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Abstract 

To illustrate the potential use of the antibodies to nucleic acids as biochemical reagents, two examples are given. 
The first one deals with the characterization, at the nucleotide level, of the confonnation of the repeat unit of a 
satellite DNA which, in situ, is strongly recognized by the antibodies to Z-DNA. It is shown by means of the 
chemical probe diethylpyrocarbonate. in the presence/absence of the antibodies to Z-DNA that this repeat unit 
contains a (ACrrich region which adopts the Z conformation under topological stress. It is also shown that the 
repeat unit contains two inverted sequences which form a cruciform structure under topological stress. The second 
example deals with the antibodies to poly (dG~dC) modified by the antitumor drug cis-diantminedichloroplatinum 
(II), These antibod~es cross-react with the platinated (dC-dG)5 with an interstrand adduct. The conclusion is that 
the platina ted oligonucleotide is a good model for the interstrand adduct formed in platinated natural DNA. 
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1. Introduction 

The antigenic functions of nucleic acids have been recognized later than those of proteins 
or polysaccharides but it is now weIl established that the synthesis of antibodies specificaIly 
recognizing bases, nucJeotides, single stranded and multi-stranded polynucleotides can be 
induced in animals immunized with the right antigens'-". However, it is not yet possible 
to induce experimentally the synthesis of antibodies to B-DNA. Despite this last point, 
antibodies to nucleic acids appear as promising biochemical reagents. We here report two 
examples which illustrate the potential of antibodies to nucleic acids. The first example 
deals with the antibodies to Z-DNA and their interactions with a (AC}-rich sequence 
from the monkey Cebus. The second example deals with the antibodies to 
poly(dG-dC).poly(dG-dC) modified by an antitumor drug the cis-diamminedichloro
platinum (II) and their interactions with a natural DNA modified by the drug. 

*This paper is dedicated to Prof. T. M. Jacob, 
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2. Results and discussion 

2.1. Anribodies to 2 - D N A  

Z-DNA is a strong immunogen in rabbits and mice. The antibodies to Z-DNA are specific 
for Z-DNA and do not cross-react with B-DNA or single-stranded nucleic acids7-'", 
In situ immuno~uorescence techniques with these antibodies have shown that sequences 
which are able to adopt the Z conformation exist in the genome''-'6. In the genus Cebus, 
the antibodies to 2-DNA bind to euchromatic and heterochromatic segments of fixed 
metaphase chromosomes. A very heavy staining is detected in large segments which 
correspond to R-band positive heterochromatin whereas euchromatin shows a weak 
heterogeneous staining which consistently reproduces the R- and T-banding pattern14. 
However, questions were raised about the possible role of fixatives (acetic acid, alcohol) 
used for cytological preparations in the induction of these stainings since acetic acid 
may have dramatic effects at the molecular level. The removal of the proteins of the 
chromatin can change DNA accessibility and topological stress. Moreover, the B-form2 
form transition is facilitated by protonation of the bases"-20. In order to characterize 
better the DNA segments recognized by the antibodies to Z-DNA and to give a molecular 
explanation for the cytological staining, these segments were isolated and sequenced2'. 
They correspond to a satellite DNA with a repeat unit of about 1500 bp. Two regions of 
the repeat unit seem to be of particular interest (fig. 1). Around base 240, a (AC)-rich region 
is present. Around base 780, there are two long direct repeats preceded by one inverted 
repeat. 

These two regions have been inserted in circular DNAs (named pCPl and pCP5, 
respectively) and the conformational changes of these regions as a function of the superhelical 
density of the plasmids have been studied by means of the chemical probe diethylpyro- 
carbonate (DEPC). DEPC carbethoxylates purines a t  the N7 position and is hyperreactive 
with denatured DNA or Z-DNA as compared to B-DNA2'-Z4. 

2.2. (AC)-rich region 

As shown in fig. 1, between bases 253 and 282 there is a stretch of lS(GT/CA) (written 
(GT)15). To the left of this stretch up to base 180, the sequence is rich in (GTJCA) (19 over 
33 dinucleotides) which are in phase with those of the (GT)15 stretch. In addition, there 
are 1 dinucleotide (CG/GC) (out of phase), 5 dinucleotides (GG/CC) and the sequences 
(ATCTITAGA) and (GGGATTTTJCCCTAAAA). O n  the right of (GT)15 stretch, the 
sequence does not show any apparent particularity. 

DEPC was reacted with pCP1 at various superhelical densities (a), in the presenceJabsence 
of the antibodies to Z-DNA (fig. 2). 

Let us first consider the (GT) strand. No reaction was detected between DEPC and 
relaxed pCP1. When pCPl is negatively supercoiled (a = - 0.10), not only the G residues 
within the (GT) 15 stretch but also most of the G and a few of the A residues outside the 
stretch become hyperreactive. The reactive sequence lies approximatively between bases 



ANTIBODIES T O  UNUSUAL DNA STRUCTURES 

Repeat U n i t  

( A C )  rich reglon 

170 180 190 200 210 220 230 240 

Palindromic region 

Fw 1 Schcrnc of thc rcpcat m t  of the satellltc DNA from Cehirs2' and sequences o l  thc (AC)-rich region (AC) 
and of the palmdrom~c reglon (P). Therc two sequences were cloned In the Fat1 sltc of pHK322 to give pCPl and 
pC1'5, respectwely. (a) Haclll, restr~ctlon sites. Arrows: d~rect and inversed repeat sequences. 

180 and 290. As judged by DEPC, the sequence (180-290) adopts the Z conformation. It 
seems quite unlikely that the hyperreactivity is due to unpaired bases which would be 
present in loops resulting from the slippage of the two strands of the double helix or from 
the forttiation of cruciform structures. The sequence does not contain large inverted repeats 
and one does not expect all the purines to be reactive after slippage of the two strands. 
The DEPC reactivity pattern observed in the presence of the antibodies to Z-DNA 
strcngthens the suggestion that the sequence (180-290) adopts the Z conformation. At  
a = 0 . 1 0 ,  the antibodies are bound to this sequence since the hyperreactivity of the G 
residues is largely decreased. The antibodies to Z-DNA stabilize the Z conformation which 
is illustrated by the behavior of pCPl at u = -- 0.07. In the absence of the antibodics, the 
sequence (220-290) is in the Z conformation as judged by DEPC. In the presence of the 
antibodies, again thc hyperreactivity of the G residues within this sequence is decreased, 
but some more G residues become slightly hyperreactive (up to base 200). Thesc results 
confirm that the antibodics to Z-DNA shift the R-DNA-2-DNA equilibrium towards the 
rightS,25-27 

The cleavage pattern of the (AC) strand after reaction with DEPC confirms that the 
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A B 
FIG. 2 FIG. 3 

FIG. 2. A. Supercoil-induced DEPC hyperreactivlty of the (AC)-rich region of pCPI. (AC) strand. pCPL was 
reacted with 50mM DEPC for 15 minutes at 20°C m 50mM sodium cacodylate, 1 mM EDTA pH 7''. After 
ethanol prec~pitation, the plasm~d was digested by StyI and labelled at 5' ends (the insert from Cebus contains 
a StyI site near one of its ends). Cleavage by HpaIl allowed to isolate a unlque end-labelled fragment which 
contains the (AC)-rich region. Eluted, unquely labelled fragments were precipited with ethanol. Piperidine 
treatment, preparation of the samples were identical as for sequencing reaction39. Equivalent amounts of 
radioactivity for each sample were loaded on a 6% buffer gradient sequencing gel". Chemical degradation 
sequencing reactions were as described3'. 
T + C, C, G + A, G. Maxam- and Gilbert-specific reactions. DNAs were reacted at a superhel~cal denslty o f o  = 0 
and a =  -0.1, respectively. 

El. DEPC footprint of the anti Z-DNA antibodies on the (AC)-rich region of pCPl.(GT) strand. Preincubation 
for one hour at 20°C of2fig of plasmid with 20pl of antibodies to Z-DNAB were carried out in 150fiL of 6OmM 
NaCI, 5mM Tns-HCI pH 7. Tubes were transferred in ice, followmg adjustment of the medium at 50mM NaCI, 
2SmM sod~um cacodylate, 0.25mM EDTA, pH, 7. Samples were further processed as in A, with a phenol 
extraction step to remove antibodies prior to precipitation with ethanol. 
T + C, C, G, G +A; Maxam- and Gilbert-specific reactions. DNAs at indicated superhelical density (-a) were 
reacted with DEPC in the presence (+) or absence (-) of anti Z-DNA antibodies. Numeration refers to fig. 1. 

(contmued on p. 7) 
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sequence (180-290) is in the Z conformation. Again, not only the A residues within the 
(GT)15 stretch but also most of the A residues outside of the stretch are hyperreactive. 
A striking result is that the cleavage pattern is unchanged when the DEPC reaction is 
performed in the presence of the antibodies to Z-DNA (results not shown). 

In conclusion, these results show that under topological stress, the (GT)15 stretch adopts 
the Z conformation in agreement with other datazs-30. In addition, a long sequence rich 
in (AC) doublets but in which several bases are out of alternation is also in Z conformation. 
All these bases represent about 8% of the repeat unit which can explain the heavy staining 
of the fixed metaphase chromosomes from Cebus by the antibodies to %DNAx4. 

By in situ hybridization, the correspondence between the (AC>rich region and the 
heterochromatic regions of the metaphase chromosomes has been verified. The (AC)-rich 
region was inserted in M13mp18 and the single-stranded form of the phage modified by 
acetylaminofluorene residues was used as a npn-radioactive probe. This probe hybridized 
specifically on the heterochromatic R-positive regions which are also reactive with the 
antibodies to Z-DNA21-3x. 

2.3. Pnlindromic region 

In this region, there are two direct repeats, the length of each being 42 base pairs, and 
preceded by one inverted repeat. The formation of a cruciform structure within negatively 
supercoiled DNA has been suggested by the sensitivity of this region to S1 nuclease2' and 
is confirmed here by the cleavage pattern obtained after reaction of pCP5 and DEPC 
(fig. 3). The four A residues between the inverted repeats are strongly reactive with DEPC. 
It has been verified that the hyperreactivity of the A residues is abolished when DEPC 
was reacted with pCP5 in the presence of antibodies to adenosine (results not shown). 

The cruciform extrusion kinetics of pCP5 have been studied according to the protocol 
described by LilleyJ2. The extrusion kinetics belong to the S - t ~ p e ~ ~  as characterized by 
the salt dependence (the optimal salt concentration for cruciform extrusion is lOOmM NaCl 
or 150mM MgCI,, experiments not shown) and by the value of the activation energy. In 
fig. 4, are plotted the logarithm of the fractions of extruded molecules (measured by gel 
electrophoresis) as a function of time, at various temperatures. Arrhenius plot of the rate 
constants us the reciprocal absolute temperatures (inset fig. 4) gives an activation energy 
equal to 67 kcal/mole. 

In conclusion, in addition to the sequence which adopts the Z conformation, the repeat 
unit of the Cebus satellite DNA contains a sequence which can form a cruciform structure. 

(continuedfrom p. 6) 
Fn;. 3. Supercoil-induced DEPC hyperreactivity of the direct and inverted repeat sequences of pCP5. After 
lominutes at 60°C in order to induce the cruciform extrusion, pCP5 was reacted with 50mM DEPC for 15 
minutffl at 20°C in 50mM sodium cacodylate, 1 mM EDTA pH, 7.1. The HpaII-HpaII fragment containing the 
repeat sequencg was purified, labelled at 5' ends and digested by Sau3AI. Samples were further processed as in 
fig. 1. 
G, G +A: Maxam- and Gilbert-specific reactions. DNAs were reacted with DEPC at a superhelical density of 
a = 0, - 0.1 and - 0.15 respstively. Arrows: direct and inverted repeat sequences (see fig. 1). 
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I 

Time ( m n )  
F1c.4. Kinet~cs of pCP5 cruciform extrusion as a 
function of temperature. pCP5 was purified as des- 
cribed3'. in order to ohvain a preparation without 
cruciform extruuon. pCP5 samples wcre incubated in 
300pM MgCI., I mM Tris-HCl pH 7.5 at dinerent -7 -6 -5 -4  . . 
temperatures and aliquals withdrawn to Ice at various ~OCJ [ c O m p e ~ ; t O r ]  
tune mtervals. The medium was made of 50mM 
sodium acetate jmM z n ~ ~ ,  pH 4,6, rhe  D ~ A s  FIG. 5. Inhibit~on of tracer-antibody binding by 
were assayed for the presence cruciform vmious plalinatcd nuclcic acids in cumpctnrve 

by ~1 nucrease and E ~ ~ R ~  cleavage, r h e  fraction of ~adioimmunoassays. The tracer is platinated ['HI 
eatry~t.~molcculcswasmeasurcdby gGlelectrophoreqi5 poly(dG-dC).poly(dG-dC') at an r ,  - 0.02: antiserum 
and de~s~lornetry, and the natural logarithm plotted as 1/5M). ConlPetitors: (0) plat~n;itrd 
a function of lime of incubation. a: 42°C; A 45°C; (dG-dCWyidG-dC) a t  an r, = 0.02; 
A 48°C; 0 51°C; x 54°C. ( x )  [(dC-dG)s12Pt: ( B )  plntimted pHR322 DNA at 
h e r [ :  Arrhenius plat of the rate consonants an 'a =O.l;(m)(dC-dG)sPf. Medium.0, 15MNaCIOd, 

the reciprocal absolute temperature. 5 mM Tris-HC1 buffer, pH 7.5 and I mM EDTA; 
temperature, 4°C. 

Work is in progrcss to characteri~e the conformational changes induced by torsional stress 
when both the palindromic region and the (AC)-rich region are within thc same plasmid. 

2.4. Antibodies to platinated poly (dG-dC).poly (dG-dC) 

Numerous studies support the concept that DNA is the likely target for the antitumor 
drug cis-diamminedichloroplatinum (11). Most of the adducts formed in the reaction of 
cis-DDP and DNA have been identified. Two major adducts arise from an intrastrand 
crosslink between two adjacent guanine residues and between adjacent adenine and guanine 
residues. Minor adducts arise from intrastrand crosslinks between two guanine residues 
separated by one base and from interstrand crosslinks between two guanine residues. It is 
not yet known which adduct (s) is responsible for antitumor activity of c ~ s - D D P " , ' ~ .  The 
intcrstrand adducts represent only about 1% of the total a d d u ~ t s ~ " . ~ '  and our aim was 
to find a model compound for these interstrand adducts. 

In the reaction of poly(dG-dC).poly(dG-dC) and cis-DDP, at low level of platination, 
the main adduct is an interstrand crosslink between two guanine residues. This was deduced 
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from the analysis by gel electrophoresis in denaturing and non-denaturing conditions, 
respectively, of the fragments obtained by cleavage of the platinated polymer by the 
restriction enzyme Hha138. The platinated polymer injected in rabbits induces the synthesis 
of antibodies. As shown in fig. 5, the antibodies crossreact with platinated natural DNA 
and with [(dC-dG),],Pt but do not crossreact with (dC-dG),Pt (intra and interstrand 
crosslinks are formed in the reaction of cis-DDP and (dC-dG),.(dC-dG),; the modified 
oligonucleotides with an interstrand adduct [(dC-dG),],Pt or an intrastrand adduct 
(dC-dG),Pt were purified by hplc, results not shown). The conclusion is that the interstrand 
adducts formed in the reaction of eis-DDP and natural DNA or (dC-dG),.(dC-dG), have 
the same geometry and thus the physico-chemical study of [(dC-dG),],Pt might help to 
the characterization of the interstrand adducts. 

3. Conclusion 

Four kinds of antibodies have been used in this work: antibodies against a nucleoside 
(adenosine), antibodies against a modified base (guanosine modified on the C(8) by 
acetylaminofluorene residues), antibodies against a double-stranded helix (Z-DNA) and 
antibodies against a distorted double helix (poly(dG-dC).poly(dG-dC) modified by cis- 
DDP). These antibodies appear to us as powerful tools to characterize the conformation 
of nucleic acids in complement to physico-chemical techniques. 
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