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To the best of our knowledge, for the first time the stabilities of sexternary complexes are determined by
potentiometric pH titrations in aqueous solution at’5andl = 0.1 M (NaNQ). The sexternary complexes

form by binding of the binary Cu(Arm) complexes, where Arns 2,2-bipyridine (Bpy) or 1,10-phenanthroline

(Phen), to the-PO;2~ group present in the quaternanig-(NHs),Pt(dGuo)(dGMP) complex. It is shown by stability
constant comparisons and spectrophotometric measurements (observation of charge-transfer bands for the Phen
system) that thedis{NH3),Pt(dGuo)(dGMP)Cu(Arm)Z" complexes can fold in such a way that aromatic ring
stacking between the aromatic rings of Bpy or Phen and a guanine residue (most probably the one $f)dGMP
becomes possible. The formation degree of the stacks reaches approximately 25 and 50%cief Xés),Pt-
(dGuo)(dGMP3Cu(Bpy)E+ and kis{NH3),Pt(dGuo)(dGMP)Cu(Phen}{™ species, respectively. By comparisons

with Cu(Arm)(dGMP) complexes, it is shown that tlees{NH3),P" unit coordinated to N7 of the guanine
residues in the sexternary complexes inhibits stacking but does not prevent it. This result is of general importance
because it demonstrates that in aqueous solution purine residues of nucleotides or nucleic acids that carry a metal
ion at N7 can still undergo stacking interactions with other suitable aromatic ring systems.

1. Introduction interaction has been proposed to occur, for example, in an
enzymatic reaction involving adenosinetBphosphate (ATP)

Recognition reactions in nature are governed to a large part_ ZR+5 in a Mc?*-dependent ribozymand it has been

by hydrogen bonding and/or hydrophobic as well as stacking . - . - .
interactions:—* Well-known, for example, is the stack formation prove;wgfor (amineP* units and N7 of guanine residues in
between a purine residue of a nucleotide or nucleic acid and DNA.>
the indole moiety of tryptophan in the free amino acid as well ~ For the present study we used tig-(NHz)P&* unit, which
as in a proteird:4 is derived fromcis{NHz3),PtCh, well-known for its antitumor

To quantify such stacking interactions and to obtain data activity 8% and synthesizéd the quaternary complexis-
allowing comparisons, we use the heteroaromatic amines (Arm), (NHz)-Pt(Z-deoxyguanosin&7)(dGMP-N7), which is abbrevi-
i.e., 2,2-bipyridine (Bpy) or 1,10-phenanthroline (Phen), as one ated in the following as Pt(dGuo)(dGMM™This complex also
of the aromatic ring component§.One of our aims is to see if ~ represents a simple modefor the coordination sphere afs-
a metal ion coordinated to N7 of a purine residue affects the (NH3),P£" in its preferential intrastrand binding pattern to DNA
stacking properties of the nucleobase. Such a metathoh via two guanine residué< In the presence of, for example,
Cu(Pherd*" the quaternary complex acts via its phosphate group
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(Phen)+ (Figure 1}314is formed. This complex can fold such
that the aromatic rings of Phen can interact with the guanine
residue(s). The corresponding complex formation is also possible
with Cu(Bpy}+. A stacking (st) interaction of the indicated kind
should be reflected in an enhanced overall complex stalifity
compared to that of the open (op) isomer in which Cu(Bpy)

or Cu(Pherd" are only phosphate-coordinated.

For a meaningful evaluation and discussion of the measured
stability constants for the mentioned systems, it was necessary
to determine first the equilibrium constants of the various
subunits of which the sexternary complexes are composed. We
have done this for the past few years by establishing a linear
relationship between the logarithms of the stability constants Figure 1. Formal chemical structure of the sexternacisfNHz),Pt-

of M(R-PGs) complexes, |09<M(R.p03,): and the negative loga-
rithms of the acidity constants of the corresponding monopro-
tonated H(R-P@)~ species, KH(R_P@, for several simple
phosphate monoester ligands€including methyl phosphaté.
Next we studied the binary Cu(dGM®)and the ternary Cu-
(Bpy)(dGMP) and Cu(Phen)(dGMP) complexXésas well as
the affinity of the phosphate group in Pt(dGuo)(dGMP) toward
Cu2", which leads to the quinternary [Pt(dGuo)(dGMB)JZ™
complex!! All these results together allow now the unequivocal

(dGuo)(dGMP3Cu(Phen)t complex. The dGuo and dGMPligands

are depicted in the anti conformation, which usually dominates for
purine nucleotide® In complexes of the indicated kind the two guanine
residues are usually in a head-to4adonfiguration (see ref 14b) with

a nucleobasePtN, angle close to 50(see ref 14b).

sexternary ¢is{NHs).Pt(dGuo)(dGMP)Cu(Arm)*"* complexes showed

no dependence on the excess amount of@um used in the
experiments. The results given in section 3.2 are the averages of four
independent pairs of titrations.

conclusion that in the sexternary complex systems (Figure 1) The details regard_ing the spectroph(_)tometric measurements are given
in aqueous solution a stacked isomer, [Pt(dGuo)(dGMP) in the legends for Figures 3 and 4 (vide infra).

Cu(Arm)]s#™, is formed.

2. Experimental Section

2.1. Materials. The quaternary complexcis-{NHzs)Pt(dGuo)-
(dGMP)]'5H,0 was synthesized as descridédlhe heteroaromatic
amines, i.e., 2,2bipyridine and 1,10-phenanthroline monohydrate (both
pro analysi), were obtained from Merck AG, Darmstadt, Germany. All
the other materials were the same as used previdtsly.

2.2. MeasurementsThe apparatus and the concentrations used in
the experiments were the same as previotishyt instead of Ctt
now a Cd*/Arm 1:1 ratio was employed. See in this context also the
comment given in section 3.1 regarding the stability of Cu(&tni
connection with eq 5. The calculated stability constants for the

(12) Abbreviations and definitions. Arm, heteroaromatic amine or nitrogen
base, i.e., Bpy or Phen; Bpy, 2-Ripyridine; dGMP~, 2'-deoxygua-
nosine 5monophosphate; dGuo,-8eoxyguanosine; GMP, gua-
nosine 5-monophosphate; & = CW?*, Cu(Bpy?*, and Cu(PhenR)y
or general divalent metal ion; Phen, 1,10-phenanthroline; Pt(dGuo)-
(dGMP), cis{NHz3),Pt(dGuo)(dGMP) (see also Figure 1); R£Q

3. Results and Discussion

3.1. Definition of Equilibrium Constants and Values for
the Acidity Constants. The phosphate group of-Beoxygua-
nosine 5monophosphate present in Pt(dGuo)(dGMP) can
accept two protons; hence, the following two deprotonation
reactions need to be considered:

R-P(O)(OH) = R-P(O}(OH) +H" (1a)
_ [R-P(O)(OH) TH "]
KRpo)oH), = [R-P(0)(OH)] (b)
R-P(O)(OH)" =R-PO* + H" (2a)
R-PQZH™
E—P(O)Z(OH) = [ % M ] (2b)

[R-P(O)(OH) ]

simple phosphate monoester or phosphonate ligand with R representing
a noncoordinating residue (see also legend for Figure 2). Species givenHowever, Pt(dGuo)(dGMP) also has two (N 1)H sites at the

in the text without a charge either do not carry one or represent the
species in general (i.e., independent from their protonation degree);

which of the two versions applies is always clear from the context.
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1999 121, 9133-9142.
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1985 100, 151-164.

(16) Martin, R. B.; Sigel, HComments Inorg. Chemi988 6, 285-314.

(17) Massoud, S. S.; Sigel, Hhorg. Chem.1988 27, 1447-1453.

(18) Sigel, H.; Chen, D.; CoifuN. A.; Greday, F.; Holy, A.; Strask, M.
Helv. Chim. Actal992 75, 2634-2656.
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guanine residues (Figure 1) that can be deprotonated and thus
give rise to equilibria 3a and 4a:
Pt(dGuo)(dGMP¥= [Pt(dGuo)(dGMPyH] ™ + H"

[[Pt(dGuo)(dGMPY}-H] J[H]
[Pt(dGuo)(dGMP)]

(32)

(3b)

H —
KPt(dGuo)(dGMP)_

[Pt(dGuo)(dGMPY-H] =

[Pt(dGuo)(dGMPY-2H]* + H" (4a)

[[Pt(dGuo)(dGMPY-2H]* J[H 1]
[[Pt(dGuo)(dGMPY-H] ]

(4b)

KH —
[Pt(dGuo)(dGMPY-H] —

Complex formation with Pt(dGuo)(dGMP), the complex itself
acting as a ligand, occurs at the phosphate group and is
represented by equilibrium 5a:

Pt(dGuo)(dGMP)} M?" = [Pt(dGuo)(dGMPM]** (5a)
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K _ [[Pt(dGuo)(dGMPIM]*'] (5b) Cu(Army¥" + [Pt(dGuo)(dGMP)Cuf" =
(PHAGUONACMPMI ™ ot 4G U0) (AGMP)]M] [Pt(dGuo)(dGMP)Cu(Arm)* + Ci#* (9a)

1OA|09 Keuarmipt(dGuo)(demp)—

In equilibrium 5a and in eq 5b, M represents Ct1, Cu(Bpyf™,
or Cu(Pherd*. Under our experimental conditions (see section [Pt(dGuo)(dGMPYCu(Arm)* [Cu*']
2.2)"1 the formation of the Cu(Arm3) complexes is practically 2+ 2+
complete in the pH range used for the evaluation, as was evident [CutArm)™[[PYdGuo)(dGMP)CuI™]
from the titrations in the absence of R-RQhis agrees with A loa K — log KCu(Am) _

the known high stability of the Cu(Bp¥) and Cu(Pher} 09 Rewamipidcuo)dempy 109 PUGGUO)UGMPICU(A)
complexes? _ l0g Kipyacuoydampicy (10)

The release of the first proton from theP(O)(OH) group

of H[PY(dGuo)(dGMP)" (eq 1) occurs with als value below g the Jeft side is favored with negative values fofog K, in
L5, as is known from C5OPO(OH) and related acidSand  4greement with statistical consideratidhs.e., A 10g Keusiast

is therefore not of relevance in the present context. The release~”_q 5 The values for the corresponding Bpy and Phen systems
of the second proton from the same group (equilibrium 2a) takes according to eq 10 are

place with pK:[Pt(dGuo)(dGMP)]z 5.85 + 0.04, as determined
recently}! and confirmed now. The deprotonation reactions —

accord?iwg to equilibria 3a and 4a occu?witl(djvalue§3 of A l0g Keugpyyasuoyacmef™ (2:75:+ 0.06) ~ (2.60++ 0.08)
8.20 + 0.03 and 9.05+ 0.10, respectively! The first value =0.15+0.10 (11)
refers largely to the (N1)H deprotonation of dGuo and the

second one to that of the corresponding site of dG¥&ince A log Keyphenpidcuoydomey (2.93+ 0.09)— (2.60+ 0.08)
both deprotonation reactions occur in a pH range that is not _

relevant for complex formation at the phosphate group; both =033+£0.12 (12)
acidity constants are not needed in the present evaluation.

The error limits given above and also in the following sections
are always3 timesthe standard error of the mean value or the
sum of the probable systematic errors, whichever is larger. The
error limits of all derived data were calculated according to the
error propagation after Gauss.

3.2. Stability Constants of the Sexternary Complexeshe
above-mentioned acidity constabitsand the measurements
regarding the stabilities of the various complexes were deter-
mined via potentiometric pH titrations (25C; | = 0.1 M
NaNQ). The experimental data of the titrations of the*¥
Pt(dGuo)(dGMP) systems can be completely described by
considering the constants due to equilibria 2a and 5a, providedCu(Army’* + Cu(CH,0PQ,) =
the evaluation of the (_jata is restricted to the pH range below Cu(Arm)(CH,0PQ) + Cut (13)
the onset of the formation of hydroxo complexes. The measured
stability constants as defined by eq 5b are

(9b)

These values are clearly larger for both systems than
statistically expected; in fact, sinaklog Kcwampidcuo)demp)
> 0, equilibrium 9a is significantly shifted to the right-hand
side. Consequently, these mixed ligand complexes show an
increased stability, yet regarding its interpretation some care
needs to be exercised because an increased complex stability is
expected for complexes formed by a divalent transition metal
ion and a heteroaromatic N base and an O donor ligarfd.
However, for the following equilibrium involving methyl
phosphate,

A log KcyphenicHoro, amounts only to 0.0% 0.0428 Since the

log KEU =260+ 0.08 6 valu_es of egs 11 and 12 are cIearIy_ Iarg_er, this is the f|_rst hint
9 Fipdcuoydempicu () that in the sexternary complexes a direct intramolecular ligand

ligand interaction occurs. It needs to be emphasized that the

Cu(Bpy) —
log K[Pl:(dgﬁo)(dGMP')Cu(pr)] =2.75+0.06 (7) concentration of Pt(dGuo)(dGMP) in the experiments was such
that self-association is certainly negligible (on the basis of the
log Kipiheen dempicueheny= 2-93 0.09 (8) self-stacking properties of guanine residudjis also applies

to the Cu(Arm§+ species?3!
The stability constant of the quinternary complex (eq 6), taken 3.3, Evaluation of the Stability of the Sexternary Com-
from our earlier work! was confirmed within the given error  plexes and Evidence for an Intramolecular Stacking Interac-
limits and can thus be used for comparisons with the stabilities tion. Another way to evaluate the stability of Eucomplexes
of the sexternary complexes. formed with a—PQO;2~ residue rests on the previously estab-
One way to quantify the stability of mixed ligand compleXes  jishect829 straight-line correlation for the IOl g pq) VErsus

is to consider equilibrium 9a; the corresponding constant (eq K+ lot (eq 14), where R-P@" represents phosphate
9b) is calculated with eq 10. According to the general rule for PKii-poy Plot (eq 14), P prosP

complex stabilitiesk, > Kz, one expects that in equilibrium (26) Malini-Balakrishnan, R.; Scheller, K. H.;Hag, U. K.; Tribolet, R.;
Sigel, H.Inorg. Chem.1985 24, 2067-2076.

(22) (a) Anderegg, GHelv. Chim. Actal963 46, 2397-2410. (b) Irving, (27) (a) Sigel, H.; Fischer, B. E.; Prijs, B. Am. Chem. Sod.977, 99,
H.; Mellor, D. H. J. Chem. Socl962 5222-5237. 4489-4496. (b) Sigel, Hinorg. Chem.198Q 19, 1411-1413.
(23) These values are also confirmed now. (28) Zhao, J.; Song, B.; Saha, N.; Saha, A.; Giefra; Bastian, M.; Sigel,
(24) The two K, values are separated only BypK, = 0.85+ 0.10, and H. Inorg. Chim. Actal996 250, 185-188.
therefore, the corresponding buffer regions are overlapping. A detailed (29) Sigel, H.; Massoud, S. S.; Corfd. A. J. Am. Chem. S0d994 1186,
evaluation of this situation via a microacidity constant scheme is given 2958-2971.
in ref 11. (30) Chen, D.; Bastian, M.; GrégaF.; Holy, A.; Sigel, H.J. Chem. Soc.,
(25) (a) Sigel, HChimia1967, 21, 489-500. (b) Sigel, HAngew. Chem., Dalton Trans.1993 1537-1546.
Int. Ed. Engl.1975 14, 394-402. (c) Sigel, H. InCoordination (31) (a) Tribolet, R.; Malini-Balakrishnan, R.; Sigel, H. Chem. Soc.,
Chemistry-20 Banerjea, D., Ed; IUPAC, Pergamon Press: Oxford, Dalton Trans.1985 2291-2303. (b) Mitchell, P. RJ. Chem. Soc.,

New York, 1980; pp 2745. Dalton Trans.198Q 1079-1086.
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C
3.8 log A gyam = l0g K[Pl:((ggﬂz))(dGMP-)Cu(Arm)] -
C
3.6 1 log Kipyacuoydempicy) — A 109 Keuamrpg (152)
3.4 | [P{dGuo)(dGMP)-Cu(Bpy)** _ AlogK B
| [PHAGUO)(AGMP)-Cu(Phen) |2 = CU/Arm/PY{(dGuo)(dGMP)
R 3.2 Cu(R-POy) Alog Kewamir-po, (15b)
» 3.0
8 28 = Cu(CH;0PO,) Equation 15b results from the combination of eqs 10 and 15a.
2% © Values for A log Kcuyamr-pg are representative of those
N 2.6 ® < [P{dGuo)(dGMP)-Cu]?* mixed ligand complexes in which no intramolecular ligand
o0 ligand interaction between Cu(Ar#&i)and the residue R of the
2 244 R-PQ2~ ligands can occur. Such ligands argibose 5-mono-
224 phosphate, methyl phosphonate, and ethyl phosphonate; indeed,
T these ligands have previously been #8eib establish the
2.04 _ T T following values:
15, 1 TUMPZTdTMPZ'T T P
' Alog Keygoyirpa = 0.02+ 0.04 (16)
1.6 { NPhP>~  PhP* RibMP*" BuP>”  MeP*~ CuBpYREa
50 54 58 62 66 70 74 7.8 A'log Keyphenr-pg= 0-03+ 0.03 7)
H
PKH®P0,) It may be added that the results given in eqs 16 and 17 are in

Figure 2. Comparison of the stabilities of the sexternaris{(NH3)-- excellent agreement with those obtained for the corresponding
Pt(dGuo)(dGMPICu(Arm)P** complexes ¢, @), with that of the systems containing methyl phosphate (see also eq 13 and the
quinternary £is{NHs),Pt(dGuo)(dGMP)Cu}*" complex @), and with Alog K value given there¥®

the r?'aﬂonspicpﬁbet.‘t";]ee” "KEE(R-Fioa) %”d ﬂ<:t(R-P03) for tthe 1:1h Combination of the constants given in eqs& 16, and 17
complexes o with some simple phosphate monoester or phos- . : i

phonate ligands (R-P") (O): 4-nitrophenyl phosphate (NPAB, together with eq 15 leads to the following results:

phenyl phosphate (PAP, uridine 3-monophosphate (UMP), b-ribose

5-monophosphate (RibMP), thymidine [=1-(2-deoxy#-b-ribofura- log Agygpy = (2.754 0.06)— (2.60+ 0.08) —

nosyl)thymine] 5monophosphate (dTMP), n-butyl phosphate (BuP), (0.02+ 0.04)
methanephosphonate (Melp, and ethanephosphonate (EtP(from

left to right). The reference line, on which also the data point fot"'Cu =0.13+0.11 (18)

CH;OPQ2 (©) fits,?8 is drawn with eq 14. The points due to the
equilibrium constants for the M/cis{NH3)-Pt(dGuo)(dGMP) systems 109 Agphen= (2.93+ 0.09)— (2.60+ 0.08)—

(®, ¢, ®) are based onIﬁj[F,[(UleuU)@'GMF,)]= 5.85 and the values given (0.03+ 0.03)
in egs 6-8. All the plotted equilibrium constant values refer to aqueous ' '
solutions at 25°C andl = 0.1 M (NaNQ). =0.30+0.12 (29)

monoester or phosphonate ligands (see Figure 2) in which theThe observed stability increases as expressed in egs 18 and 19
residue R is unable to interact with &2 are clearly attributable to stacking between the aromatic rings

of Bpy or Phen and the guanine residue(s), since in the
sexternary §is{NHz),Pt(dGuo)(dGMP)Cu(Arm)?* complexes

Cu _ H _
l0g Keur-pay = 0-465 Kiyr.poy — 0.015 (14) (Figure 1) no other intramolecular ligartigand interaction is

) ) _ ) ~ possible.
This straight reference line as well as the data points resulting |t is probably helpful in the present context to elaborate further
from the stability constants of the [Pt(dGuo)(dGMBY*, [Pt- on the meaning of lodsyam, i.€., the enhanced complex

(dGuo)(dGMP)Cu(Bpy)F*, and [Pt(dGuo)(dGMPELu(Phenf* stability reflecting the intensity of the intramolecular stacking

complexes (egs-68) and the corresponding acidity constant interaction (see also section 3.5). The constaltf 2@am is the

pK;‘[pt(dGuo)(dGMp)]z 5.85 (section 3.1) are shown in Figure 2. ratio of two equilibrium constants (eq 15b). Consequently,
The data point for the quinternary complex falls below the 10°0“sam must itself be a constant that defines the position of

reference line (Figure 2), indicating an inhibitory effect. Indeed, an equilibrium. Indeed, it is

this negative stability difference-0.114 0.10)! reflects the

repulsion between Cti and the 2-fold positively charged [Cis-(NH3)2Pt(dGu0)(dGMP-)Cu]2++Cu(Arm)(R-PQ)=

platinum(ll) unit located at N7 of dGMP .11 Since the same [cis-(NH.),Pt(dGuo)([dGMPCu(Arm)P" +
repulsive effect also operates in the sexternary complexes, their 32
stability must directly be compared with that of the quinternary Cu(R-PQ) (20)

complex; yet to obtain the stability enhancement due to a

possible intramolecular stacking interaction, it needs to be In equilibrium 20 the ligand R-P$" represents a phosphate

remembered that the observed stability increase (see Figure 2jynonoester with a group R that is not suitable for any kind of
contains also a contribution due to the simple Cu(&m)O interaction. To give a specific example, equilibrium 20 is
donor interaction (see final paragraph in section 3.2) that must rewritten with methyl phosphate:

be deducted. These reasonings then lead to eq 15: ot
[cis{NH,),Pt(dGuo)(dGMP)Cu]"" + Cu(Arm)(CH,0PQ,)

(32) The error limits of log stability constants calculated with given = [(;is-(NH3)2Pt(dGuQ)(dG|\/|P-X;U(Arm)]2+ + Cu

K I d eq 14 are-0.06 | its (3) in th
PanHéFé_pg)eﬁz%es and eq ar 0og units (3) in the Ka (CH3OP03) (21)
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1.0

0.181 .
0.84 0.164
0.141 360 nm
0.6
< 0.12 -
0.4 < 4101
< 010 -
0.2 AN 0.081 400 nm
1 0.061 > .
0.0 " ; — 7 0041
’ N 440 nm
0.021 ©
0.29
0.00 T T T T T
< 0 2103 410 6108 8103 10103 12:103
< [Cu®*/Phen]
0.17
S Figure 4. Evaluation of the UV absorption difference spectra for the
4 cis{NHj3),Pt(dGuo)(dGMP)/Ct#/Phen systems. All conditions are
identical with those given in Figure 3 except that now various
0. T — ) T ; . f ;
320 350 200 250 500 550 concentrations of 1:1 Ct&/Phen mixtures were used to obtain the

different data points. The solid line is the computer-calculated best fit
of the experimental data points by using kg, = 1.56 (eq 23). See
text in section 3.4.

A (nm)

Figure 3. Upper part: absorptionA) spectra of (1)cis{NHs).Pt-
(dGu0)(dGMP) (2x 1073 M), (2) Cu(NQs)/Phen [each 3« 1072 M; o , . .
Cu(Phen?* is practically completely formed under the given conditions; in Figure 3, confirm the formation of stacks in the sexternary
see comments in section 3.1 in connection with eq 5], and (3) the species. The difference spectra reveal the occurrence of new
mixture of the mentioned reagents (always) at pH 4.50 in agueous absorption bands at approximately 340 and 350 nm and also a
solution (25°C; 1 = 0.1 M, NaNQ) taken in 1 cm quartz cells versus  proad shoulder at about 46@40 nm in accordance with

0.1 M NaNQ. Lower part: difference absorptiod\@) spectrum for previous observations of various Cu(PHenicf. ref 35) and
the sexternary system in the given concentrations measured in (4) 1 Cu(BobvR+ (cf f 34 leotid I th | |
cm cells, i.e., the reference beam contained one cell with/@hen u( py)2 (cf. re ) nucleotide as well as other closely

and a second one wittis{NHs).Pt(dGuo)(dGMP); the sample beam related® systems. In fact, the present difference spectrum is quite
contained one cell with the mixed system and one with water. NaNO Similar to the one observed recently for the closely related
was added to all four solutions to maintdin= 0.1 M. The pH was  dGMP/Cu(Pher?) systen?!

always adjusted to 4.5& 0.02 (at higher pH hydroxo-complex To be able to relate the stability constant measured via
formation occurs). Spectrum 5 is an expansion of spectrum 4 by a facmrpotentiometric pH titrations for the sexternargis{NHs)-Pt-

of 2. The spectra were measured with a Cary spectrophotometer n - )
connected to a Compaqg 2000 5/166PC computer and a HP Deskjet(dGuo)(dGMP)Cu(PhenH complex with the spectrophoto

1600CM printer. metric measurements, we have carried out several experiments
by altering the excess of Cu(Phéh)ver Pt(dGuo)(dGMP);
It is evident that the coordination spheres of theé"Cions on clearly, with increasing amounts of Cu(Ph&njhe absorption

both sides of equilibria 20 and 21 are identical; hence, the values(A) Of the charge-transfer bands should increase because the
for log Asyam (€gs 15, 18, 19) truly reflect the extent of the fo_rm_atlon degree of the sexternary comple>§ is _|n_creased. Inde_ed,
intramolecular stack formation in the sexternacjs{NHs),- this is observed, as can be seen from the individual data points
Pt(dGuo)(dGMP)Cu(Arm)2+ species. Of course, [ofjsyam > given at 360, 400, and 440 nm in Figure 4, where the difference
0 (i.e., 10P92am > 1) means that equilibrium 20 (or equilibrium absorption AA) is plotted as a function of the concentration of
21) is shifted to its right side. Cu(Phenj". _ o
3.4. Spectrophotometric Confirmation of Stacking in the For a more de;alled evaluation it must be recalled that th'e
Pt(dGuo)(dGMP)/Cu(Phen}*+ System.The results of section spectroph.o.tometr.lc measurements were made at pH 45at which
3.3 provide indirect evidence obtained via stability constant & COmpetition exists between'+Hand Cu(Pheriy for binding
comparisons for stack formation. Direct evidence for the at the—POs group of Pt(dGuo)(dGI\_/IF%? This competition
formation of stacks can be obtained via eithErNMR shift can be taken into account by calculating the so-cadjgpiarent
experiments® or spectrophotometric measuremetits26 Be- S'Fablllty constants with eq 22,which are then valid only for a
cause of the line broadening effects ofCuthe first-mentioned ~ 9iven pH value:
method is excluded. However, the second method, which is
based on the experience that the formation of stacked adductdog Kappz log Kf;;“tgéﬁ?,ﬁ(dwpm@hen)]—
;sh(;(arllgebcetesdu\i/g&g?e observation of charge-transfer ba#fd¥ log(L+ [H+] /K:[Pt(dGuo)(dGMP )} (22)
Indeed, the spectrophotometric measurements carried out for

the Pt(dGuo)(dGMP)/Cu(PhéH)system, which are summarized APPlication of the acidity constantifieucuoacry = 585
and the stability constant given in eq 8 gives for pH 4.5 and

(33) (a) Sigel, H.; Malini-Balakrishnan, R.; Hag, U. K. J. Am. Chem. the [Pt(dGuo)(dGMPLu(Phen)* complex the following ap-
Soc.1985 107, 5137-5148. (b) Liang, G.; Tribolet, R.; Sigel, H.

Inorg. Chem.1988 27, 2877-2887. (36) (a) Masuda, H.; Sugimori, T.; Odani, A.; Yamauchi,l@org. Chim.
(34) (a) Naumann, C. F.; Sigel, H. Am. Chem. Sod.974 96, 2750~ Acta 1991, 180, 73—79. (b) Sugimori, T.; Masuda, H.; Ohata, N;

2756. (b) Chaudhuri, P.; Sigel, 3. Am. Chem. So4977, 99, 3142- Koiwai, K.; Odani, A.; Yamauchi, Olnorg. Chem.1997, 36, 576~

3150. (c) Farkas, E.; Fischer, B. E.; Griesser, R.; Rheinberger, V. M.; 583.

Sigel, H.Z. Naturforsch. B1979 34, 208-216. (37) The stability of unbridged stacks formed between Cu(Pheajd
(35) (a) Mitchell, P. R.; Sigel, HJ. Am. Chem. Sod 978 100, 1564— guanine residues is relatively lot;this is especially true if one

1570. (b) Dubler, E.; Hang, U. K.; Scheller, K. H.; Baltzer, P.; Sigel, considers also the inhibiting effect of N7-coordinated platinum(ll) (see

H. Inorg. Chem.1984 23, 3785-3792. below).
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parent log stability constant: Table 1. Extent of Intramolecular Stack Formation in Sexternary
[cis{NH3),Pt(dGuo)(dGMP)Cu(Arm)?* Complexes (See Also
_ _ Figure 1) as Calculated from Stability-Constant Differences,
— 45 5.8
log K pp= 2.93— log[1 + (10 710 b) log Asyam (Egs 15, 18, 19): Intramolecular and Dimensionless
3 Equilibrium ConstanK, (Egs 24b, 25) and Percentage (Eq 26) of
=2.93— log(1+ 10"%) the Stacked Species in Aqueous Solution a 0.1 M (NaNQ) and
25°Ca
=2.93—1.37=1.56 &0.10) (23)
%
- stacked
The curves seen in Figure 4 represent the computer-calcu- complex 10gAsyAm K, species

lated nonlinear least-squares fits through the various experi- [PdGU0)(dGMPICUBpy)E° 013+ 011 0355034 264 10

mental data points by using the 1&g, value of eq 23. It is [Pt(dGuo)(dGMP)Cu(Phenfj* 030+ 0.12 1.00+ 0.55 50+ 14
evident that the fits are excellent, despite the variation of the cy(Bpy)(dGMP) 13.6H1 3.56 86+ 9

experimental data points, thus confirming the connection Cu(Phen)(dGMP) 19.14 5.11 89+ 7
between the results of _the two totally different experimental ., o corresponding resutsfor the temary Cu(Arm)(dGMP)
methods employed in this research and thus, consequently, als@omplexes are given for comparison. For explanation of the error limits
confirming the formation of intramolecular stacks in the see the final paragraph in section 3.1.
sexternary species.

3.5. Determination of the Formation Degree of the Stacked larger Phen stacks somewhat better with guanine residues than
Complexes.The occurrence of a folded conformation with an  Bpy.
intramolecular stack of the sexternary complexes (Figure 1) aS, conclusions
it has now been proven (section 3.4), does not mean that all o
[cis{NH3)-Pt(dGuo)(dGMPICu(Arm)2+ species exist in this What does a stack inis{NH3),Pt(dGuo)(dGMP)Cu(Arm)

an “open” (op) and a “stacked” (st) form as indicated in @ sSingle “fixed” stacked isomer can be expected, but the aromatic

equilibrium 24a must be considered: ring systems participating in a stack can be somewhat shifted
and twisted toward each other, thus giving rise to a whole family
of closely related stacked species that differ very little in their

[cis{NH,),Pt(dGUO)([dGMPICU(Arm)], 2" = onergy content,

[cis{N H?,)ZPt(dGuo)(dGMP-)Cu(Arm)]StzJr (24a) For the present case the structure observed in the solid“8tate
for [(ethylenediamine)Pt(H;GMIR7),]-9H,0 appears as most
[[cis-(NH3)2Pt(dGuo)(dGMP-)Cu(Arm)]Sf* relevant. In this complex the two guanine bases are in a head-
| == o (24Db) to-tail arrangement, with a dihedral angle of only’ 3&hich is
[[cis{NH3),Pt(dGuo)(dGMP)Cu(Arm)],; indicative of substantial intramolecular base stacking. Hence,

it appears highly unlikely that in the present complex, for which
The dimensionless constal{t of this equilibrium is defined a similar structure is expected, Bpy or Phen is intercalating
by eq 24b' Values forK; may be calculated (for details see between the guanine residues of dGuo and dGMP. Instead, the

refs 15 or 39) with eq 25: rings of the heteroaromatic amines stack most probably with
the guanine residue of dGMP, since this residue is sterically
K, = 1009 Asvam _ 1 (25) most easily accessible incig{NH3),Pt(dGuo)(dGMP)Cu-
(Arm)]2*.

However, the most important point of the present results,
independent of the detailed structure of the stack(s), is that a
metal ion bound to N7 of a guanine residue does not pre-

The stability difference log\syarm Needed in eq 25 has already
been defined in eq 15, and the corresponding values for the
two sexternary complexes considered in this study are given invent stacking interactions of this residue with another suit-
egs 18 and 19. Values fé&§ can be calculateq, from which the able aromatic ring system. The N7-coordinatisi(NHs),P&*
percentage of the folded or stacked species (eq 24a) can b(?.mit only diminishes the extent of stacking. It remains open if

obtained with eq 26: this is solely due to steric restrictions or if a redistribution of

charge density in the purine system connected with the metal
% [cis-(NH,),Pt(dGuo)(dGMP)Cu(Arm),>* = ion N7 coordination is also partially responsible for this effect

100K,/(1 + K)) (26) due to an alteration of the doneacceptor properties. How-

ever, the result that stacking is weakened but still possible in
aqueous solution is in accord with observations made in the
solid state of a duplex DNA dodecarfiethat contained a&is-
(NH3),P£"-N7 intrastrand cross-link to two adjacent guanine
residues.

The results of the calculations according to eqs 25 and 26
are summarized in Table 1, together with some recent related
dat#! regarding stack formation in ternary Cu(Arm)(dGMP)
complexes. Two main conclusions are immediately evident from ) ]
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