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The Basidiomycete ras gene possesses a pyrimidine-rich stretch (CT-motif) with a short (7
bases) mirror repeat in which its major transcription start point is contained. To analyze
the tertiary structure induced by the CT/AG-biased sequence and its effect on gene
expression in supercoiled plasmids in Escherichia coli, the DNA fragment containing the
ras CT/AG sequence was inserted into the EcoBl site on pBR322 in both orientations and
the resulting pBR322 derivatives, named pBR-CT[ras] and pBR-invCT[ras] were intro-
duced into E. coli strains DM800 (AtopA gyrB225) and JM109 (topA+ gyrA96). In pBR-CT
[ras] the pyrimidine-rich sequence is on the pBR322 tetracycline-resistance gene (tet)-
coding strand and in pBR-invCT[ras] the complementary purine-rich sequence is on this
strand. DNAs of pBR-CT[ras] and pBR-invCT[ras] isolated from DM800 were frequently
cleaved with single-strand-specific SI nuclease within the CT/AG sequence, showing the
formation of extended open structure. Compared with those carrying pBR322, DM800 and
JM109 carrying pBR-CT[ras] showed much higher levels of tetracycline resistance (Tcr),
while both strains carrying pBR-invCT[ras] showed clearly lower levels of Tcr. pBR-CT
[ras] and pBR-invCT [ras], however, conferred reduced activity of #-lactamase on DM800
and JM109. pBR-CT [ras] derivatives lacking the counterpart of the mirror repeat did not
form the Sl-cleavable open structure within the CT/AG sequence and conferred pBR322-
like Tcr and /9-lactamase activity. The tertiary structure formed in the CT/AG sequence via
the mirror repeat was suggested to affect the expressions of pBR322- tet and - bla genes.

Key words: CT-motif, pBR322, regulation of gene expression, Sl-sensitive sites, super-
helical density.

Higher eukaryotic genomes often contain polypyrimidine/
polypurine sequences upstream as well as in coding regions
of genes (1). Some polypyrimidine/polypurine sequences
have the capability of adopting non-B conformations, and in
particular, the CT/AG-biased sequence having a mirror
repeat can form an intramolecular triplex (also called
H-form) (1-3). These sequences have been postulated to
play a role in regulation of replication (4, 5) and gene
expression (6), and in recombination (7). We have recently
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found that the basidiomycetous mushroom Lentinus edodes
ras gene (8, 9) possesses a CT-motif which contains the
transcription start point (tsp) and a short (7 bases) mirror
repeat (see Fig. 4). The ras CT-motif extended over 62
nucleotides (55 are pyrimidines). Similar CT-rich se-
quences have also been found in the 5' promoter regions of
other filamentous fungal genes (10). However, structure-
biological function relationships have not been well studied
for these sequences. Here we investigated whether the ras
CT/AG-biased sequence forms an unusual structure in
pBR322 isolated from Escherichia coli strains DM800
{AtopA gyrB225) (11, 12) and JM109 (topA+gyrA96) (13)
using SI nuclease (14). It is known that pBR322 DNA
isolated from DM800 carrying a deletion of the topoisomer-
ase I gene is extremely heterogeneous in linking number
and highly negatively supercoiled when compared with that
from JM109. Formation of non-B DNA structures in
naturally occurring sequences usually depends on negative
supercoiling (1). The experimental results indicated that
stable Sl-sensitive nonbase-paired sites are formed within
the CT/AG-biased sequence under high levels of negative
supercoiling. Deletion analysis showed that the mirror
repeat is involved in the formation of Si-cleavage sites. To
assess the effect of the CT/AG sequence on the expressions
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of pBR322-fe< and -bla genes in E. coli, the CT/AG-biased
sequence was inserted into the EcoRI site on pBR322 in
both orientations, and it was found that the CT/AG se-
quence affects the expressions of both genes. The CT/AG
sequence lacking the mirror repeat, however, had almost no
effect. To understand these results, the topological struc-
tures of recombinant plasmid DNAs isolated from E. coli
were analyzed.

MATERIALS AND METHODS

Construction of pBR322 Derivatives Carrying the CT/
AG-Biased Sequence of ras Gene—The 129-bp EcoRl-
Rsal DNA fragment containing the ras CT/AG sequence
(see Fig. 4) was inserted between the EcoRI and Hindi
sites on pUC19. The /Ji/idlll-linearized recombinant
pUC19 was blunt-ended and ligated to the EcoRI adaptor
(5'-GGAATTCC). The 155-bp EcoRI fragment with the ras
CT/AG sequence was inserted into the EcoRI site of
pBR322. Based on the orientation of insertion of the CT/
AG sequence, two pBR322 derivatives with a single CT/
AG-sequence were obtained and designated pBR322-CT
[ras] and pBR-invCT[ras] (Fig. 1). In the pBR-CT[ras]
the pyrimidine-rich sequence was on the pBR322 tei-coding
strand and in the pBR-invCT [ras] the purine-rich sequence
was on this strand. The plasmid DNAs carrying small
deletions within the CT/AG sequence were constructed as
follows. The pBR-CT[ras] DNA was partially digested
with Si to convert 50% of the DNA to a linear form. The
Sl-linearized DNA separated by agarose gel electropho-
resis was blunt-ended by T4 DNA polymerase and recir-
cularized by self-ligation. Two pBR-CT[ras] derivatives
lacking the nucleotides from 33 to 45 and 33 to 51 were
obtained and named pBR-CT[ras]zU3 and pBR-CT[ras]-
Z/19, respectively (see Fig. 4). The following pBR322
derivatives were also constructed as a control for the
experiments. The Bg/I-fragment containing the lacZ se-
quence of pUC19, which contains no CT/AG-biased se-
quence, was blunt-ended and ligated to the EcoRI adaptor.
This 154-bp EcoRI fragment was inserted into the EcoRI
site of pBR322 and the resulting recombinant plasmids
were named pBR-gal' or pBR-invgal'. In the former, the
ZacZ-coding sequence was on the tef-coding strand. DNAs
of the pBR322 derivatives were used to transform E. coli
DM800 (AtopA gyrB225) (11, 12) and JM109 (topA+

gyrA96) (13). Restriction endonucleases, DNA modifying
enzymes, and the .EcoRI adaptor were purchased from
Takara Shuzo and/or Nippon Gene and used according to
the supplier's instructions.

Preparation of Plasmid DNAs—LB medium containing
50 uS of ampicillin per ml was used to grow all the E. coli
transformants carrying the plasmid. Cells from an over-
night (stationary) culture were diluted 100-fold into 300 ml
of fresh growth medium, grown at 37°C with aeration to late
exponential phase (A6Oo~O.7), quickly chilled and centri-
fuged. Plasmid DNAs were extracted by an alkaline ex-
traction procedure and purified by treatment with RNaseA
and proteinase K as described previously (15).

SI Nuclease Digestion—Si nuclease provided by Sankyo
Chem. was further purified as reported previously (16).
Three micrograms aliquots of plasmid DNAs were incubat-
ed with 3 units of Si at 37°C for 60 min in the reaction
buffer (200 /x\) containing 45 mM sodium acetate (pH 4.5),

pBR-CTIras]

pBR-invCTIras] C 3 Z I J

pBR322 and
its derivatives

Fig. 1. Structures of pBR322 and its derivatives carrying the
CT/AG-biased sequence of the ras gene. The ras CT/AG sequence
is shown in Fig. 4. In pBR-CT[ras] the pyrimidine-rich sequence was
on the pBR322 (e£-coding strand and in pBR-invCT[ras] the purine-
rich sequence was on this strand. Although not shown in the figure, the
pBR322 derivatives carrying the E. coli lacZ sequence (154 bp) of
pUC19 were also constructed as a control and named pBR-gal' or
pBR-invgal'. DNAs of the pBR322 derivatives were used to transform
DM800 and JM109. Location and direction of transcription of the tet
gene [initiated at nucleotide 45 (27)], the bla gene [initiated at
nucleotides 36 and 4187 (27)] and the rom gene (22), location of the
origin (ori) of replication, and restriction sites of .EcoRI (4359), Sail
(651), Pvull (2064), and Vspl (3537) on the pBR322 genome (22) are
indicated. The ras CT/AG-biased sequence (shaded)-containing
fragments (open arc bars) inserted into the .EcoRI site are shown, in
which the direction of the arrow marks that of the CT strand. For
more details, refer to "MATERIALS AND METHODS."

1.5 mM ZnSO4, 1.5 mM MnCl2, and 150 mM NaCl. The
reactions were stopped by addition of Tris-HCl (pH 8.5)
and EDTA to give final concentrations of 100 and 25 mM,
respectively. One unit of Si activity is defined as the
amount of the enzyme that converts 50% of 3/*g of
single-stranded pBR322 DNA to acid-soluble form under
the above conditions.

Gel Electrophoresis—Agarose gel electrophoresis was
carried out as described previously (15). Chloroquine-aga-
rose gel electrophoresis was performed according to the
method reported by Pruss (17).

Primer Extension Analysis—Restriction fragments (20
ng each) were incubated with 1 pmol of end-labeled syn-
thetic primer at 95°C for 5 min and then at 65°C for 30 min
in T7 DNA polymerase buffer [40 mM Tris-HCl buffer (pH
7.5), 20 mM MgCl2, and 50 mM NaCl]. To the incubation
mixture, T7 DNA polymerase (0.5 unit of Sequenase™,
United States Biochemicals), dithiothreitol (final cone. 5
mM), and deoxynucleoside triphosphate (final cone. 1 mM
each) were added and further incubated at 37°C for 10 min.
After ethanol precipitation the reactions were electropho-
resed on 8% polyacrylamide gels containing 7 M urea,
followed by autoradiography. The sizes of the primer
extension products were determined from the sequence
ladders (ACGT) which were derived from the CT/AG-
biased sequence of pBR-CT[ras] by the dideoxy chain -
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termination method of Sanger et al. (18).
Tetracycline Resistance—Plasmid-harboring E. coli cells

precultured in LB medium with 1 pig of tetracycline (Tc)
per ml were transferred to fresh LB medium with 20 //g of
Tc per ml and incubated at 37°C. At the indicated period,
absorbance at 600 nm was measured. Late-exponential
phase (A6Oo*O.7) cultures were diluted 100-fold and
spotted on LB agar plates containing increasing concentra-
tions of Tc. The plates were observed for the presence or
absence of growth.

Measurement of /3-Lactamase Activity—Periplasmic ft-
lactamase fractions were prepared as follows. Late-ex-
ponential phase (A600~ 0.7) cultures of plasmid-harboring
E. coli cells in 10 ml of LB medium with ampicillin (50 pig/
ml) were harvested by centrifugation and washed with
ice-cold 50 mM Na-phosphate buffer (pH 6.8), then resus-
pended in 2 ml of the Na-phosphate buffer containing 20%
glycerol. The cells were disrupted by sonication and
centrifuged at 16,000 rpm in a microcentrifuge at 4°C, and
the supernatants were used as the periplasmic /J-lactamase
fractions. Protein concentration was determined by Coo-
massie dye-binding assay (Bradford assay) (19) with
bovine serum albumin as a standard protein. The /?-
lactamase activity was assayed by measuring the degrada-
tion of pyridinium-2-azo-p-dimethylaniline chromophore
(PADAC) (20, 21). Hydrolysis of PADAC (Calbiochem)
was carried out in 1.4 ml of reaction mixture containing 50
mM Na-phosphate (pH 6.8) and 5 ptM PADAC. The protein
extract (2 pig) was added to the reaction mixture, and the
decrease of absorbance at 570 nm was measured at 25°C.
The amount of hydrolyzed PADAC was calculated using the
molar absorption coefficient (45,000) of PADAC.

RESULTS AND DISCUSSION

Analysis of Sl-Cleavability of pBR322 and Its Deriva-
tives—To investigate whether the ras CT/AG-biased se-
quence forms Sl-cleavable, nonbase-paired sites, DNAs of
pBR322 and its derivatives isolated from E. coli topoiso-
merase I deletion mutant DM800 (AtopA gyrB225) (11,
12) were digested with SI nuclease at pH 4.5. The full-
length Si-linearized DNAs were further digested with
restriction endonucleases which have a single unique cleav-
age site on the DNAs (see Fig. 1). Figure 2 shows the
agarose gel electrophoretic patterns obtained for pBR322,
pBR-CT[ras], and pBR-invCT[ras]. Pvull-, Sail-, and
Vspl-digests of the Si-linearized pBR322 (containing
~50% open circular DNA) yielded a number of discrete
DNA bands (lanes 1,4, and 7, respectively). These indicate
that pBR322 possesses multiple Si-sites, although SI
cleaves the DNA once at each of these sites. There was
diversity in the intensity of the DNA bands on the gels. The
sizes corresponding to the two intense DNA bands observed
in the digest by Pvull (3.36 and 1.00 kb), Sail (2.41 and
1.95 kb), or Vspl (3.89 and 0.47 kb) summed up to the full
length size (4,361 bp) of pBR322 (22). The results show
that pBR322 possesses one site (nucleotide ~3,100) of
highly preferential cleavage, supporting the previous ob-
servations by other investigators (23, 24). In all the cases
of Pvull-, Sail-, and Vspl-digests of the Si linearized
pBR-CT[ras] (lanes 2, 5, and 8) and pBR-invCT[ras]
(lanes 3, 6, and 9), two additional intense DNA bands were
observed at 2.35 and 2.16 kb, 3.76 and 0.75 kb, 3.64 and

0.87 kb, respectively, for the former and at 2.40 and 2.11
kb, 3.81 and 0.70 kb, 3.59 and 0.92 kb, respectively, for the
latter. The sizes of the two fragments summed up to the
nearly full-length size (4,512 bp) of the plasmid DNAs,
showing the generation of another strong cleavage site
(region) on both pBR-CT[ras] and pBR-invCT[ras]. This
site (region) was found to fall into the CT/AG-biased
sequence of both plasmid DNAs. DNAs of pBR-CT[ras]
and pBR-invCT[ras] isolated from JM109 (topA+ gyrA96)
(13), on the other hand, were not preferentially cleaved by
Si within the CT/AG sequence, generating the correspond-
ing two faint DNA bands in each of the cases of Pvull-,
Sail-, and Vspl-digestion (data not shown). pBR322 DNA
isolated from DM800 has been reported to be extremely
heterogeneous in linking number and highly negatively
supercoiled when compared with that from JM109 (17).
Therefore the CT/AG-biased sequence of the ras gene
requires higher levels of negative supercoiling for forma-
tion of the preferentially Sl-cleavable (stable), nonbase-
paired structure. In the cases of DNAs of pBR-gal' and
pBR-invgal' constructed by insertion of the E. coli lacZ
sequence (containing no CT/AG-biased sequence) into the
EcoBl site of pBR322 in both orientations (see "MATERIALS
AND METHODS"), however, a preferentially Sl-cleavable
structure was not formed within/around the inserted
sequence even if they were isolated from DM800 (data not
shown).

Mapping of the Si-Cleavage Sites within the CT/AG-
Biased Sequence of pBR322 Derivative pBR-CT[ras] —
The Sl-cleavage sites were analyzed by the primer exten-
sion method using the following two primers; primer R,
5'-GTATCACGAGGCCCTT identical with the sequence
from 4333 to 4348 of pBR322 and primer H, 5'-GCAATTT-

(kbp)
4.36—

2 3

0.56—

Fig. 2. DNA fragments produced after digestion of the Sl-
generated unit-length linear pBR322 and its derivatives (con-
taining ~50% open circular DNA) with restriction endonu-
cleases. Three micrograms aliquots of superhelical plasmid DNAs
were digested with 3 units of Si under the conditions described in
"MATERIALS AND METHODS." The Sl-digested DNAs were then
digested with PuuII (lanes 1-3), Sail (lanes 4-6), and Vspl (lanes 7-
9). Electrophoresis was done in a 1% agarose slab gel under the
conditions described previously (15). Lanes 1, 4, and 7, pBR322;
lanes 2, 5, and 8, pBR-CT[ras]; lanes 3, 6, and 9, pBR-invCT[ras].
The ffmdm-digest of phage A. DNA and HincU- and PuuII-digests of
pBR322 DNA were used as molecular size markers. Sizes (kb) are
indicated to the left in the panel.

J. Biochem.

 at Peking U
niversity on O

ctober 2, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


Structure and Function of Py/Pu-Biased Stretch from ras Gene 699

AACTGTGAT complementary to the sequence from 64 to
49 of pBR322 (see Fig. 3). In the PuuII-digests of the
Sl-linearized pBR-CT[ras] (lane 2 of Fig. 2), DNA frag-
ments at/around the two intense bands (2.35 and 2.16 kb)
were subjected to analysis. In the extension of the CT-rich
strand (the larger fragment and primer R), three intense
and five faint bands were observed at nucleotides 45 (C), 46
(C), and 48 (T) and nucleotides 32 (T), 37 (C), 38 (C), 42
(T), and 55 (T), respectively, on the CT-rich strand (panel
A of Fig. 3), indicating that the template (AG-rich) strand
ended at the positions marked by arrows in Fig. 4, i.e., SI
cleavages occurred at the arrow positions. In the case of the
AG-rich strand (the smaller fragment and primer H), three
intense bands were observed at nucleotides 60 (A), 57 (A),
and 56 (A) (panel B of Fig. 3). The ends of the CT-rich
template strand (the sites of Si cleavage) are marked by
arrows in Fig. 4. These results demonstrate that the ras
CT/AG-biased sequence forms an extended open structure
sensitive to Si cleavage. The Sl-cleavage sites determined
by the extension of the CT-rich strand did not coincide with
those of the AG-rich strand except for the cleavage between
nucleotides 55 and 56. This suggests that Si cleavages
occurred simultaneously at site(s) on the CT-strand and
site(s) on the AG-strand, and then second Si cuts occurred
on the opposite strand at or near the sites nicked first to
yield linear DNA molecules slightly smaller than full length
size.

A polypyrimidine/polypurine sequence with mirror
repeat symmetry (2) has been reported to form an intra-
molecular triplex structure under conditions of negative
supercoiling and either low pH (25) or neutral pH in the
presence of divalent cations (26). So we constructed
pBR-CT[ras]/J13 and pBR-CT[ras]zJ19, which are the
pBR-CT[ras] plasmids lacking the counterpart of the
mirror repeat of the CT/AG sequence (see Fig. 4). The
Si-digestion analysis of the two DNAs isolated from
DM800 revealed that an Sl-cleavable structure was not
formed within the shortened CT/AG sequence (data not
shown), showing that the mirror repeat is involved in the
formation of Sl-cleavage sites, and presumably in that of
intramolecular triplex structure (H-y3 conformation) at
pH4.5.

Tcr Levels of E. coli Carrying pBR322 and Its Deriva-
tives—Although maximum Tc concentration permitting

growth of DM800 (JM109) carrying pBR322 was 16 (125)
fxg per ml, DM800 (JM109) cells carrying pBR-CT[ras]
could grow on agar plates at Tc concentrations up to 20
(175) n% per ml. DM800 (JM109) carrying pBR-CT[ras]-

(A)

A C G T

(B)

A C G T

3

Fig. 3. Determination of the Sl-cleavage sites within the CT/
AG-biased sequence of pBR322 derivative pBR-CT[ras] by the
primer extension method. The extensions of the CT-rich strand
with primer R (panel A) and the AG-rich strand with primer H (panel
B) were carried out using the larger or smaller fragment of the
PuuII-digests of pBR-CT[ras]. The nucleotides corresponding to the
ends of extension products (marked by arrows) were determined from
the sequence ladders (ACGT) which were derived from pBR-CT[ras]
with primers R and H by the dideoxy chain-termination method of
Sanger et al. (18).

3 .CTTAAGTTGCGGAAAAATCCdAAGATGGGCG,
EcoRi

Mg
: A13 >i

40 a

TAA

CfTTGGTTGTCCTTCTTCTTCTTCTTTTCCAAAAGACTTGAGGAGCCGACTGT
GAAACCAACAGGAAGAAGAAGAAGAAAAGGTTTTCTGAACTCCTCGGCTGACA

100

Fig. 4. Summary of the Sl-cleavage sites within
the CT/AG-biased sequence of the ras gene. The
nucleotide sequence of the CT/AG-biased sequence
(boxed)-containing region of the ras gene is shown.
Mirror repeat sequences are shaded on the pyrimidine
strand in the CT/AG box. Closed arrowheads are tsp.
The Sl-cleavage sites on the template strand in the
extensions of the CT and AG strands are shown by
vertical arrows. Their lengths correspond to the fre-
quencies of SI cleavages judged from the results of Fig.
3, with the most preferential sites marked by long
arrows. Restriction sites used for the construction of
recombinant plasmids are also shown. Two broken lines
with arrowheads above the sequence indicate the
regions of deletion in pBR-CT[ras]zJ13 and pBR-
CT[ras]419 (see "MATERIALS AND METHODS").
In pBR-CT[ras]zJ19 one end of the deletion does not
match the position of the arrow of the Sl-cleavage. This must be due to the occurrence of a second SI cut on the opposite strand near to (not
at) the site nicked first, yielding a 3'-protruding end. The sequence data will appear in the DDBJ/EMBL/GenBank nt sequence databases under
accession No. D01208.

110 120 130 140 ISO 3.

TTCTGAATCTTCCTCTACTTTTGTGACCTGCAGGCATGCAAGCTGGAATTC
AAGACTTAGAAGGAGATGAAAACACTGGACGTCCGTACGTTCGACCTTAAG 5•

RsaVHincll Hindlll EcoRl
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Z/13 and pBR-CT[ras]z/19, however, could not grow at the
same Tc concentration as pBR-CT[ras] though they were
resistant to 18 (140) yig of Tc per ml. DM800 (JM109)
carrying pBR-invCT[ras] could not grow in the presence of
13 (100) n% of Tc per ml, but it was resistant to 11 (75) jxg
of Tc per ml. DM800 (JM109) carrying the E. coli lacZ
sequence (adopting usual B structure)-containing plasmids
pBR-gal' and pBR-invgal' showed the same level of Tcr as
that carrying pBR322. The copy numbers of pBR322 and its
six derivatives in DM800 (JM109) were almost the same,
suggesting that the CT/AG sequence does not affect the
regulation of replication of the plasmid DNAs. The results
show that pBR-CT[ras] (pBR-invCT[ras]) confers higher
(lower) levels of Tcr on DM800 and JM109 than pBR322
does. pBR-CT[ras]z/13 and pBR-CT[ras] J19 confer
pBR322-like Tcr on both strains. The plasmid-carrying
DM800 cells, however, are highly sensitive to Tc when
compared with the plasmid-carrying JM109 cells.

The growth of DM800 carrying pBR322 and its deriva-
tives was examined in liquid medium. DM800 cells carry-
ing pBR-CT[ras] showed almost no growth in the presence
of 7 jug of Tc per ml and the difference in growth rate in the
presence of 5/^g of Tc per ml between the DM800 cells
carrying each of the plasmids was not clear. JM109 cells
carrying each of the plasmids, on the other hand, grew well
in liquid medium containing 20 ^g of Tc per ml. So we
examined the JM109 cells at this concentration of Tc. As
shown in Fig. 5, the growth rate of JM109 carrying pBR-CT
[ras] was clearly higher than that carrying pBR322 or
either of the pBR-CT[ras] deletion derivatives. JM109

1 -

I
oo

1)o
a
x>
o

0.01
270 360 450

Cultivation time (min)
Fig. 5. Growth curves oftheJM109 cells carrying pBR322 and
its derivatives. Plasmid-harboring E. coli cells were cultured in LB
medium containing 20 fig of Tc per ml at 37*C. At the indicated
period, absorbance at 600 nm was measured. The plasmids carried
were as follows: pBR322 (O), pBR-CT[ras] (•), pBR-invCT[ras]
( A ) , pBR-CT[ras]413(C),pBR-CT[ras]zU9 (A) . Absorbance values
are the average of 3 independent experiments.

carrying pBR-invCT[ras] grew at the most reduced rate.
Thus, the plasmids were ordered with respect to the
expression of Tcr in JM109 (DM800) as follows: pBR-CT
[ras] > pBR-CT [ras] A13 ^ pBR- CT [ras] A19 > pBR322 >
pBR-invCT[ras].

The CT/AG sequence of the ras gene is probably also
widely single-stranded in supercoiled plasmids in E. coli
cells; DNAs of pBR322, pBR-CT[ras] and pBR-invCT
[ras] isolated from DM800 were found to be cleaved by
single-strand-specific Bal31 nuclease (14) at neutral pH
and under physiological conditions within regions similar to
those cleaved by Si (data not shown), although the restric-
tion DNA bands were relatively diffused on gels because
Bal31 possesses a higher quasi-processive exonuclease
activity that simultaneously degraded both 3'- and 5'-ter-
mini of duplex DNA (14). So the upstream sequences of the
pBR322-tei promoter region (nucleotides 10-45) (see Fig.
1) are expected to be easily unwound in the DNA of pBR-CT
[ras], resulting in an efficient initiation of transcription of
the tet gene. Even though in the DNA of pBR-invCT[ras]
the unwound upstream region must be much closer to the
pBR322-fe£ promoter, the plasmid confers lower levels of
Tcr on E. coli cells. Probably the CT/AG sequence does not
adopt a canonical unwound structure in supercoiled plasmid
in E. coli; it presumably forms an intramolecular triplex

o
S

-a
03
i_
00
<D

-a
U
<
Q
<
CL,

Incubation time (min)
Fig. 6. The periplasmic /9-lactamase activities of DM800 (A)
and JM109 (B) carrying pBR322 and its derivatives determined
by measuring the degradation of PADAC. The reaction was
performed in 50 mM Na-phosphate buffer (pH 6.8) containing 5 AIM
PADAC at 25*C. The decrease of absorbance at 570 nm was measured
at the indicated period and the amount of hydrolyzed PADAC was
calculated. The plasmids carried were as follows: pBR322 (O), pBR-
CTfras] (•), pBR-invCT[ras] (A) , pBR-CT[ras]/J13 (£), PBR-
CT[ras]dl9 (A). Absorbance values are the average of 3 independent
experiments.
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structure transiently via the mirror repeat. The sequence
between the putative triplex portion and pBR322-te(
promoter may be tightly double helical. This state is
probably unfavorable for the initiation of transcription of
the tet gene.

/3-Lactamase Activity in E. coli Carrying pBR322 and
Its Derivatives—The /3-lactamase activity expressed in
DM800 (JM109) carrying pBR-CT[ras] was similar to that
carrying pBR-invCT[ras]. These activities were clearly
lower than that carrying pBR322 (Fig. 6). DM800 transfer -
mants carrying pBR-CT[ras] or pBR-invCT[ras] showed
lower levels of the activity than JM109 transformants
carrying either of them. DM800 (JM109) carrying pBR-CT
[ras]/J13 or pBR-CT[ras]z/19 showed clearly higher activ-
ities than that carrying pBR-CT[ras]. pBR-gal' and pBR-
invgal' conferred very similar activities of /3-lactamase to
that of pBR-CT[ras]zfl9 on DM800 and JM109 (data not
shown). Transcription of the bla gene is initiated at
nucleotides 36 and 4187 and proceeds in the direction
opposite to that of the tet gene (27) (see Fig. 1). The
results, therefore, suggest that the ras CT/AG sequence-
containing fragment inserted into the EcoBI site may
inhibit the bla transcription started at nucleotide 36 in spite
of the orientation of insertion of the fragment [RNA
polymerase may stall at the unusual structure (intra-
molecular triplex?) formed in the CT/AG sequence], but it
has almost no effect on the bla transcription initiated at
nucleotide 4187, which is distant from the .EcoRI site.

Negative Superhelicity of pBR322 and Its Derivatives
Propagated in DM800—To understand the experimental
results described above, the topological structures of the
plasmid DNAs were analyzed. In the negative supercoiling
distribution of pBR322 DNA isolated from DM800 (lanes 1
and 8 of Fig. 7A), the bottom band contains the most
negatively supercoiled DNA, intermediate bands contain
DNA with fewer supercoils (the topoisomers migrate more
slowly with less supercoiling), and the top band contains
nicked circular DNA (17). The two derivatives pBR-CT
[ras] (lane 2) and pBR-invCT[ras] (lane 3) displayed
supercoiling distributions wherein a smaller amount of
highly negatively supercoiled DNA species remained, while
the control four derivatives pBR-gal' (lane 4), pBR-invgal'
(lane 5), pBR-CT[ras] J19 (lane 6), and pBR-CT[ras]z/13
(lane 7) exhibited pBR322-like high levels of negative
supercoiling. pBR-CT [ras] seems to contain a slightly more
highly negatively supercoiled DNA species than pBR-
invCT [ras]. To obtain more detailed information about the
difference in negative superhelical density between pBR-
CT[ras] and pBR-invCT[ras], two-dimensional chloro-
quine-agarose gel electrophoresis was done (panels Bl, 2,
and 3 of Fig. 7). Compared with pBR-CT[ras] (B2),
pBR-invCT[ras] (B3) contained a larger amount of posi-
tively supercoiled DNA molecules (in the upper arc) which
were derived from less negatively supercoiled DNA species
propagated in DM800, confirming that the negatively
superhelical density of pBR-invCT[ras] is lower than that
of pBR-CT[ras]. Negative superhelical densities of DNAs
of pBR322, pBR-CT[ras] and pBR-invCT[ras] isolated
from JM109 were also analyzed. However, no clear differ-
ence in the densities could be detected between the three
plasmid DNAs.

The high levels of negative supercoiling of pBR322 in
DM800 are known to be attributed to the generation of twin

2nd

1 2 3 4 5 6 7
(Bl)

(B2)

(B3)

Fig. 7. Chloroquine-agarose gel electrophoretic analysis of
the degree of negative supercoiling of the plasmid DNAs iso-
lated from DM800. (A) One-dimensional electrophoretic patterns.
Samples (2 pg each) of pBR322 (lanes 1 and 8), pBR-CT[ras] (lane
2), pBR-invCT[ras] (lane 3), pBR-gal' (lane 4), pBR-invgal' (lane 5),
pBR-CT[ras]/J19 (lane 6), and pBR-CT[ras]/J13 (lane 7) were
electrophoresed in a 1% agarose horizontal slab gel containing chloro-
quine (100//g/ml) according to the method of Pruss (17). (B1-B3)
Two-dimensional electrophoretic patterns. Samples (2 jig each) of
pBR322 (Bl), pBR-CT[ras] (B2), and pBR-invCT[ras] (B3) were
loaded on gel. Chloroquine was present at 48^g/ml in the first
(vertical) dimension and at 196//g/ml in the second (horizontal)
dimension. During electrophoresis in the first dimension, topoisomers
in the lower arcs of the three distributions were negatively super-
coiled, while those in the upper arcs were positively supercoiled,
causing the two arcs of each distribution to be superimposed.
Electrophoresis in the second dimension resolved the superimposed
topoisomers.

supercoiled domains during transcription of tet: in the
absence of the topoisomerase I, the positively supercoiled
domain is effectively relaxed by gyrase, resulting in a net
accumulation of negative supercoils (28, 29). The presence
of the bla gene is considered not to be required for high
levels of negative plasmid supercoiling; the pBR322 dele-
tion plasmid lacking the bla gene showed a pBR322-like
high level of negative supercoiling (30, 31). As transcrip-
tion proceeds, DNA in front of the transcription complex
becomes positively supercoiled, and DNA behind the
complex becomes negatively supercoiled (29). The inserted
CT/AG-biased sequence-containing region present in the
negative domain (EcoTll site) of the two pBR322 deriva-
tives may form an altered structure, presumably such that
introduction of negative turns into the derivatives is
insufficient when compared with pBR322 DNA and/or
some gyrase molecules do remove negative turns in the
derivatives. As described earlier, the level of Tcr of E. coli
carrying pBR-CT[ras] is clearly higher than that carrying
pBR-invCT[ras], showing more efficient initiation of the
transcription of the tet gene in pBR-CT[ras]. This causes
more frequent formation of twin supercoiled domains in
pBR-CT[ras] than in pBR-invCT[ras], resulting in the
increase of negative superhelical density of the plasmid.

We have shown above that the CT/AG-biased sequence
with a short (7 bases) mirror repeat from the basidio-
mycete L. edodes ras gene forms an extended Sl-cleavable
open structure in pBR322 DNA and affects the expressions
of the plasmid-coding tet and bla genes in E. coli. The open
structure has been implied to be formed by the intra-
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molecular triplex formation via the mirror repeat. Thus,
we performed two-dimensional chloroquine-agarose gel
electrophoretic analysis of the pBR322 derivatives contain-
ing the CT/AG-biased sequence under the following condi-
tions. The DNAs were electrophoresed in low pH (^6.0)
buffer containing no chloroquine in the first dimension and
in neutral pH buffer containing chloroquine in the second
dimension. If the CT/AG-biased sequence forms the stable
intramolecular triplex structure, one would expect the
detection of a break or irregular pulse in the topoisomer arc
under these conditions (3). Unfortunately, a positive indi-
cation of the presence of intramolecular triplex structure
was not obtained in the experiments (data not shown).
Probably, the CT/AG-biased sequence does not form the
intramolecular triplex structure under the conditions of the
electrophoresis. It may form the triplex structure under
more restricted conditions both in vivo and in vitro. In the
basidiomycetous fungal cells, the potential exists to gener-
ate negative superhelical turns by the local removal of
histone octamers from the chromosome. So the CT/AG-
biased sequence is expected to form an unusual structure
and to function also in the fungal cells.

We are indebted to Ms. M. Hayashi for typing the manuscript.

REFERENCES

1. Wells, R.D., Collier, D.A., Hanvey, J.C., Shimizu, M., and
Whohlrab, F. (1988) The chemistry and biology of unusual DNA
structures adopted by oligopurine-oligopyrimidine sequences.
FASEB J. 2, 2939-2949

2. Mirkin, S.M., Lyamichev, V.I., Drushlyak, K.N., Dobrynin,
V.N., Filippov, S.A., and Frank-Kamenetskii, M.D. (1987) DNA
H form requires a homopurine-homopyrimidine mirror repeat.
Nature 330, 495-497

3. Shimizu, M., Hanvey, J.C., and Wells, R.D. (1990) Multiple non-
B-DNA conformations of. polypurine-polypyrimidine sequences
in plasmids. Biochemistry 29, 4704-4713

4. Baran, N., Lapidot, A., and Manor, H. (1991) Formation of DNA
triplexes accounts for arrests of DNA synthesis at d(TC)n and
d(GA)n tracts. Proc. Natl. Acad. Sci. USA 88, 507-511

5. Brinton, B.T., Caddie, M.S., and Heintz, N.H. (1991) Position
and orientation-dependent effects of a eukaryotic Z-triplex DNA
motif on episomal DNA replication in COS-7 cells. J. Biol. Chem.
266, 5153-5161

6. Kohwi, Y. and Kohwi-Shigematsu, T. (1991) Altered gene
expression correlates with DNA structure. Genes Dev. 5, 2547-
2554

7. Weinreb, A., Collier, D.A., Birshtein, B.K., and Wells, R.D.
(1990) Left-handed Z-DNA and intramolecular triplex formation
at the site of an unequal sister chromatid exchange. J. Biol. Chem.
265, 1352-1359

8. Hori, K., Kajiwara, S., Saito, T., Miyazawa, H., Katayose, Y.,
and Shishido, K. (1991) Cloning, sequence analysis and tran-
scriptional expression of a ras gene of the edible basidiomycete
Lentinus edodes. Gene 105, 91-96

9. Kajiwara, S. and Shishido, K. (1992) Characterization of the
promoter region of the basidiomycete Lentinus edodes Le.ras
gene. FEMS Lett. 92, 147-150

10. Gurr, S.J., Uncles, S.E., and Kinghorn, J.R. (1988) The struc-
ture and organization of nuclear genes in filamentous fungi in
Gene Structure in Eukaryotic Microbes (Kinghorn, J.R., ed.) pp.
93-139, IRL Press, Oxford

11. Sternglanz, R., DiNardo, S., Voelkel, K.A., Nishimura, Y.,
Hirota, Y., Becherer, K., Zumstein, L., and Wang, J.C. (1981)
Mutations in the gene coding for Escherichia coli DNA topo-

isomerase I affect transcription and transposition. Proc. Natl.
Acad. Sci. USA 78, 2747-2751

12. DiNardo, S., Voelkel, K.A., Sternglanz, R., Reynolds, A.E., and
Wright, A. (1982) Escherichia coli DNA topoisomerase I mutants
have compensatory mutations in DNA gyrase genes. Cell 31, 43-
51

13. Yanisch-Perron, C, Vieira, J., and Messing, J. (1985) Improved
M13 phage cloning vectors and host strains: nucleotide sequences
of the M13mpl8 and pUC19 vectors. Gene 33, 103-119

14. Shishido, K. and Ando, T. (1982) Single-strand-specific nu-
cleasesin Nucleases (Linn, S.M. and Roberts, R.J., eds.) pp. 155-
185, Cold Spring Harbor Laboratory Press, Cold Spring Harbor,
NY

15. Shishido, K., Komiyama, N., and Ikawa, S. (1987) Increased
production of a knotted form of plasmid pBR322 DNA in
Escherichia coli DNA topoisomerase mutants. J. Mol. Biol. 195,
215-218

16. Shishido, K. (1979) Location of SI nuclease-cleavage sites on
circular, superhelical DNAs between polyoma virus and simian
virus 40. Agric. Biol. Chem. 43, 1093-1102

17. Pruss, G.J. (1985) DNA topoisomerase I mutants. Increased
heterogeneity in linking number and other replicon-dependent
changes in DNA supercoiling. J. Mol. Biol. 185, 51-63

18. Sanger, F., Nicklen, S., and Coulson, A.R. (1977) DNA sequenc-
ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74, 5463-5467

19. Bradford, M.M. (1976) A rapid and sensitive method for quanti-
tation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 12, 248-254

20. Kato, M. and Shimizu, N. (1992) Effect of the potential triplex
DNA region on the in vitro expression of bacterial beta-lactamase
gene in superhelical recombinant plasmids. J. Biochem. 112,
492-494

21. Kuriki,Y. (1987) Response to temperature shifts of expression of
the amp gene on pBR322 in Escherichia coli K-12. J. Bacteriol.
169, 2294-2297

22. Watson, N. (1988) A new revision of the sequence of plasmid
pBR322. Gene 70, 399-403

23. Lilley, D.M. (1980) The inverted repeat as a recognizable
structural feature in supercoiled DNA molecules. Proc. Natl.
Acad. Sci. USA 77, 6468-6472

24. Panayotatos, N. and Wells, R.D. (1981) Cruciform structures in
supercoiled DNA. Nature 289, 466-470

25. Lyamichev, V.I., Mirkin, S.M., and Frank-Kamenetskii, M.D.
(1985) A pH-dependent structural transition in the homopurine-
homopyrimidine tract in superhelical DNA. J. Biomol. Struct.
Dyn. 3, 327-338

26. Kohwi, Y. and Kohwi-Shigematsu, T. (1988) Magnesium ion-
dependent triple-helix structure formed by homopurine-homo-
pyrimidine sequences in supercoiled plasmid DNA. Proc. Natl.
Acad. Sci. USA 85, 3781-3785

27. Brosius, J., Cate, R.L., and Perlmutter, A.P. (1982) Precise
location of two promoters for the beta-lactamase gene of pBR322.
SI mapping of ribonucleic acid isolated from Escherichia coli or
synthesized in vitro. J. Biol. Chem. 257, 9205-9210

28. Wu, H.-Y., Shyy, S.H., Wang, J.C, and Liu, L.F. (1988)
Transcription generates positively and negatively supercoiled
domains in the template. Cell 53, 433-440

29. Tsao, Y.P., Wu, H.-Y., and Liu, L.F. (1989) Transcription-
driven supercoiling of DNA: direct biochemical evidence from in
vitro studies. Cell 56, 111-118

30. Pruss, G.J. and Drlika, K. (1986) Topoisomerase I mutants: the
gene on pBR322 that encodes resistance to tetracycline affects
plasmid DNA supercoiling. Proc. Natl. Acad. Sci. USA 83,8952-
8956

31. Shishido, K., Ishii, S., and Komiyama, Y. (1989) The presence of
the region on pBR322 that encodes resistance to tetracycline is
responsible for high levels of plasmid DNA knotting in Escheri-
chia coli DNA topoisomerase I deletion mutant. Nucleic Acids
Res. 17, 9749-9759

J. Biochem.

 at Peking U
niversity on O

ctober 2, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/

