Biochemistry 1993, 32, 2167-2176
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ABSTRACT: During replication and transcription, the SV40 control region is subjected to significant levels
of DNA unwinding. There are three, alternating purine-pyrimidine tracts within this region that can adopt
the Z-DNA conformation in response to negative superhelix density: a single copy of ACACACAT and
two copies of ATGCATGC. Sincethe control region is essential for both efficient transcription and replication,
B-DNA to Z-DNA transitions in these vital sequence tracts may have significant biological consequences.
We have synthesized DNA minicircles to detect B-DNA to Z-DNA transitions in the SV40 enhancer, and
todetermine the negative superhelix density required tostabilize the Z-DNA. A variety of DNA sequences,
including the entire SV40 enhancer and the two segments of the enhancer with alternating purine-pyrimidine
tracts, were incorported into topologically relaxed minicircles. Negative supercoils were generated, and
the resulting topoisomers were resolved by electrophoresis. Using ananti-Z-DNA Faband an electrophoretic
mobility shift assay, Z-DNA was detected in the enhancer-containing minicircles at a superhelix density
of -0.05. Fab saturation binding experiments demonstrated that three, independent Z-DNA tracts were
stabilized in the supercoiled minicircles. Two other minicircles, each with one of the two alternating
purine-pyrimidine tracts, also contained single Z-DNA sites. These results confirm the identities of the
Z-DNA-forming sequences within the control region. Moreover, the B-DNA to Z-DNA transitions were
detected at superhelix densities observed during normal replication and transcription processes in the SV40
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life cycle.

Important regulatory mechanisms may be triggered by
changes in DNA topology. DNA unwinding occurs at the
initiation of SV40 replication with the binding of the large T
antigen (Stahl et al., 1986; Dean et al., 1987b; Dodson et al.,
1987; Bullock et al., 1989; Roberts, 1989; Gutierrez et al.,
1990; Dean & Hurwitz, 1991). DNA supercoiling is also a
factor at the completion of replication in that the initial
products of replication are topologically unwound (Bullock et
al., 1989). Complex changes in DNA topology accompany
transcription. Positive supercoils are formed in front of RNA
polymerase, and negative supercoils behind it (Wu et al., 1988).
When two transcription units are oriented in opposite ori-
entations, as is the case for the SV40 enhancer, the DNA
between them is subjected to high levels of negative superhelix
density.

One of the most dramatic effects of DNA unwinding is the
transition of B-DNA to Z-DNA. B-DNA to Z-DNA
transitions that occur as a result of the significant changes in
superhelix density during replication and transcription may
play an important regulatory role. We have set out to
investigate Z-DNA-forming sequences within the SV40
enhancer through the use of DNA minicircles. A strategy
was developed to determine the number of independent

¥ This research was supported by grants from the National Institutes
of Health, the American Cancer Society, the National Science Foundation,
the Office of Naval Research, and the National Aeronautics and Space
Administration. E.G. was supported by a postdoctoral fellowship from
the National Institutes of Health.

* Author to whom correspondence should be addressed.

t United States Surgical Corp.

§ Massachusetts Institute of Technology.

Z-DNA sequence tracts, and the negative superhelix density
required to stabilize the Z-DNA conformation.

A variety of immunological and sequence analyses have
demonstrated that the SV40 genome contains several sites
capable of adopting the left-handed, Z-DNA conformation.
Immunological studies mapped three Z-DNA sites in the viral
control sequences (Nordheim & Rich, 1983; Zarling et al.,,
1984; Hagenetal., 1985; Nordheim et al., 1987). Since there
are three sequence tracts with eight base pair, alternating
purine-pyrimidine sequences within the control region, it was
assumed that these must be the Z-DNA-forming sites. Here
DNA minicircles have been employed to analyze the specific
sequences within the SV40 enhancer that adopt the Z-DNA
conformation. In addition, the negative superhelix density
required to convert the sequences to the Z-DNA configuration
was determined.

DNA minicircles have emerged as powerful tools to study
DNA structure, topology, and DNA interactive proteins. DNA
fragments with self-complementary cohesive termini are used
to generate circles as small as several hundred base pairs.
Because of their small size, DNA minicircles have been used
as substrates for gel electrophoresis mobility shift assays to
study protein-DNA interactions. For example, the interac-
tions of EcoRI, CAP, and the /ac repressor with cognate
binding sites have been investigated with minicircles that have
different superhelix densities (Douc-Rasy et al., 1989). In
addition, the activity of DNA gyrase (Bates & Maxwell, 1989),
the DNA unwinding capacity of SV40 large T antigen (Dean
& Hurwitz, 1991), and the interaction of Z-DNA antibodies
with minicircles containing sequences that can adopt the
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Table I: Summary of DNA Minicircles

mini- parent size
circle  plasmid  (bp) description
z- pUC-EG4 270 negative control for Z-DNA

z pEGAR 285  positive control for Z-DNA: contains
26 bp alternating CG sequence tract
SV pUC-EG5 372 contains SV40 sequences including origin
of replication and enhancer element
contains SV40 sequence 5TAATTGAG-
ATGCATGC-TTTGCATAY ¢
contains SV40 sequence YCCTAACTG-
ACACACAT-TCCACAG3'*

@ Sequence tract begins at position 119 in the SV40 genome. Bold-
face type indicates the alternating purine-pyrimidine sequence tracts.
b Sequence tract begins at position 250 in the SV40 genome. Bold-face
type indicates the alternating purine-pyrimidine sequence tracts.

SVZ, pUC-EG7 201

SVZ, pDG-2 291

Z-DNA conformation (Nordheim & Meese, 1988) have been
analyzed with DNA minicircles.

It is difficult to study a single Z-DNA tract within a large
plasmid that contains multiple Z-DNA-forming sequences.
However, with DNA minicircles, the influence of other
sequence tracts can be excluded to understand the behavior
of a specific subset of the genome. Since minicircles contain
several hundred base pairs, rather than several thousand, as
in a conventional plasmid, the contributions of specific
sequences to the overall structure and topology are more readily
observed. This advantage is especially useful for the study of
Z-DNA: With DNA minicircles, the conversion from B-DNA
to Z-DNA can be stabilized by negative supercoils (Singelton
etal., 1982; Pecketal., 1982, 1986) instead of chemical means
such as bromination (Moller et al., 1984). Supercoils have
been shown to stabilize B-DNA to Z-DNA transitions of 12
base pair, alternating purine-pyrimidine sequence tracts in
conventional plasmids (Rahmouni & Wells, 1989). However,
a plasmid several kilobases in size has sufficient sequence
complexity such that many Z-DNA potential sequences
coexist. Since the energy requirements for many of the
B-DNA to Z-DNA transitions are nearly equivalent, any
individual transition is difficult to detect. Long-range in-
teractions between competing domains have been observed
for plasmids that contain several, independent, purine-
pyrimidine sequence tracts (Ellison et al., 1987). The SV40
genome is similar in that many small stretches of Z-DNA, as
well as other structures such as triple helices and hairpin loops,
can compete for the energy stored as negative supercoils.
Individual sequence tracts exist in a B-DNA and Z-DNA
equilibrium that is affected by all the other sequences that vie
for stabilization energy.

Several minicircles were constructed for the work reported
here (see Table I). All of the minicircles were synthesized as
relaxed circles and then supercoiled by treatment with
topoisomerase I in the presence of ethidium bromide. The
resulting topoisomers, which differed by single, supercoil
increments, were resolved by electrophoresis in the presence
of chloroquine. Identical samples of the minicircles were
incubated with the Fab! part of a Z-DNA-specific monoclonal
antibody (Moller et al., 1982) and subjected to an electro-
phoretic mobility shift assay. A comparison of the chloroquine
gels to the mobility shift experiment was used to ascertain
which topoisomers contained Z-DNA. Saturation binding
experiments of Fab with the maximally supercoiled minicircles
were used to determine the number of independent, Z-DNA-

! Abbreviations: BSA, bovine serum albumin; DTT, dithiothreitol;
EDTA, ethylenediaminetetraacetic acid; Fab, Fab fragment of a
monoclonal antibody.
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forming sites within each minicircle. Through this strategy,
Z-DNA-forming sequences were detected, and the negative
superhelix density required to stabilize the Z-DNA was
determined.

MATERIALS AND METHODS

Plasmids. DNA fragments with self-complementary co-
hesive termini were used to synthesize the DNA minicircles
(TableI). The plasmid pUC-EG4 was constructed as follows.
The Sphl site of pUC-18 was deleted by digestion with PstI
and HindIII followed by recircularization (deletion of this
Sphl site was important since this sequence is found within
the SV40 enhancer). An oligonucleotide containing PstI,
Hindlll, and Aatll sites was ligated into the unique EcoRI
site. The plasmid pUC-EGS was constructed by ligation of
the 798 bp, Tagl-Kpnl fragment of SV40 into the Narl and
Kpnlsitesof pUC-EG4. The plasmid pEGAR was constructed
by ligation of a 45 bp Kpnl-BamHI fragment of pME-A, that
contains a (CG);3; sequence, into the corresponding sites of
pUC-EG4. To construct plasmids pUC-EG7 and pDG-2,
oligonucleotides were synthesized that contain the SV40
sequences flanked by Kpnl and BamHI sites. The oligonu-
cleotides were ligated into the corresponding sites of pUC-
EG4.

Synthesis and Purification of DNA Minicircles. The
minicircle synthesis, and subsequent analyses, employed
modifications of previously published methods (Nordheim &
Meese, 1988). The DNA fragments were end-labeled with
[v-32P]ATP. Theligation reactions were performed ata DNA
concentration of 1 ug/mL: The 3?P-labeled DNA in 50 uL
of H,O was heated to 65 °C to disrupt intermolecular
hybridizations and then added to a 1.95-mL ligation reaction
mixture at 4 °C. The resulting 2-mL reactions consisted of
2 ug of 3?P-labeled DNA fragment, 1 mM ultrapure ATP
(Pharmacia), 100 ug/mL BSA, 20 mM DTT, 50 mM Tris-
HCI (pH 7.8), 10 mM MgCl,, and 10 000 units of T4 DNA
ligase (New England Biolabs, 2 000 000 units/mL). The
ligation reaction was maintained at 4 °C for 16 h. At the
conclusion of the ligation reaction, 10 uL of 0.5 M EDTA,
40 uL of 2.5 M KCl, and 2.5 uL of topoisomerase I (New
England Biolabs) were added, and the reaction was continued
at37 °C for 60 min. The DNA was purified from the ligation
reaction mixture by anion-exchange chromatography with
Qiagen columns (Qiagen Corp.).

The ligation reaction generated a variety of DNA species.
Solubilizable polyacrylamide gels were employed to purify
the unit-length circular subpopulation. The DNA was
subjected to electrophoresis through a 1.5-mm, 4%, 30:1
acrylamide/bis(acrylylcystamine) (BAC)—polyacrylamide gel
in 90 mM Tris-borate/2 mM EDTA (RB). Electrophoresis
was performed with a Bio-Rad Protean gel system modified
for buffer recircularization. Chloroquine at 10 mg/mL was
added to a final concentration of 20 ug/mL in both the gel
and the electrophoresis running buffer. Electrophoresis was
carried out at 100 V for 12 h at 4 °C. At the completion of
the gel run, the glass plates were carefully separated, and the
gel was left on one of the plates, covered with plastic film, and
then exposed to X-ray film at 25 °C for 2-5 min with an
intensifying screen. The resulting autoradiograph was used
as a template to identify the positions of the DNA within the
gel. DNA was purified from the solubilizable gel matrix by
modifications of published procedures (Hansen et al., 1979;
Hansen, 1981; Marotta et al., 1982).

The specific DNA bands that corresponded to the unit-
length circle for each minicircle had to be identified from
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among the ligation products. The DNA in each band in the
solubilizable gels was purified. Each DNA sample was treated
with topisomerase [ in the presence of 0.5 ug/mL ethidium
bromide (as described in the next section). The samples were
resolved by electrophoresis through 1.5-mm, 4%, 30:1 acry-
lamide/PDA gels in RB at 100 V for 12 h at 4 °C. A shift
in the electrophoretic mobility was diagnostic for a circular
species. The mobility of the circular forms generated by
ligations of the Z*- and SV-minicircles was coincident with
the mobility of the linear dimers. To further purify the
minicircles, a second round of electrophoresis was required;
however, chloroquine was excluded. Under these conditions
the mobility of the minicircle was shifted relative to the linear
dimer. It was then possible to purify just the minicircle form.
The efficiency of circularization varied from approximately
30% for SV-minicircles to 10-20% for the other minicircles.

Supercoiling Reactions and Resolution of Topoisomers.
Negative superhelix denisty was introduced into the circular
DNA by treatment with topoisomerase I in the presence of
ethidium bromide. Purified minicircles, with zero supercoils,
were incubated for 60 min in a 50-uL reaction consisting of
50 mM Tris-HCI (pH 7.5), 50 mM KCI, 10 mM MgCl,, 0.1
mM EDTA, 0.5 mM DTT, 30 pug/mL BSA, and ethidium
bromide at the indicated concentrations (0-2 ug/mL). The
DNA was phenol-extracted, precipitated with 10 ug of poly-
(dI-dC), and resuspended in 10 mM Tris-HCI (pH 8.0)/1
mM EDTA. The resulting topoisomers were resolved by
electrophoresis through 1.5-mm, 4%, 30:1 acrylamide/PDA
gels in RB. Chloroquine at 20 ug/mL was present in both
the gel and electrophoresis running buffer. Electrophoresis
was carried out at 100 V for 12hat 4 °C. The gels were dried
under vacuum and exposed to X-ray film for 12 h at -80 °C
using two intensifying screens.

Gel Electrophoresis Mobility Shift Assays. The presence
of Z-DNA in minicircles was determined by the binding of
the Fab fragment of the Z-DN A-specific monoclonal antibody
Z-22 (Moller et al., 1982; Nordheim et al., 1986): To limit
nonspecific DNA binding, all of the reaction components,
with the exception of the DNA minicircles, were incubated
for 15 min at 4 °C. Upon the addition of minicircle DNA,
the reaction, which consisted of the indicated concentration
of Fab, 100 pg of minicircle DN A (approximately 5000 cpm),
1.5 ug of poly(dI-dC), 2 mM Tris-HCI (pH 8.0), 10 mM
EDTA, 50 mM NaCl, 10% glycerol, 100 ug/mL BSA, and
10 mM DTT, was shifted to 25 °C for 60 min. A second set
of reactions was carried out without the addition of Fab to
serve as a control. The reactions were loaded directly onto
1.5-mm, 4%, 30:1 polyacrylamide/PDA gels in RB and
subjected to electrophoresis at 200 V for 6 h at 4 °C. The
gels were dried under vacuum and exposed to X-ray film for
12 h at —80 °C using two intensifying screens.

RESULTS

Z--Minicircle. Aswasthecaseforall the minicircles tested,
the gel system for the electrophoretic mobility shift analysis
was unable to resolve individual topoisomers (Figure 1, panel
A). However, the system clearly resolved free minicircles
from Fab-bound minicircles (Figure 1, panel B). A comparison
of Figure 1, panel B, to Figure 1, panel C, demonstrates that
the first Fab-induced mobility shift is coincident with the
emergence of the topoisomer inlane 11. Since the topoisomers
were generated by treatment with topoisomerase I and
ethidium bromide, the superhelix density of each successive
band differed by one supercoil. A chloroquine concentration
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FIGURE 1: Analysis of the Z--minicircle. Topologically relaxed
minicircles were synthesized and supercoiled by treatment with
topoisomerase I in the presence of ethidium bromide (see Materials
and Methods). Inall three panels, lanes 1-20 represent the different
concentrations of ethidium bromide used in the supercoiling reac-
tions: 0.00, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 0.45, 0.50,
0.60, 0.70, 0.80, 1.00, 1.20, 1.40, 1.60, 1.80, and 2.00 ug/mL,
respectively. Electrophoresis and autoradiography were performed
as described under Materials and Methods. Panels A and B comprise
the Fab binding experiment. Panel A shows the electrophoretic
mobility of the Z--minicircles in the absence of Fab. Panel B shows
the same Z--minicircle topoisomers after the addition of 5 ug of Fab
per lane. Changes in the bands are a result of the retardation of the
electrophoretic mobility of specific Z--minicircle topoisomers that
have bound to Fab. Panel C shows the topoisomer resolution
experiment in which the Z--minicircle topoisomers were resolved in
the presence of chloroquine.
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was determined empirically that resulted in the maximal
mobility of the relaxed minicircle (Figure 1, panel C, lane 1),
and allowed sufficient resolution of the more highly supercoiled
species. The result was the expected bell-shaped distribution
of topoisomers: The chloroquine intercalated into the DNA
such that a specific number of positive supercoiles were
generated. The band in lane 1, Figure 1, panel C, was the
relaxed topoisomer of the minicircle; however, in the presence
of chloroquine, it was the most positively supercoiled species.
The mobility of the minicircles in successive lanes first
decreased, which is the result of increased negative superhelix
density, but decreased positive superhelix density in the
presence of chloroquine. The minicircle with the slowest
mobility was at the top of the bell-shaped distribution. This
species contained —2 supercoils; however, in the gel the DNA
was actually at a zero superhelix density. The mobility of the
minicircles after this point increased, which indicated that
the minicircles were negatively supercoiled in the presence of
chloroquine. Thus, the number of supercoils can be determined
by assigning 0 supercoils for the minicircles in lane 1, and
then each successive band would have 1 additional negative
supercoil. Therefore, the Z--minicircle was supercoiled to a
maximum of 6 negative supercoils which corresponds to a
superhelix density of -0.22. The emergence of the band shift
caused by the Fab fragment was coincident with the appear-
ance of the —4 topoisomer. This topoisomer has a superhelix
density of —0.15.

The Fab binding did not result in discrete shifted bands;
rather, a degenerate pattern of bands emerged. This distri-
bution of bands could have resulted from multiple Z-DNA
sites on each minicircle which competed for Fab binding. This
effect has been observed in other Z-DNA detection methods
in instances where sequences were analyzed that were not
particularly favorable for B-DNA to Z-DNA structural
transitions. Many independent sequences have high, but
isoenergetic requirements for conversionto Z-DNA. The Fab
fragment can bind to any of these sites within the population
of minicircles, thus generating a variety of shifted species.
This interpretation will become apparent upon the perusal of
the same experiment performed on Z*-minicircles.

Z*-Minicircle. The Z-and the Z*-minicircles are identical
with the exception of a (CG),; insert. However, the effects
of this insert on the results were dramatic (Figure 2). Although
the resolution capacity of the gel in Figure 2, panel A, was
limited, it was clear that a more rapidly migrating topoisomer
was generated in the sample in lane 4 that binds the Fab
fragment (Figure 2, panel B,lane 5). This result was diagnostic
for the conversion of the (CG),; insert to the Z-DNA
conformation. The resolution of the topoisomers in Figure 2,
panel C,demonstrates that the B-DNA to Z-DNA conversion
occurs with the addition of one superhelical turn to the
minicircle, which corresponds to a superhelix density of -0.04.
Thedistribution of topoisomers for the Z*-minicircle differed
significantly from that oberved for the Z -minicircle. The
most notable difference was the discontinuity in the bell-shaped
distribution of topoisomers in lanes 13-20. The discontinuity
can be explained by a B-DNA to Z-DNA transition within
the (CG);3 sequence which absorbed one negative supercoil.
Thus, there was a transition from a species with a more rapid
migration to a species with a slower migration observed in
lanes 18-20. However, the three topoisomers observed in
lane 16 suggest that other supercoil-induced structural
transitions such as hairpin loops, bulging, or kinking may
have occurred. Although there may be several competing
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FIGURE 2: Analysis of the Z*-minicircle. The analysis and
identification of the lanes are identical to those shown in Figure 1.
Panel A, Z*-minicircle topoisomers in the absence of Fab; panel B,
Z*-minicircle topoisomers after the addition of 5 ug of Fab per
reaction; panel C, resolution of the Z*-minicircle topoisomers in the
presence of chloroquine.

structures, the predominant conformation of the (CG);
sequence at high supercoils is probably Z-DNA.
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FIGURE 3: Saturation binding experiment of Z*-minicirclesand Fab.
The maximally supercoiled Z*-minicircle shown in Figure 2, panel
A, lane 20, was subjected to a saturation binding experiment (see
Materials and Methods). Inlanes 1-20, 100 pg of Z*-minicircle was
incubated with the following amounts of Fab: 0.00, 38 ng, 76 ng,
150 ng, 305 ng, 610 ng, 1.2 pg, 2.4 pg, 4.8 pg, 9.8 pg, 20 pg, 39 pg,
78 pg, 160 pg, 310 pg, 630 pg, 1.3 pg, 2.5 pg, 5.0 pg, and 10 pg,
respectively.

The apparent transition to the Z-DNA conformation
occurred with the addition of one negative supercoil to the —1
topoisomer, for a total of two negative supercoils, and a negative
superhelix density of —0.07. However, the band shift exper-
iment demonstrated that the -1 topoisomer contained Z-DNA.
An explanation for this apparent discrepancy is that the Fab
fragment influenced the equilibrium position between the
B-DNA and Z-DNA conformations of the —1 topoisomer.
The addition of one negative supercoil could have been
sufficient to shift the equilibrium toward the Z-DNA con-
figuration. The Fabcould have trapped the Z-DNA by binding
to it. Band shifts were not generated with the relaxed
topoisomer because the B-DNA to Z-DNA equilibrium in
these topoisomers would have strongly favored the B-DNA
conformation. This conclustion is consistent with previous
experiments in which anti-Z-DNA antibodies stabilized
Z-DNA in relaxed linear plasmids with poly(GC) inserts
(Lafer et al., 1985a).

The gel shift and topoisomer resolution data demonstrated
that the Z-DNA transition occurred between the —1 and -2
topoisomer. A band shift wasalsoobserved for each successive
topoisomer with increased negative superhelix density. The
mobility of the shifted band changed in concert with the
appearance of each new topoisomer. The heterogeneity could
have resulted from multiple Fab fragments bound to the
Z-DNA within a minicircle, or from differences in the
mobilities of the minicircles prior to Fab binding. To resolve
these possibilities, a saturation binding experiment was
performed in which minicircles at the highest superhelix density
(Figure 2, lane 20) were incubated with increased concen-
trations of Fab. The results (Figure 3) demonstrated that at
saturation binding, only one Fab could occupy the Z-DNA
site on each minicircle. This result is in contrast to those
reported previously (Runkel & Nordheim, 1986) in which
bivalent binding of the intact antibody to a poly(CG) sequence
was observed. However, in that study, intact antibody was
used. Itis likely that independent Fab molecules bound the
Z-DNA insucha waythat precluded another Fab from binding
to a nearby site on the same stretch of Z-DINA. Therefore,
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since only one Fab can bind to each minicircle, the different
band shift mobilities, observed in Figure 2, panel B, must
have originated from the different mobilities of the unbound
minicircles.

Unlike the results observed for the Z--minicircle, discrete
band shifts were observed for the Z*-minicircle. Furthermore,
the observation that only one Fab can bind to the (CG),. site
offers additional proof that the degenerate distribution of Fab-
induced band shifts observed for Z -minicircles at high
superhelix density was the result of independent Z-DNA sites
within the same minicircle. The transition of the (CG)3
sequence in the Z*-minicircle to the Z-DNA configuration
required relatively low negative superhelix density. Thus,
although the Z*-minicircle was nearly identical to the
Z -minicircle, the (CG);3 sequence acted as an energy sink
that prevented the emergence of the degenerate Z-DNA sites
that were observed in the Z -minicircle. These results
underscore the dramatic effects that a short Z-DNA-forming
sequence has on the properties of a larger set of sequences.
The (CG);3 sequence absorbs negative supercoils upon its
conversion to Z-DNA, which in turn limits the negative
superhelix density subjected on other sequences.

SV-Minicircle. The minicircle system provided a unique
opportunity to study Z-DNA within the SV40 enhancer.
Through an analysis of the enhancer sequence in isolation in
a minicircle, it was possible to get a more definitive under-
standing of the conversion of the three eight base pair
alternating purine-pyrimidine sequences to the Z-DNA
configuration. The larger size of the SV-minicircle, relative
to the ones described previously, resulted in a different
electrophoretic mobility pattern. Asshown in Figure 4, panel
A, the mobility of the minicircles was increased with added
superhelix density. However a pair of bands with a slower
electrophoretic mobility was observed in each lane. These
doublets were observed in every preparation of SV-minicircles.
The resolution of the topoisomers in Figure 4, panel C, provided
information on the identity of these doublets. Although a
pair of doublets was observed in the absence of chloroquine,
in the presence of chloroquine only a single band was observed
as the species with the slowest electrophoretic mobility. A
trace level of this band was observed in each lane on the
topoisomer resolution gels. Furthermore, the magnitude of
this band increased as the time between the preparation of the
topoisomers and the topoisomer analysis was extended (data
notshown). Therefore, this band represented minicircles with
one or more single-strand gaps. Since the minicircles in this
subpopulation had single-strand gaps, the electrophoretic
mobility would have been unaffected by the presence of
chloroquine. A doublet at this position in the absence of
chloroquine demonstrates that one of the two bands was the
relaxed form and the other was the nicked form.

The band shift analysis detected Z-DNA in the -2
topoiosmer which has a superhelix density of —-0.05 (Figure
4, panel B). Although the results from the analysis of the
Z*-minicircle demonstrated that one Fab fragment could bind
to each eight base pair Z-DNA sequence, the gel in Figure
4, panel B, could not detect multimeric Fab binding. The
electrophoretic mobility of the free minicircles was sufficiently
complex to obscure the interpretation. To determine the
number of Fab fragments bound to the minicircles and in turn
the number of independent Z-DNA sites, the most highly
supercoiled minicircle preparation (Figure 4, lane 20) was
incubated with different concentrations of the Fab fragment
(Figure 5). In contrast to the saturation Fab binding
experiment for the Z*-minicircle, evidence of multimeric Fab
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FIGURE 4: Analysis of the SV-minicircle. The analysis is identical
in format to that described in Figure 1. Panel A shows the SV-
minicircle topoisomers in the absence of Fab. Panel B shows the
SV-minicircle topoisomers after the addition of 5 ug of Fab per
reaction. Panel C shows the resolution of SV-minicircle topoisomers
in the presence of chloroquine.

binding was observed. Monomeric, dimeric, and trimeric
complexes were resolved. A plot of the electrophoretic mobility
of the complexes versus the assumed molecular weight resulted
in a straight line (data not shown). Although the Fab and
minicircle concentrations in this experiment were identical to
those used in the same experiment on the Z*-minicircle, Fab
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FIGURE 5: Saturation binding experiment of SV-minicircle and Fab.
The maximally supercoiled SV-minicircle shown in Figure 4, panel
A, lane 20, was subjected to a saturation binding experiment. The
amount of Fab added in each lane is identical to that described in
Figure 3.

binding was not detected until much higher concentrations of
Fab. The lower affinity could be the result of an inherent
sequence preference of the Fab for poly(GC) sequences, or
a steric hindrance associated with the binding of the Fab
fragment to the much shorter stretches of Z-DNA found in
the SV-minicircle.

SVZ- and SVZy-Minicircles. The analysis of the SV-
minicircle confirmed the previously published results for the
conversion to Z-DNA of three independent sequences within
the SV40 enhancer. To confirm the specific identity of the
three Z-DNA sites as the two copies of ATGCATGC and
single copy of ACACACAT, minicircles were prepared that
contained each of the eight base pair alternating purine-
pyrimidine sequences (including eight base pairs of SV40
sequence on each side of the eight base pair stretch). The
results from the analysis of the SVZ,-minicircle (Figure 6)
and the SVZ,-minicircle (Figure 7) were similar. Both bound
Fab, which resulted in unique bands with retarded electro-
phoretic mobility. This result is consistent with monovalent
binding of the Fab fragment to a specific sequence on each
minicircle. However, the superhelix density that induced Fab
binding was different for the two minicircles. The band shift
observed in SVZ,-minicircles originated from the -3 topoi-
somer with a negative superhelix density of -0.11. Incontrast,
a band shift was not observed for SVZ;-minicircles until the
—4 topoisomer with a negative superhelix density of —0.14.
Therefore, the energy required to stabilize the Z-DNA
conformation of the ACACACAT sequence was less than
that required for the ATGCATGC sequence. However, both
sequences adopted the Z-DNA conformation at greater
negative superhelix densities than were observed for Z-DNA
formation in the SV-minicircle.

DISCUSSION

Virtually all biochemical processes involving DNA have
significant effects on DNA topology. Among all the topo-
logical variations and alternate helix geometries, none are as
divergent from the standard B-DNA conformation as Z-DNA.
Ina transition from B-DNA to Z-DNA, the relative orientation
of individual bases is changed, and the overall topology of the
DNA is altered. A variety of promoters and enhancers have
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FIGURE6: Analysisof the SVZ,-minicircle. The analysisisidentical
in format to that described in Figure 1. Panel A shows the SVZ;-
minicircle topoisomers in the absence of Fab. Panel B shows the
SVZ,-minicircle topoisomers after the addition of 5 ug of Fab per
reaction. Panel Cshows theresolution of SVZ;-minicircle topoisomers
in the presence of chloroquine.

been identified that contain the alternating purine-pyrimidine
sequence motif that is most energetically favored for Z-DNA
formation. The SV40 enhancerisan example of animportant
control region that contains Z-DN A-forming sequences. The
transition of these sequences to Z-DNA may play important
roles in the function of the enhancer.

Transitions of B-DNA to Z-DNA were investigated here
through the use of DNA minicircles. The minicircles were
synthesized as relaxed topoisomers, purified, and then su-
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FIGURET: Analysis of the SVZ;-minicircle. Theanalysisisidentical
in format to that described in Figure 1. Panel A shows the SVZ,-
minicircle topoisomers in the absence of Fab. Panel B shows the
SVZ;-minicircle topoisomers after the addition of 5 ug of Fab per
reaction. Panel Cshows the resolution of SV Z,-minicircle topoiosmers
in the presence of chloroquine.

percoiled in incremental steps by treatment with topoisomerase
Iinthe presence of ethidium bromide. The resulting negatively
supercoiled topoisomers were resolved by electrophoresis
through acrylamide gels in the presence of chloroquine.
Topoisomers, which differed by one negative supercoil, were
resolved as specific bands. The superhelix density of a given
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species was determined by the band counting method (Shure
& Vinograd, 1976). The topoisomer preparations were also
subjected to gel electrophoresis mobility shift analysis to detect
binding of the anti-Z-DNA-Fab. A comparison of the
mobilities of the minicircles in the chloroquine gels to the
band shift analyses allowed the determination of the superhelix
density required to stabilize Z-DNA sequences within specific
minicircle topoisomers. The primary advantage in studying
the enhancer in minicircles is that the effects of negative
supercoiling on specific sequences can be investigated. In a
plasmid, or the SV40 genome, sequences that might adopt the
Z-DNA conformation compete for the stabilization energy
stored as negative supercoils. Therefore, transitions from
B-DNA to Z-DNA, which would be difficult to detect in a
conventional plasmid, become readily apparent in a DNA
minicircle.

To validate our system, two minicircles were synthesized
to provide positive (Z*-minicircle) and negative (Z--minicircle)
controls for the detection of Z-DNA. The resolution of
topoisomers for the Z--minicircles (Figure 1, panel A) revealed
the expected bell-shaped distribution. There were no dis-
continuous transitions from one band to the next. Since the
Z--minicircle has nosignificant stretches of alternating purine-
pyrimidine bases, Z-DNA formation was not expected.
However, binding of Fab to the Z~-minicircle was detected at
superhelix densities greater than —0.15. However, multiple,
mobility-shifted bands were observed consistent with numerous
independent B-DNA to Z-DNA transitions. Since Z-DNA
was observed only at high levels of superhelix density, all of
the independent sequences have a high energy requirement
for Z-DNA formation. No single sequence forms Z-DNA
more readily than another. Thus, a set of sequences compete
for the energy stored as negative supercoils, and many band
shifts were observed.

The Z*-minicircle was identical to the Z -minicircle with
the exception of a (CG);; insert. The Z-DNA insert
dramatically affected the topoisomer distribution. Incontrast
to the continuous bell-shaped distribution observed with
Z -minicircles, a discontinuous distribution was observed,
which is the result of the B-DNA to Z-DNA transition of the
(CG)i3sequence. Thetransition tothe Z-DNA conformation
occurred at the -2 topoisomer, which corresponds to a
superhelix density of —0.07. This value corresponds with
previous results obtained for conventional plasmids by alternate
methods such as two-dimensional agarose gel electrophoresis
(Ellisonet al., 1985, 1986, 1987). Bindingofthe Fabfragment
tothe Z*-minicircle was saturable and resulted in the formation
of a unique band shift. This result is consistent with the
formation of a monomeric complex between Fab and the
unique Z-DNA sequence tract. These experiments demon-
strated that the DN A minicircle system has the capacity to
detect B-DNA to Z-DNA conversions. In addition, electro-
phoresis in the presence of chloroquine allowed the resolution
of minicircle topoisomers that differ by a single negative
supercoil. Therefore, native SV40 sequences can be analyzed
by these methodologies tolearn more about B-DNA to Z-DNA
conversions within the enhancer.

The gel electrophoretic mobility shift analysis of the SV-
minicircle clearly demonstrates the presence of Z-DNA at
superhelix densities of at least —0.05. A saturation binding
experiment was performed with the maximally supercoiled
SV-minicircle and Fab to determine the number of Z-DNA
sites per minicircle. With increasing Fab concentration,
distinct mobility-shifted bands corresponding in molecular
weight to monomeric, dimeric, and trimeric complexes of Fab
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and minicircle DNA were observed. Since only one Fab
fragment binds to the (CG),; sequence in the Z*-minicircle,
the observation of trimeric complexes demonstrates that three
separate Z-DNA sites are stabilized within the SV40 enhancer.
The only sequences with the required alternating purine-
pyrimidine motif within the SV-minicircles are the two copies
of ATGCATGC and the single copy of ACACACAT.

Confirmation of this assignment comes from the analysis
of the SVZ,-minicircle and the SVZ;-minicircle. The two
minicircles were identical to the Z -minicircle with the
exception of the 24 base pairs of SV40 sequences: The 24
base pair insert consisted of the 8 base pair alternating purine-
pyrimidine sequence, flanked on each side with 8 base pairs
of the native SV40 sequences. Gel electrophoretic mobility
shift analysis demonstrated that each minicircle contained a
single Fab binding site. Although the Fab binding patterns
were similar, the SVZ,-minicircle showed Fab binding at
superhelix density of -0.10 as compared to the SVZ;-
minicircle, which required a superhelix density of ~0.14, Thus,
the ACACACAT sequence has a lower energy requirement
for the B-DNA to Z-DNA conversion. These results are
consistent with the assignment of ATGCATGC and ACA-
CACAT as the Z-DNA-forming sequences within the en-
hancer-containing minicircle and, by extrapolation, in the
native SV40 enhancer.

There was a lack of parity between the negative superhelix
density required to generate Z-DNA within the SV-minicircle
and the SVZ,- and SVZ,-minicircles. The discrepancy may
be an indication of the influence of flanking sequences on the
B-DNA to Z-DNA transitions. The non-SV40 sequences in
the SVZ;-and SV Z,-minicircles could be refractory to Z-DNA
formation, or may not allow B-DNA to Z-DNA junctions.
Conversely, the native SV40 sequences in the SV-minicircle
could be Z-DNA-inductive. Therefore, the sequence context
of the Z-DNA-forming sites could significantly impact the
negative superhelix density required to stabilize Z-DNA.

Inthe context of an SV40infection, increases in the negative
superhelix density represent the most likely mechanism by
which these sequences would be stabilized as Z-DNA.
Sufficient levels of DNA unwinding would occur at the
initiation of DNA replication. It has been demonstrated that
the binding of the large T antigen significantly increases
negative superhelix density (Stahl et al., 1986; Dean et al.,
1987a; Dodson et al., 1987; Bullock et al., 1989; Roberts,
1989; Gutierrez et al., 1990; Dean & Hurwitz, 1991). In
addition, RNA polymerase has been shown to generate high
levels of negative superhelix density 5’ to transcriptionally
active genes (Wu et al., 1988; Rahmouni & Wells, 1992).
Since the SV40 enhancer is located between two transcription
units that are in opposite orientations, sufficiently high levels
of negative superhelix density could be generated to stabilize
short segments of Z-DNA. Wells and co-workers have
demonstrated that within Escherichia coli,alternating purine-
pyrimidine sequences as short as 12 base pairs are stabilized
inthe Z-DNA conformation when located between two actively
transcribed genes on a plasmid (Rahmouni & Wells, 1989).
Such a situation exists within the SV40 enhancer, which is
located between the early and late transcription units.
Moreover, a direct correlation between transcriptional activity
and Z-DNA formation has been demonstrated in vitro (Droge
& Nordheim, 1991) and in vivo in purified, transcriptionally
active, cell nuclei (Wittig et al., 1991).

The SV40 enhancer is essential for both efficient tran-

scription {Benoist & Chambon, 1981; Gruss et al., 1981) and
replication (DeLucia et al., 1986; Li et al., 1986; Hertz &
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Mertz, 1986); the conversion of B-DNA to Z-DNA within
the enhancer could have important regulatory effects. The
formation of Z-DNA could have a direct impact by providing
binding sites for sequence-specific Z-DNA-interactive pro-
teins. Preliminarydata suggestthata Z-DNA binding protein
that recognizes the ATGCATGC sequence is copurified with
SV40 minichromosomes (Azorin & Rich, 1985). Inaddition,
Z-DNA-interactive proteins, specific for the Z-DNA struc-
tural motif regardless of sequence, could interact with Z-DNA
within the enhancer. Such Z-DNA-interactive proteins have
been detected in a variety of organisms including wheat germ
(Laferetal., 1985b), bull testis (Gut et al., 1987), Drosophila
(Nordheim et al., 1982), and tissue culture cells (Leith et al.,
1988).

Alternatively, Z-DNA within the enhancer could have an
indirect impact: The binding sites for a variety of proteins
have been mapped tothe enhancer. The nature of the mapping
experiments is such that only B-DNA-interactive proteins were
included in the analysis (Davidson et al., 1986, 1988; Xiao et
al., 1987; Rosalesetal., 1987; Fromental et al., 1988). Several
binding sites overlap the three Z-DNA sites in the enhancer.
Conversion of these sequences to Z-DNA would alter the
binding sites for the B-DNA-interactive proteins, preventing
them from interacting with their cognate binding sites.
Another important indirect effect could result from changes
in the helical orientation of protein binding sites as a result
of Z-DNA formation. Protein—protein interactions, which
occur as a result of DNA looping [for a review, see Matthews
(1992)], between proteins bound to distal DNA sequences
could be prevented, or promoted, by changes in the spacing
of the binding sites with respect to each other. Such changes
would be expected if there was a conversion of B-DNA to
Z-DNA between two binding sites. In this scenario,a B-DNA
to Z-DNA conversion would either disrupt or create an
alignment of protein binding sites such that protein—protein
interactions could be modulated.

In conclusion, the conversion of B-DNA to Z-DNA within
the SV40 enhancer could have important direct and indirect
effects on key biological events such as replication and
transcription. Both of these processes have dramatic effects
on the topology of the DNA. The small stretches of Z-DNA-
forming sequences could act as sensors, modulating the activity
of other proteins in response to changes in negative superhelix
density. However, since the conversion of B-DNA to Z-DNA
within the enhancer could have such complex, interdependent
effects, the elucidation of the actual interface of these Z-DNA-
forming sequences with specific biological activities remains
a formidable analytical challenge.
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