-salt buffers (0.15 M
NaCl).  The proportion of UV-DDB proteins to total
extracted proteins markedly decreased in fractions
extracted with 0.8 M (and higher) NaCl.  The proteins
which specifically recognized AAAF-damaged DNA

(AAAF-DDB) were moderately attached to nuclear
structures.  They were present in fractions removed from
nuclei with 0.4 M (and higher) NaCl (the highest
proportion of AAAF-DDB proteins to total extracted
proteins was detected in 0.6 M NaCl extracts).  When
BPDE-damaged DNA was used as a radioactive probe
any complexes specific for damaged DNA could not be
detected (data not shown).  However, if BPDE-damaged
DNA was used as a specific competitor we found that the
same proteins which recognized AAAF-induced lesions
also bound to DNA damaged by BPDE, yet with much
lower efficiency (see panel B in Figure 3).  The amount
of proteins used for reactions was adjusted according to
the total protein amount in extracts. However, different
amounts of proteins (in proportion to total nuclear
content) were extracted with increased salt concentration.
Extracts used in this experiment contained about 12, 34,
51, 86, 92 and 90 percent of the total nuclear proteins (in
0.15, 0.4, 0.6, 0.8, 1.0 and 2.0 M extracts, respectively).
Thus, the observed decrease in DDB protein level in the
fractions extracted with higher salt concentration was due
to their “dilution” with other nuclear proteins (e.g.
histones).  As treatment of the nuclei with high salt
buffers (up to 2 M NaCl) neither increased the amount nor
released any new species of DDB-proteins one can
conclude that damage-recognition proteins are weakly
bound to chromatin or the nuclear skeleton.

Figure 3.  The EMSA analysis of DNA damage-recognition proteins from rat liver nuclei.  Panel A. The  in vitro complexes were
formed between radioactive DNA probes (UV-irradiated or damaged by AAAF) and nuclear proteins extracted with the indicated
NaCl concentrations (from 0.15 to 2.0 M), in the presence of non-specific undamaged competitor.  The complexes were analyzed by
polyacrylamide gel electrophoresis.  Denoted are positions of free probe and retarded complexes containing UV-DDB and AAAF-
DDB proteins.  Panel B. The complexes were formed between radioactive AAAF-damaged probe and proteins extracted with 0.6 M
NaCl, in the presence of excess non-radioactive oligonucleotide (undamaged and damaged by AAAF or BPDE) as a specific
competitor.
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Another in vitro method that can be used as a
supplementary analytical tool to detect DDB-proteins is
the Southwestern blot (Protic & Levine, 1993).  In this
method the probed DNA forms complexes with
membrane-bound proteins after their electrophoretic
resolution (usually on SDS/polyacrylamide gels).  This
assay depends on the ability of tested proteins to recover
their structure (thus being limited to proteins which do not
form oligomers). However, it can be successfully used to
study nuclear matrix proteins (Widlak et al, 1995).
Figure 4 shows the binding of DNA probes to specific
proteins that were either extracted from nuclei with 0.2,
0.4 and 1.0 M NaCl (low-salt extract, medium-salt extract
and high-salt extract, respectively) or present in the
nuclear matrices.  Under the conditions of the experiment
(40-fold excess of the competitor over the radioactive
probe) the undamaged control DNA bound exclusively to
histone proteins (both histone H1 and core histones).  A
similar binding pattern was seen with UV-irradiated DNA
as a probe and no specific UV-DDB proteins were
detected.  This is in agreement with the fact that major
UV-DDB protein is a heterodimer (Otrin et al, 1997).
Some additional protein bands were seen on the filter
tested with DNA damaged by AAAF. Such non-histone
proteins which bound AAAF-damaged DNA were
detected mostly in nuclear extract fractions.  Some
AAAF-DDB protein bands detected in the nuclear matrix
probes were not matrix-specific as they were seen also in
nuclear extracts.

The data presented above show that damage-
recognition proteins interact loosely with the nuclear
matrix and can be easily extracted from nuclei.  As the
nuclear matrices used in our experiments were purified
from cells not pretreated with DNA damaging factors this
left open the possibility that such a treatment would affect
the nuclear distribution of damage-recognition proteins.
Such an effect was observed in cultured cells, where UV-
irradiation caused transient translocation of proteins
participating in damage recognition to chromatin fractions
more tightly attached to the nucleoskeleton (Otrin et al,
1997).  To determine whether carcinogen treatment
induces translocation of damage-recognition proteins we
purified nuclear proteins from animals treated with 2-
acetylaminofluorene or benzo(a)pyrene.  Rats were i.p.
injected with the carcinogens (50 mg/kg of body weight)
then liver samples were collected at different time
intervals (from 6 hours to 7 days after the treatment).  The
levels of adducts in hepatic DNA (assayed by the 32P-
postlabeling method) were highest 48 hours after 2-AAF
treatment (about 16 fmol/µg DNA) and 24 hours after
B(a)P treatment (about 13 fmol/µg DNA).  We found that
the nuclear matrices prepared from liver cells of animals
treated with 2-AAF or B(a)P (48 and 24 hours after
treatment, respectively) did not show more effective
binding of DNA damaged by AAAF or BPDE (as
compared to non-treated control animals, data not shown).

Figure 4. The Southwestern blot analysis of DNA damage-recognition proteins from rat liver nuclei.  The in vitro complexes were
formed between radioactive DNA probes (undamaged or damaged by AAAF or UV-irradiated) and nuclear proteins extracted with 0.2
M (low-salt extract - LSE), 0.4 M (medium-salt extract - MSE) and 1.0 M NaCl (high-salt extract - HSE) or the nuclear matrix proteins
(Matrix).  Nuclear proteins were resolved by electrophoresis on 13% polyacrylamide/SDS gel. The complexes were formed in the
presence of excess undamaged non-specific competitor.  Denoted are positions of histones and molecular size markers.
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Figure 5. The analysis of AAAF-DDB proteins in liver cells of carcinogen-treated animals.  Panel A. The complexes were formed in
vitro between AAAF-damaged DNA probe and nuclear proteins extracted with 1.0 M NaCl from liver cells of control animals and
animals injected with 2-AAF or B(a)P (24 hours after the treatment).  Two animals in each group are shown.  The complexes were
formed in the presence of non-specific competitor.  Panel B. The complexes were formed between AAAF-damaged DNA probe and
nuclear proteins extracted with buffers of increasing NaCl concentration (0.2-1.0 M) from liver cells of untreated control rats and
animals injected with 2-AAF (48 hours after the treatment).

In another experiment we assayed the level of
AAAF-damaged DNA binding proteins in 0.4 and 1.0
M NaCl nuclear extracts purified from liver cells of
animals injected with 2-AAF and B(a)P.  We found that
treatment with neither 2-AAF nor B(a)P (at any time
tested) changed the levels of AAAF-DDB proteins (see
Figure 5A).  To clarify whether the carcinogen
treatment affected the association with nuclear
components the relative levels of these proteins were
assayed in nuclear hepatic fractions extracted using
increasing salt concentrations from control and 2-AAF-
treated (48 hours after injection) animals.  Figure 5B
shows that the treatment of animals with 2-AAF did not
change the association of AAAF-DDB protein to the
hepatic chromatin.  As the treatment with the 2-AAF did
not affect the nuclear distribution of AAAF-DDB
proteins this may reflect the fact that repair pathways
specific for these lesions and UV-induced lesions are
somehow different.

It is genera lly believed that nuclear matrix
loca liz ation of c ertain activities  involve d in NER
contributes to prefere ntial repa ir of the DN A fra ction
as socia te d w ith this nuc lea r struc ture.  O ne  ca n ass ume
that the nuc le ar ma trix loc aliza tion of da ma ge re cognition

fa ctors  may affec t the  repa ir of this  D NA fraction.  The
data presented in this communication show that
damage-recognition proteins are not constitutive
components of the nuclear matrix.  Thus, other factors
which account for preferential repair of the matrix-
attached DNA have to be searched for.

Experim en tal Proced ures
A. D NA pr obe s

Synthetic  double- strand 36bp-long oligonucleotides (5’-
AATTCGTAGG CCTAAGAGCA ATCGCACCTG
TGCGCG-3’, with blunt ends) were used as molecular probes.
Oligonucleotides were UV-irradiated (5 kJ/m2) using a 254 nm
UV-crosslinker (Stratagene).  Alternatively, oligonucleotides
(at 10 µM concentration) were incubated for 4 hours at 37oC
with 40 µM AAAF or BPDE (Midwest Research Institute),
then purified by phenol/chloroform extraction and ethanol
precipitated.  In all three cases, used procedures introduced
lesion into about 15% of DNA molecules (on the average),
which was checked by the 32P-postlabeling method.
Oligonucleotides were end-labeled with γ32P ATP using T4
polynucleotide kinase and purified by polyacrylamide gel
electrophoresis.
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B. Preparation of nuclear proteins

Nuclei were purified from homogenized liver tissue from
adult male WAG rats.  To obtain extracts of nuclear proteins,
nuclei were incubated for 30 minutes at 4oC with buffer
consisting of: 10 mM Hepes-NaOH pH 7.9; 1.5 mM MgCl2;
0.1 mM EGTA; 0.5 mM DTT; 5% glycerol; protease
inhibitors and NaCl at different molarity (ranging from 0.15 to
2.0 M).  Nuclei extracted at salt concentration higher than 0.5
M were briefly (2-3 sec.) sonicated.  Insoluble remnants of the
nuclei were pelleted by centrifugation for 30 minutes at
16,000 rpm at 4oC.  Nuclear matrices were prepared by the
DNaseI/”high salt” method as in previous experiments
(Widlak & Rzeszowska-Wolny, 1994; Widlak et al, 1995),
without copper stabilization.  Briefly, nuclei were purified by
centrifugation in 2.2 M sucrose and washed with 1% Triton X-
100.  The nuclei were then treated with DNaseI (10 µg/mg of
nuclear protein) for 1 hour at 20oC in 0.1 M NaCl and next
extracted with 0.5 M NaCl followed by 2 M NaCl to obtain
residual matrix fraction.

C. Assay of DNA adducts
DNA was assayed for the presence of adducts according

to 32P-postlabeling method (Gupta et al, 1982).  UV-induced
adducts were analyzed according to Bykov et al  (1995).
Adducts induced by 2-AAF derivatives were enriched by
butanol extraction, while adducts induced by B(a)P derivatives
were enriched by nuclease P1 treatment (Widlak et al, 1996b).
32P-labeled nucleotides were resolved by multi-dimensional
thin layer chromatography.  Adduct spots were visualized by
autoradiography and quantitated by scintillation counting.  To
calculate the level of adducts in damaged oligonucleotides the
number of total nucleotides was assayed according to Gupta et
al (1982).

D. Complex formation between DNA and
nuclear matrices

About 25 µg of the matrix proteins were suspended in 0.1
ml of the binding buffer comprising 50 mM NaCl, 2 mM
EDTA, 0.25 M sucrose, 10 mM Tris-HCl (pH 7.4), 25 µg
BSA, 25 ng of 32P-end-labeled DNA probe and different
amounts of non-radioactive non-specific (sonicated E. coli
DNA) or specific (oligonucleotides) competitor.  After 1 hour
incubation at 25 oC matrices were recovered by centrifugation.
To determine the amount of DNA bound to the matrices the
radioactivity of pellets (matrix-bound fraction) and
supernatants (unbound fraction) was quantitated in
scintillation counter.  In separate experiments, 25 µg of the
matrix proteins were incubated with 250 ng of the
oligonucleotides in the absence of non-specific competitor.
Under these conditions about 50% of added DNA remained in
the matrix-bound fraction.  Both the pellet and the supernatant
fractions were treated with proteinase K/SDS and extracted by
phenol/chloroform.  DNA was then recovered by ethanol
precipitation and assayed for the presence of the adducts.

E. Elec trophore tic mobility shift ass ay (E MSA )

Radioactive DNA probes (25 ng) were incubated with
nuclear proteins (5µg) for 30 minutes at 4oC.  The binding

buffer consists of: 20 mM Tris-HCl pH 7.6; 5 mM MgCl2; 0.5
mM EDTA; 1 mM DTT; 5% glycerol and 150 mM NaCl
(final concentration).  Complexes (in final volume 20 µl) were
formed in the presence of non-specific (sonicated E. coli
DNA, 2µg) or specific (1µg) competitors.  Complexes were
resolved by electrophoresis on 6% polyacrylamide gel (in 0.5
x TBE running buffer) and detected by autoradiography.

F. Southwestern blot analysis

The nuclear proteins (60 µg per slot) were fractionated on
13% polyacrylamide/SDS gel and electrotransferred onto
PVDF membrane (Hybond-P; Amersham) in 25 mM Tris, 190
mM glycine and 20% methanol.  Filter-bound proteins were
renatured by incubation in the hybridization oven for 5 hours
at 25oC with 25 mM Tris-HCl (pH 7.6), 100 mM NaCl, 1 mM
EDTA, 1 mM DTT, 5 mM MgCl2 and 2.5% BSA.  After
washing with the binding buffer (same composition as above
except for 0.25 % BSA added) filters were incubated for 5
hours at 25oC it the binding buffer supplemented with 500 ng
of 32P-end-labeled DNA probe and 20 µg of non-radioactive E.
coli DNA (final volume 10 ml).  Filters were then washed and
autoradiographed.
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