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Through the synthesis, characterization, and application of
octahedral metallointercalators, we have clarified many elements
essential for molecular recognition of DNA, Among these are
aspects of symmetry,' shape,? and the assembly of noncovalent
contacts in the DNA major groove.? Our understanding of the
elements of DNA recognition has allowed us to prepare* and
examine® A-o-[Rh[(R,R)-Mestrien]phenanthrenequinone di-
imine]**, a small metallointercalator rationally designed for
recognition of 5-TGCA-3’, This recognition is achieved via a
combination of intercalation, hydrogen bonding, and stereospe-
cific van der Waals contacts. A-o-[Rh[(R,R)-Me:trien]phi]**
(RhM,Tphi, phi = phenanthrenequinone diimine) (Figure 1A),
like its parent molecule A-[Rh(en);phi]**,% targets 5’-GC-3’ steps
as a result of hydrogen bonding between the axial amines of
the metal complex and the O6 of guanine. In addition, the
rhodium complex possesses methyl groups axially disposed to
contacts with thymine methyl groups two bases in the 5’
direction from the intercalation site, resulting in specific binding
at 5-TGCA-3’. Diminishing photocleavage intensity is observed
at sites 5-TGCA-3" > 5'-TGC-3" > 5-GC-3’,° a hierarchy of
sites consistent with the building up of an ensemble of
noncovalent interactions to achieve appreciable and predictable
site-selectivity,

By combining photocleavage assays with NMR spectroscopy,
we continue to develop the structural details of rhodium(III)
metallointercalator—DNA interactions.” Here we report a high-
resolution 'H NMR structural model of RhM,Tphi intercalated
into d(GAGTGCACTC);, These results are important to
consider in the general context of understanding intercalator—
DNA interactions. This RhM,Tphi—decamer adduct contains
the smallest intercalator (~500 amu) bound site-specifically to
the largest oligonucleotide (one site in a decamer) yet character-
ized by NMR spectroscopy.®

In one-dimensional '"H NMR studies of RhM,Tphi titrated
into the decamer duplex d(GAGTGCACTC),, one set of shifted
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Figure 1, (A) A-o-[Rh[(R.R)-Me;trien]phi]** (RhM,Tphi) with sche-
matic representation of same bound to 5’-TGCA-3’; proposed hydrogen-
bonding and van der Waals contacts are indicated. (B) 1D 'H NMR
spectra of RthTphi titrated into d(G‘A2G3T4G5C6A7C5T9Cm)z at 300
K: R=0(1.67 mM free duplex); R = 0.2; R = 0.9; | mM free RhM,-
Tphi (R = [RhM,Tphi)/[duplex]). Shown is the aromatic proton region,
Az and A, denote the free and bound forms of the A;H;z proton. (C)
Partial NOESY of | mM RhM,Tphi—D(GAGTGCACTC), (R = 0.9)
at 280 K. The NOE between the methyl protons of Ty and RhM,Tphi
cotresponds to the van der Waals contact designed for preferential
recognition of 5-TGCA-3". Samples were prepared in buffered D,O
(10 mM phosphate, 20 mM NaCl, pH 7.0). Spectra were collected on
a Brilker AMX500 spectrometer and referenced to TMSP (6 = 0.0
ppm).

resonances grows in as resonances for the free duplex diminish
(Figure 1B). This behavior indicates a single bound state and
is consistent with binding at the central 5'-GC-3’ base step; the
C> symmetry of the self-complementary duplex is maintained
in the bound form. This site is the 5-TGCA-3’ site predicted
by photocleavage experiments.> Protons on the phi ligand
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Figure 2. Model of A-a-[Rh[(R,R)-Me;trien]phi]** bound to d(GAGT-
GCACTC),. Side and front views of four overlayed low-energy
structures. The starting structures included a centrally intercalated
A-form helix and three B-form structures with the metal complex
intercalated in the center of the site, skewed to the side, and pulled out
of the site.

experience strong upfield shifts of 0.5—1.2 ppm, characteristic
of intercalation.” Variable temperature '"H NMR studies indicate
an exchange rate between free and bound forms of 90 s~! at
the 325 K coalescence point.'’ Chemical shift changes for the
duplex also reflect the site-specificity of the intercalation; large
shifts occur only at the central 5-TGCA-3" recognition site.

Two-dimensional NOESY data provide the basis for a high-
resolution structural model which is fully consistent with the
designed binding of RhM,Tphi to 5’-TGCA-3". In the diagnostic
base—H22"” region of NOESY spectra of 0.9:1 RhM,Tphi-
d(GAGTGCACTC),, a distinct break is observed in the sequen-
tial connectivities at the central 5-GsCe-3", supporting site-
specific intercalation of the metal complex even at millimolar
concentrations. NOESY spectra yield 13 distinct intermolecular
and 156 distinct intramolecular NOEs.!! Included among these
are 11 through-space connectivities between the intercalative
phi ligand and either Gs or Gg nucleotide residues. Strong
evidence for the success of our design of this complex comes
from the detection of intermolecular NOEs between the methyl
group of the Mestrien ligand and the methyl group of T4 (Figure
1C), precisely as designed.
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Given the C, symmetry of the DNA—intercalator adduct, a
total of 364 unambiguous distance restraints were applied with
molecular dynamics to develop structural models for RhM,Tphi
intercalation into the DNA decamer.'? Figure 2 illustrates these
resulting structures. The duplex is essentially B-DNA, except
at the intercalation site, and no bend in the helix is apparent.
The models demonstrate deep intercalation of RhM,Tphi into
the DNA duplex from the major groove. The metal complex
is positioned to maximize stacking of the phi ligand between
guanines to the 5" side of the intercalation site. This intercalative
geometry poises the axial amines of Mestrien for hydrogen
bonding to the guanine O6 atoms of Gs. Also evident are
intermolecular contacts between the T4 thymine methyl groups
and methyl groups of the slightly bowed RhM,Tphi. The results
obtained from this system demonstrate that elaboration of ligand
functionality on octahedral metallointercalators provides a
sensible strategy for the rational construction of site-specific
DNA-binding molecules.
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3.8 A; weak, 3.3—5.0 A). Every restraint involving a complete methyl or
methylene group as a member was moved to the next-weaker category.
Distance restraints were applied as square-well potentials with upper- and
lower-limit force constants of 30 kcal/mol-A?. Interstrand hydrogen bonds
were added as 26 restraints with force constants of 120 kcal/mol:A? to
maintain Watson—Crick base pairing. All molecular simulations were
performed using a modified AMBER2 force field"® with a distance-
dependent dielectric (¢ = 4ry), distance restraints, and a 12 A nonbonded
cutoff distance using the the NMRchitect interface to the Discover module
of InsightIl (v. 2.3, Biosym Technologies). Initial starting structures were
generated using the mirror image of the crystal structure* of A-o-[Rh[(S,S)-
Me;trien]phi]*~ and DNA models created using the biopolymer module of
InsightIl. Starting structures were subjected to 500 steps of conjugate
gradient minimization followed by molecular dynamics with a time step of
0.5 fs. Dynamics calculations were started at 5 K and heated to 1000 K
over 6 ps. The system was maintained at 1000 K for 16 ps, gradually
cooled to 300 K over 7 ps, and maintained at 300 K for 30 ps. Coordinates
were stored every 0.5 ps for the last 5 ps and then averaged. The resulting
structure was then subjected to 100 steps of steepest descents minimization
followed by conjugate gradient minimization until the RMS derivative for
the system was <10~* kcal/mol-A2. All calculations were performed on a
Silicon Graphics Iris Indigo workstation. Average pairwise RMS deviation
among the final structures is 1.48 A and. among the bound recognition
sites, is 1.09A. All intermolecular distances are within 0.1 A of defined
constraints.

(13) (a) Veal, J. W.; Wilson, W. D. J. Biomol. Struct. Dyn. 1991, 8§,
1119. (b) AMBER2 has been modified to maintain phi ligand planarity
and octahedral coordination geometry about rhodium(III) during simulation.



