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There are two subclasses of nucleotide excision repair (NER). One is the global genomic
repair (GGR) which removes lesions throughout the genome regardless of whether any spe-
cific sequence is transcribed or not. The other is the transcription-coupled repair (TCR),
which removes lesions only from the transcribed DNA sequences. There are data that GGR
rates depend on the chemical nature of the lesions in a manner that the lesions inflicting
larger distortion on the DNA double helix are repaired at higher rate. It is not known
whether the TCR repair rates depend on the type of lesions and in what way. To address
this question human cells were transfected with pEGFP and pEYFP plasmids treated with
UV light, cis-diamminedichloroplatinum(II) (cisplatin) and angelicin and 24 h later the re-
stored fluorescence was measured and used to calculate the respective NER rates. In a paral-
lel series of experiments the same plasmids were incubated in repair-competent protein ex-
tracts to determine GGR rates in the absence of transcription. From the two sets of data,
the TCR rates were calculated. We found out that cisplatin, UV light and angelicin lesions
were repaired by GGR with different efficiency, which corresponded to the degree of DNA
helix distortion induced by these agents. On the other hand the three lesions were repaired
by TCR at very similar rates which showed that TCR efficiency was not directly connected
with the chemical nature of the lesions.
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Introduction

During evolution, cells have developed multiple
mechanisms to repair damaged DNA. The most
general DNA repair mode is if damaged or inap-
propriate bases are excised from the genome and
replaced by the correct nucleotide sequence. This
type of lesion removal is referred to as excision
repair and includes mismatch repair, base excision
repair, and nucleotide excision repair (NER). For
historical reasons, the best-studied repair pathway
is the human NER pathway. It includes 7 genes
designated XP-A through XP-G (Friedberg et al.,

Abbreviations: Angelicin, 2H-furo[2,3-h]benzopyran-2-
one; CFS, cell-free system; cisplatin, cis-diamminedichlo-
roplatinum(II); CPD, cyclobutane pyrimidine dimer;
CS, Cockayne syndrome; CSB, Cockayne sundrome
complementation group B; GGR, global genomic repair;
HCR, host cell reactivation; HEPES, N-(2-hydroxy-
ethyl)piperizine-N�-ethanesulfonic acid; NER, nucleo-
tide excision repair; TCR, transcription-coupled repair;
TE buffer, 10 mm Tris-HCl, 1 mm EDTA, pH 8; Tris, N-
tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid;
XP, xeroderma pigmentosum; XP-A, xeroderma pig-
mentosum complementation group A.
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1995; Aboussekhra et al., 1995; Sancar, 1996;
Wood, 1996; Mu et al., 1997). NER can remove a
huge variety of lesions among them many DNA
lesions caused by environmental agents and by an-
ticancer drugs. There are two major NER subpath-
ways, designated as transcription-coupled repair
(TCR) and global genomic repair (GGR). TCR
selectively removes transcription-blocking DNA
damage from the transcribed strand of the genes,
while GGR operates throughout the genome re-
gardless of whether the genes are transcribed or
not (Bohr et al., 1985; Mellon et al., 1987). It has
been shown that some lesions such as cyclobutane
pyrimidine dimers (CPD) and cis-diamminedichlo-
roplatinum(II) (cisplatin) could be removed by
both pathways (Venema et al., 1992). Nevertheless,
in these cases the sensitivity of the cells towards
the genotoxic agents was determined by their TCR
performance and not by their GGR performance
(van Oosterwijk et al., 1996; Furuta et al., 2002).
This makes it important to determine the TCR
and GGR rates separately to be able to assess the
effect of the different drugs on the organism.
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However, this is not a trivial task using normal
cells. On one hand, cells have different capacity to
repair different lesions and the results obtained
with one cell line could not automatically apply to
other cell lines (Barret et al., 1996; Atanassov et
al., 2003). On the other hand, the examination of
cellular repair generally requires that the cells are
damaged in some manner, which makes it difficult
to determine the constitutive repair rates since
both pathways could be induced by the damaging
agent (McKay et al., 1995; Francis and Rainbow,
1999; Cline and Hanawalt, 2003).

In an attempt to determine and compare the
constitutive GGR and TCR rates in cell lines with
unmutated NER pathways we developed the
following approach. Total NER (TCR + GGR)
rates of different DNA lesions were determined
in vivo by host cell reactivation (HCR) assay and
the respective GGR rates were determined in vitro
by cell free system (CFS) assay. Experiments
with TCR deficient CSB cells confirmed that the
in vitro determined repair rates corresponded well
to the in vivo determined GGR repair rates. By
comparing the values for the total NER (GGR +
TCR), obtained by HCR assay, with those for
GGR obtained in protein extracts prepared from
the same cells, the respective TCR rates were cal-
culated. We found out that GGR rates differed
significantly for the different lesions and roughly
corresponded to the degree of helix distortion
caused by the agents thus supporting the hypothe-
sis that in GGR the damage recognition factors
recognized topological changes in the DNA
double helix. On the other hand, TCR rates of the
different lesions did not differ significantly, which
showed that the stalled RNA polymerase II mole-
cules and not the lesions themselves are recog-
nized in the TCR pathway.

Materials and Methods

Cell culture

HEK293 and K562 cells were purchased from
ATCC and CSB (AG 07075) cells were from Co-
riell Cell Repositories. HEK293 were grown in
complete DMEM medium supplemented with
10% fetal calf serum in 5% CO2 atmosphere.
XP-A cells (XP25RO) were cultured in Ham’s F10
medium (without hypoxanthine and thymidine)
supplemented with 15% fetal calf serum and anti-
biotics in 2.5% CO2 atmosphere (van Hoffen et al.,
1999) and K562 and CSB were cultured in RPMI

1640 medium with 10% fetal calf serum in 5%
CO2.

Plasmid treatment with UV light

Plasmids pDsRed1-N1, pEGFP-N1 and pEYFP-
N1 (Clontech) were propagated in E. coli XL1-
Blue (Inoue et al., 1990). pEGFP-N1 and pEYFP-
N1 were dissolved in 10 mm Tris-HCl, 1 mm
EDTA, pH 8 (TE buffer) to a final concentration
of 100 µg/ml and poured in a Petri dish to form 1Ð
2 mm thick layer. The Petri dish was placed on ice
and irradiated with a germicidal mercury lamp
with an emission maximum at 254 nm from 10-cm
distance for different times. The approximate ex-
posure rate was 8.3 JmÐ2sÐ1 as measured with an
ultraviolet power energy meter Scientech 362.

Cisplatin treatment

1-µl aliquots of a stock solution of 1 mg/ml cis-
platin (Sopharma, Bulgaria) in TE were added to
10 µg plasmid DNA dissolved in 200 µl TE buffer
and the samples were incubated at 37 ∞C for the
desired periods (Fichtinger-Schepman et al., 1985).
At the end of the incubation period, 1 m NaCl was
added to a final concentration of 0.2 m NaCl, plas-
mid DNA was precipitated with 2 volumes of etha-
nol, extensively washed with 70% ethanol and dis-
solved in TE buffer.

Angelicin treatment

To 10 µg plasmid DNA dissolved in 200 µl TE
buffer 40 µl angelicin (2H-furo[2,3-h]benzopyran-
2-one, Sigma) were added from stock solutions of
1 mg/ml in dimethylsulfoxide. Plates were kept on
ice in the dark for 10 min and were then irradiated
with long wave UV light at 365 nm for the desired
time interval (Gunz et al., 1996). 1 m NaCl was
added to a final concentration of 0.2 m NaCl and
plasmid DNA was precipitated with 2 volumes of
ethanol and dissolved in TE buffer.

Transfection

Monolayer HEK293 cells were grown in 5-cm
Petri dishes to about 30% confluence and trans-
fected by the Ca3(PO4)2 method as described by
Chen and Okayama (1987). 10 µg plasmid DNA in
TE buffer was mixed with 1/20 volumes of 0.25 m
CaCl2, and then 1/20 volumes of 50 mm HEPES,
280 mm NaCl, 1.5 mm Na2HPO4, pH 6.95, were
added under intense stirring. The mixture was
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poured on top of the cells and the transfection was
carried out for 24 h at 37 ∞C in an humidified CO2

incubator. Transfection time was recorded from
the moment of pouring the transfection solution
on top of the monolayer HEK293 culture. The sus-
pension cultures of K562, XP-A and CSA cells
were transfected with the liposome Gene Porter 2
Transfection Reagent (Gene Therapy Systems
Inc., San Diego, CA) as recommended by the
manufacturer. After 24 h 2 ¥ 106 cells were washed
with ice-cold PBS (twice), resuspended in 0.5 ml
200 mm NaCl, 50 mm Na2HPO4, 10 mm Tris-HCl,
pH 8, 10 mm EDTA, 0.5 mm dithiothreitol, 0.2 mm
PMSF and sonicated in an ice-bath with a 4710
series Ultrasonic Homogenizer for 1 min. The ho-
mogenates were clarified by centrifugation at
12000 ¥ g at 4 ∞C for 10 min, diluted with sonica-
tion buffer and measured with a spectrofluorime-
ter.

Protein extract

Protein extracts were prepared as described by
Wood et al. (1988) with modifications. Cells were
rinsed twice in ice-cold PBS, resuspended in hypo-
tonic buffer (10 mm Tris-HCl, pH 8.0, 1 mm
EDTA) and a tablet of CompleteTM protease in-
hibitor cocktail per 50 ml solution (Roche Diag-
nostics GmbH, Graz, Austria) was added and the
mixture was left on ice for 20 min to swallow. Cells
were then homogenized by 20Ð30 strokes in a
Dounce homogenizer. To each cell lysate 4 ml of
an ice-cold solution containing 50 mm Tris-HCl,
pH 8.0, 10 mm MgCl2, 2 mm dithiothreitol, 25%
sucrose and 50% glycerol were added slowly un-
der stirring. 1 ml of neutralized saturated ammo-
nium sulfate was then added under gentle mixing.
The mixture was kept on ice under occasional stir-
ring for 30 min and then centrifuged at 25000 rpm
in a Beckman’s SW 41 rotor at 2 ∞C for 3 h. The
upper two thirds of the supernatant were with-
drawn and the protein precipitated by addition of
0.33 g/ml neutralized ammonium sulfate. The pre-
cipitate was collected by centrifugation, resus-
pended in a minimum volume of 25 mm HEPES-
KOH, pH 7.9, 0.1 m KCl, 12 mm MgCl2, 1 mm
EDTA, 2 mm dithiothreitol and 17% glycerol. The
extract was desalted using a Sephadex G-25 coarse
column and the total protein concentration deter-
mined by the Bradford reaction.

DNA repair reactions

50 µl reaction solution contained 300 ng pEGFP to
serve as repair substrate, 45 mm HEPES-KOH,
pH 7.8, 70 mm KCl, 7.4 mm MgCl2, 0.9 mm dithio-
threitol, 0.4 mm EDTA, 2 mm ATP, 25 µm each of
dGTP, dATP, dTTP and dCTP, 40 mm phosphocre-
atine, 2.5 µg creatine phosphokinase, 18 µg bovine
serum albumin and 100 µg cell-extract protein. The
solution wase incubated at 30 ∞C for 3 h and finally
equal volumes of 40 mm EDTA, 100 mm Tris-HCl,
pH 8.0 were added. DNA was subjected to electro-
phoresis and densitometered to adjust concentration.

PCR

pEGFP-N1 was linearized by EcoRI digestion
and used as a template to amplify a 0.495 kb frag-
ment (nt 797Ð1292) using the primers: 5�-ACGG-
CAAGCTGACCCTGAA-3� and 5�-GGGTGCT-
CAGGTAGTGGTT-3�. 12 PCR cycles were run
using the following parameters: denaturation at
95 ∞C for 60 s, annealing at 59 ∞C for 45 s and exten-
sion at 72 ∞C for 60 s. Amplified products were run
on 1% agarose gel, stained with ethidium bromide
and quantified with Gel Pro Analyzer v.3 software
for Windows (Media Cybernetics, Auburn, CA).
Alternatively, reactions were stained with SYBR
Green and the amount of the generated PCR pro-
duct was measured with a spectrofluorimeter.

DNA lesion calculation

The number of DNA lesions/kb was determined
using the Poisson formula N = eÐLF, where N is the
portion of DNA fragments or segments without
lesions, L is the lesion concentration in lesions/kb
and F is the length of the DNA fragment or segment
in which the number of lesions is determined. F was
different in the different experiments. In the HCR
assay we accepted F = 0.85 kb, which represents the
length of the transcription unit along with about 130
bp upstream including the TATA box. In the PCR
experiments, F was 0.495 kb, which was the length
of the amplified DNA fragment.

Results

NER rates determined by HCR

To measure and compare the rates at which
DNA lesions inducing different structural changes
in the double helix are repaired by NER (GGR +
TCR), we applied the HCR assay. In this assay,
cells are transfected with plasmids damaged
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in vitro, and the repair of the lesions is measured
by monitoring the restoration of the transcription
activity of the reporter genes in vivo. We used the
following three plasmids that have their respective
fluorescent reporter genes optimized for high ex-
pression in mammalian cells. pDsRed1 contains
the gene for the red fluorescent protein with an
excitation maximum at 558 nm and an emission
maximum at 583 nm. pEYFP contains the gene for
the enhanced yellow fluorescent protein with an
excitation maximum at 513 nm and an emission
maximum at 527 nm and pEGFP contains the
gene for the enhanced green fluorescent protein
with an excitation maximum at 488 nm and an
emission maximum at 507 nm.

As damaging agents we used cisplatin, which
formed intrastrand purine-purine bridges, UV
light, which caused the formation of intrastrand
pyrimidine-pyrimidine crosslinks of which about
80% represented CPD and about 20% pyrimi-
din(4Ð6)pyrimidone photoproducts (Douki et al.,
2000), and angelicin, which formed bulky monoad-
ducts in the DNA molecules. These lesions inflict
different topological changes in the DNA double
helix. Cisplatin distorts the helix most severely, a
single 1,2-d(GpG) bridge inducing a 30Ð35∞ rigid
helical kink in DNA (Sherman and Lippard, 1987;
Takahara et al., 1995). In comparison, CPD in-
duces only a 7Ð9∞ kink (Wang and Taylor, 1991),
while angelicin adducts do not induce any signifi-
cant kink or bend in the helix axis (Spielmann et
al., 1995). pEGFP and pEYFP were treated with
the three agents in vitro to obtain different num-
bers of lesions in the reporter genes. In each case,
we calculated the average number of lesions/kb
from the percentage of lesion-free DNA, using the
Poisson formula. Since there is strong evidence
that cisplatin, UV light and psoralen products are
effective blocks of DNA polymerase in vitro
(Ploskonosova et al., 1999; Komura et al., 2002;
Fernando et al., 2002), the percentage of lesion-
free DNA fragments was determined by PCR.

HEK293, K562, XP-A and CSB cells were cot-
ransfected with pEYFP and pEGFP. pEYFP was
undamaged and served as internal control, while
pEGFP was damaged with different agents. 24 h
after transfection clear cell homogenates were pre-
pared and the fluorescent signals were measured
with a spectrofluorimeter. The EGFP signals were
normalized against the EYFP signal and expressed
as fraction of 1.0, assuming the normalized EGFP
signal from undamaged pEGFP as 1.0. These sig-

nals were directly proportional to the fractions of
the lesion-free reporter genes and using again the
Poisson formula we calculated the average number
of lesions in the damaged plasmids that remained
unrepaired 24 h after transfection of the host cells.
By subtracting these figures from the number of
lesions before transfection, the NER rates at
which the cells repaired the three lesions were cal-
culated as previously described (Roguev and Rus-
sev, 2000). It should be noted that the number of
lesions in the reporter genes prior to transfection
is of major importance for the sensitivity of the
HCR assay and should be chosen to match the
ability of the host cells to repair the respective
lesions. If, for instance, the damage is too heavy,
the cells will not be able to remove all lesions from
the reporter gene and as a result the signal will be
week and will not reflect correctly the different
repair rates for the different lesions. The same
holds true when the damage is too light. In this
case cells will be able to remove all, or most of the
lesions despite differences in their repair rates. We
used pEGFP carrying 5.8 cisplatin lesions/kb, 2.2
or 1.6 UV lesions/kb, and 1.4 angelicin adducts/kb,
on average. These lesions were in the range to give
between 25 and 60% recovery of the fluorescent
signal in the HCR assay (Fig. 1). Our results
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Fig. 1. Recovery of the fluorescent signal as a function
of the damage. HEK293 (filled symbols, solid lines) and
XP25RO (XP-A) cells (open symbols, dashed line) were
cotransfected with control pEYFP and pEGFP damaged
with cisplatin (triangles) and UV light (circles). The
average number of lesions per kb was determined in
each case by PCR as described in Materials and Meth-
ods. 24 h after the transfection clear supernatants were
prepared and the EGFP signal was determined relative
to the EYFP signal as described by Roguev and Russev
(2000). The results are means of three independent ex-
periments and standard deviations are shown.
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Table I. NER rates as determined by HCR assay.

Agent Cisplatin (5.8 l/kba) UV light (2.2 l/kb) Angelicin (1.4 l/kb)

Cell Fluores- Unrepaired Repaired Fluores- Unrepaired Repaired Fluores- Unrepaired Repaired
line cence [l/kb] [l/kb] cence [l/kb] [l/kb] cence [l/kb] [l/kb]

(%) (%) (%)

HEK 40 ð 5 1.1 ð 0.1 4.7 ð 0.1 40 ð 7 1.1 ð 0.1 1.1 ð 0.1 57 ð 8 0.7 ð 0.1 0.7 ð 0.1
K562 46 ð 7 0.9 ð 0.1 4.9 ð 0.1 55 ð 6 0.7 ð 0.1 1.5 ð 0.1 47 ð 6 0.7 ð 0.1 0.7 ð 0.1
CSB 21 ð 4 1.8 ð 0.1 4.0 ð 0.1 23 ð 3 1.4 ð 0.1 0.8 ð 0.1 25 ð 4 1.3 ð 0.1 0.1 ð 0.1
XP-A Bkgb 5.8 0 15 ð 4 2.2 ð 0.2 0 25 ð 4 1.4 ð 0.1 0

a lesions/kb.
b background.

showed that both HEK293 and K562 cells repaired
cisplatin bridges most efficiently, followed by the
UV lesions, which were repaired about four times
less efficiently and the angelicin adducts, which
were repaired even less efficiently. As expected,
XP-A cells did not repair any of the lesions above
the background levels. On the other hand TCR
deficient CSB cells repaired cisplatin very effi-
ciently, UV lesions with moderate efficiency and
did not practically repair the angelicin adducts
(Table I). These results showed that angelicin ad-
ducts were repaired predominantly by TCR, cis-
platin predominantly by GGR and UV lesions by
both NER pathways. This last result is in good
agreement with earlier reports showing that CBS
and XP-C cells each can repair about half of the
UV lesions repaired by unmutated cells (Francis
and Rainbow, 1999).

In the course of these experiments we noticed
that the expression of the control undamaged re-
porter gene decreased when cotransfected with
damaged gene and the decrease was directly pro-
portional to the amount of damage (Fig. 2). This
was observed regardless of whether we used as
control pDsRed1, pEGFP, or pEYFP and also re-
gardless of the type of damage. We interpreted this
result that the damaged genes permanently retain
part of the transcription complex, which led to de-
creased transcription rates of the control reporter
gene. This result is in agreement with a recent re-
port showing that cisplatin- and UV-damaged
DNA lure the basal transcription factor TFIIH/
TBP and lead to inhibition of transcription from
independent and transcriptionally viable tem-
plates in vitro (Vichi et al., 1997).

Different DNA lesions are repaired by GGR with
different, and by TCR with similar efficiency

The comparison of the ratio at which CSB cells
repaired cisplatin, UV and angelicin lesions
(4:0.8:0.1) with the same ratio for the unmutated
HEK293 (4.7:1.1:0.7) and K562 cells (4.9:1.5:0.7)
(Table I) suggested that the three types of lesions
were repaired by GGR at different, and by TCR
at similar rates. To determine TCR and GGR in
the same unmutated cells we decided to use the
following approach. HCR assay was applied to
measure the total NER (GGR + TCR), and a pro-
tein extract from the same cells was prepared in
which GGR was measured. Then, by comparison
of the two sets of data it would be possible to cal-
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Fig. 2. Simultaneous expression of the undamaged
pEYFP (filled columns) and UV irradiated pEGFP
(hatched columns). HEK293 cells were cotransfected
with a mixture of control undamaged pEYFP and un-
damaged pEGFP (1), or pEGFP treated with UV light
to obtain 1.6 (2), 2.2 (3) and 2.8 (4) lesions/kb. 24 h after
the transfection cells were harvested, clear supernatants
were prepared, and the yellow and green fluorescence
were measured at 527 and 507 nm, respectively. The re-
sults are means of three independent experiments and
standard deviations are shown.
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culate the respective TCR rates. To measure the
GGR rates at which HEK293 cells remove dif-
ferent DNA lesions we prepared repair competent
protein extracts and pEGFP plasmids treated
in vitro with the genotoxic agents were incubated
in them for 3 h as previously described (Gospodi-
nov et al., 2003). Since the presence of HMGB
proteins inhibits the repair efficiency of protein
extracts in respect to cisplatin adducts (Huang
et al., 1994b), we made sure that our extracts did
not contain HMGB proteins by Western blot
analysis with anti-HMGB antibody (not shown).
After completion of the incubation, plasmid DNA
was isolated and amplified by PCR. The PCR pro-
ducts obtained prior and after incubation were
normalized against the respective controls (Fig. 3)
and were used to calculate the average number of
lesions removed by the extract (Table II). These
results showed that the protein extracts repaired
cisplatin intrastrand crosslinks most efficiency, UV
generated lesions with lower efficiently and were
practically not able to remove any angelicin ad-
ducts. The ratio between the repair efficiency of
the three types of lesions was 4:0.5:0.1, which was
very similar to that obtained with CSB cells in vivo
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Fig. 3. DNA repair in protein extracts. pEGFP was
treated with cisplatin, UV light and angelicin to obtain
5.8, 1.6 and 1.4 lesions/kb, respectively. The damaged
plasmids were incubated either in repair deficient
XP25RO, or repair competent HEK293 protein extracts
for 3 h. Undamaged pEGFP was incubated in parallel
as control. After incubation, plasmid DNA was isolated,
linearized by digestion with EcoRI and 1 ng was used as
template for PCR. The amount of PCR product gener-
ated by the plasmids incubated in XP25RO extract
(filled columns) and in HEK293 extract (hatched col-
umns) is expressed as percentage of the PCR product of
the control plasmid DNA. Results are means of three
independent experiments and standard deviations are
shown.

Table II. Repair rates of HEK293 cells expressed in re-
paired lesions/kb.

Agent Repaired by Repaired by Repaired
HCR [l/kb] CFS (GGR) by TCR

[l/kb] (HCR-CFS)
[l/kb]

Cisplatin 4.7 ð 0.1 4 ð 0.2 0.7 ð 0.2
UV light 1.1 ð 0.1 0.5 ð 0.2 0.6 ð 0.2
Angelicin 0.7 ð 0.1 0.1 ð 0.1 0.6 ð 0.2

and showed that the three lesions were repaired
by the constitutive GGR pathway in vitro at sim-
ilar rates as in vivo. It should be also noted that
this ratio corresponds well with the ratio of helix
distortion inflicted on DNA by the three agents
(4:0.8:0.1), which strongly supports the evidence
that GGR damage recognition factors recognize
conformational changes in DNA (Hess et al.,
1997a, b; Osman et al., 2000). Finally this result is
in good agreement with the reports that human
CFS removes cisplatin lesions about 10 times more
efficiently than psoralen monoadducts, which were
excised very poorly (Huang et al., 1994a). Essen-
tially no repair was recorded when the incubation
was carried out in protein extracts of repair defi-
cient human XP-A cells, which showed that the
decrease of the number of lesions in the course of
incubation was a result of NER.

When the GGR rates were compared with the
respective NER rates the conclusion was drawn
that cisplatin bridges, CPD and angelicin adducts
were repaired by TCR in vivo at similar rates (Ta-
ble II). This result supported the hypothesis that
DNA lesions were recognized by TCR indepen-
dently of the chemical nature of the damaging
agents.

Different lesions do not interfere with one another
in TCR

To investigate further this possibility we moni-
tored the simultaneous repair of two lesions. Com-
petition experiments in protein extracts have been
successfully used to study the efficiency of the
damage-recognition events in GGR. Thus it has
been demonstrated that the GGR recognition
factors have 2 to 3 orders of magnitude higher af-
finity to lesions that distort the DNA helix than to
lesions that have no major effect on it (Gunz et al.,
1996; Hess et al., 1997a, b). In order to carry out
similar competition experiments concerning TCR
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we applied a multiplex fluorescent HCR assay. In
this assay, HEK293 cells were cotransfected with
a mixture of three plasmids. pDsRed1 was undam-
aged and served as an internal control to normal-
ize the signals of the other two plasmids. The other
two plasmids Ð pEGFP and pEYFP Ð were
treated with different agents. The fluorescent sig-
nal of the control DsRed stood apart from the
other two on the wavelength band and was mea-
sured directly. The other two signals partially over-
lapped and were determined as previously de-
scribed (Roguev and Russev, 2000). We performed
two sets of experiments in which HEK293 cells
were cotransfected with pairs of plasmids dam-
aged with cisplatin and angelicin and with UV
light and angelicin. Since angelicin adducts were
not repaired by GGR (Table II) we assumed that
the lesions would not compete for the GGR re-
cognition factors, but only for the TCR recogni-
tion factors which would permit to determine the
relative efficiency of the recognition step for the
three agents in TCR. In each case we cotrans-
fected the cells with plasmids with a known
average number of lesions and 24 h later harvested
the cells and determined the number of repaired
lesions from the respective fluorescent signals. In
both cases we found out that the introduction of
the second lesions did not interfere with the repair
of the first lesions, i.e. they were repaired simulta-
neously and independently regardless of their
chemical nature (Fig. 4).

Discussion

Our results indicate that structurally diverse
lesions, such as cisplatin, CPD, and angelicin ad-
ducts, may be repaired by TCR in human cells
with similar efficiency, which could not be related
to their DNA helix destabilization potential. This
result suggests, that in the case of TCR the damage
recognition factors recognize not the damaged
DNA directly, but the stalled transcription com-
plex which is permanently blocked at the site of
damage. To confirm this conclusion we applied
HCR assay to TCR deficient CSB. The results with
these cells showed that GGR rates in CSB cells
depended on the chemical nature of the lesion in
the same way as in CFS assay and suggested that
the NER rates of unmutated cells in vivo were
formed by superimposing a common TCR compo-
nent on their different GGR rates.
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Fig. 4. Competitive fluorescent HCR assay. HEK293
cells were cotransfected with a mixture of pDsRed1,
pEGFP and pEYFP. pEGFP and pEYFP were treated
with cisplatin (empty columns), angelicin (hatched col-
umns) and UV light (filled columns) as follows: (A)
pEGFP was treated with cisplatin and pEYFP was
treated with angelicin. The cells were cotransfected with
the following combinations: (1) cisplatin lesions Ð 0/kb,
angelicin adducts Ð 1.4/kb; (2) cisplatin lesions Ð 5.8/kb,
angelicin adducts Ð 0/kb; (3) cisplatin lesions Ð 5.8/kb,
angelicin adducts Ð 1.4/kb. (B) pEGFP was treated with
UV light and pEYFP was treated with angelicin. The
cells were cotransfected with the following combina-
tions: (1) UV lesions Ð 0/kb, angelicin adducts Ð 1.4/kb;
(2) UV lesions Ð 2.2/kb, angelicin adducts Ð 0/kb; (3)
UV lesions Ð 2.2/kb, angelicin adducts Ð 1.4/kb.
pDsRed1 was in all cases undamaged and served as in-
ternal control. 24 h after transfection clear supernatants
were prepared from the transfected cells and the three
fluorescent signals were read. The red fluorescent signal
was taken as 100% and the other two fluorescent signals
were normalized against it. All figures are means of
three to five independent experiments and the standard
deviations are shown.

Little is known about the detailed mechanism of
the recognition step in TCR. Transcription initia-
tion requires the establishment of the initiation
complex TFIIH that contains RNA polymerase II.
After the transcription has begun, during the tran-
scription elongation phase, TFIIH is released from
the transcription machinery and is available for
other initiation events. However, since TFIIH
takes also part in TCR repair it has to be recruited
back by the stalled RNA polymerase II in the
cases when it encounters an insurmountable lesion
on DNA (Batty and Wood, 2000). This would sug-
gest that a massive and permanent damage in any
transcribed DNA would inhibit the transcription
rate of all other transcribed sequences because
TFIIH would be permanently sequestered at the
damaged sites. Our results support this suggestion.
We have observed that if a mixture of damaged
and control plasmids were transfected in HEK293
cells, the transcription rate of the control plasmid
decreased (Fig. 2). This confirms the suggestion
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that the stalled RNA polymerase II binds the
TFIIH complex thus depleting the pool of the
nuclear TFIIH, which is normally available for ini-
tiation of transcription. How the stalled RNA
polymerase II lures the available TFIIH is not
clear, but one have to keep in mind that a similar
event takes place at the initiation stage of tran-
scription. At this stage, RNA polymerase II binds
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