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ABSTRACT

We have developed a novel procedure to measure interstrand DNA
cross-linking in specific DNA sequences. After alkaline denaturation,

CsCl gradient equilibrium sedimentation at pH 10.8 is used to resolve
cross-linked double-stranded DNA from un-cross-linked single-stranded
DNA. The DNA in gradient fractions is slot-blotted and hybridized with
"P-labeled DNA probes for the sequences of interest. After densitometric

quantitation of the autoradiograms, the fraction of DNA cross-linked is
determined by the ratio of cross-linked DNA to total DNA (the sum of
cross-linked and un-cross-linked DNA). We have used this approach to

measure the initial levels of production and extent of repair of the
photoadducts of 4'-hydroxymethyl-4,5',8-trimethylpsoralen, i.e., both

interstrand cross-links and cross-linkable monoadducts, in specific DNA

sequences in cultured human cells. Under conditions in which DNA
fragments carrying the expressed dihydrofolate reducÃase gene were
extensively modified, with approximately 92% of the fragments cross-

linked, only 37% of the fragments containing the unexpressed fms
protooncogene were cross-linked. The overall level of cross-linking for
bulk DNA was 74%. Within 24 h, 90% of the cross-linking had been

removed from the dihydrofolate reducÃase gene, whereas little removal
was detected in fms, and the bulk DNA showed 31% removal. From this
study, we conclude that both the introduction and removal of 4'-hydrox-
ymethyl-4,5',8-trimethylpsoralen adducts are dependent upon the target

DNA sequence and its transcriptional activity. The implications for DNA
repair of chromatin structure and active transcription are discussed in
relation to our results.

INTRODUCTION

Psoralens are linear tricyclic molecules that intercalate into
DNA and, upon irradiation with UV light in the range of 360
nm (UVA4), covalently bind pyrimidine bases to form monoad

ducts. Upon further irradiation with UVA, some of these mono
adducts can form an additional bond to a pyrimidine on the
other DNA strand, thereby cross-linking the two strands (for
review, see Ref. l). Psoralens have been used in numerous
studies as probes to study the structure of nucleic acids. They
are useful to study the relative "openness" of a given region of

chromatin since they bind predominantly to regions free of
nucleosomal particles and other DNA-protein complexes
(2-4). Psoralens are also used extensively as model chemical
lesions to study DNA repair (for review, see Ref. 5).

Zolan et al. (6, 7) provided the first example of intragenomic
heterogeneity of mammalian DNA repair when they showed
that psoralen photoadducts are removed inefficiently from the
highly repetitive nontranscribed cv-DNA sequences in compar-
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Â¡sonwith bulk DNA in monkey kidney cells. More recently,
Vos and Hanawalt (8-10) studied the repair of psoralen adducts
in the transcriptionally expressed DHFR gene in human cells
and ribosomal RNA genes in Chinese hamster ovary cells using
renaturing agarose gel electrophoresis to quantify cross-links
and monoadducts. They found that within 24 h most of the
cross-links, but less than half of the cross-linkable monoad
ducts, were removed from both mammalian DHFR genes. Thus,
the repair efficiency within expressed mammalian genes de
pends upon the nature of the damage. However, the ribosomal
RNA genes sequences in both rodent and human cell types
exhibited less efficient removal of cross-links than the DHFR
gene (10).

A number of studies have shown that UV-induced cyclobu-
tane pyrimidine dimers are more efficiently repaired in active
genes than in nontranscribed sequences (for reviews, see Refs.
11 and 12). Furthermore, intragenomic heterogeneity of DNA
repair does not appear to be unique to cultured mammalian
cells; it now appears that both yeast and E. coli also mainfest
preferential repair (13, 14).

Madhani et al. (15) measured differential levels of repair of
cyclobutane pyrimidine dimers in UV-irradiated mouse cells in
two protooncogenes. They showed that within 24 h a 20-
kilobase fragment within the actively transcribed c-abl gene lost
about 85% of the UV-induced pyrimidine dimers, whereas a
15-kilobase fragment spanning the transcriptionally silent c-
mos gene lost only 20%, although both fragments had similar
initial dimer frequencies. Thus, differential repair of UV-in
duced pyrimidine dimers can occur between active and silent
genes within the same genome.

To investigate the fine-structure DNA repair of cross-linking
chemicals, we developed a rapid and sensitive approach to
measure repair in several sequences as well as bulk DNA. A
major advantage of this approach is that it obviates the need
for restriction digestion of the DNA. The assay takes advantage
of the fact that after alkaline denaturation, cross-linked DNA
rapidly renatures in a CsCl gradient at pH 10.8, whereas the
un-cross-linked DNA remains single stranded. This general
approach has been previously used to measure psoralen and
nitrogen mustard cross-link levels in cellular DNA (16-19).
After equilibrium sedimentation, the DNA in the gradient
fractions are slot-blotted and hybridized with "P-labeled probes
for specific sequences. The autoradiograms are then densito-
metrically quantitated to determine the cross-linking frequency
of each sequence. Thus, cross-link introduction and repair can
be measured for a number of different sequences in the same
experiment by serial probing. In addition, cross-linking in the
bulk genomic DNA can be measured simultaneously by either
assaying the fractions for radioactively labeled DNA or by use
of probes for repetitive DNA sequences that are representative
of bulk DNA.

We have used this approach to measure the introduction and
removal of the interstrand cross-links generated by photoad
ducts of HMT in transcriptionally active and inactive human
genes. We find that the expressed DHFR gene sustains a higher
level of cross-links than bulk DNA initially, but that the tran-

2867

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/11/2867/2443326/cr0510112867.pdf by guest on 19 M

ay 2023
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scriptionally inactive fms protooncogene (encoding the colony
stimulating factor-1 receptor) has a lower level of cross-links
than bulk DNA. Furthermore, within 24 h, most of the cross
links are removed from DHFR, whereas few cross-links are
removed from fms.

MATERIALS AND METHODS

Cell Culture. 6A3, a human fibroblast cell line, carrying an amplified
DHFR gene was grown in Dulbecco's modified Eagle's medium

(GIBCO, Grand Island, NY) with 10% dialyzed fetal calf serum (JR
Scientific, Woodland, CA) and supplemented with glutamine (2 HIM),
penicillin (2 units/ml), streptomycin (2 jug/ml), and Fungizone (0.2 Mg/
ml). Methotrexate was included at 0.2 HIM to maintain selection for
the amplification of DHFR genes. A schematic diagram of the entire
experimental protocol is shown in Fig. 1.

Psoralen Treatment. ['HjThymidine-prelabeled cells were grown to a
density of approximately 4 x IO6cells/dish in 10-cm-diameter plastic

tissue culture dishes (Falcon). The medium was removed and the cells
were washed briefly with ice-cold PBS (20). Next, 2 ml of a 1.5 ^g/ml
solution of HMT (HRI Associates, Berkeley, CA) were added to each
dish. The solution added to the cells was kept either chilled on ice or
at room temperature depending on the temperature for the initial
irradiation for 10 min. The cells in plastic tissue culture plates were
irradiated from below using a bank of 2 fluorescent black light bulbs
(F15T8-BLB, 18 W; General Electric) at a dose rate of 1.2 kj/nr/min
as measured with a UVA dosimeter (model LM301 ; National Biological
Corp.) for 5 min to produce predominantly monoadducts (20). No
significant absorption due to the plastic tissue culture dishes occurs at
360 nm. To convert the cross-linkable monoadducts to cross-links, the
psoralen solution was removed, the cells incubated twice with fresh
PBS for 10 min at 37Â°Cin a 5% CO2 incubator to remove unbound

HMT from the cells, 2 ml of PBS were added to each dish, and the
cells were irradiated for 15 min to maximize the conversion of cross-
linkable monoadducts into cross-links.

Post-Irradiation Incubation and DNA Sample Preparation. A portion
of the cells was lysed directly after HMT and UVA treatment to
determine initial cross-link levels, and the remaining samples were
incubated for 24 h in 10 ^M bromodeoxyuridine and 1 ft\t fluorodeoxy-
uridine to density label replicated DNA in order to distinguish it from
the parental unreplicated DNA. The cells were lysed with 10 mM Tris-

HC1 (pH 8.0), 1 mM EDTA, 0.5% sodium dodecyl sulfate, and 100 Â¿ig/
ml proteinase K. Lysates were incubated for 16 h at 37Â°C.The DNA

in cell lysate was then sheared by 5 passages through an 18-gauge
needle, which yielded DNA fragments in the appropriate size range of
approximately 30 kilobases. The sheared cell lysate was subjected to
equilibrium centrifugation in CsCl at pH 8.0 for 36 h at 37,000 rpm as
described (21). The gradients were fractionated and a sample of each
fraction was assayed for radioactivity. Fractions containing the un
replicated (light-light) DNA were pooled and dialyzed extensively
against a buffer consisting of 10 mM Tris-HCl and l mM EDTA, pH

8.0.
Alkaline Isopyknic Sedimentation. The DNA was denatured by add

ing 10 N NaOH to a final concentration of 0.2 N, incubated at 55Â°Cfor

10 min, and chilled on ice for 5 min. To each sample, HC1 and Tris-
HCl pH 7.5 were added to final concentrations of 0.2 N and 50 mM,
respectively, and a final pH of 7.5. The DNA solution was added to 6
g of CsCl and solutions of glycine, NaCl, and Sarkosyl were added to
final concentrations of 55% CsCl (w/w) (refractive index, 1.4015), 0.1
M glycine, 10 mM NaCl, and 0.005% Sarkosyl (w/v). The pH was
titrated up to 10.8 using l N NaOH, and H2O was added to bring the
final aqueous solution to 4.6 g. The CsCl was then gently dissolved by
either slowly inverting the tubes or by gentle stirring with a stir rod.
The samples were spun at 37,000 rpm at 20Â°Cfor 36 h in a Beckman

Ti 50 rotor.
Upon renaturation, cross-linked DNA returns to the native state

under these conditions and bands at a density of approximately 1.71 g/
ml. Un-cross-linked DNA remains single-stranded throughout the sedi
mentation and bands at a greater density, approximately 1.73 g/ml, in
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Fig. 1. Schematic representation of the experimental protocol. A, briefly, cells
prelabeled with [3H]thymidine are equilibrated for approximately 10 min at the

temperature of the initial irradiation. Cells are irradiated for S min above 2
fluorescent black light bulbs at a fluence of 1.2 kJ/mVmin. Cells are then washed
extensively to remove unbound psoralen. For the analysis of cross-links, cells are
irradiated with UVA for 15 min to convert cross-linkable monoadducts into cross
links. For the analysis of monoadducts, after cell lysis and DNA extraction, the
DNA is irradiated in vitro for 50 min to convert cross-linkable monoadducts into
cross-links. DNA is sheared and plac.d on a neutral CsCl gradient to resolve
replicated (HL. bromodeoxyuridine-substituted) and unreplicated (LL, parental)
DNA. The pooled DNA is then alkali denatured-renatured and run on a glycine-
buffered (pH 10.8) CsCl gradient to separate cross-linked (DS. double-stranded)
from un-cross-linked (55, single-stranded) DNA. The collected fractions are then
slot-blotted and probed for the sequence of interest. B, autoradiograms for a filter
probed with "P-Iabeled probes for DHFR and FMS both at 0 and 24 h. DS,
double-stranded DNA (cross-linked); 55, single-stranded DNA.

CsCl than cross-linked DNA. Gradients were fractionated and 3H-

profiles were determined by scintillation counting.
Slot-Blot Hybridization. The fractions from CsCl gradients were slot-

blotted onto nylon-based filters (Genatran) as follows. Briefly, to nick
and denature the DNA, fractions were depurinated with 0.1 N acetic
acid at room temperature for 10 min; NaOH was added (final concen
tration, 0.3 N), and the samples were incubated at 55Â°Cfor 10 min.

The samples were neutralized using Tris-HCl (pH 7.5 at a final concen
tration of 0.3 M), and samples were applied to the slot-blot apparatus
as described by the manufacturer (Minifold II; Schleicher & Sditili).
All probes were nick-translated at specific activities between 5.0 x IO8
and 1.2 x 10' cpm/Vg. BLUR 11 (Alu probe) was kindly provided by
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C. Schmid (University of California, Davis); the fms human probe was
from Oncogene Sciences, Inc. (MineÃ³la, NY). The HpBRl.8 DHFR
probe was from G. Attardi (California Institute of Technology). All
prehybridizations. hybridizations, and washes were carried out as de
scribed (9). Because of their high copy number, the Alu sequences were
probed last. A Quick Scan densitometer (Helena Laboratories) was
used to quantitate autoradiograms.

Calculation of Cross-Link Frequency. Cross-link frequencies for bulk
DNA were determined from the cross-linked fraction, the fraction of
3H-labeled DNA in the cross-linked peak to the total of 'H-labeled

DNA. Cross-link frequencies were normalized for mass average molec
ular weights in order to take into account any differences in DNA
shearing. The molecular weight of the DNA was determined on a 5-

20% (w/w) neutral sucrose gradient as described by Lehmann (22). The
following equation, adapted from Equation la of Jolley and Ormerod
(23), was used:

XL freq = MW (1)

Table I Cross-linking and repair values of specific sequences in human 6A3 cells
Shown arc the cross-linking fraction and the cross-linking frequency (normal

ized to 100 kilobases) as determined by Equation I ("Materials and Methods")
for HMT cross-links and cross-linkable monoadducts in the sequences studied
here. The repair value for each sequence is also given (Equation 2. "Materials
and Methods").

Oh 24 h

XL/100 XL/100
Sequence P" kilobases P, kilobases repair

HMTcross-links*HMT

cross-linkablemonoadducts'BulkAluDHFRfmsBulkDHFR0.740.780.920.430.620.421.371.623.620.461.110.560.440.460.220.310.360.140.961.030.380.580.680.21313690~03963

" PX.cross-linking fraction; XL. cross-linking frequency.
* Mass average molecular weight at 0 h. 70 kilobases; at 24 h. 35 kilobases.
' Mass average molecular weight at 0 h, 56 kilobases; at 24 h. 37 kilobases.

where XL freq is cross-link frequency, Px is the cross-link fraction, and
MW is the mass average molecular weight of the DNA. We have
normalized cross-link frequencies to 100 kilobases in Table 1. Cross
link frequencies for specific sequences were determined in a fashion
similar to that described for the bulk DNA. However, instead of
measuring 'H-labeled DNA. peak heights of the densitometric scans of
the slots probed with the specific "P-labeled probe of interest were
used to determine the fraction of the DNA cross-linked. The repair
efficiency was calculated as follows:

Repair efficiency =
\[XLfreq\ Ta - [XL freq]

[XL freq] Tâ€ž
(2)

RESULTS

Strategy for Inducing HMT Monoadducts and Cross-Links.
Briefly, the procedure used in this study involves the resolution
of cross-linked DNA and un-cross-linked DNA in CsCI gra
dients buffered at pH 10.8 (Fig. 1). The gradient fractions are
then slot-blotted onto filters and probed for the sequence of
interest. Densitometry of the autoradiogram allows one to
quantitate the fraction of cross-linked DNA and thus cross-
linking frequency. The following control experiments illustrate
the methodology.

To induce monoadducts, ['Hjthymidine-prelabeled 6A3 cells
were treated with HMT and a single 5-min UVA irradiation to
maximize the number of monoadducts relative to cross-links
(see "Materials and Methods"). The DNA was extracted and a

portion was irradiated extensively in vitro to convert cross-
linkable monoadducts into cross-links. For the DNA only ir
radiated in cells (in vivo), about 9% of the DNA was associated
with cross-linked DNA (Fig. 2A). When the DNA was purified
and then re-irradiated in vitro, the fraction cross-linked rose to
49%. Therefore, as expected, the majority of the adducts are
cross-linkable monoadducts.

To induce predominantly DNA cross-links, we used the
double irradiation regime in vivo to convert all cross-linkable
monoadducts to cross-links. After the initial 5-min irradiation
in the presence of HMT, the cells were extensively washed to
remove unbound HMT and re-irradiated for 15 min. To verify
the extent of conversion of monoadducts to cross-links in vivo,

we further treated DNA from doubly irradiated cells with an
extensive UVA dose (50 min) in vitro (Fig. 3). The cross-link
fraction was 0.61 for the doubly irradiated cells (Fig. 3/1),
whereas the cross-link fraction was 0.60 for the DNA of the
doubly irradiated cells that were further irradiated in vitro DNA

Fraction Number

Fraction Number

Fig. 2. Detection of HMT monoadducts. A. profile of [3H]thymidine-prelabeled
human fibroblast bulk DNA run on alkaline CsCI gradient resolving cross-linked
and un-cross-linked DNA. 6A3 cells were treated with 1.5 Â»ig/mlHMT and UVA
irradiated for 5 min. Under these conditions, only 9% of the DNA (cross-link
fraction = 0.09) is cross-linked. If the DNA is re-irradiated in vitro (B). then the
cross-linking level increases to 49% (cross-link fraction = 0.49).
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0.7n

Friction Number

Fraction Number

Fig. 3. Detection of HMT cross-links. A, shows a plot of [3H)thymidme labeled

DNA after the alkaline CsCI gradient separation. In this case, the cells were
treated with l.O^g/ml HMT and doubly irradiated in vivo. In this case, this cross
link fraction is 0.61. B, the same DNA but given an additional extensive UVA
dose in vitro. Because the fraction of cross-linked DNA is 0.60, which is similar
to A, the second in vivo irradiation converts all cross-linkable monoadducts into
cross-links. Thus, under this protocol, one induces only cross-links.

(Fig. 3B). Since the two values are in agreement, we conclude
that essentially all of the cross-linkable monoadducts are con
verted into cross-links by irradiating cells with the second dose
of UVA in vivo.

We compared the yield of HMT photoadducts obtained by
treating cells at various temperatures. 6A3 cells were irradiated
for 5 min either at 4Â°C,23Â°C,or 37"C. Fig. 4 illustrates the

mean number of cross-linkable monoadducts observed per frag
ment as a function of temperature for the bulk of the DNA, for
the expressed DHFR gene, and for the highly repetitive Alu
dispersed sequence. The frequency of cross-linking decreased
in the bulk DNA with increasing temperature as well as in the
DHFR gene and Alu sequence. The relative decreases in cross-

linking frequencies in the DHFR gene, Alu sequence, and bulk
DNA were comparable.

This experiment also showed that the cross-linking frequen
cies calculated for Alu closely matched those for the bulk of the

05

03

Temperature (C)

Fig. 4. Effect of temperature on HMT modification in bulk DNA, Alu, and
the DHFR gene. Cells were equilibrated in the presence of HMT at either 4'C,
23Â°C.or 37*C for IO min. Cells were then irradiated for 5 min, lysed immediately,
and treated with an extensive in vitro UVA dose to convert the cross-linkable
monoadducts into cross-links. The graph represents the dependence of the initial
modification level as a function of temperature in the bulk DNA (â€¢)as well as
the DHFR gene (A) and the Alu sequence (â€¢).

genome. Therefore, in subsequent experiments, we used Alu as
a control for possible DNA loss occurring during processing of
the samples. In all experiments in which it was checked, the
repair levels in Alu sequences agreed with those obtained in the
bulk prelabeled DNA.

To verify that no un-cross-linked single-stranded DNA rean-
nealed during equilibrium sedimentation or that any treatment
other than the addition of HMT resulted in cross-linked DNA,
a separate cell culture was treated with UVA but without HMT.
In no instance, whether in bulk DNA or in the specific se
quences, was there any detectable cross-linked DNA in UVA-
treated cultures in the absence of HMT. Therefore, we con
cluded that no un-cross-linked DNA migrated to the density of
double-strand cross-linked DNA in the CsCI gradient; thus,
DNA at the double-stranded density is due only to cross-linking.

Repair of Cross-Linking in Human Genes. To measure re
moval of DNA cross-linking from the bulk DNA and from
genes, cells were doubly UVA-irradiated with 1.5 pg/m\ HMT
at 4Â°Cto ensure maximal conversion of monoadducts to cross

links. The extent of cross-link removal was measured 24 h later
to allow for cellular processing of the damage. Fig. 5a shows
the alkaline CsCI gradient profiles of the bulk of the genome,
i.e., the initial cross-link fraction and the cross-link fraction 24
h later. For the bulk of the DNA, the initial cross-linked fraction
was 0.74, and, at 24 h, the cross-linked fraction was 0.44,
indicating that 31% of the HMT cross-links were removed in
24 h as determined by using Equation 2 in "Materials and
Methods." After the fractions of these gradients were slot-

blotted and probed for Alu sequences, the profiles were very
similar to those for the bulk DNA (Fig. 5Â¿>).The initial cross-
linked fraction was 0.78, and after 24 h, it was 0.46, correspond
ing to 36% removal of cross-links originally present. This result

demonstrated that the Alu sequences can be used as internal
controls for bulk DNA repair.

For the expressed DHFR gene, the initial cross-linked frac
tion was 0.92, whereas, after 24 h, the cross-linked fraction was
only 0.22. The calculated fraction of cross-links removed from
DHFR is 90%, in contrast to 31% removal for bulk DNA and
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I

'5 20 25 30

Fraction Number

a 20-

Friction Number Fraction Number

Fig. 5. Repair of psoralcn cross-links in human genes. A, ['H]thymidinc-labeled profile of the bulk DNA after fractionation from an alkaline CsCI gradient (pH
10.8). â€¢.Initial cross-link frequency (0 h); O. cross-link frequency after 24 h. The initial cross-link fraction is 0.74. whereas at 24 h it is 0.44. Using Equation 2 in
"Materials and Methods," approximately 30% of the cross-links have been removed from the bulk DNA. B, slot-blotted profiles of A probed for cross-link removal
in Alu sequences. The initial cross-link fraction is 0.78 (â€¢)and the fraction at 24 h is 0.46 (O). The extent of removal for the AIu sequences after 24 h is 36%, similar
to the bulk DNA (A). C. slot-blot profiles of A probed for cross-link removal from the l)HFR gene. The initial cross-link fraction in DHFR is 0.92 (â€¢)and the cross
link fraction at 24 h is 0.22 (O). Approximately 90% of the cross-links were removed after 24 h (Equation 2). D. slot-blot profiles of A probed for cross-link removal
from the fms gene. The initial cross-link fraction is 0.43 (â€¢).whereas the final cross-link fraction is 0.31 (O). Using the equation in "Materials and Methods," little

or no repair is detected in this sequence.

36% for Alu sequences. In contrast, the initial and final fraction
of DNA cross-linked in fms was 0.43 and 0.31, respectively.
Thus, little removal of HMT cross-links occurred during the
24-h period in the silent fms gene.

Repair of Cross-Linkable Monoadducts. In a separate biolog

ical experiment. HMT and a single UVA irradiation were given
to cells to induce predominantly monoadducts. The extracted
DNA from cells lysed immediately or lysed 24 h after treatment
was irradiated in vitro to convert all cross-linkable monoadducts
into cross-links. The initial and final cross-linkable monoadduct

fractions for bulk DNA were 0.62 and 0.36, respectively, which
yielded 39% removal of cross-linkable monoadducts within 24
h (Table 1). On the other hand, the initial and final cross-

linkable monoadduct fractions for the DHFR gene were 0.42

and 0.14, respectively, which yielded a 63% repair efficiency
within 24 h (Table 1).

DISCUSSION

We have developed a method for quantitating interstrand
cross-links in defined DNA sequences using alkaline CsCI
gradients to resolve cross-linked from un-cross-linked DNA
after denaturation and renaturation of the DNA samples. By
slot-blotting fractions collected from the gradient, probing with
radiolabeled sequence-specific probes, and densitometric scan
ning of the autoradiograms, we can determine the cross-linked
fraction of any specific genomic sequence. The methodology is
advantageous for studying differential levels of cross-link mod
ification and repair in mammalian genes since several genes
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can be probed sequentially or in parallel on the same filter. We
have used this approach to study the level of modification and
extent of removal of HMT adducts in specific human genes.
The transcriptionally inactive fms protooncogene and the ac
tively expressed DHFR gene were used as model genes to
investigate the effects of transcriptional activity on both the
level of modification and the extent of removal of HMT adducts
within these two functional classes of genes. The DHFR gene
is a constitutively expressed housekeeping gene; the fms gene
has been shown to be silent in normal human fibroblasts (24).
Also, the DHFR and fms genes were chosen for this initial study
because both genes are rather large; the DHFR gene is approx
imately 30 kilobases and the human fms gene is at least 32
kilobases in length (25). The use of fairly large fragments
enabled us to use relatively low doses of HMT and still obtain
good cross-linking levels. To probe smaller genes, more exten
sive shearing would be needed to minimize the contribution
from 3' and 5' flanking sequences.

The initial levels of modification of the respective genes
differed with respect to each other as well as with respect to the
level of modification throughout the genome. For HMT cross
links, the highest level of cross-linking modification occurred
in the DHFR gene followed by the bulk DNA, but with fms
being modified to the least extent. This is an important differ
ence between chemical adducts and UV-induced cyclobutane
pyrimidine dimers, which are formed more uniformly in chro-
matin (26). The actively transcribed DHFR gene sustained more
cross-links than the transcriptionally silent fms. Several factors
may contribute to the different respective modification levels.
First, it is well established that psoralens bind to DNA in a
sequence-specific manner by preferential intercalation into 5'-
TpA-3' sequences ( 1). Although sequences for the entire human

DHFR and fms genes have not been published, sequence differ
ences between these genes might account for some of the
differences seen in the initial level of modification. Alterna
tively, chromatin structure may be important since psoralens
intercalate into the linker regions of DNA more readily than
into core sequences in nucleosomes; differences in the initial
level of modification may reflect differences in the chromatin
structure of these respective genes. The DHFR gene may be
more accessible to HMT binding and/or cross-linking than the
fms gene because of a more open chromatin structure. This is
consistent with the report that the cross-linking frequency
produced by 4,5',8-trimethylpsoralen increases with the induc

tion of transcription in the Drosophila heat shock genes (27).
Whether the more accessible chromatin structure may reflect a
generalized openness of a chromatin domain of the DHFR gene
or a more direct consequence of DHFR transcription is not yet
clear.

Approximately 90% of the cross-links were removed from
the DHFR gene within 24 h, but only 31 to 36% of the cross
link were removed from bulk DNA. In contrast, fms showed
little or no removal of cross-links. The mechanism for the rapid
removal of cross-links from DHFR and the slow removal from
fms is unclear. An explanation may come from the data on
initial modification levels; the higher cross-linking frequency in
DHFR than in fms may indicate that the chromatin structure
of DHFR is more open than fms. This openness could also
facilitate the ability of DNA repair enzymes to recognize and
remove lesions. Alternatively, transcription may have an im
portant role in signaling the repair machinery or in a more
direct coupling to the transcriptional machinery, analogous to
the situation for the repair of UV-induced cyclobutane pyrimi
dine dimers (28, 29).

It is interesting to note the poor repair of HMT cross-links

in the fms protooncogene in this cell line. Although fms is not
expressed in fibroblasts, the poor repair of fms could contribute
to its oncogenic activation in developmentally regulated cell
lineages in which the gene is normally expressed late in differ
entiation. In general, the relatively poor repair in unexpressed
protooncogenes could result in the mutations and genomic
instabilities in those regions that promote transformation.

Although there is considerable variation in the rate and extent
of psoralen cross-link removal reported in the literature, it

appears that, in cultured human cells, approximately 50% of
the cross-links are removed from the bulk of the genome in 24
h (5). Using an S, nuclease assay for 'H-labeled HMT adducts,

Vuksanovic and Cleaver (30) showed that 50-60% of cross
links as well as monoadducts are removed from SV40 trans
formed human fibroblasts within 20 h. Although we observe
somewhat lower repair levels, our results are in general agree
ment with these findings.

Approximately 63% of the cross-linkable monoadducts were

removed from the DHFR gene within 24 h, which was to a
greater extent of removal than seen in bulk DNA (39%). The
fact that the repair of cross-linkable monoadducts is not as
efficient as cross-links is consistent with earlier results and
may reflect the cell's ability to better "tolerate" monoadducts

(8, 10).
The methodology developed here has a number of advantages

for the study of repair in specific DNA fragments. Since the
DNA is sheared rather than restricted, the need to use different
restriction enzymes for each gene of interest is eliminated. One
can directly compare cross-linking levels in any gene simply by
probing the filter for the sequence of interest. However, care
should be taken that the probe being used does not cross-
hybridize with other DNA sequences, including repetitive se
quences that would mask the contribution of the sequence of
interest, especially if present in single copy. Another advantage
of the method is that one can shear the DNA to the approximate
length of the gene of interest. Using differing shearing condi
tions, we have obtained DNA fragments between 10 and 40
kilobases in length. By shearing the DNA to the size of a gene
of interest, the contributions from 5' and 3' flanking regions,

which may or may not be repaired to different extents than the
gene itself, are minimized. This method allows the comparative
quantitation of psoralen removal from bulk DNA in two ways:
(a) by directly quantitating the 'H-prelabel in the alkaline CsCl

gradient; or (b) by probing with a repetitive sequence like Alu.
Since both approaches agree within 5% of each other, probing
for the Alu sequence can also be used as an internal control for
quantitative transfer of DNA fractions from the CsCl gradient
to the filters. Finally, the use of Alu sequences allows the repair
in bulk DNA to be quantitated at the same time and using the
same methodology as that for the specific DNA sequences of
interest.
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