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Abstract: We describe a 1.2 A X-ray structure of a double-stranded B-DNA dodecamer (the Dickerson
Dodecamer, DDD, [d(CGCGAATTCGCG)],) associated with a cytotoxic platinum(ll) complex, [{ trans-Pt-
(NHz)2(NH2(CHz)s(NH3 1)} 2-u-{ trans-Pt(NH3)2(NH2(CH2)sNH2),} | (TriplatinNC). TriplatinNC is a multifunctional
DNA ligand, with three cationic Pt(ll) centers, and directional hydrogen bonding functionalities, linked by
flexible hydrophobic segments, but without the potential for covalent interaction. TriplatinNC does not
intercalate nor does it bind in either groove. Instead, it binds to phosphate oxygen atoms and thus associates
with the backbone. The three square-planar tetra-am(m)ine Pt(ll) coordination units form bidentate N=~O-N
complexes with OP atoms, in a motif we call the Phosphate Clamp. The geometry is conserved among the
8 observed phosphate clamps in this structure. The interaction appears to prefer O2P over O1P atoms
(frequency of interaction is O2P > O1P, base and sugar oxygens > N). The high repetition and geometric
regularity of the motif suggests that this type of Pt(ll) center can be developed as a modular nucleic acid
binding device with general utility. TriplatinNC extends along the phosphate backbone, in a mode of binding
we call “Backbone Tracking” and spans the minor groove in a mode of binding we call “Groove Spanning”.
Electrostatic forces appear to induce modest DNA bending into the major groove. This bending may be
related to the direct coordination of a sodium cation by a DNA base, with unprecedented inner-shell (direct)
coordination of penta-hydrated sodium at the O6 atom of a guanine.

Introduction Backbone-binding is accomplished here with multinuclear Pt-
(I) compounds. Pt(ll) centers can be assembled with various
linkers and diverse spacings, orientations and reactivities of the
Pt(ll) centers to form a variety of DNA and RNA ligands.
TriplatinNC ([{ transPt(NHs)2(NH2(CH2)s(NH3™)} 2-u-{ trans
Pt(NHz)2(NH2(CHy)s NH2)2} 1(NO3)g), the trinuclear Pt(1l) com-
pound cocrystallized with DNA for this study, is shown in

Intercalation of planar molecules into DNA, proposed by
Lerman in 196%2 is a broadly employed binding mode for
natural and synthetic DNA ligands. Minor groove association
of arc-shaped molecules, proposed by Wells in 19ds been
validated as a second key binding mode. Essentially all
previously described noncovalent DNA ligands can be broadly
broken down into intercalators (such as proflavin), groove Figure 1A. )
binders (such as distamycin), or multifunctional groove-binding A drug-design effort by Farrell and co-workers has led to
intercalators (such as daunomycin), reviewed by Wifson. development of both reactive Ilga_n%,v\_/hlch form_ cova_lent

This report describes what appears to be a disthetdmode adduct.s to DNA, and naneactlye ligantfs,which . bind
of binding, with interactions that exclusively utilize backbone ©Xclusively by noncovalent interactions. BBR3464 (Figure 1C)

functional groups. The backbone-binding mode falls cleanly IS capable of bifunctional covalent binding to DNA in a manner

outside the previous groove-binder and intercalator classes.distinct from mononuclear species such as cisplatin (see below).
To obtain noncovalent compounds, substitution-labile chlorides
T Georgia Institute of Technology. of reactive Pt(Il) compounds can be replaced with inert ammine

¢ Osaka University of Pharmaceutical Sciences. or amine ligand$;8 which do not form PtDNA bonds but
8 Virginia Commonwealth University.

I'western Washington University.
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direct coordination of sodium at O6 of a guanine, in the major
groove of B-form DNA. The ensuing charge neutralization
appears to induce modest DNA bending.

Our work here builds on the discovery and development of
the clinical anticancer drug, cisplaticig-diamminedichloro-
platinum(ll)) 12which provided the first evidence that Pt(H)
DNA interactions could be of great importance in drug action.
Cisplatin forms covalent DNA adducts such as 1,2-intrastrand
cross-links, which result in severe DNA distortiof{s1¢ The
conformations of the DNA adducts are thought to be critical
parameters in the mechanism of cisplatin cytotoxicity and
antitumor activity. Cisplatin induces cellular resistance, which
is in part manifested through tolerance and enhanced repair of
DNA lesions!”1® Most mononuclear cisplatin analogues, such
as carboplatin fis-diammine(1,1-cyclobutandicarboxylato))-
platinum(Il)] show cross-resistance to cisplaiin.

Long-rangg Pt,P} cross-links of polyamine-bridged di- and
trinuclear Pt(ll) complexes were predicted to induce DNA
distortions that are structurally distinct from those induced by
the short-range cisplatin cross-link&%>-24 It was hypothesized
that DNA adducts that are distinct from those of cisplatin could
circumvent clinical resistance to the parent dfédghe proto-
typic drug resulting from this design philosophy, BBR3464,
exhibits high potency against cisplatin-resistant tumor cells, and
has undergone Phase Il clinical triélBreassociation with DNA
is an important mechanistic feature of BBR3464 and may be
significant in efficiency and specificity of cross-link formation.
Study of noncovalent ligands allows the effects of preassociation
to be examined in the absence of covalent cross-linking. This
paper describes the likely preassociation mode of BBR3464 with
DNA.

Figure 1. (A) Chemical structure of the trinuclear platinum(ll) compound,
TriplatinNC  [{trans-Pt(NHz)2(NH2(CH2)s(NHz ™)} 2-ue-{ trans-Pt(NHg)2-
(NH2(CHy)eNH2)2} 18", which was cocrystallized with DNA. (B) Double-
stranded dodecamer duplex, [d(CGCGAATTCGC@E)DD), used for this
crystallographic study. (C) For comparison, a cross-linking trinuclear
platinum(Il) complex, {trans-Pt(NHs)-Cl} »-u-{ trans-Pt(NHs)2(NH2(CHy)s-
NH,)2} 14t (BBR3464), with labile chloride ligands.

Methods

Crystallization. The ammonium salt of reverse-phase HPLC-purified
d(CGCGAATTCGCG) (Integrated DNA Technologies, Coralville, 1A)
was combined with TriplatinNC, synthesized by the method previously
reported’ Crystals were grown in hanging drops by vapor diffusion
from a solution initially containing 0.19 mM [d(CGCGAATTCGCG)]
0.19 mM TriplatinNC, 31 mM sodium cacodylate, pH 6.5, 9.6 mM
magnesium chloride, and 6.9% 2-methyl-2,4-pentanediol (MPD). The
crystallization solution was equilibrated against a reservoir of 30% MPD

which retain high DNA affinity. TriplatinNC is a noncovalent
ligand, with stable “dangling” hexanediamine ligands substituted

for the reactive chloride ligands. at 20°C in a constant-temperature incubator. OrthorhomBRiZ;2;)

Hlere we describe the. three-dimensional structure of Tri- crystals appeared within several days. The crystal chosen for data
platinNC bound to the Dickerson-Drew Dodecamer (DDD), collection was 0.2x 0.2 x 0.2 mn.

which is the self-complementary double-stranded DNA fragment
[d(CGCGAATTCGCG)} (Figure 1B). The structure of this  (11) Rosenberg, B.; Vancamp, L.; Trosko, J. E.; Mansour, Nkture 1969
DNA complex at 1.2 A resolution shows that TriplatinNC has 222 385-6. ;

. o . (12) Rosenberg, B.; Vancamp, L.; Krigas, Nature 1965 205, 698-9.
unprecedented selectivity for phosphate oxygens, forming (13) Jamieson, E. R.; Lippard, S.Ghem. Re. 1999 99, 2467-98.
bidentate NH--O---HN (amine--phosphate-ammine) com- (14) Takahara, P. M.; Rosenzweig, A. C.; Frederick, C. A.; Lippard, Sature

1995 377, 649-52.

plexes through hydrogen-bonding interactions. The high fre- (15) gggeé:évi;z gﬂqwachter, V.; Butour, J. L.; Johnson, NBRphys. Chem.
quency and geometric regularity of these “Phosphate Clamps” (16) van Boom, S. S. G. E.; Yang, D. Z.; Reedijk, J.; van der Marel, G. A.;

in the DDD—TriplatinNC complex suggest that Pt(Il) units can Wang, A. H. J.J. Biomol. Struct. Dyn1996 13, 989-98.
. . . e (17) Andrews, P. A.; Murphy, M. P.; Howell, S. Bur. J. Cancer Clin. Oncol.
be utilized as generalizable nucleic acid binding elements. These™ * 1989 25, 619-25.

elements might be assembled by either design or selection, to(18) Tashiro, TGan To Kagaku Ryoh®99Q 17, 509-14.

. Ly . . (19) Gore, M. E.; Fryatt, |.; Wiltshaw, E.; Dawson, T.; Robinson, B. A.; Calvert,
target any structured nucleic acid, including ribosomes. An A. H. Br. J. Cancer1989 60, 767—9.

iti i i indi (20) Hegmans, A.; Berners-Price, S. J.; Davies, M. S.; Thomas, D. S;
addmon_al unlgue feature of this complex, indicated by a Humphreys. A. S.: Farrell. N0 Am. Chen. So@004 196 2166-80.
comparison with the results of a 2003 survey of the structural (21) Farrell, N:; Qu, Y.; Feng, L.; Vanhouten, BiochemistryL99Q 29, 9522-

; ; 31.
databas¥ and a more recent survey (S.K., unpublished), include (22) Zou, Y. Vanhouten, B.: Farrell, NBiochemistry1993 32, 9632-8,
(23) Cox, J. W.; Berners-Price, S.; Davies, M. S.; Qu, Y.; FarrellJNAm.

Chem. Soc2001, 123 1316-26.

(24) Qu, Y.; Scarsdale, N. J.; Tran, M. C.; Farrell, N.JPBiol. Inorg. Chem.

2003 8, 19-28.

(25) Farrell, N.Cancer Irvest.1993 11, 578-89.

(9) Wing, R.; Drew, H.; Takano, T.; Broka, C.; Takana, S.; Itakura, K.;
Dickerson, R. ENature198Q 287, 755-8.
(10) Howerton, S. B.; Nagpal, A.; Williams, L. Biopolymers2003 69, 87—
99.
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Figure 2. Electron density maps of the TriplatinNDNA complex. Both TriplatinN€and TriplatinNC are shown. (A) Sum electron density surrounding
the DNA, contoured at 1.5. TriplatinNC® and TriplatinNC are omitted for clarity. (B) Sum @ — F.) electron density surrounding Triplatin@nd
TriplatinNC?, contoured at 0.9. (C) Anomalous electron density contoured at.5he positions of the Pt(ll) atoms are indicated by the anomalous peaks.

Table 1. Data Collection and Refinement Statistics

unit cell dimensions

DNA (asymmetric unit)

space group

temperature of data collection (K)

number of unique reflections

number of reflections used in refinemeRt¥ 20F)

RMS deviation of bonds from ideality (A)

RMS deviation of angles from ideality (A)

max. resolution of observed reflections (A)

max. resolution of refinement (A)

number of DNA atoms

number of TriplatinNC atoms

number of water molecules, excluding sodium first shell
number of sodium ions plus coordinating water molecules
R-factor (%,F > 20F)

R-free (%, all)

a=p=y=90
a=23.675Ab=41.692Ac=65651A
[d(CGCGAATTCGCG)]
P212121
175
21375
18 995
0.012
0.022
1.07
1.13
486
49
120
6
18.18
23.21

Data Collection. Diffraction data were collected on beamline X26C
at the National Synchrotron Light Source, Brookhaven National
Laboratory. Frames (360) of intensity data (oscillation arrgl&.()

fragment of a second TriplatinNC molecule, which is partially
disordered, was added to the model, contributing only one platinum
coordination sphere and a portion of aliphatic chain. The initial

were collected at 175 K at a wavelength of 1.05 A and recorded on an TriplatinNC models were generated using ChemBats3D Pro version
ADSC-Quantum 4 CCD detector. Data were merged and reduced with 4.0 (CambridgeSoft).

HKL20002¢ Data collection and reduction statistics are given in Table
1.

Structure Solution and Refinement. A starting DNA model
consisted of coordinates of [d(CGCGAATTCGC&GINDB?” entry
bdl0849) excluding solvent and ions. After a rotation/translation search
and rigid body refinement with CNS version #’the R-factor/R-free

The four Pt positions were confirmed by anomalous maps, which
were computed using phases of only a singlé" Rttom, with the
program CNS. During the refinement a peak of electron density
surrounded by a well-formed octahedron of atoms was assigned as a
sodium ion. This assignment is based on ligand td Nistances of
around 2.4 A. In the final model, the maps are clean and continuous

were 43/44%. Strong sum and difference peaks indicated positions of around the DNA, and the assigned TriplatinNC atoms (Figure 2).

three P atoms, which were added to the model, giviRdactorR-
free of 31/32%. Thé&-factorR-free dropped to 21/23% upon addition
of 96 water molecules along with additional atoms of TriplatinNC. A

(26) Otwinowski, Z.; Minor, W. Processing of X-ray Diffraction Data Collected
in Oscillation Mode. InMethods Enzymology, Macromolecular Crystal-
lography, Carter, J. C. W., Sweet, R. M., Eds.; Academic Press: New York,
1997; Vol. 276, Part A, pp 30726.

(27) Berman, H. M.; Olson, W. K.; Beveridge, D. L.; Westbrook, J.; Gelbin,
A.; Demeny, T.; Hsieh, S.-H.; Srinivasan, A. R.; Schneide3®phys. J.
1992 63, 751-9.

(28) Shui, X.; McFail-lsom, L.; Hu, G. G.; Williams, L. DBiochemistry1998
37, 8341-55.

(29) Brunger, A. T.; Adams, P. D.; Clore, G. M.; DeLano, W. L.; Gros, P.;
Grosse-Kunstleve, R. W.; Jiang, J. S.; Kuszewski, J.; Nilges, M.; Pannu,
N. S.; Read, R. J.; Rice, L. M.; Simonson, T.; Warren, G.Acta
Crystallogr., Sect. D: Biol. Crystallogr1998 54, 905-21.

16094 J. AM. CHEM. SOC. = VOL. 128, NO. 50, 2006

The occupancies of the TriplatinNC molecules were estimated using
the P atoms. Occupancies were optimized throughout the refinement
by fitting statistics and by examination @f(F, — Fc) maps. Thirty
cycles of refinement were carried out using the program SHELXE°97,
during which anisotropic thermal factor refinement was performed for
the DNA atoms and the Naion plus its first hydration shell. Other
solvent (water) and TriplatinNC molecules were treated isotropically.
A loose distance restraint of Na- O (O6 of G22 or water oxygen) to
sodium was maintained at 2.403 Restraints were not applied to
O—Na'—0 angles. The refinement converged to a fiReflactorR-
free of 18/23%. Helical parameters were calculated using a program,
CURVES 5.3%2% Structure refinement statistics are given in Table 1.

(30) Sheldrick, G. MSHELX-97 Gottingen University: Germany, 1997.
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Figure 3. Hydrogen bonding interactions of TriplatinNC with DNA. Hydrogen bonding interactions of Phosphate Clamps are indicted by bold hashed lines.
Other hydrogen bonds are indicated by dashed lines. Triplafirfii@s seven Phosphate Clamps. The discernible portion of Triplatirfti@ns one
Phosphate Clamp. A Naion (shaded) interacts directly with the O6 of a guanine and with five water molecules. Oxygen and nitrogen atoms that form
hydrogen bonds with TriplatinNC or the Nare highlighted in red. Hydrogen bonding distances are given in Angstroms. Interactions involving symmetry-
related molecules are color-coded. The symmetry operators are as follows: Symg, @& Sym 1: —x — 1,y + 1/2,—z+ 1/2; Sym 2: —x — 1/2, -y +
1,z—1/2; Sym 3:x+ 1,y,z Sym4: —x — 3/2,y+1,z— 1/2; Sym 5: —x — 3/2, -y + 1,z+ 1/2; Sym 6: —x — 3/2, -y + 1,z + 1/2.

asymmetric unit of the crystal contains (i) a DNA duplex, (ii)
one entire TriplatinNC molecule (TriplatinNg (iii) a fragment
Diffraction data from the DDB-TriplatinNC crystal described ~ of a TriplatinNC molecule (TriplatinNg, (iv) a penta-hydrated
here extend to 1.13 A. Electron density maps are shown in Na* ion coordinated directly by the O6 atom of a guanine, and
Figure 2. This is the highest resolution obtained thus far for (v) 120 water molecules. The occupancy of TriplatifNE
the native, unmodified DDD. The final refined model of the estimated to be 75%. The occupancy of TriplatitNG
estimated to be 60%. TriplatinNi@s positionally disordered to

Results

88 E;‘\’I‘gr”); LDgsm ;Wf&a'gg;{of’e&ﬁ Sgﬁgﬁ@gg%& é‘;‘v_gi‘5‘53- the extent that only one Pt(Il) coordination unit and a fragment
(33) Stofer, E.; Lavery, RBiopolymers1994 34, 337—46. of a hexanediamine chain are observable (Figure 2B).

J. AM. CHEM. SOC. = VOL. 128, NO. 50, 2006 16095
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Platinum positions were initially established from intense
peaks in sum B, — Fc;) maps, and were confirmed by
anomalous peak& ¢ — F_, Figure 2C). The anomalous electron
density is consistent with the Pt(ll) positions initially determined
from sum electron density map.

TriplatinNC —DNA Interactions. Backbone Tracking and
Groove Spanning.The DDD—TriplatinNC crystal appears to
be stabilized by an extensive hydrogen bonding and electrostatic
network between the DNA and TriplatinNC. A schematic
representation of the hydrogen bonding interactions is shown
in Figure 3. A plurality of the TriplatinN€-DNA hydrogen
bonds (six hydrogen bonds) are with one strand of DNA (Figures
3 and 4). We refer to this mode of backbone binding as
“Backbone Tracking”. TriplatinN€also forms four hydrogen
bonds with a second duplex. In this case, Triplatidifieracts
with two phosphate groups that are juxtaposed across the minoi
groove (Figures 3 and 5, sym 1). We refer to this mode of
backbone binding as “Groove Spanning”. As described in detall
below, Backbone Tracking and Groove Spanning employ the
same fundamental binding motif. The two modes may coexist
in solution.

Oxygen Selectivity.TriplatinNC shows selectivitjor DNA
oxygens and selectivitpgainstDNA nitrogen atoms (Figure
3). TriplatinNC and TriplatinNC®, in combination, form 27
hydrogen bonds with DNA. Twenty six of those hydrogen bonds
are with oxygen atoms. Only a single hydrogen bond links
TriplatinNC to a nitrogen atom (N7 of G, sym 4) in this
structure. In addition TriplatinNC shows selectivity for phos-
phate oxygen atoms over other oxygen atoms. Twenty one of
the 26 TriplatinNC-oxygen hydrogen bonds are with phosphate
oxygens. To our knowledge, TriplatinNC is the first phosphate-
selective DNA ligand observed. Only four TriplatinNC hydrogen
bonds involve O6 positions of guanines. One TriplatinNC
hydrogen bond is with a terminal hydroxyl group.

The Phosphate Clamp.In the structure described here, the
square-planar tetra-am(m)ine Pt(ll) coordination unit forms
bidentate complexes with OP atoms (Figures/3 Binding,
with high selectivity and specific geometry, involves twis-
am(m)ine ligands of a given Pt(ll), an arrangement that is called
here thePhosphate ClampA Phosphate Clamp is a cyclic
structure with a single OP, which accepts two hydrogen bonds, Figure 4. Backbone Tracking. Hydrogen bonds between TriplatiAbi@i
one from each of two am(m)ine ligands of a single Pt(Il) center DNA are indicated by dashed lines. Two Phosphate Clamps are shown.

; indi ; Both dangling amines form hydrogen bonds with phosphate groups. (A)
(Figures 6 and 7). As indicated in Table 2, the geometry of the View perpendicular to the helical axis. (B) View along the helical axis.

motif (Figure 7D) is highly conserved. The m?‘Ximum number Atoms are colored by type with carbon (DNA), green; carbon (TriplatinNC)
of Phosphate Clamps observed here with a single tetra-am(m)-gray; nitrogen, blue; oxygen, red; platinum, yellow. The phosphodiester
ine Pt(Il) coordination unit is three (Figure 6). A Phosphate bagkbon‘; Olr thedDNAkiS replresented by a tube. Tf:jebP, OlE, and OZF at?]ms

- . - . . and are ball-and-stick. TriplatinNC is represented by stick, except for the
Clamp appears to requices- Onentat'c_m of the am(m)ine I'_g?nds nitrogen and platinum atoms, which are ball-and-stick. This and some of
of Pt(Il). Mutually transam(m)ine ligands do not participate  the other Figures in this manuscript were made in part with Pymol (Warren
in Phosphate Clamps because the distance between hydrogeh. DeLano “The PyMOL Molecular Graphics System.” DeLano Scientific
bond donors is too large and their orientations are in opposing LLC: San Carlos, CA, USA http://www.pymol.org).

directions.

The four observed tetra-am(m)ine Pt(Il) coordination units interacts with both O1P and O2P of a single phosphate group.
of TriplatinNC2and TriplatinN® contain 16 potential Phosphate The single observed Pt(ll) center of TriplatinRiGinds one
Clamps, of which eight are utilized. Each tetra-am(m)ine Pt(Il) phosphate oxygen in a Phosphate Clamp (Figure 3).
coordination unit engages in at least one Phosphate Clamp It appears that Phosphate Clamps form preferentially with
(Figure 7C). Using this motif, the three Pt(ll) centers of O2P atoms over O1P atoms as seven of eight observed
TriplatinNC? bind seven OP atoms. Pt(a) engages three phos-Phosphate Clamps involve O2P atoms. This preference may be
phate oxygens (Figure 6) in Phosphate Clamps. Pt(b) engagesiependent on the conformation and state of the nucleic acid.
two phosphate oxygens. Pt(c) engages two phosphate oxygensThe O2P/O1P selectivity in A-form RNA or in other nucleic
and binds by an alternative mode in which one ammine group acid forms may differ from that in B-form DNA.

16096 J. AM. CHEM. SOC. = VOL. 128, NO. 50, 2006
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Figure 6. Multiple Phosphate Clamps formed by a single Pt(Il) center.
The am(m)ine groups of Pt(a) form hydrogen bonds with O2P atoms of
three DNA duplexes (Sym 2, Sym 3, and Sym 4, Figure 3). (A) View along
the normal of the Pt(ll) center. (B) View roughly along the perpendicular
of the Pt(Il). The atoms are colored as in Figure 4. For clarity, only one
tetra-am(m)ine Pt(ll) center of TriplatinNC(Pt(a)) and the relevant
phosphate atoms (O2P, O2P,'063, and P) are shown.

linked by clamps of Pt(a) with the O2P of T(7) and of Pt(b) to
the O2P of C(21). TriplatinN&is located in part at the lip of
the minor-groove as defined in Sines ef4kour hydrogen
bonds stabilize the groove-spanning binding mode of Tri-
platinNC.

In solution TriplatinNC may bind by a mixture of “backbone
tracking” and “groove spanning” modes, with both utilizing
Phosphate Clamps. Note that minor groove binders bind to the
) central region of the DDD because they interact directly with
l[‘ A and T bases, on their minor groove edges. For phosphate

|

clamps, no such selectivity for the central region is anticipated,
nor is it observed.
Lattice Interactions. TriplatinNC engages in a complex

J[ network of lattice interactions (Figures 3 and 6C). However,
)| the mode of interaction, in particular the Phosphate Clamp, is
i highly conserved throughout this network. This conservation

‘/ of interaction mode suggests that it would similarly be manifest

Figure 5. Groove Spanning. Hydrogen bonds between Triplatifbiad on isolated DNA mo_lecu_les ir! solution, qlthoth possibl_y at
DNA (sym 1) are indicated by dashed lines. There are two Phosphate lower frequency. TriplatinN€ interacts with a total of six
Clamps, with which TriplatinN€ bridges two strands across the minor Symmetry-re|ated DDD dup|exes_ These lattice interactionS, with

groove of a DNA duplex, at the lip of the minor-groove, defined in Sines . . . . . .
et al3* (A) View perpendicular to the helical axis. (B) View along the helical the exception of one set of Triplatink€guanine interactions

axis. Atoms are colored and coded as in Figure 4. (above), are all with DNA phosphate oxygens (Figure 3).
TriplatinNC? interacts with three duplexes. TriplatinRi@ridges

Dangling Amines. The terminal amino groups of Tri-  three different symmetry related duplexes, two of them at their
platinNC* form hydrogen bonds to the same DNA strand termini. TriplatinNC, like multivalent inorganic cations and

(Figures 3 and 4). Each of the terminal amino groups (N1 and polyamines, should stabilize DNA, and under appropriate
N38) of TriplatinNC forms a hydrogen bond with a phosphate conditions, condense DN#:36

oxygen (G14 and A18, respectively). _ . Innershell Coordination of a Sodium lon by the 06 of a
_ Backbone Tracking versus Groove SpanningPreferential - Gyanine. In the DDD-TriplatinNC complex described here, a
interaction with phosphate oxygens causes Triplatifd@ack Na‘ ion is located in the major groove (Figures 3 and 8). The

the backbone, linking adjacent phosphate groups of DNA Ng* jon is partially dehydrated and interacts directly with the

(Figures 3 and 4, sym 0). TriplatinNQnteracts with four out  gqge of a guanine. Innershell coordination of a Nathe 06
of five consecutive phosphate groups as it tracks the backbone.

Six hydrogen bonds stabilize this backbone tracking complex. (34) sines, C. C.; McFail-lsom, L.; Howerton, S. B.; VanDerveer, D.; Williams,

iti L. D. J. Am. Chem. So@00Q 122, 11048-56.
In E:}ddlt'lon, Pt(a) and Pt(b) form_ phosphate clamps on (35) Anderson, C. F.; Record, M. T., Jannu. Re. Phys. Chem1995 46,
opposite sides of the minor groove (Figures 3 and 5, sym 1). In 657—700.
; ; ; ; B (36) Bloomfield, V. A.; Wilson, R. W. Interactions of Polyamines with
this W_ay‘ Tl’lplatlnN@ b”dges two pa|red Strar?ds‘ and spans Polynucleotides. IfPolyamines in Biology and Medicin&lorris, D. R.,
the minor groove. Opposing edges of the minor groove are Marton, L. J., Eds.; Marcel Dekker: New York, 1981; pp $8%6.
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Figure 7. Phosphate Clamps. (A) Phosphate Clamp formed by Pt(Il) center (c) and the O2P of A(17). A single phosphate oxygen atom accepts two
hydrogens (not indicated) in hydrogen bonds from am(m)ine groups. Oxygen atoms are red spheres, nitrogen atoms are blue, the phosphorusvatom is yello
and the Pt(Il) is pale yellow. Hydrogen bonds are dashed lines. (B) Same clamp as in (A) rotatéd() Sehematic representation of the seven Phosphate
Clamps of TriplatinN@and the DDD. The dangling amines of Triplétare omitted for clarity. (D) Schematic representation of a phosphate clamp illustrating

the geometric parameters used to characterize Phosphate Clamps. The parameters of each Phosphate Clamp, with the means and confidenanlimits, are gi

in Table 2. The symmetry elements are the same as in Figure 3.

Table 2. Phosphate Clamps: Hydrogen Bonding Distances (A) and Angles (deg) Involving Ammine/Amine Groups of TriplatinNC and
Phosphate Oxygen Atoms (Defined in Figure 6D)

clamp # Pt atom atom (residue) v, (deg) v, (deg) w; (deg) w, (deg) x (A y (&)
1 Pt(a) 02P (C2) 105 107 113 128 2.88 2.84
2 02P (G253 101 101 129 133 2.84 2.84
3 O2P (G192 101 98 115 140 2.93 3.06
4 Pt(b) 02P (G16) 104 96 115 150 2.98 3.22
5 O2P (TP 106 109 139 132 2.93 2.83
6 Pt(c) 02P (A17) 101 98 144 146 2.96 3.05
7 O1P (G24) 102 88 145 140 2.75 3.22
8 Pt(d) 02P (G4) 99 99 115 151 2.94 2.92
mean 103 100 127 140 2.90 2.95
(c. = 0.05) 1.7) (4.5) 9.7) (6.1) (0.05) (0.11)

agSym 1.P Sym 2.¢ Sym 3.9 Sym 4.2 95% confidence limits.

of G(22) is clearly indicated by the close proximity (ORa"
distance= 2.4 A, Table 3). In general, determination of Na
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Table 3. Bond Distances (A) and Angles (deg) of
Na*(H20)s06(G22) Complex

bond distance (A)
Na—012 2.43
Na—02 2.46
Na—03 2.55
Na—0O4 2.34
Na—0O5 2.46
Na—O6° 241

bond angle (deg)
0O1-Na—02 78
01-Na—03 171
01-Na—04 93
0O1-Na—05 91
0O1-Na—06 93
02—Na—03 93
02—Na—04 167
02—Na—05 80
02—Na—06 98
0O3—Na—04 96
O3—Na—-05 91
0O3—Na—06 85
0O4—Na—05 91
O4—Na—06 92
O5—-Na—06 176

a01, 02... represent the oxygen atoms of the" Niast shell water
molecules 1, 2.2 06 is the 06 atom of G(22).

reviewed by Williams and co-worket8 Rich and co-workers
observed a Nain the minor groove, directly coordinating two
uridine O2 atoms of a dinucleotidé The position of the Na
determined here is consistent with the results ¢fsbstitution
experimentg?

The occupancy of the Naion observed here is sufficiently
close to 100%, and the position is sufficiently localized, that
the Na assignment is unambiguous. The assignment is based
on coordination geometry, specifically distances within the
coordination sphere. The Neelectron density peak is well-
defined, and is surrounded by a particularly well-ordered
octahedron of ligand peaks (Figure 8A). The six'N# bond
lengths are between 2.43 and 2.55 A {N@ distances and
angles are listed in Table 3). These distances are@8 A
longer than expected for MeQ distances and 0-3.8 A shorter
than expected for ©-O (water--water) distances. Attempts to
fit the Nat density to either a magnesium ion or a water
molecule resulted in clear shifts of atoms out of sum density,
and in difference density adjacent to the central atom and to
atoms of the coordination sphere. Therefore, the central electron
density peak of the octahedron unambiguously arises from a
Figure 8. Innershell coordination of a penta-hydrated*Na the O6 atom well-ordered, highly occupied Na
of a guanine. (A) Electron density map of the™Nan, the guanine to which In the structure described here, the coordination octahedron
it is bound, and the first hydration shell, contoured atd..§8) ORTEF® of the Na is surprisingly regular and well-formed. The standard
diagram indicating 30% of probability. (C) Interactions of _the*Nm and deviation of the twelve internal angles (which use the"
its first hydration shells, adjacent to the C{3}(22) base pair of the DDD. - .

(D) For comparison, the interactions of Rfgand its first hydration shell, as an apex) is only*¢ with a mean value of 90 These angles
with the same base pair. Atoms are coded by color. were not restrained during refinement. The regularity of thé Na
coordination sphere is observable in the electron density maps
similar scattering behavior of Naand water, and positional (Figure 8A). The thermal ellipsoids of the Nadon and its
disorder in the solvent regict.However, there are several  coordination sphere are well-behaved (Figure 8B). The regularity

structures with sodium ions with reasonable geomé#tr/, of the octahedron is surprising because Baordination is not

(37) McFail-lsom, L.; Sines, C.; Williams, L. DCurr. Op. Struct. Biol.1999 (40) Rosenberg, J. M.; Seeman, N. C.; Kim, J. J. P.; Suddath, F. L.; Nicholas,
9, 298-304. H. B.; Rich, A. Nature 1973 243 150-4.

(38) Frederick, C. A.; Williams, L. D.; Ughetto, G.; van der Marel, G. A.; van  (41) Coll, M.; Solans, X.; Font-Altaba, M.; Subirana, J. A.Biomol. Struct.
Boom, J. H.; Rich, A.; Wang, A. H.-Biochemistry199Q 29, 2538-49. Dyn. 1987, 4, 797—-811.

(39) Wang, A. H.; Ughetto, G.; Quigley, G. J.; Rich, Biochemistryl987, 26, (42) Howerton, S. B.; Sines, C. C.; VanDerveer, D.; Williams, LBibchemistry
1152-63. 2001, 40, 10023-31.
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Table 4. Backbone Torsion Angles (a—¢), Glycosyl Angles (x), Pseudorotation Phase Angles and Amplitudes, and Sugar Puckers?

residue x (deg) y (deg) O (deg) € (deg) ¢ (deg) o (deg) $ (deg) phase (deg) amplitude pucker
C(1) —108 —-73 153 —147 —-161 —68 147 164 41)° 35 C2-endo
G(2) —146 54 87 —163 —66 —-57 167 2 (-159) 47 C3endo
C(3) —128 55 98 —173 —75 —69 174 18 ¢47) 24 C3-endo
G(4) —96 55 137 178 —94 —53 —169 159 (-2) 26 C2-endo
A(5) —-110 19 129 —-173 —95 —42 167 166 -8) 45 C2-endo
A(6) —118 41 135 —169 —99 —60 173 129 {-24) 35 Cl-exo
T(7) —126 45 110 167 —90 —59 —=179 102 24) 51 O1l-endo
T(8) —113 50 129 166 —-91 —68 175 119 ¢8) 31 Cl-exo
C(9) —116 60 135 —157 —89 —70 171 143 £15) 22 Cl-exo
G(10) —-91 48 146 —101 160 —80 166 144 ¢3) 42 C1l-exo
C(11) —-99 43 135 —173 —93 —59 167 186 ¢22) 27 C3-exo
G(12) —114 44 103 83¢124) 46 Ol-endo
G(24) —138 49 71 38¢24) 42 C4-exo
C(23) —-111 37 126 —176 —81 —68 169 143 4125) 28 Cl-exo
G(22) —-94 47 141 —127 166 —58 152 132 ¢20) 48 Cl-exo
C(21) —111 56 120 —169 —74 —75 169 137 £43) 28 Cl-exo
T(20) —-121 61 105 176 —91 —62 —178 122 30) 32 Cl-exo
T(19) —120 72 108 —175 —91 —61 174 149 ¢5) 40 C2-endo
A(18) —114 58 117 162 —83 —62 168 114 ¢14) 34 Cl-exo
A(17) —107 48 149 180 —98 —69 177 159 {-14) 26 C2-endo
G(16) —96 50 146 163 —87 —65 —165 184 (+15) 39 C3-exo
C(15) —137 67 82 —168 =77 —-59 —-179 17 25) 39 C3-endo
G(14) —98 45 115 173 —101 —62 156 119¢11) 37 Cl-exo
C(13) —137 44 151 —135 —90 —84 167 108 £-56) 24 Cl-exo

aBackbone torsion angles are ©®—a—05——-C5—y—C4—5—C3 —e—03 —;—P—05.51 b Deviation from the control DDD.

generally confined to a well-ordered octahedfdiBy com- other high-resolution DDD structures, in particular structure
parison, a hexa-coordinated sodium ion identified in the minor bdl08428 which is the highest resolution, nonmodified DDD
groove of (ApU} by Rich and co-worker& which makes direct  structure determined thus far. Phosphodiester backbone torsion
base contacts in the minor groove (tO two O2 atoms of uridine ang|es' g|ycosy| anglesl and sugar puckers are given in Table
residues), shows a standard deviation of the twelve internal 4 Hejical parameters are shown in Figures 1S and 2S; minor-

angles of 12, with a mean value of 91 In that structure, the 54 major-groove widths are shown in Figure 3S (see Supporting
longest Na—O distance is 2.9 A, well beyond the optimum. Information)

The water molecules in the Ndfirst shell form multiple
hydrogen bonds to the DNA. These hydrogen bonds are to the The Backbone: Sugar PuckersWe anticipate that at the
guanine 06 and N7 positions of G(2) and to the N7 position of high resolution of this structure, sugar puckering is not
G(22) (in each the water molecule donates a hydrogen atom,significantly affected by restraints. Sixteen of 24 sugar puckers
Figures 3 and 8C). In addition one of the Nfirst shell water of the DDD-TriplatinNC complex are significantly different
molecules forms a hydrogen bond with the exocyclic N4 amino from those in the control DDD (Table 4). The sugar puckers of
group of cytosine of C(21) (this watenay beacting as a  residues G(2) and C(23) show the largest differences in the
hydrogen bond acceptor). The first Naydration shell does  ppD—TriplatinNC complex from in the control DDD (bdl084).
not engage in hydrogen-bonding interactions with symmetry- These differences may arise from differences in direct and first
rela}ted. duplexgs, and so does not appear to be an artifact ofne|| water interactions of Naversus M@+ (Figure 8). More
lattice interactions. _ _ modest differences observed at G(12) and C(13) may arise from

In previous high-resolution X-ray structure_s of_unllganded interactions of TriplatinN€, which bridges between two sym-
forms of the DDD, a fully hydrated magnesium ion (Mg metry-related DNA duplexes. TriplatinN@teracts with many

H.O)s) is generally located in the major-groove, adjacent to .
Ehez (;6()2)_(?(23) an):j C(3}G(22) base Jpaigr]§§’34'43Thej first of _the phosphate oxygens of residues C(13) through A(18),
hydration shell of this M§" ion interacts with the O6 and N7 which pair with T(7) through G(12). These sugar puckers are

positions of guanine residues (Figure 8D) and with phosphate 9€nerally the same in the TriplatinN@NA complex and the
oxygens of an adjacent duplex. This major groove magnesium cONntrol DNA.
is effectively replaced by a Naion in the DDD-TriplatinNC Helical Parameters. TriplatinNC? forms total twenty hydro-
complex. In cpntrast to the Naion, th'e first shell hydratioh gen bonds with DNA phosphate oxygens and only two hydrogen
Ia_yer of M@" in bld084 does fqrm lattice contac_ts, interacting  onds with base atoms. Those two hydrogen bonds involve a
with phosphate oxygens of adj.acent duplexes in the crystal. single guanine base, at the N7 and O6 positions. Therefore,
DNA Conformatllon..ln SOI!“'“Q”' noncovalent polynuclefe\.r TriplatinNC? may alter DNA conformation in this region by
\F;;(rligucgrgpllli(e(fovx:‘?rmgtri]ocna;lors],ltgt(; Z?r%i:gegzug? tX’St;ﬂ:g'zze direct short-range interactions with DNA bases. TriplatifiNC .
conformation’-8 The DNA in the DDD-TriplatinNC complex !ohosphgte hydroggn bonds a-nd longer range glect.rostanc
interactions could influence helical parameters. TriplatiANC

described here is in the B-conformation. To infer the effects of }
TriplatinNC binding on DNA conformation, we compare it with °'ms hydrogen bonds with the O6 of G(12) as does the penta-
hydrated sodium, which coordinates the 06 of G(22). In

(43) Minasov, G.; Tereshko, V.; Egli, Ml. Mol. Biol. 1999 291, 83—99. addition, the first shell water molecules of the Nion form
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hydrogen bonds with the bases in a manner that is distinct from points at either end of the fragment. PP39° for the DDD—
the interactions of the hexa-hydrated magnesium of the control TriplatinNC complex. Ordinarily the UU and PP are within a
DDD. few degrees. Differences in UU and PP (U PP) help to

The Backbone: Bl vs BIl. B-DNA conformation is char- signal if a significant part of the UU angle comes from a
acterized by BI, the most frequent, or Bll, depending on the deformation of the ends of the fragment analyzed, rather than
torsion angles and £.4445 These torsion angles influence the from internal bending or kinking? At any rate, the axial bend
positions of phosphate groups and modulate the width of the and the axial path length shortening ratio are greater in the
minor groove. The difference in the torsion angéeand £ is DDD—TriplatinNC complex (UU= 28/ 2.4%) than in the
commonly used to characterize the BI/BII stakisé of roughly control DDD (UU = 12°/0.66%). This difference is apparent
—90° indicates Bl and roughly-90° indicates BIl. The DDD- in Figure 9, which shows a superimposition of the two structures.
TriplatinNC complex is wholly in the Bl conformation, with
e—¢& in the range of-160 to+20.

Inter-Base and Inter-Base Pair Parameters Throughout Backbone Tracking and Groove Spanning: Novel Modes
the duplex, significant deviations from the control DDD are ©f DNA Binding. Previously described DNA ligands can be
observed in many parameters. In some of the parameters, suctproadly broken down into intercalatérsand groove binder,
as shear, stagger, buckle, and propeller tffishe largest and as reviewed by WilschThe DNA ligand described here,
deviations are observed in the G-tracts, possibly because ofTriplatinNC does not intercalate nor does it bind in either
direct interaction of Naand TriplatinNC with the DNA bases. ~ groove. It binds to phosphate oxygen atoms and thus associates
A common feature of both bas®ase (Figure 1S) and inter-  With the backbone. TriplatinNC presents an unexplored mode
base pair (Figure 2S) parameters is that many of the greates©f nucleic acid binding with the potential for wide applicability.
deviations from the control DDD are found where a¥1gon TriplatinNC also illustrates the utility of modular binding
in the control DDD is replaced by a Naion here. These €lements, such as the tetra-am(m)ine Pt(ll) coordination unit,
differences are especially apparent for the interbase pairfor design (or selection) of nucleic acid ligands.
parameters such as shift, roll, and rise (Figure 2S). Electrostatic OXygen Selectivity.TriplatinNC contains multivalent cationic
forces, arising from localization of charge directly adjacent to centers, and planar arrays of directional hydrogen bond donors,
the DNA, and/or hydrogen bonding interactions appear to pull linked by flexible hydrophobic segments. In binding to DNA,
neighboring bases into hydration layer of the sodium. As TriplatinNC shows selectivityfor phosphate oxygens, and
described above, water ligands of the'Naordination sphere  againstother oxygen atoms and particuladgainstnitrogen
form an extensive hydrogen bonding network in the major atoms. The selectivity of TriplatinNC extends to O2P over O1P,
groove. at least in B-form DNA. To our knowledge TriplatinNC is the

Global Conformation and Groove Width. There are first phosphate-selective DNA ligand characterized thus far.
significant differences in the minor-and major groove widths Preferential interaction with phosphate oxygens causes Tri-
of the DDD-TriplatinNC complex and the control DDD (Figure ~ PlatinNC* to track the backbone (Figure 4), linking adjacent
3S). The minor-groove of the DDBTriplatinNC complex is ~ Phosphate groups, and to span the minor groove (Figure 5).
wider at the T(7)-A(18) base pair than the control DDD. This ~ The Phosphate Clamp.The tetra-am(m)ine Pt(ll) coordina-
change in conformation may be related to electrostatic interac- tion unit forms a bidentate complex with a single OP atom, a
tions of phosphate groups with TriplatinRCTwo opposing structure that we call a Phosphate Clamp. A Phosphate Clamp
(across the minor groove) phosphate groups interact with two IS @ cyclic structure in which a single OP accepts two hydrogen
different cationic centers of TriplatinNC(Figure 5). The  bonds, one each from two am(mjine ligands of a single Pt(Il)
positions of the two cationic centers are such that the minor center. The geometry and type of oxygen atom are highly
groove appears to be pulled open by the two cationic centers.conserved in the eight Phosphate Clamps observed in the-bDD

This effect differs from that described previously for kg~ TriplatinNC complex. The geometric parameters used to
Groove narrowing was attributed to the interaction of opposing characterize Phosphate Clamps are given in Figure 7D. Values
phosphate groups with single cationic cente?* The minor for each cla_mp and the mean values are given Taple 2. Each
groove of both the control DDD and the DBDriplatinNC tetra-a.m(m)lne square-planar Pt(ll) coordination unit has the
complex lack such a Mg in the lip of the groove, and do not poteptlal .to form fpur Phosphate Clamps. A Phosphate Clamp
display acute groove narrowing. For the major groove width "eduirescis-am(myine ligands of Pi(ll). Mutuallyrans-am(m)-
the deviation of the DDB TriplatinNC complex from bdlog4  in€ ligands do not form Phosphate Clamp because the proton
may be associated with the sodium ion in the major groove, donors are too far apart and in opposing directions.

In the program Curves 53 the parameter UU is a measure A Phosphate Clamp is a small modular nucleic acid binding

of axial bending, giving the angle formed by the axis segments UNit, With specific and conserved geometry. In the present
of the terminal sections of the DNA duplex. Ut 28 for the structure, the four observed Pt(ll) centers of Triplatiri@d
p TriplatinNC? contain a total of 16 potential Phosphate Clamps.

DDD—TriplatinNC complex. However, another parameter, PP, : - -
is the angle between the vectors formed the two axis reference! "€ €ight Phosphate Clamps observed here involve eight OPs.
Each Pt(ll) center engages in at least one Phosphate Clamp

(44) Prive, G. G.; Heinemann, U.; Chandrasegaran, S. K.; S., L.; Kopka, M. L.; (Figures 3 and 7C).
Dickerson, R. ESciencel987, 238 498-504. i i i i

(45) Hartmann, B.; Piazzola, D.; Lavery, Rucleic Acids Res1993 21, 561— .The hlgh frequency of occurrence of this CyC“C mOtIf, alo.r!g
8 with conservation of its geometry, suggests favorable stability.

(46) Ijickerson, R. E.; Bansal, M.; Calladine, C. R.; Diekmann, S.; Hunter, W. i IR ;
N.; Kennard, O.; Lavery, R.; Nelson, H. C. M.; Olson, W. K.; Saenger, One could in prlnC|pIe take advantage of the mOdUIamy’

W.; Shakked, Z.; Sklenar, H.; Soumpasis, D. M.; Tung, C.-S.; von Kitzing,
E.; Wang, A. H.-J.; Zhurkin, V. BJ. Mol. Biol. 1989 205, 787—91. (47) Lavery, R. Personal communication, 2006.

Discussion
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Figure 9. Stereo superimposition of the DDEriplatinNC complex (cyan) onto the control DDD (black). The superimposition was performed using
residues A(6)T(19), A(7)—T(18), and T(8>A(17). The residues of these three continuous base pairs gave a smaller RMS deviation of atomic positions
than any other set of three continuous base pairs.

predictability, and stability to assemble Phosphate Clamps in analogous to TriplatinNC, although significantly attenuated.
virtually any given three-dimensional arrangement. Tetra-am- Sixty-nine clamp-like structures are observed in the HM LSU,
(m)ine Pt(Il) coordination units could be assembled with in which a single OP accepts two hydrogen bonds from a single
specified spatial and geometrical dispositions to bind specifically arginine guanidino group. The HM LSU contains several binary
to various nucleic acid structures. For example, relatively short complexes in which a single arginine guanidino group forms
linkers would favor binding A-form DNA or RNA, whereas clamp-like structures with two OP atoms. This motif was
relatively long linkers would favor binding to B-form DNA.  described previously as an Arginine F&#A single arginine
More complex and rigid three-dimensional arrangements could is limited to two clamps, and forms such binary complexes with
be designed (or selected) that bind to ribosomal RNA, G-quartetslow frequency, at least in the HM LSU. TriplatinNC can form
or other globular nucleic acids. The complex described here four clamps and forms binary and higher order complexes
may lead to new approaches in drug design. (Figure 6) with high frequency in the DNA complex described
TriplatinNC, the Super Arginine. We hypothesized that  here.
interactions of the small DNA ligand TriplatinNC might mimic Timsit and Mora® previously suggested that dCG steps in
those of certain amino acids in nucleic aejorotein complexes.  supramolecular assemblies of DNA can anchor adjacent du-
Indeed the interactions of the am(m)ines of TriplatinNC are plexes. The amino groups of cytosines form hydrogen bonds
similar in some ways to those of the guanidino group of arginine. to OP atoms in a mode of interaction that is reminiscent of the
We have examined interactions of all 336 arginines within the phosphate clamp with the distinction that a given dCG step
large ribosomal subunit of Haloarcula marismortui. A crystal appears to associate with several OP atoms rather than a single
structure of the HM LSU (1JJ2) was determined to 2.4 A OP atom, as in a phosphate clamp.
resolution by Steitz and Moor&:*°The atomic positions of the DNA Distortion. Mirzabeckov, Rich and Mannifg>*sug-
vast majority of HM LSU (1JJ2) are well-characterized (2.4 A gested that charge neutralization of phosphate groups might
resolution), and, as of this writing, are more accurately drive DNA distortion and bending. They proposed that asym-
determined than any nucleic acid complex of equivalent size. metric charge neutralization by cationic protein side chains,
The results show that arginine, like TriplatinNC is selective for could lead to “phosphate collapse”. That model was extended
phosphate oxygens. The guanidino groups of the 336 arginineby Rouzina and Bloomfieléf who proposed that mobile cations
residues in the proteins associated with the HM LSU form 277 such as M§" can contribute electrostatically to DNA bending.
hydrogen bonds with OP atoms and only 35 hydrogen bonds
to base oxygen atoms and 19 hydrogen bonds to base nitroge®0) Seeman, N. C.; Rosenberg, J. M.; Rich,Rkoc. Natl. Acad. Sci. U.S.A.

. . . ) L ) 1976 73, 804-8.
atoms (base-pair specific H-bonding by amino acids is described(s1) calnan, B. J.; Tidor, B.; Biancalana, S.; Hudson, D.; Frankel, Adknce

; L i . ; 1991, 252, 1167-71.
in ref 50). Arginine shows a phosphate clamping ability that is (52) Timsit, Y. Moras, DEMBO J.1994 13, 2737-46.

(53) Manning, G. S.; Ebralidse, K. K.; Mirzabekov, A. D.; Rich, A.Biomol.
Struct. Dyn.1989 6, 877—89.

(54) Mirzabekov, A. D.; Rich, AProc. Natl. Acad. Sci. U.S.A979 76, 1118~
21

(48) Ban, N.; Nissen, P.; Hansen, J.; Moore, P. B.; Steitz, TSéence200Q
289, 905-20.

(49) Klein, D. J.; Schmeing, T. M.; Moore, P. B.; Steitz, T.BVMBO J.2001,
20, 4214-21.
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(55) Rduzina, I.; Bloomfield, V. ABiophys. J.1998 74, 3152-64.
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In the Rouzina and Bloomfield model, a divalent cation can  Preassociation with DNA may be important in efficiency and
repel and displace other counterions, leading to strong attractionspecificity of covalent cross-linkingf. The Pt(ll) centers of
with proximal phosphate groups. The result is DNA bending BBR3464 (Figure 1C) could transiently engage in Phosphate
by electrostatic collapse around a divalent cation. Monovalent Clamps in preassociated complexes, prior to covalent modifica-
cations, when partially dehydrated as in the DBDxiplatinNC tion of the DNA.
complex, may also facilitate DNA bending. Although the formal charge is-8, TriplatinNC displays
We observe that the DNA conformation in the DBD  micromolar activity against a human ovarian cancer celPfine
TriplatinNC complex differs somewhat from that of the native and is thus the first example of a noncovalent platinum
DDD structure (NDB entry bdl084). In comparison with the  compound with cytotoxicity equivalent to cisplatin. TriplatinNC
control structure, the axial bend is greater in the DBD  displaysin vivo antitumor activity in 2008 ovarian carcinoma
TriplatinNC complex, helical parameters are perturbed and the xenografts (Farrell, unpublished). Accordingly, the noncovalent
minor groove width profile is modestly impacted. The locus of interactions of polynuclear platinum complexes may play
the distortion suggests it does not arise, at least directly, from significant roles in inhibiting the growth of cancer cells.
the highly charged TriplatinNC molecule that extends along the Cisplatin’'s major DNA adduct, 1,2-intrastrand cross-link,
DNA backbone (TriplatinN@), or the more disordered Tri-  severely distorts DNA. The distortion recruits high mobility
platinNC molecule (TriplatinNg). group (HMG) and other proteins which may shield the covalent
The substitution of a fully hydrated Mg in the native DDD cisplatin-DNA lesion from DNA repait35” The DNA distor-
for a partially dehydrated Naion, located directly on the floor  tions induced by the noncovalent interactions of TriplatinNC
of the major groove (interacting with O6 of a G), may contribute may also be responsible for protein recruitment, although the
to DNA deformation. In previous high-resolution DDD struc-  distortions are modest in comparison to those of cisplatin.

tures, a hexa-hydrated Mgion is located within the major- Another feature of TriplatinNC is that the cellular uptake is
groove at one of the G-tracts. This ion is located at the nexus gjgnificantly enhanced over the “parent’” BBR3484Studies
of an axial bend?3* First-shell water molecules of the Mgy on mast cells appear to show selective uptake of TriplatinNC

ion form hydrogen bonds to DNA bases, particularly 10 into tumor cells compared to normal mast céighe higher
guanines. The DNA complex with TriplatinNC lacks observable qsitive charge a polynuclear Pt(ll) species possesses, the more
Mg?" fons, even though Mgglwas included at a concentration  cejiyjar uptake is observed. It is interesting to speculate that,
similar to that in the control DDD crystallization solution. The o cytotoxicity, the relatively weak noncovalent interactions
fully hydrated Mg" ion has been displaced by a partially o TriplatinNC in comparison to the covalent binding of cisplatin
dehydrated and particularly well-ordered™Nan. The location are offset by the very high cellular uptake. This feature and
of this Na.F ion, associated with a guanine, in the major groove, high DNA affinity of TriplatinNC may help a biologically
was predicted?*? relevant component access to DNA in a tumor cell. Thus
It may be that TriplatinNC, which is highly charged, displaces  TriplatinNC could also be a carrier device for drugs or gefies.
Mg*" by long-range electrostatic competition. An alternative - accordingly, the results presented here support further studies

possibility is that the conformation of DNA induced by aimed at a structurefunction—activity relationship for nonco-
TriplatinNC favors replacement of fully hydrated Rfgby valent compounds of this type.
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