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Visualization of Z sequences in form V of pBR322 by
immuno-electron microscopy
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Form V DNA has been prepared from pBR322 DNA by an-
nealing covalently dosed complementary single strands.
Specific rabbit antibodies to Z-DNA were shown by radio-
immunoassay and electron microscopy to react with fonn V
DNA of pBR322. The bound antibodies were visualized
either directly (on synthetic polynudeotides in Z-fonn), or
after reaction with goat anti-rabbit immunoglobulin labeled
with ferritin (on form V DNA).
Key words: antibodies to Z-DNA/form V DNA/immuno-
electron microscopy

Introduction
Double-stranded DNA in a left-handed helix, named

Z-DNA, was discovered from an X-ray study of oligo(dC-
dG) crystals (Wang et al., 1979; Crawford et al., 1980; Drew
et al., 1980). Studies of poly(dG-dC).poly(dG-dC) in fibers
(Arnott et al., 1980; Behe et al., 1981), films (Pilet and Leng,
1982), and in solution (Pohl and Jovin, 1972; Mitra et al.,
1981; Patel et al., 1982; Thamann et al., 1981; Wu et al.,
1981; Ramstein and Leng, 1980) have also led to the conclu-
sion that this polymer can exist in Z-form. While there is no
evidence for Z-form in naked calf thymus DNA (42% GC) or
in Micrococcus lysodeikticus DNA (72% GC) (Nordheim et
al., 1981; Malfoy and Leng, 1981), DNA in the Z conforma-
tion has been visualized by indirect immunofluorescence in
polytene chromosomes (Nordheim et al., 1981; Rio et al.,
1982). Poly(dG-dC).poly(dG-dC) adopts the Z conformation
in high salt concentration (Pohl and Jovin, 1972). The stain-
ing of polytene chromosomes was performed in low salt con-
centration. This raises numerous questions, one of which was
whether the Z-form can be induced in some DNA sequences
under conformational constraints.

Stettler et al. (1979) have reported that the annealing of
covalently closed complementary single strands of Pj3G
plasmid or PM2 phage DNA leads to the formation of a
molecular species, form V, which they have characterized by
several physical parameters. The comparison of c.d. spectra
of form V DNA and poly(dG-dC).poly(dG-dC) in high salt
concentration strongly suggested that some sequences in form
V DNA could have Z-like conformation.
We have studied form V DNA prepared from plasmid

pBR322. The presence of Z sequences was revealed with the
use of antibodies to Z-DNA. These antibodies were elicited in
rabbits immunized with a poly(dG-dC).poly(dG-dC)
chemically modified by chlorodiethylenetriaminoplatinum
(II) chloride. The antibodies are specific for the Z-forn and
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do not cross-react with B- or A-DNA (Malfoy et al., 1982;
Malfoy and Leng, 1981). By competitive inhibition ex-
periments, we show that the antibodies strongly interact with
form V DNA. In addition we have visualized the binding of
the antibodies to form V DNA by electron microscopy.

Results
Radioimmunoassays

Antiserum to Z-DNA was elicited in rabbits immunized
with poly(dG-dC).poly(dG-dC) modified by chlorodi-
ethylenetriaminoplatinum (II) chloride (poly(dG-dC) dien-
Pt). This antiserum (and the purified antibodies) reacts with
poly(dG-dC) dien-Pt and several polynucleotides in the
Z-form (Malfoy and Leng, 1981; Malfoy et al., 1982).
The affinity of the Z-DNA antiserum towards form V

DNA prepared from the plasmid pBR322 was first examined
by radioimmunoassay. These experiments were performed
under 0.1 M NaCl, 1 mM MgCl2 or 3 M NaCl conditions in
which the tracer, [3H]poly(dG-dC) dien-Pt, was in Z-form
(Malfoy et al., 1981). Unlabeled poly(dG-dC) dien-Pt was us-
ed as a reference in our competitive inhibition experiments.
As shown in Figure 1, the inhibition is independent of the
ionic strength. In 0.1 M NaCl, 1 MM MgCl2 and in 3 M
NaCl, the concentration of poly(dG-dC) dien-Pt necessary to
obtain 50% inhibition of the tracer binding is 1.5 x 10- 8 M.
Form V DNA interacts with the antibodies to Z-DNA

(Figure 1). It displaces the tracer, but at a higher concentrtion
than poly(dG-dC) dien-Pt. The affinity also depends on the
ionic strength. The concentrations necessary to produce 50%7o
inhibition of the tracer-antibody binding are 8 x 10- 8 M and
8 x 1.0- 7 M in 0.1 M NaCl, 1 mM MgCl2 and 3 M NaCl,
respectively. Under the same experimental conditions, relaxed
(form II) pBR322 do not compete.
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Fig. 1. Radioimmunoassays. Percentage of inhibition of tracer precipitation
as a function of the logarithm of inhibitor concentration. Tracer [3H]poly-
(dG-dC) dien-Pt, 1.5 x 10- 8 M; antiserum dilution, 1:105; buffer, 5 mM
Tris-HCl (pH 7.5). The concentration of inhibitors are expressed in M
nucleotide. Poly(dG-dC) dien-Pt: O 0.1 M NaCl/1 mM MgCl2; polydG-
dC) dien-Pt: * 3 M NaCl; form V DNA: * 0.1 M NaC1/1 mM MgCl2;
form V DNA: A 3 M NaCl; supercoiled pBR322: V 0.1 M NaC1/1 mM
MgCl2; relaxed pBR322: A 0.1 M NaCl/1 mM MgCl2.

1149



..%k

hi . .& x

a .

. I

'p V. *

4' * 4'

V

* V

9'

* C'..
t .

/ 4 4
Cq

,1 a _

* Fe .g

t
.' 4. 1

* 1

" '*

1 '4

S.

&
- S

Is

1150

M Lang ci a..i

a .~~~~~~~~~.~

bI

C

.V

t.Ib
* ¾

x.i.
I ON....

0

.1

-

::iF--: ov.,
k.., "V

.it;.. c
... jo

i p i-a

0%



Visualization of Z sequences in form V DNA

Electron microscopy
The results presented in Figure 1 show that the antibodies

to Z-DNA react with poly(dG-dC) dien-Pt and with form V
DNA. We then investigated whether there were several short
sequences distributed throughout the entire molecule ofDNA
or one long sequence reacting with the antibodies to Z-DNA.
We therefore studied the binding of the antibodies to poly-
(dG-dC).poly(dG-dC), poly(dG-dC) dien-Pt, and form V
DNA by electron microscopy.

Figures 2a, d, and e are electron micrographs of poly(dG-
dC) dien-Pt spread according to Dubochet et al. (1971) and to
the modified procedure of Kleinschmidt (Davis et al., 1971),
respectively. Most of the molecules are branched. Figure 2b is
a micrograph of the purified complexes between the anti-
bodies to Z-DNA and poly(dG-dC) dien-Pt spread according
to the procedure of Dubochet. Figure 2c is an enlargement of
one such molecule. The antibodies are distributed along the
poly(dG-dC) dien-Pt as dark dots. Under our experimental
conditions, the IgG molecules look circular with an average
diameter of 90 A (de Murcia et al., 1979). Using the
modified method of Kleinschmidt, we were unable to
distinguish the bound IgG molecules. However, their
presence is revealed by binding of ferritin-labeled goat anti-
bodies to the rabbit IgG as shown in Figure 2f.

In Figure 2b there are only a few bound IgG molecules per
molecule of poly(dG-dC) dien-Pt. All attempts to increase the
amount of binding were unsuccessful. When greater concen-
trations of antibodies were mixed with the polynucleotide,
precipitation occurred, and the complexes could not be
recovered from the Sepharose 4B column.
A control experiment was performed in 0.1 M NaCl with

poly(dG-dC).poly(dG-dC). Under this salt condition, poly-
(dG-dC).poly(dG-dC) is in the B-form. Poly(dG-dC).poly-
(dG-dC) was mixed with the antibodies as described in
Materials and methods. The presence of antibodies bound to
poly(dG-dC).poly(dG-dC) was not detected by electron
microscopy. The same experiment was repeated in 4 M NaCl,
where poly(dG-dC).poly(dG-dC) is in Z-form. Poly(dG-
dC).poly(dG-dC) was mixed with the antibodies. The com-
plexes were purified in the cold on the Sepharose 4B column
equilibrated in 200 mM NaCl, and spread on the grid no later
than 2 h after the beginning of the experiment. The presence
of antibodies bound to poly(dG-dC).poly(dG-dC) was
detected and the results looked like those of Figure 2b (data
not shown).

Spreading of form V DNA was achieved by the modified
method of Kleinschmidt. We could not obtain good results
for spreading of form V DNA with the procedure of
Dubochet. Figures 3a, and b show the form V DNA
molecules, which resemble supercoiled DNA molecules.
Nevertheless, we observed a few single-stranded regions
(Figure 3b, arrow). Figures 3d, and e show the ferritin-labeled
goat antibodies bound to form V DNA having been reacted
with Z-DNA rabbit IgG. In these micrographs one can see the
ferritin-labeled antibodies bound to molecules of DNA. In
Figure 3e, several DNA molecules are cross-linked by the

antibodies. The IgGs are distributed all along the DNA
molecules. A control experiment was performed by in-
cubating form V DNA alone with the ferritin-labeled
immunoglobulins. No bound antibody was detected.

Discussion
The presence of DNA sequences in the Z-form has been

shown in polytene chromosomes by indirect immuno-
fluorescence, but until now not in naked linear DNA or RNA
even at high ionic strength (Nordheim et al., 1981; Rio et al.,
1982). In polytene chromosomes the presence ofZ-DNA may
be the result of long stretches of G-C sequences. These
regions could be stabilized by proteins preferentially bound to
the Z-form, or by topological constraints due to the organiz-
tion of the chromosomes. Because of this latter possibility, we
felt that Z-DNA might be present as a stabilizing factor in
form V DNA. We have shown here by radioimmunoassay
and electron microscopy that antibodies to Z-DNA do indeed
bind to form V DNA. These antibodies, elicited in rabbits im-
munized with poly(dG-dC) dien-Pt, are specific for the
Z-form: the platinum residues are not involved in the anti-
genic determinant (Malfoy and Leng, 1981) and the anti-
bodies do not cross-react with A-form, B-form, or denatured
DNA (Malfoy et al., 1982; Malfoy and Leng, 1981). In the
competition experiment reported here, - 5-fold more form V
DNA than poly(dG-dC) dien-Pt are necessary to inhibit the
tracer-antibody binding in 0.1 M NaCl, 1 mM MgCl2, and

- 50-fold more is required in 3 M NaCl.
Malfoy et al. (1982) reported that the affinity of the anti-

bodies toward several Z-form polynucleotides decreases as
the ionic strength increases. The conclusion was that
phosphate groups of the polynucleotide interact electro-
statically with the positively charged amino acid residues of
the antibody-binding sites. The same decrease in the affmity
of Z-DNA antibodies toward form V DNA is observed going
from 0.1 M to 3 M NaCl. This effect of ionic strength is not
observed with poly(dG-dC) dien-Pt because this polynucleo-
tide is less negatively charged since each modified guanine
bears two positive charges. In the present study we found no
increase in the amount of Z-form in form V DNA as the ionic
strength is increased and thus factors other than salt concen-
tration are of major importance in the stabilization of the
Z-form.
To discuss the relative affinity of the antibodies toward

form V DNA and poly(dG-dC) dien-Pt, we have to consider
K1, K2 the association constants and n1, n2 the percentage of
antigenic sites of poly(dG-dC) dien-Pt and form V DNA,
respectively. We know (Malfoy et al., 1982) that each Fab
fragment binding site covers about four nucleotide residues in
the Z-form of poly(dG-dC).poly(dG-dC) and we assume the
same values for form V DNA. From our data in 3 M NaCl
we obtain aKlnh/K2n2 ratio of -50. We should make a com-
parison using association constants under standard condi-
tions (i.e., measured in 1 M NaCl, Record et al., 1976, 1981),
but for an initial approximation we will use the results obtain-
ed in 3 M NaCl.

Fig. 2 a-d. Electron micrographs of poly(dG-dC) dien-Pt. a: Unbound polynucleotide spread according to the Dubochet procedure in 100 mM NaCVl/ mM
MgCl/5 mM Tris-HCl, pH 7.5. b, c: Electron micrographs (Dubochet procedure) of poly(dG-dC) dien-Pt incubated with the antibodies to Z-DNA at an
antibody-to-antigen molar ratio of 10- 3 and then purified on a Sepharose 4B column. Complexation, purification, and spreading were performed in 100 mM
NaCI/l mM MgC12/5 mM Tris-HCl, pH 7.5. d, e: Unbound polynucleotide spread according to the modified Kleinschmidt procedure (final conditions:
0.5 ug/ml polynucleotide with 25% formamide in 100 mM NaCl/20 mM EDTA/10 mM Tris-HCl, pH 7.5). f: Electron micographs of ferritin-labeled goat
antibodies bound to the poly(dG-dC) dien-Pt-rabbit IgG complex. The DNA was incubated with antibodies to Z-DNA, purified as in b, c, followed by in-
cubation with ferritin-labeled goat antibodies, and then purified by filtration on a Sepharose 4B column. Spreading was performed as in d. The bars represent
1000 A. The micrographs are at the same magnification, except c, which is an enlargement.
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p1g. 3 a,b: Electron micrographs of form V DNA. Spreading according to the modified Kleinschnidt method (Davis et al., 1971). Spreading buffer: 25%
formamide in 100 mM NaC1/20 mM EDTA/10 mM Tris, pH 7.5. c: Electron micrograph of the ferritin-labeled goat antibodies to rabbit IgG; spreading con-
ditions of a. d, e: electron micrographs of ferritin-labeled goat antibodies bound to the form V DNA-rabbit IgG complexes. Samples of form V DNA
(10 ~tg/ml) were mixed with the anti-Z rabbit IgG at an antigen-to-antibody molar ratio of 103 in 100 mM NaCI/I mM MgCl2/10 mM Tris-HCI, pH 7.5.
Mfter purification on a Sepharose 4B column, this complex was incubated with the ferritin-labeled goat antibodies and then filtered on a Sepharose 4B
column. Spreading conditions as in a. In a control experiment, the sample was treated sfimilarly except that the incubation with the anti-Z antibodies was
omitted. In that case, similar pictures to a were obtained. The bar represents 1000 A. AU the micrographs are at the same magnification.

If we assume K1 = K~2, the number n2 of Z binding sites in
formn V DNA would be only '-0.02 n1. From inspection of
the base sequence of pBR322 (4362 bp), only one GCGCGC
sequence and 21 GCGC sequences are found, which may ac-
count for the observed 2% Z-form, on the basis of 100%/
Z-form in poly(dG-dC) dien-Pt. Nevertheless, this apparent
agreement is not compatible with the results of c.d. studies
(Stettler et al., 1979 and our unpublished data). Assuming
that form V DNA is a mixture of B-form DNA and Z-formn,
and using the Ac value of poly(dG-dC).poly(dG-dC) in

Z-form (Pohl, 1976), we calculate that '-4007 of the base
residues are in Z-form. This value has to be considered with
caution. From the work of Stettler et al. (1979) and our
results, one can conclude that most of the molecules have an
ordered structure that excludes large single-stranded regions.
Even if form V DNA is a mixture of right-handed and left-
handed helices, the Ac- of these helices and long linear helices
can be slightly different. There is no experimental evidence
for the presence of right-handed B sequences in form V
DNA. Up to this point, an accurate estimate of the percen-

1152

I

1.

0

11 . I:, .4

I

,

t
0

I



Visualization of Z sequences in form V DNA

tage of Z-form by c.d. cannot be given but it seems
reasonable to assume that much more than 2% of the base
pairs are in Z-form in form V DNA. The sites must include
sequences other than stretches of alternating GC, since even
the number of GC doublets could account for at best 10% of
the total number of base pairs. Therefore, we conclude that
sequences recognized by the antibodies contain both AT and
GC pairs. At variance with some results on crystal structures
of minihelices (Dickerson and Drew, 1981; Conner et al.,
1982) we conclude that A and T residues do not prevent some
sequences from adopting in solution a Z conformation under
strong topological constraints.

It should be noted that if 407o form V DNA has the Z con-
formation, K1/K2 is equal to 20. This can be explained by the
polymorphism of Z-DNA, which has been observed in
crystals (Wang et al., 1979; Dickerson and Drew, 1981) and in
solution by means of the antibodies to Z-DNA (Malfoy etal.,
1982).
At high molar ratios of poly(dG-dC) dien-Pt over anti-

body, the antibody molecules are located along the poly-
nucleotide molecule as shown by electron microscopy. The
two binding sites of the antibody are probably bound to the
antigen (Nahon-Merlin et al., 1980) and each IgG covers -24
bp. At lower ratios, each Fab fragment binding site binds to
two different polynucleotide molecules and precipitation oc-
curs. Similar results were obtained with Z-poly(dG-dC).poly-
(dG-dC)-antibody complexes.
The antibodies to Z-DNA bind to form V DNA as shown

in Figure 3. A major point is that the antibodies seem to be
distributed all over the form V DNA molecules, which shows
the presence of several sequences in Z-form. As in the case of
poly(dG-dC).poly(dG-dC), the experiments were performed
at a high molar ratio of form V DNA to antibodies. At low
ratios the complexes precipitate.

In conclusion, this study shows that a Z or Z-like confor-
mation can be induced in a DNA of natural sequence under
topological stress.

Materials and methods
Poly(dG-dC).poly(dG-dC) was purchased from P.L. Biochemicals (St

Goar, FRG). [3H]Poly(dG-dC).poly(dG-dC) (4 x 106 c.p.m./Ag) was syn-
thesized with the Escherichia coli DNA polymerase large fragment (Boeh-
ringer, Mannheim) in the presence of [3H]dGTP (New England Nuclear) and
unlabeled dCTP (P.L. Biochemicals, St Goar, FRG). The chernical modifica-
tion of poly(dG-dC).poly(dG-dC) by chlorodiethylenetriaminoplatinum (II)
chloride (poly(dG-dC) dien-Pt) has been described previously (Malfoy et al.,
1981); 12% of the total bases were modified. Form V DNA was prepared
from plasmid pBR322 according to Stettler et al. (1979). C.d. and electro-
phoretic behaviour of form V DNA of pBR322 and P(IG were similar (data
not shown). Immunization of rabbits and characterization of the antibodies to
Z-DNA has been previously described (Malfoy and Leng, 1981; Malfoy et al.,
1982). The IgG fraction was isolated by gel filtration on an ultragel ACA 34
column. Radioimmunoassays and c.d. were performed as previously describ-
ed (Malfoy et al., 1982).
Electron microscopy
The IgG fraction in 5 mM Tris-HCl, pH 7.5, containing various concentra-

tions of salt was allowed to react with either synthetic polynucleotides or form
V DNA at room temperature for 60 min. The DNA concentration was
- 100 ltg/ml or 10 Atg/ml for synthetic polynucleotides and form V DNA,
respectively. The antibody/nucleotide concentration ratio used was 10-3.
After incubation, the unbound IgG was removed by gel filtration on a
Sepharose 4B column (0.8 x 15 cm) equilibrated in the corresponding buffer.
Ferritin-labeled goat immunoglobulin IgG against rabbit IgG (Miles-Yeda,
Rehovot) was purified on a 5- 28%/ sucrose gradient. The goat immuno-
globulin was then incubated at room temperature for 2 h with the anti-Z

bound to Z-DNA antibodies were spread on positively charged, carbon coated
grids (400 mesh) according to the procedure of Dubochet et al. (1971). Syn-
thetic polynucleotides or form V DNA alone or the corresponding complexes
with Z-DNA antibodies and ferritin-labeled Ig were spread using cytochrome
c according to the Kleinschmidt method as modified by Davis et al. (1971).
The grids were examined on a Siemens 101 Elmiskop electron microscope.
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Note added in proof
After this work had been completed, we learned that Pohl et al. found a

positive reaction between antibodies to Z-DNA and form V DNA by radio-
immunoassay.

antibody-polynucleotide complexes. Unbound goat immunoglobulin was
removed by gel filtration on a Sepharose 4B column. As previously described
(de Murcia et al., 1979), synthetic polynucleotides (0.5 ug/ml) or the same
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