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ABSTRACT

DNA topology has been s ed to play an import-
ant role in the pocs of transcripton. Negative
torsional tension has been shown to stimulate both
pre-Initlatlon complex form on and promoter clear-
ance on plasmid DNA In vitro. We recently showed that
genomic DNA In human cells contains locaI d
torsional tension. In the present study we have further
charactrized and mapped torsonal tension in the
dlhydrofolate redutse (DHF gene In Chinese
hamster ovary (CHO) ceNs and Investgated the effects
of differential rtes of transcription on the magnitude
and location of this tension. Using psoralen photo-
cross-linking In conjunton with X-irradlatlon, we
found that relaxable psoraln hypersenstivity was
spoeffically icalzed to the promoter region of the
serum-regulded DHFR gene In seuom-stimulated, but
not In serum-starved, cells. Moreover, this hypersensi-
tivity did not appear to be caused by transcription
elongation, since It persisted In cells In which tran-
scription of the DHFR gene had been reduced by the
transcription inhlbitor 5,6-dlchIoro-1-f3-D-ribofurano-
sylbenzimidazole (DRB). We suggest that the gener-
ation of negative torsional tension In DNA may play an
important role In gene regulation by poising genes for
transcription.

INTRODUCTION

The mechanism ofbtrnscription regulation in eukaryotic cells is not
yet completely understood. RNA polymerases require multiple
transcription factors to acquire promoter specificity, as well as a
large number of auxiliary proteins involved in transcriptional
activation (1). In addition, it has been suggested that the
superhelical topology of DNA plays an important role in the
process of transcription and in the maintenance of active chroma-
tin. Studies have shown that induction of strand breaks in cellular
DNA will lead to the disappearance of DNAse I hypersensitive
sites in active genes (2,3) and loss of transcription (4-6).

A number of studies using plasmid DNA templates have
implicated a role for torsional tension in the early stages of
transcription (for reviews see 7,8). Negative torsional tension has
been shown to stimulate transcription on plasmid DNA both in
vitro (9-13) and in vivo (14-19). It has been suggested that
assembly of the pre-initiation complex, which is the rate limiting
step in transcription initiation, is stimulated when the template is
under negative superhelical tension (20). It has also been shown
that promoter clearance, which is the transition from the initiation
complex to the elongation complex, is stimulated in vitro by
negative supercoiling (12). Positive torsional tension, on the other
hand, has been found to be inhibitory to transcription (21).
The measurement of torsional tension in genomic DNA, in

contrast to plasmid DNA, has been hampered by technical
limitations. However, a promising approach was developed by
Sinden and co-workers utlizing photoactivated psoralen in
conjunction with X-irradiation to detect torsional tension in
genomic DNA (22,23). The basis of this technique is that
photoactivated psoralen binds preferentially to DNA that is
underwound by negative torsional tension (22,24). By comparing
the amount of DNA-bound psoralen formed in cells previously
X-irradiated (to relax any tension) with the amount formed in
unirradiated cells, the presence of torsional tension can be
determined (23). Using this technique, Sinden and co-workers
found that, in contrast to bacterial cells, no net torsional tension
was detected in the bulk DNA of insect and human cells (22).
However, since the psoralen binding assay measures an average
tension over the whole genome, it would probably fail to detect
any localized tension.
Based on the principles of the psoralen approach of Sinden and

co-workers, we recently developed a technique to measure
torsional tension in specific sequences of genomic DNA (25).
This technique involves the alkali fragmentation-renaturation-
hydroxylapatite (AFRHA) assay (26,27) coupled to slotblot
hybridization detection of specific sequences. Using this tech-
nique, we recently showed that the DNA in the 5'-end of the
expressed dihydrofolate reductase (DHFR) gene and in the
ribosomal transcriptional unit in growing human cells is under
negative torsional tension, while the 3'-end of the DHFR gene
contains slightly positively twisted DNA. With a similar psoralen
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photocross-linking approach, Jupe and co-workers have shown
that the heat shock gene hsp7O in Drosophila cells contains
negative torsional tension (28).

In the present study we set out to further characterize and map
the torsional tension in theDHFR gene using the AFRHA/slotblot
technique. Our aim was to more precisely determine the
localization and magnitude of the negative torsional tension and
to study whether the rate oftranscription oftheDHFR gene would
affect the magnitude and location of this tension. The level of
photocross-linking induced in six regions within the DHFR gene
domain was examined in CHO B 11 cells and compared with the
level of photocross-linking formed in relaxed DNA in X-
irradiated cells. The results indicate that the promoter region of
the serum-regulated DHFR gene becomes psoralen hypersensi-
tive, in comparison with the X-irradiated cell sample, in response
to serum stimulation. Furthermore, this hypersensitivity did not
appear to be due to transcription elongation-induced supercoiling.
We propose that the introduction of negative torsional tension in
the DHFR gene in response to serum stimulation is part of a
process to poise the DHFR gene for transcription.

MATERIALS AND METHODS

Cell culture

The methotrexate-resistant Chinese hamster cell line CHO KI
B 11 [0.5] containing a 50-fold amplification of the DHFR gene
(29) was plated at a density of 1 500 000 cells/60 cm2 culture dish
in minimal essential medium (MEM) supplied with 10% dialyzed
fetal bovine serum, 2 mM glutamine, 1 x non-essential amino
acids, 100 IU penicillin, 100 gg/ml streptomycin, 0.25 ,ug/ml
amphotericin and 5000 Bq/ml [methyl-3H]thymidine or 150
Bq/ml [methyl-14C]thymidine (Amersham). Methotrexate (Cal-
biochem Corp., La Jolla, CA) was added to the medium to a final
concentration of 0.55 ,uM to select for cells maintaining the
amplified DHFR gene. The medium was removed 24 h after
seeding the cells, followed by a rinse with phosphate-buffered
saline (PBS) and the addition of a non-radioactive medium
containing 0.1% fetal bovine serum. After 4 days incubation in
the low serum medium (serum starvation), the cells were
stimulated by exchanging the medium for a medium containing
15% fetal bovine serum. The experiments were performed 15 h
after serum addition to allow for maximal transcription of the
DHFR gene (30).
GM38 normal, non-fetal human skin fibroblasts, passages

14-20, were grown to confluence on 24-well culture plates (-200
000 cells/well) in Dulbecco's modified Eagle's medium supplied
with 15% fetal calf serum, antibiotics (90 IU/ml penicillin and 90
jg/ml streptomycin) and 500 Bq/ml [methyl-14C]thymidine
(Amersham).

X-irradiation

Culture dishes with lids removed were irradiated on ice in 1 ml
PBS solution. The culture dishes were rotated in the X-ray
machine to ensure equal exposure. It should be noted that in
previous studies (25) irradiations were performed in 10 ml PBS
with the culture dish lid on. This was later found to reduce the
dose actually reaching the cells by a factor of about two, due to
the low energy of the lithium X-ray machine used. Thus the X-ray
doses reported in our previous study (25) should by divided by a
factor of two to obtain the actual dose the cells were exposed to.

Measurement of psoralen-induced DNA cross-links in
nucleoid DNA by AFRHA

Nucleoid monolayers were prepared from confluent monolayers
ofGM38 human fibroblasts as previously described (27,31), with
0.8mM MgCl2 included in the permeabilization/2M salt solution
(32). The choice of human fibroblasts (GM38) as the source for
the preparation of nucleoid monolayers was determined by the
fact that CHO B 11 cells detach following permeabilization and
salt treatment, while GM38 fibroblasts do not and form nucleoid
monolayers. These nucleoid monolayers were incubated with 0.5
gg/ml PBS and 4'-hydroxymethyl-4,5',8-trimethylpsoralen
(HMT) for 5 min on ice in the dark followed by exposure to 18
kJ/m2 365 nm (UVA) light at 4°C. The overall frequency of
cross-links induced in nucleoid DNA was measured using the
AFRHA technique (26,27). X-irradiated and unirradiated cells or
nucleoids were treated with HMT and UVA followed by lysis and
DNA fragmentation in alkali. After neutralization, the cross-
linked fragments were allowed to renature, after which single-
stranded DNA (ssDNA) and double-stranded DNA (dsDNA)
were separated using hydroxylapatite chromatography and
counted by liquid scintillation. As radiation-induced breaks
appear in the fragments containing cross-links, they will lose
DNA material when denatured in alkali and thus shift the ratio of
dsDNA/ssDNA. The DNA cross-linking values were therefore
corrected for the loss of 14C signal from the cross-linked DNA
fraction as a result of X-ray-induced strand breaks. These
correction factors were calculated from a control experiment in
which psoralen cross-linked samples were irradiated with in-
creasing doses of X-rays and the losses of 14C signal from the
dsDNA fractions were determined (data not shown).

In vivo transcription

Cells previously labeled with [14C]thymidine were incubated for
30 min at 37°C in 1 ml labeling solution consisting of 800 ,ul
conditioned medium [high serum, low serum or high serum with
100 pM [5,6-dichloro-1- -D-ribofuranosylbenzimidazole (DRB)]
mixed with 200 g1 aqueous solution containing 200 pCi (7.4
MBq) [5-3H]uridine (Amersham). After 30 min RNA labeling,
the cells were put on ice and washed several times with ice-cold
PBS. Total RNA was extracted essentially as previously
described (33), then partially hydrolyzed in cold alkali to produce
RNA fragments in the size range 200 bases (34). These RNA
fragments were hybridized at 65°C for 48 h to 2-4 pg denatured
and sonicated DNA probes immobilized on Hybond N+ mem-
branes (Amersham). Following a stringency wash at 65 °C in 0. lx
SSPE and 0.1% SDS for 60 min, the membranes were dried and
the disintegration of3H was counted in a scintillation counter. The
values were corrected for relative DNA content (measured from
the 14C count from an aliquot of sample following the DNase I
digestion step in the RNA extraction protocol; 33).

In vitro nuclear run-on transcription

The nuclear run-on procedure was performed as previously
described (34,35). In short, nuclei were isolated from -107
[methyl-3H]thymidine-labeled cells and heterogeneous nuclear
RNA was labeled in vitro with 32P-labeled UTP for 15 min at
30°C. RNA was then isolated, partially hydrolyzed in cold alkali
(34) and hybridized to 2-4 ,g DNA probes immobilized on
Hybond N+ membranes. Membranes were stringency washed at
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650C in 0.lx SSPE and 0.1% SDS for 60 min. Autoradiographs
of different exposures were scanned using a scanning densitometer
(Helena Laboratories) and peak values were corrected for cell input
(3H count of isolated nuclei prior to the run-on protocol).

Measurement of DNA cross-links in specific sequences
using the AFRHA/slotblot technique

The photocross-linking of cellular DNA with HMT (1 gg/ml PBS)
and UVA irradiation (18 U/rn2), as well as the resolution of these
cross-links in specific DNA sequences using the AFRHA/slotblot
technique, were performed as previously described (25), with a
few modifications. These modifications included (i) a sonication
for 30 s at output 3 instead of 1.5 using a Branson sonifier and (ii),
following the sonication, samples were heated at 550C for 10 min
before being loaded onto the hydroxylapatite columns at a
temperature of 70°C. These modifications were performed to
lower the renaturation rate of non-cross-linked DNA (control).

All samples were loaded by volume in triplicate onto Hybond
N+ nylon membranes using a slotblot apparatus (Schleicher &
Schuell). Dilutions were made of all samples so that not more than
100 ng DNA, as measured by Hoechst fluorescence, was loaded
into any one slot. Hybridization with 32P-labeled, nick-translated
DNA probes and washing of the membranes was performed as
previously described (25). However, membranes hybridized with
probe 1 (pZH24) were submitted to a stringency wash at 70°C,
instead of 60°C (which was used for all other probes), to reduce
non-specific hybridization, as detemined by hybridization to a
Southern transfer of restricted DNA (data not shown). X-ray films
(Kodak) were exposed to the membranes for 1-20 h in the absence
of intensifying screens. The resulting autoradiographs were
scanned and the peak height values of the ssDNA and dsDNA
bands were used to calculate the number of cross-links (C-L) per
fragment (about 2 kb in average size) according to the formula:

C-IJfragment = - (ln Fss - ln FSS background)

where FSS = ssDNA/(ssDNA + dsDNA) and FS, backgrund is the
fraction of DNA that renatured in control cells not treated with
HMT and UVA (control). The mean cross-linking value from the
triplicate blotted samples was used to evaluate whether X-irradi-
ation prior to the HMT and UVA treatments had an effect on the
level of DNA cross-links. To compensate for variations in
psoralen photocross-linking caused by factors other than tor-
sional tension, we used the ratios of photocross-linking in total
DNA as internal controls to normalize the ratios obtained with the
different DNA probes. This was done since the photocross-link-
ing of total genomic DNA did not show a significant effect of
prior X-irradiation.

RESULTS

Photoactivated psoralen and X-rays to determine the
presence of torsional tension

The psoralen derivative HMT was used in this study as a probe
for DNA torsional tension. HMT readily enters intact cells and
intercalates into DNA. Upon photoactivation with 365 nm light
(UVA), DNA interstrand cross-links are formed (36). It has been
shown that the intercalation of psoralen into DNA is favored if the
DNA is under negative superhelical tension (22,23). Thus more
HMT-induced DNA cross-links are expected in negatively
supercoiled DNA compared with relaxed DNA.

To show that HMT-induced DNA cross-links are formed
preferentially in negatively supercoiled DNA as compared with
relaxed DNA, we irradiated nucleoid monolayers with increasing
doses of X-rays prior to the HMT and UVA treatment. Nucleoid
monolayers are the leftovers from a detergent and high salt
treatment of cellular monolayers. Nucleoids contain histone-
depleted DNA anchored to the nuclear matrix, which is part of a
residual cellular structure attached to the culture dishes (27,31).
The procedure to produce nucleiods induces no measurable DNA
strand breaks (31) and the DNA superhelical density becomes
about -0.06 as the nucleosomal histones are removed (7). The
frequency of cross-links induced in nucleoid DNA was measured
using the AFRHA technique (26,27). As can be seen in Figure
1A, increased DNA nicking by X-rays resulted in decreasing
numbers ofDNA cross-links formed in the nucleoid DNA. Thus
the psoralen DNA cross-links were formed more efficiently in
intact, supercoiled nucleoidDNA than in nicked DNA. Assuming
a Poisson distribution of the radiation-induced DNA strand
breaks, we estimate the Do (dose at which 37% of targets are still
intact) to be -0.75 Gy. This dose results in about one DNA strand
break/60 kb nucleoid DNA (31). Thus the average target size for
relaxation of superhelical tension in nucleoid DNA is -60 kb.
The experiment was also performed by irradiating intact cells

with increasing doses of X-rays prior to preparing the nucleoids.
The result is essentially the same (Fig. IB), except that
significantly higher X-ray doses were required for relaxation, due
to the protective effect of chromatin proteins (31,37). In this case
Do is estimated to be -25 Gy, which is equivalent to about one
strand break/190 kb cellular DNA (32).
Taken together, these experiments show that the use ofpsoralen

photocross-linking in combination with X-rays as a nicking agent
is a valid approach for the examination of superhelical tension in
DNA. Intact nucleoids, having a superhelical density of about
-0.06 (7), accumulated 30-50% more DNA cross-links than
relaxed nucleoids. We also conclude that nucleoid DNA is
organized into independent topological domains with an average
size of -60 kb, which is consistent with other studies (38).
Interestingly, when X-irradiation was performed on intact cells
prior to the 2 M NaCl treatment the target for relaxation was
estimated to be about three times larger. This inconsistency in the
results could perhaps be due to additional attachments to the
nuclear matrix of exposed DNA sequences in the histone-free
nucleoids, leading to the formation of smaller domains. Finally,
in Figure lB it can be seen that a dose of 75 Gy is sufficient to
completely relax chromatin domains in intact cells and therefore
this dose was chosen in subsequent experiments to relax potential
torsional tension in intact cells.

Analysis of transcriptional activity in the DHFR gene
domain

In order to correlate the topological status of specific DNA
sequences in the DHFR gene domain (Fig. 2) with transcriptional
activity, we first analyzed the rate of RNA synthesis in cells
subjected to different growth conditions and the transcription
inhibitor DRB. DRB has in some studies been suggested to inhibit
transcription at the level of initiation (39-42), while other studies
have shown that elongation and not initiation appears to be the
target for DRB (43,44). The mechanism of inhibition may be
related to its ability to interfere with the activities of casein kinase
II (45) and CTD kinase (46). DRB was chosen as a RNA
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Figure 1. The number of DNA cross-links induced by photoactivation of HMT in nucleoid DNA as a function of X-ray dose given prior to the photocross-linking.
The number of interstrand cross-links per DNA fragment was determined by the AFRHA technique (see Materials and Methods). The values represent the mean of
four different biological samples with bars showing the sample standard deviation. (A) Cells were permeabilized with Triton X-100 and treated with 2 M salt to form
nucleoid monolayers. These monolayers were exposed to increasing doses of X-rays followed by cross-linking with HMT (0.5 ,ug/ml) and UVA (18 kJ/m2). (B) Cells
were first irradiated with X-rays, then treated with Triton X-100 and 2 M salt to form nucleoid monolayers followed by photocross-linking with HMT (0.5 gg/ml)
and UVA (18 kJ/m2).
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Figure 2. Map of the DHFR gene and DUT showing the locations of the DNA
probes used. The probes are: 1, a 1.74 kb EcoRI-HindIll fragment termed
pZH24 (a gift from G. Spivak); 2, a 1.33 kb EcoRI fragment -935 to + 395
relative to the DHFR start codon termed ME13.3 (71); 3, a 5.3 kb BamHI
fragment termed pB6-14 (74); 4, a 2.1 kbBamHl fragment termed pB 13-7 (74);
5, a 1.7 kb EcoRI fragment termed pZH26 (75); 6, a 0.3 kb BamHI-Xbal
fragment termed pZH16 (a gift from J. Hamlin); pZH4, a 1.9 kb EcoRI-Bglll
fragment starting at about +700 and covering most of intron 2 and exon 3 (76)
and pZH8 (not shown); a 4.8 kb Sall-EcoRI fragment covering most of the 28s
rRNA gene of mouse (a gift from G. Spivak and I. Mellon).

polymerase II inhibitor because, in contrast to a-amanitin, it
readily enters living cells (39,47).
Using an in vivo [3H]uridine labeling approach, we found that

synthesis of RNA from the DHFR gene was -10-fold lower in
serum-starved cells compared with serum-stimulated cells and
almost completely inhibited in DRB-treated cells (Fig. 3A).
Results using probe 2, which is complementary to transcripts
produced from the first 450 bases of the DHFR major initiation
site and the first 700 bases from the divergent upstream transcript
(DUT) major initiation site, show no indications of promoter-
proximal, DRB-resistant synthesis of stable RNA. However, we

cannot rule out the possibility that some initiation may occur in
the presence of DRB, generating prematurely terminated RNA
transcripts. If this is the case, the short transcripts produced must
be rapidly degraded during the labeling period to evade detection
in our hybridization experiments.
To further analyze the rate of RNA synthesis, we performed

nuclear run-ons to measure in vitro elongation of transcripts
initiated in vivo. The amount of [32P]UTP incorporated into DHFR
transcripts was found to be 2-4-fold lower in serum-starved cells
compared with serum-stimulated cells (Fig. 3B). In cells treated
with 100 gM DRB during the last hour of the 15 h serum

stimulation, the amount of in vitro labeling of nascent nuclearRNA
was reduced to -35% in promoter-proximal regions of the DHFR
and DUT genes and to 5-15% downstream in the DHFR gene.
We conclude from the results obtained in vivo and in vitro that

serum starvation lowered the rate of transcription throughout the
DHFR gene, while DRB was found to reduce the synthesis of
DHFR RNA even further. The inhibition by DRB appeared to
hold true even for promoter-proximal regions, a result which is in
agreement with findings in vivo for the 3-hemoglobin gene in
Friend erythroleukemic cells (42), but in contrast to the heat
shock genes in Drosophila cells (44), the c-myc gene injected into
Xenopus oocytes (48) and virus-encoded genes in infected
mammalian cells (49,50). It is possible that DRB affects
transcription in a gene-specific manner, where the particular
constitution of promoter sequences together with their bound
trans-acting factors dictates the outcome of the DRB treatment.

Relaxable psoralen hypersensitivity is specifically
localized to the promoter region

We examined the presence of torsional tension at six different
locations in the DHFR gene domain in serum-stimulated CHO
B 11 cells using psoralen photocross-linking measured by the
AFRHA/slotblot technique (25). Following the AFRHA pro-
cedure, the ssDNA and dsDNA fractions were immobilized onto
nylon membranes and subsequently hybridized to DNA probes.
The number of cross-links per DNA fragment was obtained from
the ratio of dsDNA to ssDNA (see Materials and Methods). If the
number of cross-links in a specific sequence was lowered by prior
X-irradiation, the sequence was assigned as under negative
torsional tension.
Comparing the ratios ofdsDNA to ssDNA in cells X-irradiated

prior to photocross-linking (X-HMT) with the ratios obtained in
cells irradiated after (HMT-X), we found that the only region
where prior X-irradiation altered the amount of photocross-
linking (dsDNA) was in the region detected by probe 2, which
hybridizes to the promoter DNA of the DHFR gene. The effect
of prior X-irradiation on photocross-linking of the DHFR
promoter region was not as pronounced in CHO cells as it was in

11
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Figure 4. The level of DNA cross-links induced by HMT and UVA in
X-irradiated cells (X-HMT) relative to unirradiated cells (HMT-X). The black
bars represent the mean values of 16-17 biological experiments with standard
deviations shown in Table 1. The values obtained for the different probes are
positioned to show their location within the DHFR gene domain. Values below
100% indicate that X-irradiation prior to the photocross-linking reaction
lowered the yield of DNA cross-links and were taken to mean that the DNA
sequence is under negative torsional tension. The promoter region was found
to contain negative torsional tension (P < 0.001).
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human cells (25). In order to statistically verify the existence of
negative torsional tension in the promoter region, we performed
>15 separate biological experiments; the average values are
presented in Figure 4 and in Table 1. We conclude that the DNA
in the DHFR promoter region is under negative superhelical
tension in serum-stimulated cells (significance P < 0.001), while
in contrast, sequences upstream, downstream, in the middle and
at the 3'-end of the transcriptional unit do not appear to be under
any significant tension.

Table 1. Photocross-linking levels of X-irradiated cells relative to
unirradiated cells

al RNA

H4

Figure 3. (A) In vivo transcriptional analysis of the DHFR gene in
serum-stimulated cells, serum-starved cells and in serum-stimulated cells
treated with 100 pM DRB for 60 min prior to harvest. The numbers shown for
the serum-stimulated cells represent the 3H counts (DNA input corrected
c.p.m.) from the hybridized RNA. All other values are expressed relative to
these counts and represent the mean of three independent biological samples,
with bars showing the sample standard deviation. The relative values of total
RNA were obtained by counting a small sample of the isolated RNA directly
in a scintillation counter. The c.p.m. values for the DRB-treated cells were

multiplied by a factor of two to correct for the lower uptake of [3H]uridine in
the presence ofDRB (77,78). The probe pZH8 is complementary to 28s rRNA
transcripts synthesized by RNA polymerase I. (B) In vitro nuclear run-on

analysis of transcription initiated in vivo. Insert: an autoradiograph from a

typical nuclear run-on experiment. The rates of nascent RNA synthesis are

expressed relative to the level of RNA synthesis occurring in the nuclei from
serum-stimulated cells. The values were corrected forDNA input and represent
the mean of one to three experiments, with bars showing the sample standard
deviation.

Probea Serum Serum Serum Serum
stimulation starvation stimulation stimulation

+ DRB + mimosine
n= 16-17 n=3-5 n=5 n=5-6

1 97 ± 8b 103 ± 11 105±7 ndd

2 85 ± 7*c 108 ± 14 87 ± 4* 87 ± 6*

3 96 ± 10 100±10 107± 6 nd

4 102 ± 10 104 ± 6 105 ± 5 109 ± 7

5 96±6 109±10 100± 3 nd

6 99 ±16 102±5 98 ±6 110± 16

The values represent the average of n biological experiments and are expressed
as a percentage of cross-links induced in unirradiated cells.
aNick-translated DNA probes described in Figure 2.
bAverage value ofn biological experiments showing sample standard deviation.
cAsterisk indicates values significantly different from 100%0 using Student's t-
test with P < 0.001, 0.002 and 0.01 for serum stimulated, serum stimulated +
DRB and serum stimulated + mimosine, respectively.
dnd, not determined.

To estimate the magnitude of superhelical density in the DNA
of the DHFR promoter, we extrapolated values from the
photocross-linking results obtained from supercoiled and relaxed
nucleoids. Intact nucleoid DNA, having a superhelical density of
about -0.06 (7), was found to be cross-linked 30-50% more
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efficiently by psoralen and UVA than relaxed nucleiods (see Fig.
1). It then follows that the 15% higher cross-linking level found
in the DHFR promoter in CHO cells, compared with X-irradiated
cells, extrapolates to a superhelical density of -0.02 to -0.03. This
value is lower than -0.06, which we estimate to be present in the
DHFR promoter in growing human cells (25). The validation of
these extrapolations is of course contingent on the rationale of
comparing photocross-linking data from nucleoids and intact
cells.

Torsional tension in the promoter region is dependent on

serum stimulation, but not on transcription elongation

Next we wanted to address the question of whether or not the
tension observed in the promoter region of the DHFR gene was

the direct result of transcription elongation (51). We investigated
the topological state within the DHFR gene domain in serum-

starved and in DRB-treated cells and compared these results with
the results obtained from the serum-stimulated cells. Despite the
fact that the DHFR gene is transcribed even under serum

starvation conditions, although at a lower rate (see Fig. 3), we
found no evidence for torsional tension in any of the six DNA
regions studied (Table 1). However, in serum-stimulated cells
treated with the transcriptional inhibitor DRB, in which DHFR
transcription was found to be lower than in serum-starved cells,
the negative torsional tension was retained (Table 1). These
results suggest that the negative torsional tension detected in the
promoter region of the DHFR gene is not merely the result of
transcription-induced supercoiling. We also ruled out the possi-
bility that DNA replication was responsible for the appearance of
negative torsional tension in the promoter region, since the
tension was still present even after suppression ofreplication with
mimosine (Table 1). We conclude that the formation of torsional
tension in the promoter of the DHFR gene is not dependent on

transcription elongation or DNA replication, rather, it is depend-
ent on a process induced by serum stimulation.

DISCUSSION

In a previous study using the AFRHA/slotblot assay we found
evidence for localized torsional tension in the DHFR gene in

living human cells (25). In the present study we have further
characterized and mapped the torsional tension in theDHFR gene

domain in CHO B 11 cells, estimated its superhelical density and
studied the effects of differential transcription on this tension. In
addition, we evaluated the validity of using the psoralen
photocross-linking approach to study DNA torsional tension by
testing it on nucleoid DNA.
The test of the psoralen photocross-linking assay, using

nucleoid DNA as a supercoiled substrate, showed that as nucleoid
DNA was nicked with increasing doses of X-rays prior to
psoralen treatment, the number of DNA cross-links formed
decreased to a certain level at which further X-irradiation had no
effect. Our results suggest that one nick per DNA loop or domain
is sufficient to eliminate psoralen hypersensitivity. In addition, we
conclude from our in vivo results that X-irradiation does not cause
a general effect on psoralen photocross-linking, a finding which
is supported by others (28). Thus we believe that the approach of
using psoralen photocross-linking in combination with X-rays as

a nicking agent is valid and useful for the examination of DNA
topology in vivo. However, the true nature ofthe tension-dependent

DNA structure that is detected as psoralen hypersensitive sites is
not known.
Using CHO B11 cells, we found that negative superhelical

tension is specifically localized to the promoter region of the
DHFR gene in serum-stimulated cells (Fig. 4). This finding is in
agreement with our previous study using growing human cells
(25). Extrapolating from the in vitro photocross-linking of
nucleoids, we estimate that the DNA in the DHFR promoter has
a superhelical density of about -0.02 to -0.03, while the
corresponding value from the human DHFR promoter is -0.06.
It is possible that the superhelical density is locally considerably
higher, but our psoralen photocross-linking assay would not be
able to give any information on heterogeneous binding within the
2 kb sized regions measured. However, even at a density as low
as -0.02 it has been shown in vitro that assembly of the
pre-initiation complex on the promoters of many genes is
stimulated (52). Thus although the magnitude of the cross-linking
changes are small in our assay, the average tension we estimate
to be present in the DHFR promoter region in vivo should be
sufficient to stimulate pre-initiation complex assembly and
thereby stimulate the rate of transcription (11,16).

It has been shown that as a gene is being transcribed, positive
supercoils accumulate in the DNA template in front of the RNA
polymerase, while negative supercoils accumulate behind it
(51,53-57). Although transcription-induced supercoiling is
thought to be relieved by DNA topoisomerase I (58,59), it is
possible that some supercoils 'escape' and may accumulate in the
promoter region between two divergently transcribed genes. This
hypothesis was tested by examining the tension in the DHFR
promoter under conditions in which the rate of transcription was
modified by serum starvation or the transcription inhibitor DRB.
Our results suggest that the presence of tension in the promoter
does not correlate with the rate of DHFR RNA synthesis.
Negative torsional tension was found to be present in the DHFR
promoter even after transcription of both the DHFR gene and the
divergent DUT gene had been severely inhibited by DRB. On the
other hand, no tension was detected in the DHFR promoter in
serum-starved cells, although the level of DHFR transcription in
serum-starved cells was found to be higher than in DRB-treated
cells. We cannot totally exclude the possibility that some
initiation of the DHFR and DUT genes may take place in the
presence of DRB, leading to transcription-induced supercoiling.
In addition, we ruled out that the tension was caused by DNA
replication, since the same level of tension was found in cells
incubated with or without the replication inhibitor mimosine (see
Table 1). We conclude that the negative torsional tension detected
in the promoter region of the DHFR gene is induced by a process
triggered by serum stimulation and does not appear to be the result
of transcription elongation. This finding supports studies in
Xenopus oocytes, which have shown that negative supercoiling
can be introduced into plasmid DNA independently of ongoing
transcription (60).

If the observed tension in the DHFR promoter is not caused by
elongating RNA polymerases, how is it induced? Superhelical
tension can potentially be introduced into chromosomal DNA by
the removal or modification of nucleosomes (7,8,61-63) or
perhaps by the action of an enzyme complex involving topoi-
somerase 11 (64,65). An intriguing candidate responsible for the
induction of negative supercoiling in the DHFR gene in
serum-stimulated cells is the transcription factor E2F, which has
recently been recognized as being a key component in activation
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of the DHFR gene at the G1/S border (66,67). It is possible that
the E2F complex, perhaps in conjunction with other cellular
components (68,69), modifies the DNA topology in the DHFR
domain in response to serum stimulation.
How can superhelical tension be localized to a region that is

smaller than the gene domain itself? One possible explanation for
our finding that negative torsional tension was exclusively
localized to the promoter region of the DHFR gene could be that
this region is organized into a small sub-domain in which the
DNA is specifically maintained under negative torsional tension.
The caveat, however, is that X-ray-induced strand breaks spaced
at an average of >50 kb apart were able to completely relax the
tension in the DNA of this promoter region (see 25 and Materials
and Methods). It is thus difficult to support a model in which the
promoter DNA is organized into a sub-domain that on the one
hand can keep torsional tension enclosed, but on the other hand
cannot withstand the relaxation caused by strand breaks induced
outside the boundaries of this sub-domain. An alternative model
is that negative torsional tension may be propagated throughout
the gene domain, but that the promoter DNA acts as a 'sink' for
most of this tension, forming a psoralen hypersensitive DNA
structure. A DNA strand break anywhere in the gene domain will
relieve the tension and reverse the psoralen hypersensitivity of the
promoter region. It is conceivable that the specific features of the
DHFR promoter region, such as the primary DNA sequence, the
DNA methylation pattern and the chromatin structure (70-72),
are responsible for making this region particularly responsive to
the effects of superhelical tension. In fact, some promoter regions
have been found to contain DNA sequences that preferentially
unwind when put under superhelical tension (73). Our observa-
tions support such a model in which torsional tension may exert
its effects on DNA structure non-randomly in a gene domain, with
a preference for promoter sequences.

In conclusion, we have found that the DNA of the serum-regu-
lated DHFR gene in CHO cells develops negative superhelical
tension in response to serum stimulation. This tension, which
does not appear to be induced by elongation by RNA polymer-
ases, becomes specifically localized to the DHFR promoter. We
propose that unique features of the promoter region predispose
the promoter DNA to undergo a structural change, perhaps
unwinding, in the presence of negative superhelical tension. This
will lead to the poising of the gene for transcription. The ability
to specifically localize superhelical free energy to regulatory
regions has powerful implications. First, unwinding of the
promoter is accomplished by a relatively low input of free energy,
since the whole domain need not be supercoiled to a certain
density. Secondly, the promoter elements will respond to negative
superhelicity introduced anywhere in the gene domain. This
structure-function relationship between superhelical tension and
transcription initiation may prove to be a general mechanism for
the regulation of expression of many genes.
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