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Base-selective interaction between divalent metal ions and DNA oligomers has
been studied by 1D and 2D NMR spectroscopy. Titration with paramagnetic
metal ions induces selective line broadening of resonances from protons close to
the binding site. Also the intensities of 2D NOESY cross-peaks involving para-
magnetic affected protons will be quenched. Two hexamers, 5'-d(CGTACG), (I)
and 5'(GCATGC), (II) have been titrated with Mn(II) ions. Manganese binds
selectively to the terminal guanine, G1, in sequence Il as manifested through
pronounced paramagnetic line broadening and loss of intensities of NOESY
cross-peaks involving G-H8 protons. The second guanine, G5, and the non-gua-
nine residues are appreciably less affected. In sequence I both guanines, G2 and
G6. are the targets for selective metal binding as judged from G-HS line broad-
ening. The extent of interaction is almost identical for the two G-residues and
comparable to that observed for G1 in sequence II. The metal binding site in the
duplexes is most likely nitrogen G-N7. Selective metal binding to oligonucleotides
may be related to sequence-dependent variation in molecular electrostatic poten-

tials (MEP) along the chain.

The interaction of metal ions with DNA is an active area
of research, particularly in the development of new anti-
tumor drugs.! Platinum anti-cancer drugs have been re-
ported to interact with guanine residues in DNA.

Platination of DNA from salmon sperm followed by
enzymatic degradation and chromatographic analysis
showed a predominance of Pt-GpG species (65%), a
somewhat smaller portion of Pt-ApG (25% ) but no Pt-
GpA.* Studies of interaction between Ca(II)>* or Mg(II)°
with DNA indicate site-specific metal binding. Over the
past few years we have studied metal ion interaction with
different DNA oligonucleotide sequences. The first re-
sults from these type of investigations® indicated that
Zn(II) and Mn(II) ions bind selectively to the oligonucleo-
tide d(CGCGAATTCGCG),. The guanines were found
to be the predominant binding sites, in agreement with
earlier metal-DNA studies. However, for the first time a
remarkable sequence-selective metal binding pattern was
revealed in which the guanine bases were affected in the
order G4> G2, G10 and G12.

In a recent '"H NMR chemical shift study of the in-
teraction between Zn(II) ions and the double helix 5'-
ATGGGTACCCAT differential Zn binding was found.’
Further work by Fraystein er al.® on manganese interac-
tion with a series of ten different oligonucleotides showed
that metal ions bind selectively to guanine residues on the
5’-side in the following order: 5'-GG>5'-GA>5'-
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GT>5'-GC. No clear evidence of binding to 5'-G in
5'-GC steps or to non-G residues was found. Recently
Froystein and Sletten® have monitored titration experi-
ments of Hg(II) ions to the DNA dodecamer duplex 5'-
d(CGCGAATTCGCG), by 'H and '’N NMR spectros-
copy, and found that Hg(II) interacts selectively with the
AT-tract of the oligomer.

Theoretical calculations of the molecular electrostatic
potentials (MEPs) along the double helix show marked
sequence-dependent variations.'® Fluctuation in the nu-
cleophilicity of G-N7 sites as a consequence of subtle
sequence-dependent conformational changes that alter
base stacking could account for the metal binding pat-
tern. Alkylation reactions in which positively charged
groups attack specific G-residues at N7, producing a six-
to eight-fold variation in methylation activity in DNA
fragments, strongly support the idea of sequence-depen-
dent variation in N7 nucleophilicity."'

In order to probe further the rules of sequence-selective
metal binding to DNA we present here results of titration
experiments involving two DNA 5’-3" inverted hexamers,
5'-d(CGTACG), (I) and 5'-d(GCATGC), (II). Se-
quence II comprises the specific target site for the re-
striction endonuclease Sphl. In a comparison of metal
ion affinity between I and II we are able to observe
terminal 3’-residues vs. 5'-residues and GT base step
vs. GC step. The interactions between these oligomers
and MnCl, have been monitored by observing 'H NMR
paramagnetic line-broadening and loss of 2D NOESY



cross-peak intensities. The line-broadening effects are
assumed to be dominated by scalar paramagnetic relax-
ation, which in turn rules out the possibility of obtain-
ing precise geometric information.'” Nevertheless, the
method is a quite powerful tool for pinpointing possible
binding sites in a qualitative manner.'?

Experimental

The DNA hexamers 5 -(CGTACG) (I) and 5'-
(GCATGC) (II) were synthesized by using solid-phase
phosphite triester techniques as previously described.'
The synthetic DNA samples were purified by chromato-
graphy in distilled water on a 120 cm Sephadex G-25
column and lyophilized to dryness. The sequences were
palindromes which readily form duplexes. The lyo-
philized samples were dissolved in 0.4 ml solution con-
taining 0.15 mM EDTA and 20mM sodium phosphate
adjusted to pH 7.0 with NaOH. EDTA was added to
prevent effects from paramagnetic impurities. The DNA
samples were lyophilized to dryness from D,O and re-
dissolved in 99.969%, D,O. Finally the samples were dis-
solved in 0.4 ml of 99.996% D,O and transferred to
5 mm NMR tubes. Each sample contained approximately
400 OD,, units, corresponding to ca. 4.8 mM in duplex
oligomer. A stock solution of 0.02 M MnCl, made up in
D,0O was lyophilized to dryness and redissolved in
99.96%, D,O. The final concentration of MnCl, was
0.52 mM after dilution in D,O.

All spectra were recorded on a Bruker AM-400 MHz
wide-bore spectrometer at 400.13 MHz. The temperature
was 303 K in all experiments. One-dimensional spectra
were typically recorded into 4096 complex point with a
3479 spectral width. The spectra were obtained after 128
transients with pulse width 8.5 ms and recycling delay of
5s. COSY and NOESY experiments were used to con-
firm previous proton assignments of the hexamers.'>'®
NOESY experiments were also used to examine the ef-
fects of paramagnetic ion interaction on the cross-peak
intensities. COSY and NOESY spectra were collected in
phase-sensitive mode with quadrature detection into 1024
complex points for 730 ¢,-values, using the TPPI
method.'”'® For each ¢,-value 64 transients were used
with a delay of 2 s between each transient. During the
recycle delay the water signal was suppressed with a weak
irradiation pulse of 20 Hz. In all experiments a mixing
time of 400 ms was used.

The data were processed with the program FELIX
from Hare Research, Inc on a SGI-4D/25 computer. The
one-dimensional FIDs were Fourier-transformed and
baseline-corrected with a first-order polynomial fit. The
water signal was set to 4.7 ppm, and the other signals
were referenced to this signal. Line widths were measured
directly from the spectra.

The 2D data were zero-filled to 2048 complex points
along ¢,, apodized with a 90° phase-shifted and squared
sine-bell function, and multiplied with an exponential
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function of 2 Hz. The spectra were baseline-corrected
with a second-order polynomial fit. The FIDs along ¢,
were zero-filled to 4096 complex points and apodized
with a 90° phase-shifted sine-bell function.

Results and discussion

Spectra and assignment of proton resonances

The spectral assignments of oligomers I and II have pre-
viously been reported by Gronenborn et al.'> and by Frey
and Leupin,'® respectively. These assignments have been
checked by 2D COSY and NOESY experiments and the
agreement is satisfactory taking into account the differ-
ence in recording temperature. A sequential walk in the
H2/H6/H8-H1’-region is indicated for sequences I and
Il in Figs 4 and 5, respectively. The duplexes are asso-
ciated in solution end-on, producing a strong NOE cross-
peak between C1-H1’ and G6-HS.

In regular B-type DNA three A-H2---H1’ cross-peaks
are usually observed: intra-nucleotide, intra-strand and
cross-strand A-H2(n):--H1’ (m + 1) (n and m are comple-
mentary residues). These distances are usually found in
the range 3.5-5 A, depending on sequence-dependent
variations.'® In I the intra-nucleotide peak and the cross-
strand peak overlap due to symmetry. However, the pres-
ence of an unusual NOE peak corresponding to a
A-H2---G6-H1' dipolar interaction is difficult to ratio-
nalize in terms of regular B-DNA geometry. Since the
A-H2 proton has relatively long T-relaxation time in a
hexamer, the peak may be explained as artifact due to
severe ¢,-noise. Gronenborn et al.'* have used 1D NOE
data to determine the 3D solution structure of I and ar-
rive at a conventional B-type structure. This result cor-
responds, qualitatively, with our 2D data. In particular,
the aromatic-aromatic region in which all the inter-base
H6/8(n):--H6/8(n + 1) NOE peaks are observed (data not
shown) confirms the presence of a stacked structure that
also includes the terminal residues.

In II an unusually large intra-strand A-H2---TH1’
cross-peak is observed while the expected cross-strand
A-H2:--GH1’ peak is missing. Nilges et al.?° have car-
ried out a structure determination of II by a combination
of 2D NOESY intensities and restrained molecular dy-
namics calculations. In the latter case the structure is
found to be of the B-type and exhibits clear sequence-
dependent variations in helical parameters. In addition,
the structure appears to be bent at the Pyr-Pur step with
a radius of approximately 20 A. Recently, Metzler et al.?'
and Chuprina et al.'® have claimed that global helical pa-
rameters (e.g. degree of bending) determined by NMR
and molecular dynamics calculations have rather low ac-
curacy.

The linewidths of the proton signals are seen to be
markedly different for the two sequences (Figs. 1 and 2).
GCATGC have relatively broad lines while the inverted
sequence CGTACG have quite narrow lines. In the latter
case this might imply a single helix structure; however,
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Fig. 1. 400 MHz 'H NMR spectra of the aromatic and ano-
meric region of the hexamer 5'-d(CGTACG), comprising the
specific target site for the restriction endonuclease Sph1. The
temperature was 303 K. Concentration of MnCl,: (A) O and
(B) 0.3 mM.

the imino signals (not shown) confirm the presence of a
double helical structure. Also the complete stacking pat-
tern revealed in the aromatic-aromatic region indicates
the presence of a regular helix. The differences in lin-
ewidths may be related to inherent helix stability of the
two sequences. Simple theoretical calculations of total he-
lical stacking energy” give —48.9 kcal mol ' dimer and
—44.3 kcal mol ~ ! dimer for I and II, respectively.

1D MwTII) titration. The successive additions of Mn(II)
ions to samples of d(CGTACG), and d(GCATGC), pro-
duce selective line-broadening of proton resonances as
shown in Figs. 1 and 2. The guanine H8 protons show
the most dramatic effects, while the non-G residues show
almost no selective line-broadening. In the first part of the
titrations 0.15 mM EDTA was saturated. A fraction of
the EDTA added is complexed to the ubiquitous traces
of paramagnetic impurities in the samples. A large para-
magnetic effect is experienced by the terminal 5'-G1-H8
signal in GCATGC, while the effect on G5-HS is negli-
gible. In CGTACG the HS signals on G2 and G6 exhibit
almost the same degree of paramagnetic induced broad-
ening as G1 in II. The qualitative order of paramagnetic
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Fig. 2. 400 MHz "H NMR spectra of the aromatic and ano-
meric region of the hexamer 5'-d(GCATGC), titrated with
MnCl,. Concentration of MnCl,: (A) O and (B) 0.7 mM.

influence on the resonances 1is, 5'-
G1=G2=G6>GS.

The selective, paramagnetic line-broadening of H8
resonance is most easily explained by an interaction be-
tween Mn’* and nitrogen G-N7. We do not know in
advance which relaxation mechanism dominates the

paramagnetic contribution to the linewidth in each

purine HB8

C1

G2

Fig. 3. A possible binding mode of Mn2* to the guanine resi-
due. The orientation of the CG bases are based on the so-
lution structure of a dodecamer sequence as determined from
2D NMR data.?®



specific case. If, for instance, a G-N7---Mn bond is es-
tablished, the relaxation of H8 is most certainly domi-
nated by scalar paramagnetic relaxation. If there is not a
direct bond, the line-broadening effect is probably due to
dipolar paramagnetic relaxation (through-space). Such an
arrangement is possible if Mn?* interacts mainly with the
phosphate group 5'-C-p-G-3’. Crystal structures of tran-
sition-metal ion — mononucleotide complexes strongly
support the supposition that N7 is the binding site in
solution. In the oligomer the N7 site is exposed and easily
assessable for attack from metal ions. In Fig. 3 the ori-
entation of the first two bases in the dodecamer 5'-
d(CGCGAATTCGCGQG), is shown as determined from
NMR data.”® The position of the probable binding site
for Mn?* is indicated. A second possible binding mode
is formation of a chelate between N7 and O6 on guanine.
However, even though theoretical calculations have
shown this mode to be favorable,?* it has never been ob-
served for complexes of guanine.
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Fig. 4. Contour plots of the H8/H6—H1'/H5 region in the
400 MHz NOESY spectra of the 5'-d(CGTACG), hexamer
(400 ms mixing time). The intra-residue H8/H6—H1’ cross-
peaks are labeled with the residue number. The sequential
connectivity is indicated with a solid line. (A) Without MnCl,;
(B) with 0.10 mM MnCl,.
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2D Mmul) titration. Figures 4 and 5 show the NOESY
maps of the H8/H6-H1 region of sequences I and II,
respectively, with and without MnCl,. A complete se-
quential walk is indicated for the unperturbed system
(Figs. 4A and 5A). Addition of MnCl, is shown to
quench effectively the dipolar NOE interaction for
the protons close to the binding sites of paramagnetic
ions (Figs. 4B and 5B). In sequence I the inter-residue
G2-HS8---C1-H1’ and G6-H8:--T3-H1’ cross-peaks are
eliminated, while the corresponding base-sugar intra-resi-
due peaks are appreciably reduced in intensity. In the
NOESY map of II based on a sample with higher Mn
concentration both the inter-residue and intra-residue
cross-peaks involving G1-H8---H1' interaction are ab-
sent. The dramatic effects on NOESY intensities pro-
duced by paramagnetic ions clearly demonstrate how
paramagnetic impurities can lead to large errors in struc-
ture determinations based on 2D NMR intensity data.
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Fig. 5. Contour plots of the H8/H6—H1'/H5 region in the
400 MHz NOESY spectra of the 5'-(GCATGC), hexamer
(400 ms mixing time). (A) Without MnCl,; (B) with 0.99 mM
MnCl,.
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Rules for selective metal binding. Based on our earlier stud-
ies on Mn(II) ion-oligonucleotide interactions® we sug-
gested the following rule for selective metal binding to
G-residues on the 5'-side: 5'-GG = GA>GT>» GC. The
selectivity was explained, qualitatively, by sequence-de-
pendent variation in molecular electrostatic potentials
(MEP) along the oligonucleotide chain.'® The sequences
included in the present study contain GC and GT but no
GG or GA base steps. The dramatic effect on the ter-
minal 5'-G1 in GCATGC has not been observed in pre-
viously studied oligonucleotides (dodecamers) in which
the starting base step was 5'-GC.® The degree of ‘fraying’
at the terminal bases may be different for hexamers and
dodecamers, leaving the potential binding sites more or
less exposed to metal ions. Except for differences in end-
effects we may also have to invoke a three-base context
to explain the observed affinity in those cases where there
are no high-affinity G-purine steps present. The 5'-GC
sequences studied earlier showing no G1 interaction had
terminal 5'-GCC-steps as compared to a 5'-GCA-step in
IL. In order to check the hypothesis of a three-base pair
context to account for metal ion selectivity a large variety
of sequences will have to be tested.

A comparison of the G-affinity between GCATGC and
CGTACG reveals a selectivity pattern for the central gua-
nines in agreement with the suggested rule (G2-T3> GS5-
C6). Both steric and electrostatic factors govern metal
coordination; e.g. the manganese binding pattern is com-
pletely different from that observed for mercury.® Hg(II)
ions are found to prefer thymines in 5'-d(CGCGAAT-
TCGCG),, producing a ‘bubble’ on the double helix. The
exact nature of the Hg'--T interaction is not yet deter-
mined.

Both the donor strength of the ligating atoms and the
preferred coordination geometry of the metal ions are im-
portant factors for determining metal ion-DNA selectiv-
ity. We are presently investigating the selectivity pattern
for several transition metals. This work may be of im-
portance in the search for better metal-based anti-tumor
drugs which are assumed to interact selectively at the
nucleic acid level. Several non-platinum metal complexes
have shown promising anti-tumor activity and are pres-
ently being subjected to clinical trials.?
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