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FIG. 5. Two-dimensional gel analysis of Z-DNA formation in plasmids containing the rGH 5'-flanking region. All gels were run under
conditions described in Materials and Methods. Nicked circular (nc) DNA is labeled in each panel. The first dimension is from top to bottom;
the second dimension is from left to right. (A and A') p580; (B and B') p645; (C and C') p538; (D and D') p220; (E and E') p318. Gels are

representative of two or three experiments.
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FIG. 6. Cruciform structure formation in p580.

DISCUSSION

Negative supercoiling in closed circular plasmid DNA
creates free energy and supports secondary-structure forma-
tion, e.g., B-Z transitions in the DNA helix and cruciform
formation. There is competition for this free energy when
more than one sequence of DNA in a topologically con-
strained plasmid is capable of undergoing a structural tran-
sition (9). In our studies, the DNA sequence of the rGH

region was used to predict areas of potential secondary
structure. Two-dimensional gel analysis of various sub-
clones of the rGH promoter and far upstream sequences
indicated that secondary-structure formation occurred as
predicted but was influenced by the presence of other DNA
sequences within the same plasmid which were also capable
of adopting secondary structures. Thus, competition for free
energy of supercoiling provides an explanation for the ability
of different subclones of the rGH promoter to adopt or
suppress secondary-structure formation.
To determine which of the APP sequences in p1751 was

most likely to form Z-DNA at physiological superhelical
densities, the superhelical densities of the structural transi-
tions and the associated free energies were calculated from
the information provided by the 2-D gel analyses. The
number of base pairs involved in the conformational change
was estimated by the changes in the twist of the topoisomers
(Table 1). The superhelical densities of the first structural
transition in p1751 and p220 and the observed AGB-Z values
for p1751 and both APP sequences in p220 (17 to 18 kcal/mol)
were in close agreement. These results suggested that the
first B-Z transition seen in Fig. 4A occurred in p220. The
second structural transition within p1751 exhibited a very
high free energy requirement and involved 78 bp of DNA.
The only contiguous stretch of nucleotides long enough to
account for this result is the 66-bp Z-DNA-forming sequence
ATAC (GT)31. Thus, the second structural transition in
plasmid p1751 may represent Z-DNA formation in the distal
ATAC (GT)31 sequence. The observed GB-Z for the (GT)31
Z-forming sequence of p645 (53.1 kcal/mol) is also high,
providing further evidence that Z-DNA formation within the
rGH (GT)31 sequence is energetically unfavorable. This is
surprising in light of the ease with which an isolated stretch
of (GT)31 will theoretically adopt the Z conformation (19)
and cautions against the generalization that (GT)n sequences
within negatively supercoiled genomic DNA will exist in the
Z conformation.

Plasmid p220 contains two closely spaced APP sequences
separated by 6 bp of non-APP sequence (Table 2) in the

TABLE 1. Free energy of Z-DNA formation in the rGH promoter

Observed Length of Theoretical AGB-Z
Plasmid No. of a-oc I

Observed &GB- APP ka/okbp a-a NBsZ (kcalUmol) sequence(s) kcal/mol kcapmol

pUC18 2.69 N.A.
pFP332 2.72 -11.0 -0.0424 4.8 27 19.9 32 20.56
p1751 4.46 60, 24 80.21

1st flip -17.6 -0.0414 4.0 28 17.3
2nd flip -29.6 -0.0696 14.0 78 87.9

p1225 3.91 -14.7 -0.0395 3.0 22 13.5 62
p580 3.27 -15.0 -0.0482 4.0 22 19.0
p645 3.33 -20.4 -0.0631 8.3 46 53.1 62 50.86 0.82

15 20.44 1.46
p538 3.23 -13.8 -0.0449 4.3 24 20.1 24 26.27
p220 2.93 -12.2 -0.0437 4.0 22 18.2 24 26.27 1.09

13 19.1 1.59
p318 3.03 N.A. 12 23.50
rGHIVS2 3.31 N.A. 41 95.28
rGH3' 4.69 N.A.

a Two-dimensional gel electrophoresis was performed, and results were confirmed two to three times for each plasmid as described in Materials and Methods.
For the topoisomer at which the structural transition of supercoiled plasmid topoisomer occurs, a-ao is the linking difference (N.A. indicates that no structural
transition occurred during 2-D gel electrophoresis), cr is the superhelical density, and T,,. is the change in the twist. The observed NB-Z was determined by using
the equation given in Materials and Methods and assumes helical twists of 10.5 and 12.0 per turn for B-DNA and Z-DNA helices, respectively. The length of APP
sequences was determined by sequence analysis. The theoretical AGB_ was calculated by using the thermodynamic parameters defined by Ho et al. (19) and
the highest even number of base pairs in the APP sequence.
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TABLE 2. APP sequences in the rGH upstream region

Sequencea Plasmid Length No. of Z-Z
subclone (bp) junctions

-1049 ATAC(GT),TCATT -980 p645 66
-910 TATTGGTGTGTATGTGTGTGAGTCA -885 p645 15
-450 GTCCCTACATGTACACACTT -430 p220 13
-430 GAGGACACGCACGAATGCACGCACACACTC -400 p220 24
-155 TGGGGACGCGATGTGTGGGA -135 p318 12 1
+827 TGGTGTGTCTGAAGACAGCTACAGTGTACTTATATATAATA +868 rGHIVS2 41 5

a APP sequences are underlined. Numbers adjacent to sequences indicate positions relative to the transcription initiation site. Nucleotides at Z-Z junctions
are printed in bold.

pattern 5'-13-bp APP-6-bp non-APP-24-bp APP-3'. Forma-
tion ofZ-DNA within the entire 24-bp APP sequence and the
next 13 APP bp within a physiologically supercoiled plasmid
was demonstrated by DEPC footprinting. The DEPC foot-
print also provided direct evidence for formation of an
altered helical structure within the 6 bp of non-APP se-
quence, TTGAGG, which separates the 24- and 13-bp APP
sequences (Fig. 7). Evidence of Z-DNA formation in syn-
thetic non-APP sequences has been presented previously
(22, 46); however, the rGH promoter region may be the first
native non-APP DNA sequence shown to undergo Z-DNA
formation. The pattern ofZ-DNA formation in p220 revealed
by DEPC hyperreactivity is consistent with theoretical ar-
gument that a contiguous region of Z-DNA is energetically
more favorable than two adjacent Z-DNA regions because of
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FIG. 7. DEPC footprint analysis of p220. Lanes 1 to 4 contain
Maxam-Gilbert sequencing reactions (T+C, T, G+A, and G, re-

spectively) of the 3'-end-labeled 151-bp HindIII-KpnI fragment.
Supercoiled p220 was reacted with DEPC at a DEPC/purine molar
ratio of 1,070:1 (lane 5) or 2,140:1 (lane 6) before isolation of the
HindIII-KpnI fragment, end-labeling reaction, and piperidine cleav-
age. Electrophoresis and autoradiography were performed as de-
scribed in Materials and Methods.

the high energy requirements for the maintenance of B-Z and
Z-Z junctions.

Structural transitions within p1751 and p1225 are complex
and illustrate that interactions occur between distant DNA
sequences that are linked topologically. By 2-D gel analysis,
plasmid p1225 exhibits a single structural transition involv-
ing 22 bp. This structure is likely to reflect cruciform
formation in the region from -1584 to -1559. McLean and
Wells have shown that cruciform formation is favored over
Z-DNA in 10 mM Tris-1 mM EDTA (pH 7.8) DNA storage
buffer and remains stable even in the higher-salt environ-
ment of the electrophoresis running buffer (34). Formation of
this stable cruciform conformation in p1225 utilizes the
available free energy of supercoiling and thus prohibits the
B-Z transition in the downstream (GT)31 sequence. Subclon-
ing p1225 into p580 and p645 effectively separated the
cruciform structure and the Z-DNA sequence topologically;
two structural transitions were then observed, consistent
with cruciform formation in p580 and Z-DNA in p645. These
results have provocative implications for the control of gene
expression by mechanisms that act at a distance by suppres-
sion or induction of particular secondary structures. For
example, the presence of a protein that stabilized cruciform
formation would act to suppress Z-DNA formation within
the proximal APP sequence in rGH; conversely, the pres-
ence of a Z-DNA-binding protein might suppress cruciform
formation 500 to 600 bp upstream.
Z-DNA formation is not unique to the rGH 5'-flanking

DNA. Hayes and Dixon located Z-DNA-forming sequences
in the 5'-flanking region of the rat somatostatin gene (18),
and the AGB-z required for stabilization of the left-handed
helix in the rat somatostatin gene is similar to that of rGH. In
addition, the upstream region of the rat prolactin gene
contains at least six sequences of the type (TG)n (32). A
170-bp APP sequence derived from the rat prolactin gene
5'-flanking region is capable of inhibiting the expression of
the chloramphenicol acetyltransferase gene in GH3 rat pitu-
itary cells (35).
We have only begun to analyze the potential biological

role of Z-DNA formation in the rGH promoter region.
Complete methylation of the C-5 position of cytosine in the
polymer poly(dGm5dC) - poly(dGm5dC) has been shown to
stabilize the helix in the Z conformation under physiological
salt conditions (2, 11). In the study presented here, site-
specific DNA methylation was carried out at two ThaI
(CGCG) sequences in the rGH 5'-flanking region to deter-
mine whether this limited degree of DNA methylation had
any effect on Z-DNA stabilization. The ThaI site at -144 is
located within a 12-bp APP sequence with a single Z-Z
junction, and it was of interest to determine whether replace-
ment of cytosine with 5-methylcytosine could overcome the
energetic constraint of the Z-Z function. Methylation of this
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x
FIG. 8. Potential region of DNA bending in the rGH promoter

based on computer program sequence analysis (DNAstar) using the
ApA wedge model of Trifonov et al. (44, 45). The region lies
between -252 and -402. The 24-bp APP sequence is between -426
and -403.

site has been associated with repression of rGH expression
(13, 43). DNA methylation failed to stabilize Z-DNA forma-
tion at this site, providing conclusive evidence that methy-
lation-induced Z-DNA formation at this site plays no role in
rGH expression. Our data do not eliminate the possibility
that DNA-protein interactions could stabilize Z-DNA forma-
tion at this site in vivo in either its methylated or unmethy-
lated state, however.

Finally, the rGH DNA sequence from -252 to -434
possesses a moderate degree of bending potential as deter-
mined from computer program sequence analysis (DNAstar)
using the ApA wedge model of Trifonov et al. (44, 45) (Fig.
8). It is interesting to speculate that the secondary structure
of this region, containing a DNA bend and the adjacent
proximal Z-DNA sequence, could be involved in the regu-
lation of rGH expression. This hypothesis predicts that the
biological activity of the rGH promoter is dependent on its
topology and may vary in transient expression cell transfec-
tion assays when the superhelical density of plasmid DNA is
not controlled. In their natural in vivo state, genes are
associated with topological domains that are established by
the attachment of chromatin to the nuclear matrix (38).
Investigation of the biological role of secondary- and tertia-
ry-structure formation in rGH may require incorporation of
the gene into topologically constrained chromosome struc-
tures.
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