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Through the use of an established repulsive energy methodology, the endocyclic nitrogens of the common
nucleobases have been probed by monofunctioHéA\Rtmoieties, where A= NHz and (A} = diethylenetriamine

(dien) andN%,N?, N4 N’ N7-pentamethyldiene (pmdien). These three complexes have been selected to represent,
respectively, a gradual buildup of bulk on either side of the coordination plane. The values of the resulting steric
parameterd:g andls, are compared between the three complexes and benchmarked to previously reported values
for the spherically symmetrical Cr(C®probe. This study indicates that steric effects for coordination to
nucleobases of “flatter” metal species are more subtle than those for more encompassing species and are determined
predominantly by the distribution of their neighboring exocyclic substituents rather than their individual nature
(e.g., amino, oxo, or methyl). A means of quantifying metal complex flatness with respect to the coordination

of metal species to endocyclic nitrogens of nucleobases is suggested. For the)it{diteobase) and Pt(dien)-
(nucleobase) systems, a quantitative relationship has been established between steric effects and conformational
flexibility, in terms of rotation about the PN bond. These results suggest that, in the absence of external
constraints such as crystal packing forces, the base/coordination plane dihedral angle may be inferred from steric

considerations. Over a wide range of Rtihedral angle, rotation about the-”t bond is, surprisingly, less
sterically demanding when the flanking substituent is an amino rather than an oxo group.

Introduction metal species to nucleobade$. This was achieved by comput-

. . ing the ligand repulsive energiegd values) between the
The success of certain platinum complexes as chemothera-S herically symmetrical Cr(C@)moiety (as a representative
peutic agents is attributed to their ability to target the endocyclic P y sy y P

. . . steric probe) and the various endocyclic nitrogen atoms. The
nitrogen atoms of nucleobases, particularly the N7 position of . d S .
2 : S o relative steric demands of the nucleobase coordination sites
purinest Although platinum-nucleic acid chemistry in general . - :
. ) ; toward this steric probe were found to be dictated by the nature
has received an enormous amount of attention since the

. : . - of the exocyclic substituent(s) adjacent to a binding site. For
discovery of these drugs, the delineation of the steric effects : - .
. . . - . - example, with respect to Cr(C§xoordination to N7 of purines,
inherent in such interactions is a relatively neglected area of

T - : . the exocyclic amino substituent adjacent to the N7 position of
study. This is notwithstanding the acknowledged importance . ) .
. . 9-methyladenine and the 6-oxo substituent adjacent to the N7
of such effects both from a physicochemical and from a

biological point of view? One reason for this neglect has been position of 9-methylguanine (and 9-methylhypoxanthine) clearly

the lack of a suitable methodology for quantifying steric effects discriminate on the basis of their relative steric bulk, with the
: gyftorag 9 former being 17% more restrictive than the lattekVe have
in systems such as these.

We have recently demonstrated the feasibility of extending also recently attempted to relate steric parameters derived from

the repulsive-enerav strateay developed by Brown &takhe the above methodology to various biological indicators with
uanti?ication of s?eyric effegc]:)t/s assocFi)ated )\//vith the binding of respect to the interaction between monofunctional platinum
q 9 species of the typeis-[Pt(NH2R).Cl] (R = alkyl) and the N7
N position of guaniné.
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Figure 1. Structural representation of the four probes employed in R R
these studies. The arrow represents the approach to a nucleobase target Guanine (G) Uracil (U)
site.
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Figure 2. Views of the Pt(A) and Cr(COj steric probes along their
direction of approach to a nucleobase target site showing the gradualFigure 3. Potential metal binding sites on the common nucleobases;
buildup of the bulk. an asterisk denotes a site deprotonated prior to coordination. For this
study R= CHs.
various binding sites, is difficult to define per se and is related
to the extent and distribution of bulk on either or both sides of  Of course, it must also be appreciated that, unlike Cr¢CO)
the coordination plane. In square-planar complexes, this is adducts, square-planar complexes of nucleobases generally have
primarily determined by the nature of the carrier ligdndn a degree of conformational flexibility about the metaitrogen
delineating the steric aspects of such interactions, the sterichond. The ability of the platinum species to rotate about the
features of the target site, especially where flanking exocyclic platinum-nitrogen bond is a mechanistic feature of the interac-
substituents present a pocket for the metal species, are als@ion which has unique steric implications. Indeed, this is an
important considerations. For example, probing the N3 position important consideration in rationalizing the biological conse-
of N9-substituted purines with the Cr(COnoiety indicates  quences of the interaction of such species with nucleic &8ids.
that this metal species is too encompassing to access this siten this regard for these platinum systems, the relationship
without severe distortion8? hence, binding is likely to be  petween the computek values and nucleobase/coordination

precluded. However, flatter metal species, such &g\Pts)s, plane dihedral angles, B/P§¥ has also been explored.
have been shown to be accommodated at this position.

Questions arise as to the degree to which the bulk on either orMethods
both sides of the coordination plane, together with the nature  gyrctures of Cr and Pt complexes with nucleobases were optimized

of the binding site itself, influences (or precludes) coordination ysing the molecular mechanics facilities of HyperChem, versiéh 4,
to a given site and whether relative metal complex flatness canrunning on a COMPAQ Pentium 5100 computer.

be regarded as a unique structural element of speciation, which  Structure Optimization. The structures of the chromium com-

can be isolated quantitatively. plexes, Cr(CO)nucleobase), were optimized using the MMorce
The three monofunctional probes'k)s, where A= NHs field modified as described previouslyThe structures of the platinum
and (Ax = diethylenetriamine (dien) and\!,N%,N,4N,7N7- series, [PtA(nucleobase)], were optimized using the modified AMBER

force field. Parameters developed for the modeling of these monoad-
ducts (Table 1) as well as those derived by Yao é% far the modeling

of bisadducts and by Yuriev and Orlfefbr the modeling of [Pth(9-
EtG)CI] monoadducts were added.

pentamethyldiene (pmdien) (Figure 1), represent respectively a
gradual buildup of bulk on either side of the coordination plane
(Figure 2). These systems, together with the “non-flat” Cr-
(CO)s, which is used as a benchmark, have been employed to
sterically probe the 12 different nucleobase binding sites (10 (a) Schroder, G.; Kozelka, J.; Sabat, M.; Fouchet, M.-H.; Beyerle-

depicted in Figure 3. A means for characterizing and quantify- Pfnir, M.; Lippert, B.Inorg. Chem1996 35, 1647. (b) Schroder, G.;
ing the notion of metal complex flatness for a particular system fggaﬁ M.; Baxter, |.; Kozelka, J.; Lippert, Biorg. Chem1997 36,
is suggested by these investigations. (11) (a) Orbell, J. D.; Marzilli, L. G.; Kistenmacher, T. J. Am. Chem.
Soc.1981, 103 5126. (b) A dihedral angle between a nucleobase and
(7) (a) Baker, A. T,; Crass, J. K.; Kok, G. B.; Orbell, J. D.; Yuriev, E. the Pt coordination plane is calculated as the angle between the normals
Inorg. Chim. Actal993 214, 169. (b) Marcelis, A. T. M.; Korte, H.- to the least-squares planes formed by the atoms of a nucleobase and
J.; Krebs, B.; Reedijk, dJnorg. Chem.1982 21, 4059. (c) Orbell, J. the Pt coordination plane. It is important to note that in the context of
D.; Taylor, M. R.; Birch, S. L.; Lawton, S. E.; Vilkins, L. M.; Keefe, this work the term “dihedral angle” is used correctly as opposed to its
L. J.Inorg. Chim. Actal988 152, 1254. frequent misuse, where the term “torsion angle” is more approgtiate.
(8) Yuriev, E. Ph.D. Dissertation, Victoria University of Technology, (c) Glusker, J. P.; Lewis, M.; Rossi, Mrystal Structure Analysis
Melbourne, Australia, 1997. for Chemists and Biologist8/CH: New York, 1994.
(9) (a) Raudaschl-Sieber, G.; Schollhorn, H.; Thewalt, U.; Lippert].B. (12) HyperChem is a commercial molecular modelling package from
Am. Chem. Soc 985 107, 3591. (b) Sheldrick, W. S.; Gunther, B. Hypercube Inc., Waterloo, ON, Canada. The MMorce field of
Inorg. Chim. Actal988 152 223. (c) Marzotto, A.; Clemente, D. A;; HyperChem is an extension of the MM2 code developed by N.
Ciccarese, A.; Valle, Gl. Crystallogr. Spectrosc. Res993 23, 119. Allinger. It uses the MM2 1991 parameters with the 1997 functional
(d) Marzotto, A.; Ciccarese, A.; Clemente, D. A.; Valle, 5. Chem. form.

Soc., Dalton Trans1995 1461. (13) Yao, S.; Plastaras, J. P.; Marzilli, L. Borg. Chem1994 33, 6061.



Binding of Monofunctional Platinum(ll) Complexes

Table 1. AMBER Parameters for the Geometry Optimization of
Complexes with the General Formula [Pt¢@ucleobase)]

bond re (A) K (kcal molt A-2)
PT—NAC® 2.035 366
PT—NCd 2.038 366

angle 0o (deg) K¢ (kcal mol? rad?)
PT—NC—CAf 122.35 20
PT—-NC—-CQ® 116.00 20
PT—-NC-CB" 126.15 20
PT-NC-C 116.75 20
PT—-NA—CAl 119.90 20
PT—NA—CX 119.15 20
HC—CA—NA! 115.00 35
HC—CA—NC! 119.10 35
N#—PT—N3T™ 90.00 42
N#—PT—N3C" 180.00 42
N3T—PT—N3T 180.00 42
torsional angle ¢o (deg) n V/2 (kcal mol™)
N3*°—PT—NC—C*P 90 2 0.25
N3*°—PT—NA—C*d 90 2 0.25

aThese bond lengths were derived by averagingNPbond-length
values from 49 crystal structures of platinum complexes. The CSD
Refcodes are available as Supporting InformatidFhe stretching force
constant was set analogous to-Ri(7) of guanine. See ref 13NA/
N1 position of guanine and hypoxanthine, N3 position of thymine and
uracil. “NC/N1 position of adenine, N3 position of cytosine, N3
position of purines® The bending force constants were set by analogy
to the corresponding angles for guanine complexes. See réfi3.
N3—C2 angles of guanine and hypoxanthine;-Rfi—C6 angle of
adenine, and PtN3—C4 angle of cytosine? Pt—=N1—C2 and P+N3—
C2 angles of adeniné Pt—N3—C4 angles of guanine and hypoxanthine
and P+N3—C4 angle of adeniné Pt—N3—C2 angle of cytosine.Pt—
N1—C2 angles of guanine and hypoxanthih®t—N1—C6 angles of
guanine and hypoxanthineH2—C2—-N1 and H2-C2—N3 angles of
hypoxanthine, respectively. N#/NA and NC atom types<! Torsional
parameters involving platinum were set analogous to refo N&*/
N3C and N3T atom types. See ref 5. N3C is a Pt-bound carrier ligand

nitrogen, trans to nucleobase. N3T is a Pt-bound carrier ligand nitrogen,

cis to nucleobase’.C*/CQ, CA, CB, and C atom type§.C*/CA and
C atom types.

A Monte Carlo conformational search was carried out by varying
the rotation of the nucleobase plane with respect to the C{@@)al
plane and the PtNcoordination plane in the respective Cr and Pt
complexes. During the conformational search, structures were mini-
mized to ad root-mean-square (rms) gradient of 0.1 kcal Md\ 2.

The lowest energy structures were then additionally minimizeddo a
rms gradient of 0.001 kcal mol A2,

The optimized [PtA(nucleobase)] complexes compare favorably to
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repulsive energyEg, represents the gradient of the van der Waals
repulsive energy for the energy-minimized structure with respect to
the metat-nitrogen distance, scaled by the equilibrium metatrogen
distance®=® More specifically, the general strategy may be described
as follows:
(1) The lowest energy structure for the metal complex is obtained.
(2) For a given complexiye_y is varied by-+0.08 A, with all of
the other internal coordinates frozen, to create a set of structures.
(3) Using the nonbonded parameters of a modified Midrce field
for the metat-nucleobase complex, the repulsive portionEgf for
each structure is computed according to:

E,aw(rep)= ZDO eXF{VrOr_ r]

0

(4) The repulsive energy is calculated according to:

OE,qu(rep)

Er=—Te——

MNye—N

where Dy represents the potential well depth,is a scaling factor
(typically 12.5),r is the interatomic distance in the energy-minimized
structure,ro is the unstrained interatomic distancge-n is a varied
metal-nitrogen distance, and is the metat-nitrogen distance in the
energy-minimized structure.

Results and Discussion

Stereochemical Considerations. Consistent with experi-
mental finding$® and other theoretical investigatiofis'’ the
optimized lowest energy conformations of the Pt@\&nd Pt-
(dien) adducts exhibit B/PtNdihedral angles over the range of
62—87°.18a

In general, with respect to the approach of a square-planar
platinum complex to a nucleobase binding site, a perpendicular
orientation between the platinum coordination plane and the
nucleobase plane may be assumed to represent the least steric
repulsion between the complex carrier ligand(s) and the nucleo-
base exocyclic substituent(s). Upon coordination, movement
away from the perpendicular may be affected by forces such as
intramolecular hydrogen bondittyjand torsional straifi. Al-
though such rotation increases steric repulsion, the overall
structural strain is relievetf.

The steric bulk of the methyl substituents on the carrier ligand
nitrogens of the Pt(pmdien) adducts significantly lowers their
conformational flexibility, compared to the Pt(NH and Pt-
(dien) analogues. Conformational sampling of these systems
results in rotamers with essentially perpendicular orientation of
nucleobases and two alternative arrangements of exocyclic

experimentally determined structures with respect to their geometric functional groups with respect to the coordination plane.
feature$ These calculations do not suggest significant angular Because the steric bulk of the carrier ligand (involving en
distortions in the platinum systems. The typical rms deviation of an bridges and methyl groups) is not symmetrically distributed on

optimized structure from a crystal structure is-0012 A. The accuracy
of reproduction of the nucleobase orientation with respect to the
coordination plane is generally very good. However in some cases,
the simulation resulted in a marked difference in the B/RiMedral
angle between predicted and experimental structtifeg to 15). This
may be attributed to the influence of crystal packing forces in the
experimental structure§®

Repulsive Energy Calculation. Repulsive energies were calculated

both sides of the coordination plane, these two conformations
are not structurally equivalent. Indeedd NMR studies
confirn?9 that because of the steric bulk of the terminal methyl

(16) Zangrando, E.; Pichierri, F.; Randaccio, L.; Lippert@®ord. Chem.
Rev. 1996 156, 275.

(17) Kozelka, J.; Fouchet, M.-H.; Chottard, J.®ur. J. Biochem1992
205 895.

according to an established methodology where each nucleobase(18) (a) AMBER energy values and the B/Ritihedral angles are available

endocyclic nitrogen site is probed by the metal moiety to which it is
hypothetically bound. The resulting steric parameter, termed the ligand

(14) (a) Castro, B.; Chiang, C. C.; Wilkowski, K.; Marzilli L. G.;
Kistenmacher, T. Jinorg. Chem.1981, 20, 1835. (b) Pesch, F. J.;
Preut, H.; Lippert, Blnorg. Chim. Actal99Q 169 195. (c) Schollhorn,
H.; Thewalt, U.; Lippert, BJ. Am. Chem. S0d.989 111, 7213.

(15) Orbell, J. D.; Wilkowski, K.; de Castro, B.; Marzilli, L. G.; Kisten-
macher, T. Jinorg. Chem.1982 21, 813.

from the authors upon request. Positional coordinates for all structures
are included in the Supporting Information. (b) Rocking angles are
defined as PtN—C angles, where N is a binding site in question and
C is an endocyclic carbon atom at one of two positions adjacent to
the binding site. The difference in rocking-angle pattern for the binding
of Pt(pmdien) to N3 of purines, as compared to PtgNHand Pt-
(dien), is a respective increase in-t3—C4 and a decrease in-Pt
N3—C2 angles of 3-5°.

(19) Hambley, T. Wlnorg. Chem.1988 27, 1073.

(20) Kim, S.-H.; Martin, R. B.norg. Chim. Actal984 91, 11.
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H Table 2. Ligand Repulsive Energies Presented by Nucleobase
Binding Sites to the Metal Species (kcal/ol
Cr(CO)% Pt(NHs)s Pt(dien) Pt(pmdien)

base site Er(Cr) Egr(Pt) Er(Ptho Er(Pt) Er(Ptko syn anti

9-MeG NP 58 6.85 522 6.76 503 39.7 39.1
N3 (76 635 6.09 855 855 475 476
N7 36 6.76 294 6.68 289 34.6 32.8
9-MeH NI* 42 6.89 444 6.66 4.04 357 352
N3 (67f 546 534 763 7.74 431 46.9
N7 37 654 293 7.07 289 348 326
Syn 9-MeA N1 57 6.22 449 680 414 355 353
N3 (71 546 524 6.63 6.47 431 444

C (4-Me)

N7 42 478 3.05 453 284 339 327
o 1-MeC N3 56 701 499 6.19 472 384 388
1-MeT N3 52 594 481 6.28 459 38.7 388
1-MeU N2 50 593 466 7.68 455 388 38.6

aEstimated uncertainty-2%. ® Deprotonated site. These values
have higher uncertainty because of structural distortions in these

)

Ct-Me) adducts.
H Table 3. Comparative Steric Indicésls? andls' ,? Calculated from
- the Er(Cr), Er(Pt), andEgr(Pt)o Values of Table 2

Pt(NHs)s Pt(dien) Pt(pmdien)

anti site Cr(COyls Is I¢ Is I syn ant
Figure 4. Stereochemical convention for Pt(pmdien)(nucleoconstituent) N7(A) 117 100 1.04 100 1.00 1.00 1.00
rotamers. In this example: N1-bound 9-methyladenine. N7(G) 1.00 141 100 148 102 1.02 1.01
N7(H) 1.03 1.37 100 156 1.02 1.03 1.00

groups rotation about the PN bond is significantly hindered
N1(A) 1.58 130 153 150 146 105 1.08

and the rc_)tamer peaks are _weII resolvc_ad. _To cla_lssﬁy thes_e N1(H) 117 124 152 147 142 105 109

conformations, a stereochemical convention is required. In this

work, an absoluteconventiof is used and is based on the N1(GY 1.61 143 178 149 177 115 1.20

orientation of either a N9 substituent in purines or a N1 N3(C)C 1.56 Lar 170 137 166 115 1.19
bstituent in pyrimidines with respect to the coordination plane N3(U) 1.39 124 159 170 160 115 118

su Py p P N3(T)* 1.44 124 164 139 161 115 1.19

(Figure 4). Thus, a syn rotamer is defined as one for which a

N9 or N1 substituent is on the designated bulkier side of the N3(A) Lo7 114 179 146 228 127 1.36

A P . . N3(G) 2.1¢ 1.33 208 189 3.01 140 1.46
coordination plane (for the pmdlen_llgan_d, the same side as t_he N3(H) 186 114 182 168 273 1927 143
4-methyl group); an anti rotamer is defined vice versa. This o _
convention is similar to the NMR conventidh. However, it 21s = optimized approact?.|s' = perpendicular approachDepro-

tonated sited These values are associated with sterically induced

allows rotamers to be classified without reference to the direction distortions in the adducts and may be less reliable.

of the monitored proton, which may vary for different nucleo-
bases. The absolute convention may also be applied to modelin
studies and extended to systems not yet investigated by NMR
including hypothetical structures. Finally, this convention
allows systematicclassification of adducts, independent of
nucleoconstituent complexity or binding site.

Repulsive Energy Considerations. Repulsive-energy val-

%ased on the nature of the adjacent exocyclic substituent(s). As
'discussed above, these general outcomes are to be expected,
given the less encompassing nature of the platinum systems
under investigation.

With respect to the Pt(pmdien)(nucleobase) rotamers, it has

ues,Ex(Cr) for the binding of the Cr(CQ)eference probeEg- been fouqd that, although. not equivqlent structurally,. bpth
(PY) for the three selected platinum moieties, &Pt)o for conformations are very similar energetically and have similar

the Pt(NH); and Pt(dien) systems, are given in Table 2. The values ofEr(Pt). These are given in Table 2, where they are
Er(Ptko values are computed in the same wayEa¢Cr) and classified on the basis of the proposed absolute stereochemical

Er(Pt) except that the structures are minimized under the convention. For the bulky Pt(pmdien) probe, Biemagnitudes
constraint that the Pt coordination plane is held at @@h increase so as to approach the Cr(€@ference values.

respect to the nucleobase plane. THRgPt)o values for a N7 of Purines. For a perpendicular approach of a metal
perpendicular approach of the metal complex to the nucleobaseSpecies to a binding site, one might expect an adjacent amino
have been included as part of our investigation into the substituent to offer more initial steric hindrance than an oxo
relationship between steric effects and rotational flexibility about substituent. However, it is evident from tti&(Pt)oo and s

the PN bond. Table 3 gives the calculated steric inditgs, values that, for all three Pt species considered, the N7 positions

andld, for the various binding sites based on #&gCr), Eg- of adenine, guanine, and hypoxanthine are essentially equivalent
(Pt), andEr(Pt)yo values of Table 2. For a given metal species in this regard.

and a defined approachs andls' are calculated from th&g For Pt(NH)s and Pt(dien) adducts, tH& andls values for

(Cr and Pt) andEgr(Pt)o values, respectively, of Table 2 coordination to the N7 position of adenine are actually smaller
according tols = Er[N(nucleobase)Er[N(nucleobase)}in. than those for coordination to the N7 positions of guanine and

It is immediately apparent from the above data that, compared hypoxanthine. This, perhaps surprising, outcome appears to be
to the magnitudes of ther values for the Cr(CQ)probe, those related to the ability of the adenine system to achieve more
for Pt(NHs); and Pt(dien) are almost an order of magnitude relief of overall steric strain by rotation about the-&7 bond
lower and are not subject to the same clear steric discriminationthan that achieved by guanine or hypoxanthine. This may be
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> " compared to that of hypoxanthine, because of the initial greater
/ ——adenine /\ steric hindrance of the amino group. However, it is interesting
1000+ se» « guanine to note that for Pt(NkB)s and Pt(dien) thég andls values for
coordination to the N1 position of guanine and hypoxanthine
N o e are not significantly different.

X ’ N3 of Purines. The data of Tables 2 and 3 suggest that,
s, / unlike Cr(CO3},* the three Pt species may be accommodated at
104 \ A the N3 positions of the 9-methylpurines, with no structural
y distortions. The only noticeable structural feature distinguishing
\“"\.g / these systems from other adducts is the change in their “rocking
| , ; e . , angles™8 However, as is the case with Cr(Gg)for the N3
0 50 100 150 positions of purines, the values &x(Pt)o are significantly
Pt/N, Dihedral Angle higher than those for aII_ othersite_s. _Furtherm_or_e, these values
are closer to the repulsive energies in the optimized structures
Figure 5. Rotational profilgs of the Pt(dien)(nucle_obase) adducts with [the Ex(Pt) values] than those of all other sites. These two
N(7)-bound 9-methylguanine and 9-methyladenine. observations are attributed to significantly increased steric
hindrance and decreased, although still existent for Ps{iNH
and Pt(dien), flexibility about the PN bond associated with
these sites.
¢ As expected, more steric hindrance is encountered at the N3
position of 9-methylguanine for both the perpendicular and the
optimized approach for the three Pt systems. This is due to
the steric hindrance of the bulky amino substituent, which cannot

In the optimized lowest energy conformations of these systems, P€ €ffectively relieved by significant rotation about the-Rt
the dihedral angles of 65nd 68, respectively, lie within this ~ Pond-
range. N3 of Pyrimidines. The coordination of Pt(Nk)s and Pt-

N1 of Purines. From theEr(Pt)o andls values for the Pt- (dien) to the N3 positions of cytosine, uracil, and thymine, as
(NH3); and Pt(dien) probes and from tRg(Pt) andls values well as to the N1 position of guanine, presents a picture similar
for the Pt(pmdien) probe (for which the orientation is necessarily to that of the above N3 “slot positions” of the purines. As
constrained to the perpendicular), it is evident that the N1 expected, both syn and anti rotamers of the bulkier Pt(pmdien)
positions of adenine and hypoxanthine are essentially stericallyProbe prefer the less sterically demandislpt positions of the
equivalent with respect to a perpendicular approach, with no Pyrimidines over those of the purines.
discrimination between amino and oxo groups in a putative Benchmarking. An informative way of examining the data
initial attack, reflecting the situation for a perpendicular approach presented in Table 2 is provided in Figure 6. In these plots of
to the N7 of purines. the 12 nucleobase binding sites, the three seEx(ft) values

The Er andls values for the binding of Pt(Ngk to the N1 are each correlated with the correspondifiCr) benchmark
position of adenine are smaller than those for the coordination values for a “nonflat” metal species. These plots demonstrate
to the N1 position of hypoxanthine. This, again, demonstrates how a gradual increase of the bulk on either side of the
an ability to achieve more relief of overall steric strain by coordination plane leads to more similarity between the platinum
rotation about the PtN bond when the flanking substituent is  and chromium steric probes. We suggest that the correlation
an amino rather than an oxo group. As discussed previously coefficients for plots such as these may provide a means of
for coordination to the N7 position of purines, this also arises quantifying relative metal complex flathess with respect to a
because of the different relative profiles of the calculated given system. This may assist in determining whether such a
repulsive energy as a function of the Pt/Rtiihedral angle. structural attribute has a specific importance in the biochemistry
For Pt(dien) binding to the N1 position of adenine and of metal species. Such investigations are continuing.
hypoxanthine, th&g andls values are not significantly different. Binding Site Clustering and Classification. For the Pt-
This probably is due to the influence of the bulk of the en (pmdien) system, a clustering of coordination sites according
bridgeg2® on the flexibility about the PtN1 bond. In this to their steric demands is evident (Figure 6¢). Accordingly for
regard, the relationship between the steric demands of a carrierall systems, coordination sites are grouped in Table 3 with
ligand or an exocyclic substituent(s) or both and the flexibility respect to the relative magnitude ranges of thealues for
of rotation about the PtN1 bond is further demonstrated by  Pt(pmdien). Such clustering suggests that although flatter metal
the values for the respective deviations of B/Pdifiedral angles  species are not highly sensitive to the nature of neighboring
from the perpendicularA(B/PtNy), for the optimized adducts  exocyclic substituents (oxo, amino, or methyl), as is the
of Pt(NHs)z and Pt(dien) with N1 of adenine and hypoxanthine: encompassing Cr(C@jeference probe, these species are more

sensitive to their number and arrangement. These different types

understood by considering the variation in the calculated
repulsive-energy values as the B/Rtihedral angle changes.
Figure 5 depicts this function for Pt(dien) coordination to the
N7 position of adenine and guanine nucleobases. Because 0
differences in the relative steepness of the curveg:gthalues

for the adenine system fall lower than those for the guanine
over a B/PtN dihedral angle range of approximately-380°.

Pt(NHs)s Pt(dien) of binding sites are as follows: (1) one exocyclic group, two
N1(A) N1(H) N1(A) N1(H) atoms removed from the site (i.e., N7 position of purines), (2)
A(B/PtNy) 30 24 22 22 one exocyclic group and a hydrogen atom, adjacent to the site

(i.e., N1 position of hypoxanthine, N1 position of adenine), (3)
The N1 position of guanine is different from that in adenine two exocyclic groups, adjacent to the site (i.e., N1 position of
and hypoxanthine in that it is flanked by two exocyclic guanine, N3 position of pyrimidines), (4) one bulky methyl
substituents. Accordingly, a perpendicular approach of the Pt- substituent, two atoms removed from the site and a hydrogen
(NHs3)s and Pt(dien) probes results in significantly enhanced atom, adjacent to the site (i.e., N3 position of hypoxanthine,
values of Er(Ptlo and Is' for the N1 position of guanine N3 position of adenine), and (5) one bulky methyl substituent,
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Figure 7. Relationships between repulsive energies and dihedral angles
for the Pt(NH)s(nucleobase) systems. (a) Optimized molecular systems.
(b) Molecular systems optimized with the restriction of nucleobases to
the perpendicular orientation with respect to platinum coordination
plane. (c)AEr(Pt) = Er(Pt) — Er(Pt)o. Binding codes are the same as
those for Figure 6.

Figure 6. Correlation betweeRgr(Cr) andEg(Pt) for the three platinum
moieties: (a) Pt(NH)s, (b) Pt(dien), (c) Pt(pmdien). Binding site
codes: (1) N1(A), (2) N3(A), (3) N7(A), (4) N1(G), (5) N3(G), (6)
N7(G), (7) N1(H), (8) N3(H), (9) N7(H), (10) N3(C), (11) N3(T), (12)
N3(U).

two atoms removed from the site and an exocyclic group, Platinum compounds such &ss-[(NH3).PtCh] (cisplatin, cis-
adjacent to the site (i.e., N3 position of guanine). DDP), when binding monofunctionalf, would be expected

Complex Classification. The above investigations also to be of this type.
suggest that, qualitatively, three types of metal complexes may Adduct Flexibility. To further explore the relationship
be identified with respect to how the attribute of metal complex between steric effects and adduct conformational flexibility (via
flatness influences the steric aspects of monofunctional binding rotation about the PtN bond), the correlation amonig(Pt),
to endocyclic nitrogens on nucleobases. These are as follows:Er(Ptho, and AER(PY) [where AEr(Pt) = Er(Pt) — Er(Pthd]

(|) Complexes represented by Cr(%@/h|ch are character- and the dEVIQIIOH of the . B/PtNdIhedra| angle from the
ized by spherical symmetry and which can be described as non-Perpendicular in the optimized lowest energy conformations,
flat. Such encompassing species discrimihatethe basis of ~ A(B/PtNs), were investigated. Figure 7 presents these relation-
thenatureof the exocyclic substituent(s) (amino, oxo, or methyl) ships for the Pt(NB)s(nucleobase) adducts, which are almost
adjacent to the coordination site. identical to those of the Pt(dien)(nucleobase) adducts. From

(i) Complexes such as Pt(pmdien) which are not spherically Figure 7, it may be seen that although plotstaf versusA-
symmetrical but have severely restricted rotation about thélPt ~ (B/PtNs) present scatters, the plots for the perpendicular
bond because of the extent and distribution of bulk on either @PProach display a more linear relationship between the steric
side of the coordination plane. These clearly discriminate on @d conformational parameters. A clustering of coordination
the basis of thenumber and arrangementof neighboring sites of the kind discussed preV|ousI_y also becom_es apparent;
exocyclic substituents, vide supra. this is not unexpec_ted._ WhekEg(Pt) is plotted agamsA(B/

(iii) Complexes such as Pt(N§$ and Pt(dien), which may ~ PtNa), the correlation is even stronger. In fadtEr(PY) is
rotate about the PIN bond by up to 30from the perpendicular. ~ €fféctively proportional to the deviation of the B/Pittihedral
Such complexes tend to but will not necessarily discriminate @ngle from the perpendicular which emphasizes the importance
on the basis of the number and arrangement of exocyclic Of Steric effects for adduct geometry. Therefore, it is not

substituents in the vicinity of the binding site. Antitumor INappropriate to suggest that rotation of the nucleobase away
from the perpendicular operates asmmpensatorynechanism

to relieve the overall steric strain and that the increase in the
steric repulsion between a carrier ligand and exocyclic functional

(21) (a) Martin, R. BAcc. Chem. Red.985 18, 32. (b) Hambley, T. W.
Inorg. Chem.1991, 30, 937.
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groups upon rotatiom\Eg(Pt), limits the extent to which such In terms of their degrees of flatness, complexes classed as

rotation can occur. type iii, represented here by Pt(M and Pt(dien), model a
monofunctional attack of cisplatin on DNA. It is evident that

Conclusions the N7 positions of adenine and guanine, which are considered

) . . . to be of most biological relevanégare essentially sterically
This work presents a detailed analysis of steric effects for gqyivalent with respect to an initial monofunctional attack by
the interaction of monofunctional platinum(ll) complexes with g ,cp species. Therefore, steric considerations do not suggest

endocyclic nitrogen sites on pugleopases. It has been dgmonthat such an attack on the N7 position of guanine is preferred
strated that the extent and distribution of steric bulk on either {5 an attack on the N7 position of aden#ife However, upon

or both sides of the coordination plane (metal complex flatness) coordination, rotation about the PN7 bond of adenine has
together with the steric demands of the binding site are important yeen demonstrated to have a different steric character than
in defining the conformation of the final adduct and may be 4ation about the PIN7 bond of guanine, with the former being
determinative of site selectivity. better able to absorb the resulting steric repulsion over a wide
With respect to the attribute of metal complex flatness, three rotational range. This might be expected to influence the
categories of complex have been identified which, upon formation and the geometry of a consolidated bis adduct. This,
monodentate coordination, sterically discriminate in different in turn, would impinge upon the finer details of DNA mo#fs
ways between the various endocyclic nitrogen sites on nucleo-resulting from GG and AG cross-link3. Work is in progress
bases. In particular, it has been demonstrated that whereas foko accumulate experimental data on the binding of the three
spherically symmetrical, encompassing species, such as G(CO) platinum species described here to sites on nucleobases, whereby
steric effects for coordination to nucleobases are determinedsome of the suggestions of the present study may be tested.
by the individual nature of neighboring exocyclic substituénts, o ) )
those for flatter metal species are determined more by the Acknowledgment. We thank Victoria University of Tech-
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