
2464-2471 Nucleic Acids Research, 1995, Vol. 23, No. 13

Zinc(II) ions selectively Interact with DNA sequences
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ABSTRACT

It has been known for some time that zinc, as well as
most transition metal Ions, is capable of binding to the
DNA bases. However, little is known about the pres-
ence and distribution of metal binding sites along
naturally occurring genomic DNA molecules. In this
paper, the interaction of zinc with the Xenopus5S-RNA
gene has been studied and several metal binding sites
have been Identified on the basis of the changes in
chemical reactivity observed in the presence of the
metal. The strongest zinc-binding sites of the Xenopus
5S-RNA gene correspond to GGG trinucleotide re-
peats. Some GG dinucleotides also show a significant
affinity for zinc. Interestingly, the binding site for
TFIIIA, a zinc-finger transcription factor, contains
several sites with strong zinc affinity. In particular, a
TGGGA sequence which Is essential for the binding of
TFIIIA shows the strongest affinity for zinc. The
conformational properties of this DNA sequence,
together with the high electronegative potential of
GGG runs, is likely to determine its strong affinity for
zinc. The possible biological relevance of these results
is discussed.

INTRODUCTION
Metal ions are important structural detenninants of biological
macromolecules. Though the importance of metal-DNA interac-
tions has been recognised for some time, the degree of understand-
ing of the mechanisms governing such interactions is still limited.
Metal ions interact strongly with DNA influencing both the
structure and stability of the macromolecule. In general, alkaline
and alkaline-earth metals stabilise the double-stranded B-DNA
conformation through electrostatic interactions with the phosphate
backbone (see 1 for a review). On the other hand, most transition
metal ions including zinc, bind also to theDNA bases, destabilising
the B-DNA conformation (1). Finally, specific metal ions are
known to promote the formation of a variety of non B-DNA
conformations (i.e. Z-DNA, triple-stranded DNA, tetra-stranded
DNA, four-way DNA junctions, etc.) (see 2 for a review).

Most of what is known about the binding of metal ions to DNA
comes from studies performed with nucleosides, nucleotides and
synthetic polynucleotides of repeated sequence (1,3,4). In this
paper, the question of the presence and distribution of metal
binding sites along naturally occurring genomic DNA molecules
was addressed. The preferred site for metal ion co-ordination to
the bases in DNA is the N7-position of the guanines (1) which is,
in turn, the site of methylation by dimethylsulfate (DMS).
Protection towards DMS methylation has been widely used to
study the occupancy of this site in the complexes formed by DNA
with proteins, drugs and other nucleic acids. DMS-reactivity is
likely to be also strongly influenced by metal co-ordination at the
guanine N7-position. Actually, protection from DMS methyl-
ation has been observed in the complex formed by a d(GA GA)n
intramolecular hairpin with zinc (5). Here, we have used this
experimental approach to study the interaction of zinc with a
naturally occurring genomic DNA fragment, the Xenopus
5S-RNA gene, and the presence of several strong metal binding
sites has been identified.
The importance of metal ions in nucleic acids processes is well

established though their actual contribution is not completely
understood. In general, the reactions in which nucleic acids
participate are mediated by metal ions. Many DNA and RNA
processing enzymes have metal ions as cofactors. DNA binding
proteins also contain metal ions as structural components. In
particular, a class of transcriptional activators, the zinc-finger
proteins, contain zinc as a co-ordinated metal ion (6). TFIIIA is
a member of the C2H2 family of zinc-finger proteins which is
essential for transcription of the 5S-RNA genes. Interestingly, the
strongest zinc binding sites of the Xenopus 5S-RNA gene cluster
at the TFIIIA binding site. The possible biological relevance of
these results is discussed.

MATERIALS AND METHODS

DNAs

The Xenopus borealis 5S-RNA gene was obtained from plasmid
pXbsF201 which carries the somatic 5S-RNA gene inserted in the
HindIII-BamHI site of pUC9 (7).
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When the behaviour of the TGGGA sequence was studied,
oligomers of the oligonucleotide d(CTAGTGGGACTAGTC-
CCA)2 were obtained by self-ligation with T4 DNA ligase and
cloned into the unique XbaI site of pUC19. Clones carrying
different inserts were selected. Most of the results presented in
this paper correspond to a plasmid carrying fourTGGGA repeats.
The complete sequence of the insert is 5'-CTAGTGGGAG-
TACTGGGACTAGTGGGACTAGTGGGACT-3'.

Modification with dimethylsulfate (DMS)

For DMS-modification, -3 gg of plasmid DNA, either linear or
negatively supercoiled, was treated with 1 ,l ofDMS (Sigma), in
a final volume of 500 gl, at room temperature for 1 min in a buffer
containing 50mM NaCl, 50mM triethanolamine (pH 7.0) and the
corresponding MeCl2 at the concentration indicated in each case.
Modification was stopped by the addition of 15 pl of 1 M
P-mercaptoethanol, followed by ethanol precipitation. After
modification, DNAs were cleaved with EcoRI and end-labelled
with [a-32P]dATP and the Klenow enzyme. After labelling,
DNAs were cut with an appropriate restriction enzyme and the
DNA fragments carrying the sequences of interest were purified
by gel electrophoresis, treated with 1 M piperidine and the
cleaved products resolved in denaturing polyacrylamide gels.
When the modification was performed on linear DNA, plasmid
DNAs were cleaved and end-labelled before treatment with the
chemical reagent. For quantitative analysis, autoradiographs
were recorded on Hyperfilm (Amersham) and scanned in a
Molecular Dynamics laser densitometer. The intensity of each
band was determined as the area underneath the corresponding
peak on the densitometer scan, and the corresponding relative
intensity (Ir) calculated after normalisation with respect to the
sum of the intensities of all bands corresponding to the 5S-RNA
gene sequence.

Modification with diethylpyrocarbonate (DEPC)

For DEPC-modification, -3 jg ofnegatively supercoiled plasmid
DNA was treated with 2 ,ul of DEPC, in a final volume of 50 ,.l,
for 15 min at room temperature in the same buffer described
above for DMS-modification. The reaction was stopped by
ethanol precipitation and the modified samples were processed as
described above.

Modification with osmium tetraoxide (OS04)

For Os04-modification, -3 ,ug of negatively supercoiled plasmid
was treated with 0.5 mM OSO4 in the presence of 0.5% pyridine
for 15 min at room temperature in the same buffer described
above. The reaction was stopped by ethanol precipitation and the
modified samples were processed as described above.

RESULTS

Figure 1 shows the patterns ofDMS modification of the Xenopus
5S-RNA gene obtained in the presence of increasing ZnCl2
concentration. Most of the guanines contained within the
Xenopus 5S-RNA gene show a similar DMS-reactivity either in
the absence or presence of zinc. However, in a few cases, addition
of zinc results in a reduced reactivity. This is particularly evident
for G86 and G(9 (Fig. IB). These two residues show a similar
decrease in DMS-reactivity, as reflected by the very similar

slopes (a) of lnIr versus ln(l+[Zn]) (Fig. 2A; Table 1). Both G86
and G98 occupy the central position on a GGG trinucleotide
occurring at aTGGGA sequence. The DMS-reactivity of the two
other guanine residues of the GGG trinucleotide does not
decrease significantly in the presence of zinc (Fig. 2A). The
Xenopus 5S-RNA gene contains two additional GGG trinucleo-
tides, starting at positions 59 and 64. Also in these cases, the
DMS-reactivity.of the central guanine residues is reduced in the
presence of zinc (Fig. 1). However, the decrease in reactivity is
smaller than in the cases described above (Fig. 2A; Table 1).
These results indicate that the interaction of zinc with the central
guanine of GGG trinucleotide repeats is strongly influenced by
the nature of the flanking nucleotides. Some GG dinucleotides
contained within the 5S-RNA gene show also a decreasing
DMS-reactivity on increasing zinc concentration (Fig. 1). This
decrease is in general smaller than that observed at GGG
trinucleotides and is also affected by the nature of the flanking
sequences (Fig. 2B; Table 1). In particular, some GG dinucleo-
tides, such as those starting at positions 7 and 116, do not show
any significant decrease on DMS-reactivity upon increasing zinc
concentration (Fig. IB). The DMS reactivity of individual
guanines do not show any significant decrease upon increasing
zinc concentration (Fig. IB). Table 1 summarises these results.
The TGGGA sequence shows the strongest interaction with zinc,
followed by theAGGGT and the AGGT sequences. A third group
of sequences, which includes the fourth GGG trinucleotide and
most of the GG dinucleotides, shows a significantly lower affinity
for zinc.

Table 1.

Residue Sequence a

G98 tgGga 0.19

G86 tgGga 0.18

G60 agGgt 0.15

G107 aGgt 0.14

G70 tGgt 0.11

G108 agGt 0.10

G65 cgGgc 0.09

G71 tgGt 0.09

G48 cgGa 0.08

G82 tgGa 0.08

G59 aGggt 0.07

The values of the slope (a) of InIr versus ln(l+[Zn]) are presented for the gua-
nine residues of the Xenopus 5S-RNA gene. Guanine residues showing a <0.05
are not presented. The position of the residue in the sequence is indicated in
bold-face.

The effect described above is independent of the overall
nucleotide sequence of the 5S-RNA gene. Figure 3 shows the
patterns of DMS-modification of a DNA fragment containing
four TGGGA-repeats. Also in this case, the DMS-reactivity ofthe
central guanine residue of each repeat decreases strongly upon
increasing zinc concentration (Fig. 3B). The relative magnitude
of the decrease in reactivity is similar for the four repeats as
indicated by the similar values of a obtained for the four repeats
(Fig. 3B). These values, which are in the range 0.13-0.10, are
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Figure 1. (A) Patterns of DMS-modification of the Xenopus 5S-RNA gene obtained in the presence of increasing zinc concentration: 0 (lane 1), 3 (lane 2), 30 (lane
3) and 60 mM (lane 4). Lane L corresponds to a G+A sequencing ladder. The 5'-*3' direction is top-to-bottom. The region of the gel corresponding to the 5S-RNA
gene is indicated on the left. Residues G60, G65, G86 and Gg9, showing strong decrease on DMS-reactivity are indicated on the right. (B) Quantitative analysis of the
results shown in (A). The relative intensity (Ir) of each guanine residue of the Xenopus 5S-RNA gene is presented as a function of increasing zinc concentration from
0mM (left) to 60 mM (right). Results are shown only for the non-coding strand. The coding strand contains two GGG trinucleotide repeats of sequence AGGGT and
CGGGC respectively that also show a significant decrease on DMS-reactivity on increasing zinc concentration. Some GG dinucleotide repeats contained within the
coding strand also show a decreasing DMS-reactivity.

significantly smaller than those observed for the TGGGA
motives of the Xenopus 5S-RNA gene, suggesting that determi-
nants other than the nucleotides immediately adjacent to the GGG
trinucleotide also have an influence. A similar decrease on

DMS-reactivity was obtained for molecules containing only two
repeats of the TGGGA sequence (not shown).
The topological state of the DNA, whether linear or negatively

supercoiled, does not have any significant effect on the decrease
on DMS-reactivity observed at the TGGGA motives in the
presence of zinc. Figure 3C shows the patterns of DMS-reactivity
of linear DNA obtained upon increasing zinc concentration. Also
in this case, the DMS-reactivity of the central guanine residue of
the TGGGA-repeats decreases strongly even at low zinc con-
centration (Fig. 3C, lane 2). The values of a are also similar to
those obtained with negatively supercoiled DNA.
That metal ion co-ordination to the guanine N7 position is

responsible for the decrease on DMS-reactivity is also indicated
by its metal ion specificity (Fig. 4). A similar decrease on the
DMS-reactivity of the central guanine residue of the TGGGA
sequence is also observed in the presence of transition metal ions
such as Cd2+, Co2+ and Mn2+, that also bind to the DNA bases (1).

On the other hand, this effect is much smaller in the presence of
metals showing little or no co-ordination to the bases, such as

Mg2+ (Fig. 4) (1). The relative decrease on DMS reactivity
follows the order Co > Zn = Cd >> Mn > Mg (Fig. 4C) which
correlates well with the relative stability of the corresponding
metal-DNA complexes (1,3,4).
As judged by the patterns of DEPC and OS04 reactivity of the

TGGGA sequence obtained in the presence of zinc, metal binding
to this DNA sequence causes only minor conformational
distortions. Regular right-handed B-DNA does not show any
significant reactivity with either DEPC or OS04 (2). DEPC
principally reacts at the N7 position of adenines when they are
unpaired or highly distorted. OSO4 reacts with pyrimidine
residues and it is very sensitive to changes in stacking. As shown
in Figure 5, no significant DEPC-reactivity of the adenine
residues of the TGGGA motif is observed in the presence of the
metal ion, indicating that no large structural distortion occurs

upon zinc binding. On the other hand, thymine residues become
moderately reactive to OSO4 at high zinc concentration, indicat-
ing that some conformational change actually takes place upon
zinc binding. OsO4-reactivity is not constrained to the TGGGA
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Figure 2. The decrease on DMS-reactivity as a function of increasing zinc concentration is presented for: (A) the four GGG trinucleotide repeats and (B) four GG
dinucleotide repeats present in the Xenopus 5S-RNA gene. Results are shown only for the non-coding strand.

motives and thymine residues located 3 bp upstream from these

motives are also significantly reactive with OS04, indicating that
the whole DNA region is distorted. However, thymine residues of
the TGGGA motives are always more reactive than the rest.

DISCUSSION
An important limitation on the study of metal-DNA interactions
comes from the lack of experimental probes to analyse the
binding of metals to long DNA molecules of randomised
sequence. Here, we have explored the use of DMS to determine

the distribution of zinc-binding sites along a naturally occurring
genomic DNA sequence, the Xenopus 5S-RNA gene. Methyl-
ation by DMS occurs principally at the N7-group of the guanines
which is known to be also the preferred site for metal ion
co-ordination to the bases in DNA. Our results indicate that some
of, but not all, the guanine residues contained within the Xenopus
5S-RNA gene become protected towards DMS methylation in the
presence of zinc ions. The strongest decrease on DMS-reactivity
is observed at the central guanine residue of the GGG trinucleo-
tide repeats contained within the sequence TGGGA.
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Figure 3. (A) Patterns of DMS-modification of a DNA fragment containing four TGGGA-repeats obtained in the presence of increasing zinc concentration: 0 (lane
1), 3 (lane 2), 30 (lane 3) and 60 mM (lane 4). Lane L corresponds to a G+A sequencing ladder. The 5'-*3' direction is top-to-bottom. The position of each
TGGGA-repeat is indicated (right) as well as the region of the gel corresponding to the DNA fragment containing the four TGGGA-repeats (left). (B) Quantitative
analysis of the results shown in (A). The decrease of DMS-reactivity is presented as a function of increasing zinc concentration for the central guanine residue of each
TGGGA-repeat: (A) first, (0) second, (0) third and (O) fourth repeat. The slopes a are 0. 13, 0.10, 0.12 and 0. 12 respectively. (C) As in panel A but modification was
performed on linear plasmid DNA.

The decrease of DMS-reactivity observed in the presence of
zinc principally reflects binding ofthe metal to theDNA sequence
rather than a conformational change on the DNA itself. On one
hand, the effect does not depend on the topological state of the
DNA substrate, whether linear or negatively supercoiled (Fig. 3).
Second, the patterns of DEPC modification obtained in the
presence of zinc indicate that no significant conformational
change occurs on the DNA (Fig. 5). Third, metal ion co-ordination
is also strongly suggested by the metal ion specificity of the effect
(Fig. 4). Finally, our results are in accordance with what is known
about the binding of zinc to DNA. It has been shown that
GGG-runs have the most negative electrostatic potential of all
possible three-base sequences (8) and direct binding of zinc to the
central guanine of a GGG trinucleotide was shown by multinu-
clear NMR spectroscopy in the dodecamer d(ATGGGTAC-
CCAT)2 (9). Our results indicate that zinc binding to GGG-runs
depends strongly on the nature of the flanking sequences,
suggesting that, in addition to the high electronegative potential
of the sequence, other factors are also contributing significantly
to the strong zinc binding detected at the TGGGA sequences of
the 5S-RNA gene.
From our results it is difficult to conclude the type of

metal-DNA complex which is being formed. As judged by the
results shown in Figure 5, binding of zinc to the TGGGA
sequence causes only a minor structural distortion of the DNA

binding site. It is known that zinc also coordinates to the
phosphate oxygens in DNA (1) and it was proposed that zinc
binding occurs via the formation of an N7/aPO4 chelate (10).
This type of co-ordination has been observed in several metal-
nucleotide complexes (1,3,4), including the complexes formed
by 5'-IMP with Zn2+ and Cd2+. In all these complexes, the
conformation of the nucleotide is significantly different from that
observed in B-DNA (1,3,4). Actually, formation of an N7/aCPO4
chelate requires a C3'-endo puckering of the furanose ring
(11-13), which is characteristic of A-DNA. In addition, in most
metal-nucleotide complexes showing this type of co-ordination
the torsion angles about the C1'-N and the C4'-C5' bonds are in
the anti and +sc regions, respectively (1,3,4). These conforma-
tional features are also characteristic of A-DNA. Evidence
derived from DNaseI digestion experiments, X-ray crystallo-
graphy and CD spectroscopy (14-16) indicates that the region of
the Xenopus 5S-RNA gene spanning nucleotides 81-89, which
encompasses the TGGGA sequence, adopts an A-like conforma-
tion. Adoption of an A-like conformation, together with the high
electronegative potential of GGG-runs, would facilitate binding
of zinc through the formation of a N7/cxPO4 chelate, providing a
reasonable interpretation for our results.
Others have reported that zinc, at micromolar concentrations,

specifically induces bending of the 5S-RNA gene (17). This
bending is likely to result from the type of site-directed
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in (A). (C) Comparative analysis of the results shown in (B). The relative intensity (Ir) of each guanine residue of the gTGGGAg sequence is shown as a function of
the type of metal. The intensity of each guanine residue was normalised with respect to the intensity of the guanine found immediately 5' from the TGGGA-motif.
The extent of DMS-modification of the guanine located immediately 3' from the TGGGA-motif is only slightly affected by the presence of any added metal.

interactions reported here. Interestingly, several strong metal
binding sites occur within the binding site for TFIIIA, a

zinc-finger transcription factor. The internal control region (ICR)
of the Xenopus 5S-RNA gene, nucleotides 45-97, consists of
three functional elements (Fig. 6) from which box C is the most
important for TFIIIA binding (18-21). Box C contains aTGGGA
motif, nucleotides 84-86, which is essential for TFIIIA binding,
as shown by mutational and methylation studies (21-26) (Fig. 6).
As shown in this paper, this site has a strong affinity for zinc. A
second TFIIIA-DNA contact occurs in box C, from nucleotides
79-82, and a third strong protein-DNA contact is detected at
nucleotides 70 and 71 (24). These two additional sites containGG
dinucleotides showing also a significant affinity for zinc (Fig. 2B;
Table 1). Interestingly, as for TFIIIA, the specific DNA binding
sites ofmany C2H2 zinc-finger proteins are enriched in sequences
which are potential metal binding sites (6). The structure of the

TFIIIA-DNA complex is not known. However, the DNA
complexes formed by other C2H2 zinc-finger proteins have been
solved by X-ray crystallography. These include the Zif268
protein, the human glioblastoma (GLI) protein and the Drosophila
tramtrack protein (27-29). The three protein-DNA complexes
mentioned above show some interesting features. On one hand,
in all three complexes, some of the histidine residues that
co-ordinate zinc make direct contacts with the phosphodiester
oxygens and, secondly, the DNA molecule in the complex shows
a distinctive conformation closer to that corresponding to A-form
DNA (30). These results opens up the question ofthe hypothetical
biological relevance of the preferential binding of zinc detected
at the TFIIIA binding site. It is very well established that the main
role of zinc in TFIIIA is to determine the appropriate folding of
the protein domains involved in sequence specific DNA recogni-
tion. Furthermore, the crystal structures ofthe three protein-DNA
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Figure 5. Patterns of DEPC and OS04 modification of a DNA fragment
containing four TGGGA-repeats, obtained in the presence of increasing zinc
concentration: 0 (lanes 1), 5 (lanes 2), 15 (lanes 3) and 30 mM (lanes 4). Lane
L corresponds to a G+A sequencing ladder. The 5'-e3' direction is top-to-bot-
tom. The region of the gel corresponding to the DNA fragment containing tle

four TGGGA-repeats is indicated. The DNA fragment used in this case was

different from that described in Figures 3 and 4, showing a G to T mutation of
the third guanine residue of the first TGGGA motif. This mutation generates a

TGGT motif which, as shown in Figure 2B and Table 1, also binds zinc with
high affinity.

complexes described above rule out a direct participation of the
metal ions in DNA binding. However, it might still be that,
subsequent to the formation of the protein-DNA complex, the
structural zinc ions contained within TFIIIA would directly
interact with the DNA. In this respect, it is interesting to notice
that TFIIIA remains bound to the DNA during transcription and,
since the ICR occurs within the gene coding region, endures
multiple passages of the RNA polymerase (32). It is possible that
zinc ions could participate in the formation of this complex
helping to maintain the protein bound to the DNA single-strand
during transcription. Interestingly, all the sites with strong affinity
for zinc of the TFHIA binding site occur at the non-coding strand
and the protein binds strongly to single-strandedDNA (33). Ifthe
structural zinc ions of TFIIIA directly contribute to its binding to
single-stranded DNA, the structure of the protein must change
profoundly. No large structural distortions have been reported to
occur in TFHIA after binding to DNA. However, it was reported
that, under some circumstances, TFIIA forms a very tight
covalent complex with DNA which maps between nucleotides
68-90 including the DNA sequences of high zinc affinity
described here (31). Interestingly, the DNA binding domain of
TFIIA, i.e. the zinc fingers, is sufficient to form the complex

,' ,' /

+651 +70 +75 +80 +85 +90 +95

I
I 1 1 o I I

gggcctt tMttagtacttG t(at ( (lagaccgcct
AA ++AA+AAA*A

Figure 6. Structure ofthe internal control region (ICR) of the Xenopus 5S-RNA
gene. The DNA region most important for TFIIIA binding is shown. Guanine
bases which interfere with TFIIIA binding when methylated (24,25) are

indicated by (A). Thymines which closely approach TFIIIA (34) are indicated
by (+). Phosphates that contact TFIA (22) are also indicated (0). The DNA
region involved in the formation of the covalent complex with TFIIIA (31 ) is
shown underlined. Guanine motives showing strong affinity for zinc are shown
in outlined letters.

which is also formed with single-stranded DNA. Though
speculative, this hypothesis could be addressed experimentally.
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