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Acid - Base and Metal-Ion-Binding Properties of the Quaternary
[cis-(NH;),Pt(dGuo)(dGMP) | Complex Formed Between
cis-Diammineplatinum(y, 2’-Deoxyguanosine (dGuo), and
2'-Deoxyguanosine 5'-Monophosphate (dGMP?") in Aqueous Solution**

Helmut Sigel,* Bin Song, Gerda Oswald, and Bernhard Lippert*

Abstract: For the first time the acid—
base properties of a quaternary Pt!!
complex, [cis-(NHj;),Pt(dGuo)(dGMP)],
are evaluated, as are the quinternary
complexes resulting from its affinity for
further metal ions. To this end the acid—
base properties of dGMP?~ (ref. [17]),
dGuo, and of the quaternary complex
resulting from their coordination to cis-
(NH;),Pt*>* were determined by poten-
tiometric pH titrations. Owing to the
presence of the N7-coordinated cis-
(NH;),Pt(dGuo)’** moiety, the release
of the proton from the -P(O),(OH)-
group of  [H{cis-(NH;),Pt(dGuo)-
(dGMP)}]* is favored by ApK,=
0.44 compared with H(dGMP)-
(pKHaomp) = 6.29). The two H(N1) sites
in the quaternary complex are on aver-

with the acidity constants of the free
ligands (pK'Gu =9.24; pKive =9.56).
A similar acidification is to be expected
in DNA for intrastrand crosslinks by cis-
(NH;),Pt** between two guanine resi-
dues; that is, at physiological pH (7.4)
some deprotonation of H(N1) sites (ca.
6 %) is already possible in principle. The
stability constants of quinternary [M{cis-
(NH;),Pt(dGuo)(dGMP)}J>* complexes
(M =Mg*, Cu?*, Zn?*) were also meas-
ured by potentiometric pH titrations. It
is shown that the metal-ion-coordinating
properties of the -PO3%~ group of the [cis-
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(NH;),Pt(dGuo)(dGMP)] species are
slightly inhibited, compared with the
coordination tendency expected on the
basis of its basicity. This inhibition is
attributed to repulsion by the N7-coor-
dinated Pt", which is somewhat more
pronounced for M?* than for H*. How-
ever, it is moderate (about —0.2 log
units), and therefore, with regard to
DNA, one may conclude that cis-
(NH,;),Pt** coordinated to N7 of gua-
nine residues affects the metal-ion-bind-
ing properties of the DNA phosphate
backbone only slightly. This result is of
further significance regarding individual
nucleotides if these interact as substrates
in enzymic reactions with different met-
al ions through their nucleobase as well
as their phosphate residue.

age acidified by ApK,~0.8 compared
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1. Introduction

Cisplatin, cis-diamminedichloroplatinum(t) or [cis-(NH;),-
PtCl,], is a very effective anticancer drug and in wide clinical
use against testicular and ovarian cancer.l" 2 The trans isomer,
[trans-(NH;),PtCl,], was found to be inactive.>* This might
suggest a geometrical fit between cisplatin and its biological
target in the tumor cell, which is generally accepted to be
DNA ;P! primarily intrastrand crosslinks between adjacent
guanine residues are formed involving platinum(11) binding to
N7.5:6 These observations have fostered comprehensive
studies on the properties of complexes formed with [cis-
(NH,),Pt]>** (see for example refs.[5-7]), [trans-
(NH,),Pt]*+,* 8 and related compounds.!

Labile metal ions like Nat or Mg?>* affect the stability and
conformational states of DNA and RNA,” ! and enzymes
that synthesize or cleave DNA or RNA invariably require
metal ions,” "3 as do enzymes that utilize nucleotides as
substrates.'>4 This observation led to intensive research on
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the metal-ion-binding properties of nucleotides and the
constituents of nucleic acids.?» !> However, so far very
little is known about the effect of nucleobase-bound Pt** on
the acid - basel'” 1% and metal-ion-binding properties of other
nearby sites, especially on the coordination of further kineti-
cally labile metal ions!"”! like Mg?*, Cu?**, or Zn*t (= M?").

After having studied in detail®! the coordinating properties
of dGMP?~ towards Mg?*, Cu?*, and Zn?**, we are now in a
position to report on the quaternary platinum(il) complex
which has two N7-guanine sites beside two ammonias in its
metal-ion coordination sphere, [cis-(NH;),Pt(dGuo)(dGMP) ]
(Figure 1). We describe for the first time the stability of the
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Figure 1. Formal structure of the quaternary [cis-(NH;),Pt(dGuo)-
(dGMP)] complex.

resulting quinternary complexes [Mf{cis-(NH;),Pt(dGuo)-
(dGMP)}J** formed with Mg?*, Cu*!, or Zn*", and we
evaluate the effect of the N7-coordinated [cis-(NH,),Pt]**
unit on the metal-ion affinity of the phosphate group of the
N7-bound dGMP?*~ (Figure 1).

The acid—base properties of dGuo were also determined
and thosel'> 2 of dGMP?~ were taken into account to the
extent necessary for a meaningful description of the effect of
N7-coordinated [cis-(NH;),Pt]*" on the H(N1) sites of dGuo
and dGMP?~ in [cis-(NH;),Pt(dGuo)(dGMP)]. Conclusions
regarding DNA and the effects of intrastrand crosslinks
formed by [cis-(NH;),Pt]** as well as regarding nucleotide —
metal ion systems involved in transphosphorylations are
indicated.

2. Results and Discussion

2.1. Acidity constants of H(dGuo) ', H,(dGMP)=, and [H{cis-
(NH;),Pt(dGuo)(dGMP)}]*: 2'-Deoxyguanosine (dGuo) may

accept a proton at N7 and release one from the H(N1) site;?!
hence, Equilibria (1) and (2) have to be considered.

H(dGuo)* = dGuo + H* (1a)
KH 46u0) = [dGuo][H*)/[H(dGuo)*] (1b)
dGuo = (dGuo —H)~ + H* (2a)
K 460 = [(dGuo — H)~|[H*}/[dGuo] (2b)

For the ribose moiety of guanosine it was shown?l that
pK{Guo ) >12.0; hence, for 2'-deoxyguanosine it certainly
also holds that pKf{ig., 1) > 12, and therefore this deprotona-
tion was not considered further. The results for Equilibria (1a)
and (2a) are listed in Table 1; they agree excellently with an
early®®! determination.

For 2’-deoxyguanosine 5'-monophosphate (dGMP?") the
situation is similar,? but in the pH range of relevance for this
study a further proton binds to the -PO%~ group. The resulting
doubly protonated H,(dGMP)* species releases its first
proton from the H*(N7) site (pK1, agmp)), giving H(dGMP)~;
next the -P(O),(OH)" residue is deprotonated (pKHucmp))
leading to dGMP?-, and finally the H(N1) site loses its proton
(pKimp) forming (dAGMP — H)3~. These acidity constants
were determined recently!’”?! under the conditions of the
present study, and are listed under entry 2 in Table 1.7

Comparison of entries 1 and 2 of Table 1 reveals that the
presence of the 5’-phosphate group enhances the basicity of
N7 by ApK,=0.39+£0.05 and the one of (N1)~ by ApK,=
0.32 £0.04. Understandably, the charge effect appears to be
slightly more pronounced on N7 than on (N1)~ because in the
anti conformation! N7 is somewhat closer to the phosphate
group. These effects are of the order previously observed with
related systems®®! and also close to the correction factor of
AApK,=0.32 needed in the next section in connection with
the evaluation of a micro acidity constant for the effect of a
-PO3~ group (see ref. [29]).

Coordination of one dGuo and one H,(dGMP)* species,
each via N7, to [cis-(NH;),Pt]** gives the twofold protonated
quaternary complex [H,{cis-(NH;),Pt(dGuo)(dGMP)}]**, ab-
breviated as [H,{Pt(dGuo)(dGMP)}]**. A formal structure of
the deprotonated complex is shown in Figure 1. The acidic
[H,{Pt(dGuo)(dGMP)}J** species cannot accept more protons
in the normal pH range, but it may in total release four
protons. The first proton is probably released with a pK, value
similar to the one for H;(GMP)* from its -P(O)(OH), residue
(pK,=0.340.2).”2 For the deprotonation of the resulting

Table 1. Negative logarithms of the acidity constants of H(dGuo)* and H,(dGMP)* as well as of the quaternary [H{cis-(NH;),Pt(dGuo)(dGMP)}]* complex
(Figure 1), determined by potentiometric pH titrations in water at 25°C and /= 0.1m (NaNO;).?

Acid pKiing) for HT(NT7) PK i phosphate) pKHniy for H(N1)
for -OP(O),(OH)~
1 H(dGuo)* 230+ 0.04 [Eq. (1)] 9.24+0.03 [Eq. 2)]
2 H,(dGMP)* 2.69 4 0.03"! 6.29 4 0.010] 9.56 4 0.020]
3 [H{Pt(dGuo)(dGMP)}]* 5.85+0.04 [Eq. 3)] 820+ 0.03/9.05 +0.10 [Eqgs. (4),(5)]

[a] So-called practical (or mixed) constants® are listed; see Section 4.3. The error limits given are three times the standard error of the mean value or the sum

of the probable systematic errors, whichever is larger. [b] From refs. [17, 20].
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[H{Pt(dGuo)(dGMP)}]* species the Equilibria (3)—(5) may
be written. In Equilibrium (3a) the -P(O),(OH)~ group is

[H{Pt(dGuo)(dGMP)}]* = [Pt(dGuo)(dGMP)]+H* (3a)

[Pt(dGuo) (dGMP)][H]

K?—{(I’l(dGuo)(dGMP)}] = [H{Pt(dGuo)(dGMP)}*] (3b)
[Pt(dGuo)(dGMP)] == [Pt(dGuo)(dGMP) — H]- + H* (4a)
Pt(dG dGMP) — H} |[H*
K{gt(dGuo)(dGMP) :[{ t( UO)( ) } H ] (4b)
[Pt(dGuo)(dGMP)]
[Pt(dGuo)(dGMP) — H]- = [Pt(dGuo)(dGMP) — 2H]>- + H* (52)

o ~ [{Pt(dGuo)(dGMP) — 2H}*|[H] (5b)
[Pt(dGuo)(dGMP)~H] — [{Pt(dGuo) (dGMP) — H}f]

deprotonated, whereas in reactions (4a) and (5a) the protons
are released from the two H(N1) sites (Figure 1). The results
of the potentiometric pH titrations are given in entry 3 of
Table 1.

The result pKHipyacuoyaamrey = 5.85 +0.04 shows unequiv-
ocally that this proton [Eq. (3)] is released from the mono-
protonated phosphate group of the quaternary complex
(Figure 1). The N7-coordinated [cis-(NH;),Pt(dGuo)]**
unit  acidifies H(dGMP)~ by  ApK,=pKfucmp) —
PK 1 (prdcuo)acmeyy = (6.29 £ 0.01) — (5.8540.04) = 0.44 £ 0.04.
The situation regarding the H(N1) sites is considerably less
clearcut, though one may assume that the next proton
[Eq. (4)] is mainly released from H(N1) of the N7-coordi-
nated dGuo because the basicity of the (N1)~ site is lower in
dGuo than in dGMP?*~ (Table 1). Hence, the final proton
[Eq. (5§)] may be attributed mainly to the release from the
H(N1) site of the N7-coordinated dGMP?~. The average
acidification by [cis-(NH;),Pt]** of the H(N1) sites in
reactions (4) and (5) is given by ApK,='Y,(pK. +
pKmr) ', (pK%—ét(dGuo)(dGMP)] + pKﬁgl(dGuo)(dGMP)—H]) =
1,1(9.24 £0.03) + (9.56 +0.02)] — '/,[(8.20 £0.03) + (9.05 +
0.10)]=0.78 £0.11. This acidification at the nucleobase is
considerably more pronounced than the one on the phosphate
residue.

The above indications regarding the H(N1) deprotonations
and the fact that the acidity constants pKf}aguoyacmp); and
PK B\ acuoyeamp)-—1y (Table 1, entry 3) are separated only by
ApK,=(9.05+0.10) — (8.20 £0.03) = 0.85 £ 0.10, that is, that
the corresponding buffer regions are overlapping, request a
detailed evaluation.

2.2. Micro acidity constant scheme for [cis-(NH;),Pt-
(dGuo)(dGMP) |: For a correct quantification of the intrinsic
acidities of the H(N1) sites in [cis-(NH;),Pt(dGuo)(dGMP)]
(Figure 1) it is necessary to calculate the corresponding micro
acidity constants. Figure 2 summarizes the equilibrium
scheme for this species following known routes,?* 2 28] defin-
ing the micro acidity constants (k) and giving their interre-
lation with the macro acidity constants (K). There are three
independent equations, Equations (6a), (6b), and (6c), in
Figure 2, but four unknown microconstants.?> 27 28 However,

for k{ﬁtgﬁgﬁg:g;gﬂgmﬁm] a value may be estimated based on the
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Pt(dGuo-H)(dGMP)™ + H*

 H(dGuo-HYGMT)
PX Pt{dGuo)(dGMP)

=8.3910.16

PHdGuo-H)(GMP-H)
PK pi(dGuo-H)(dGMP)

=8.8640.13
H
PKprdGuo)(dGMP)
H
+ PK{PydGuo)(dGMP)-H]
= (8.20£0.03) + (9.05£0.10)
=17.25+0.10

+

Pt(dGuo)(dGMP) Pt{dGuo-H)(dGMP-H)?~ +2H

PH(dGuo)(dGMP—H)
PR t{dCuo)(dCMP)

=8.65

PH(dGuo-H)(GMP_H)
Pk Pt{dGuo)(dGMP-H)

=8.60

Pt(dGuo)(dGMP-H)~ +H'

PH{(dGuo-H)(dGMP PHIGuOYGMP_H.
thEdG:g)(dé(MP) )+ kpédcﬁgggdcmr) ) (62)

H
KpidGuoydamr)

1 1 1

= PH{dCuo-THEGMP 1) T 7 PH{dGuo-HYAGMP—_H)
Kk p{dGuo-H)AGMP) K PHdGuo)dGMP-H)

(6b)

H
K[Pt(dGuo)daMp)-H]

H H —  P{dGuo-H)(AGMP) | Pt{dGuo-H)(GMP-H) (69)
Kp(dGuo)(dGMP) K Pt(aGuo)dGMP)-H] = K Pt{dGuo)(dGMP) ~* K Pt{dGuo-H)dGMP)

=  PMAGUO)AGMP—H) | P{dGuo-H)NIGMP-H)
= K Pt{dGuo)(dGMP) Pt(dGuo)}dGMP-H)

Figure 2. Equilibrium scheme for [cis-(NH;),Pt(dGuo)(dGMP)] defining
the micro acidity constants (k) and showing their interrelation with the
macro acidity constants (K) and the relationship between [cis-
(NH;),Pt(dGuo — H)(dGMP) ]~ and [cis-(NH;),Pt(dGuo)(dGMP — H) |~
and the other species present. In [cis-(NH;),Pt(dGuo — H)(dGMP) ]~ the
proton is released from H(N1) in dGuo, and in [cis-
(NH;),Pt(dGuo)(dGMP —H)|]- from H(N1) in dGMP?; [cis-
(NH;),Pt(dGuo)(dGMP)] is also often written as [Pt(dGuo)(dGMP)].
The arrows indicate the direction for which the acidity constants are

defined. Use of the value estimated® for the microconstant

P il o permits calculation of the other microconstants with

Equations (6a), (6b), and (6¢) (see also Section 2.2).

easily accessible (via statistical considerations)!'’] micro acid-
ity constant for the deprotonation of [cis-(NH;),Pt(dGMP —
H)(dGMP)J*~ and by taking into account the difference in
charge between this species and [cis-(NH;),Pt(dGuo —
H)(dGMP)]~; this estimate®! is given on the arrow at the
right in the upper part of Figure 2. Now the other three
microconstants can be calculated; the corresponding results
are given on the arrows in the same figure.

These microconstants now permit the estimation of the
ratio R of the (N1)-monodeprotonated species |[cis-
(NH;),Pt(dGuo — H)(dGMP)]~ and [cis-(NH;),Pt(dGuo)-
(dGMP — H)]~ (Figure 2) which are N1-deprotonated either
at the N7-coordinated dGuo or at the likewise N7-bound
dGMP?-, respectively [Eq. (7)]. Evidently, [cis-(NH;),Pt-
(dGuo —H)(dGMP)]~ occurs at about 67 % and the other

dGuo—H)(dGMP)

[cis-(NH;),Pt(dGuo — H)(dGMP) ] _ kpt AGuo)(dGMP)

t

(
R= =M )
[cis-(NH;),Pt(dGuo)(dGMP — H)"]  kpicue) )
(7
10-8% 2 67
= —10"%y = —
10-865 1 33

(N1)-monodeprotonated species at about 33 %. This estimate
proves a) that both tautomeric forms of [cis-
(NH;),Pt(dGuo)(dGMP) — H]~ occur simultaneously in ap-
preciable amounts and b) that, as already tentatively con-
cluded in Section 2.1, the species |[cis-(NH;),Pt(dGuo —
H)(dGMP)]~ dominates.

Of course, the four micro acidity constants given in Figure 2
now also enable us to estimate the acidification which
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the various H(N1) sites experience individually owing to
the N7-coordinated [cis-(NH;),Pt]** unit. For example,
APK yacuo = PKiGuo — P 553?32 (?G)lsgw =9.24 —8.39=0.85,
or  ApK yaamr = PKiwe — k| Py G Eﬁﬂgﬁﬁ M'=9.56 - 8.86=
0.70. Clearly, if this calculatlon is carried out for all four
possibilities and averaged, one obtains the average acid-
ification ApK,=0.78 already given in Section 2.1. However,
the individual results obtained by means of Figure 2 demon-
strate that the acidification by [cis-(NH;),Pt]** of the various
sites differs somewhat; this has also to be expected if [cis-
(NH;),Pt]** forms an intrastrand crosslink between adjacent
guanine residues in DNA.

2.3. Stability of the quinternary [M{cis-(NH;),Pt(dGuo)-
(dGMP)}** complexes: From previous studies!'>?> 3 with
purine-nucleoside 5'-monophosphates it is well known that a
metal ion bound at the phosphate group may in addition
interact with N7 of the purine moiety, and this has very
recently?” also been proven for the [M(dGMP) ] complexes of
Mg?*, Cu?*, and Zn**. This additional interaction gives rise to
macrochelate formation, schematically expressed here in the
intramolecular Equilibrium (8).

phosphate-ribose-base phosphate-r

=g JH]

o # §2+ g (8)
= s
base - e

Of course, if the [cis-(NH;),Pt(dGuo) ]** unit is N7-coordi-
nated to dGMP?~ to give the quaternary complex shown in
Figure 1, macrochelate formation is not possible anymore. A
further metal ion could coordinate now only to the still
available -PO3~ residue. The question in this case is: Does the
repulsion between the two dipositively charged metal ions still
allow the formation of such complexes, and if so, how stable
are they?

The experimental data from such systems studied by
potentiometric pH titrations can be completely described by
taking into account the Equilibria (3a) and (9a), provided that

M?* 4 [Pt(dGuo)(dGMP)] = [M{Pt(dGuo)(dGMP)}]** (9a)

[[M{Pt(dGuo)(dGMP)}]**]

KM — 9b
[M{Pt(dGuo) (dGMP)}] IM2][Pt(dGuo) (AGMP)] (9b)

evaluation of the data is not carried into the pH range where
formation of hydroxo complexes occurs. The measured
(exptl) stability constants according to Equation (9b) are
listed in the second column of Table 2.

The simple fact that these stability constants can be
measured  proves that the  complexes [M{cis-
(NH;),Pt(dGuo)(dGMP)}]** form. How can these stability
data be evaluated? In earlier studiesB" 32! a linear relationship
was established between the logarithms of the stability
constants of M(R-PO;) complexes, log KMk _po,), and the
negative logarithms of the acidity constants of the corre-
sponding monoprotonated H(R-PO;)~ species, pKiir_ro,)
for several simple phosphate monoester ligands,?! including
methyl phosphate. The points for complexes formed with
phosphonates like methanephosphonate (abbreviated MeP2-)

1056 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

Table 2. Stability constants, log K¥ipyacuo)@amey [EQ. (9)],1¥ determined
by potentiometric pH titrations (exptl) for quinternary [M({cis-
(NH;),Pt(dGuo)(dGMP)}]?>* complexes, and their comparison with the
corresponding calculated (caled)[™ stability constants based on the basicity
of the phosphate group in [cis-(NH;),Pt(dGuo)(dGMP)] (see Figure 1),
together with the resulting stability difference, logApyacuoyacmpy)
[Eq. (13)], for aqueous solutions at 25°C and /=0.1m (NaNOj).

M2 log K%{Pt(d(;uo)(d(;w)}] log AM[Pt(dGun){d(}MP)]
exptll?! caled!®)

Mgt 1.21+£0.04 1.49+0.03 —0.28£0.05

Cu** 2.60 £+ 0.08 2.71 £0.06 —0.11+£0.10

Zn** 1.814+0.06 2.00 £0.06 —0.19+£0.08

[a] The error limits (30; see footnote [a] of Table 1) of the derived data, in
the present case for column 4, were calculated according to the error
propagation after Gauss. [b] Calculated with pKHpacuoyaampy = 3-85
(Table 1) and the reference equations [see also Figure 3 and Egs. (10),
(11), and (12)1223].

or ethanephosphonate (EtP?-) also fall on the same straight
reference line for a given metal ion.’? The corresponding
straight-line equations for the complexes of Mg**, Cu**, or
Zn** and R-PO3" ligands (where R is a residue unable to
interact with M?*) are given in Equations (10), (11) and (12),
respectively.?l The error limits of log stability constants
calculated with given pKfr po, values and Equations (10),
(11), and (12) are +0.03, +£0.06, and +0.06 log units
(30),2232 respectively, in the pK, range 5-8 (aqueous
solution; 25°C; I=0.1M, NaNOs).

10g KM & po,) = (0.208+0.015) - pKHg_po,) + (0272 £0.097) (10)
108 K& _poyy = (0465 +0.025) - pK i _po,) — (0.015 +0.164) (11)
10g K2 —po,) = (0.345 +0.026) - pKHr_po,) — (0.017 +0.171) (12)

The data points from the stability constants of the [M{cis-
(NH;),Pt(dGuo)(dGMP)}]** complexes (Table 2, column 2)
and the corresponding acidity constant PK[}}I[{PI(dGuo)(dGMP)}]
(Table 1, entry3) are shown in Figure3 and are to be
compared with the above-mentioned reference lines
[Egs. (10)—(12)] which reflect the stabilities of M(R-POj)
complexes solely determined by the basicity of the
-PO%~ group. As can clearly be seen, the data points for all
three quinternary complexes fall below these lines, indicating
an inhibitory effect.

The inhibition observed in Figure 3 may be quantified by
applying pKHpiacuo)aome)y = 5-85 (Table 1) together with the
straight-line equations [Egs. (10)-(12)]. The resulting calcu-
lated (calcd) stability constants are the ones expected solely
on the basis of the basicity of the -PO%~ group of the
quaternary platinum(1) complex (Table 2, column 3). Com-
parison of the measured and calculated constants according to
Equation (13) furnishes the stability differences listed in the
final column of Table 2; they correspond to the broken
vertical lines in Figure 3.

10g Apipiacuoyaampy =108 Kf\ﬁgpl(dcuu)mcmp))] —log K[%I(P((dG 0)(dAGMP)} e (13)
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EtPZ"

4.0 RibMP? BuP?~
MeP?" |

NPhPZ* PhP*  dTMP?"
36 | |

344 UMP:

O 2.8
[~ ) i< 2+
o Cu[PH{dGuo)(dGMP)]

1.24 o Mg[PHdGuo)(dGMP)**

50 54 S8 62 66 70 74 78

PKH®-ros)

Figure 3. Comparison of the stability of several [M(cis-(NHs;),Pt-
(dGuo)(dGMP)}]** complexes (®) with the relationship between
log KNir-ro,) and pKfir_po, for the 1:1 complexes of Mg**, Zn**, and
Cu?* with some simple phosphate monoester or phosphonate ligands (R -
PO%") (0): 4-nitrophenyl phosphate (NPhP2-), phenyl phosphate (PhP?-),
uridine  5-monophosphate  (UMP?-), D-ribose 5-monophosphate
(RibMP?), thymidine [= 1-(2'-deoxy-B-p-ribofuranosyl)thymine] 5'-
monophosphate ({TMP?-), n-butyl phosphate (BuP?~), methanephospho-
nate (MeP?"), and ethanephosphonate (EtP?") (from left to right). The
reference lines are drawn from Equations (10), (11), and (12). The points
due to the equilibrium constants for the M?*/[cis-(NH3),Pt(dGuo)(dGMP) |
systems (@) are based on the data given in Table 1 (entry 3) and Table 2
(column 2). The vertical broken lines emphasize the stability differences to
the corresponding reference lines; these differences are equal to
log Apvipacuoyacmry for the [M{cis-(NH;),Pt(dGuo)(dGMP)}]** complexes
[Eq. (13)]. All the plotted equilibrium constant values refer to aqueous
solutions at 25°C and /=0.1m (NaNOs).

The negative stability differences mentioned (Table 2,
column 4) reflect the repulsion between M?** and the twofold
positively charged platinum(ii) located at N7 of dGMP?~. Of
course, this Pt>* also has an effect on the deprotonation of the
-P(0),(OH)" residue as discussed in Sections 2.1 and 2.2, but,
as one might expect, this repulsive effect is somewhat larger
on the binding of dipositively charged divalent metal ions than
on that of the singly positively charged proton. Therefore, the
data points for the quinternary complexes fall below the
reference lines in Figure 3. However, it needs to be empha-
sized that, as our results prove, the affinity of the -PO3%~ group
in [cis-(NH;),Pt(dGuo)(dGMP)] toward M?* is still quite
pronounced, since the inhibitory effect is very moderate
(approximately — 0.2 log unit; Table 2, column 4).

3. Conclusions

3.1. Possible biological relevance of guanine N(1) deproto-
nation as mediated by metal ions: The present results on the
H(N1) acidification as a consequence of N7 coordination of a
platinum(ti) entity are in agreement with previous findings for
model nucleobases,?* nucleosides,®! dinucleoside monophos-
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phates, %37 dinucleotides,?” ! and single-stranded deoxyoli-
gonucleotides.’®*! For example, pK, values as low as
approximately 8 have been observed in cisplatin-modified
DNA single strands.*] Other metal ions behave similarly.* 41
The potential biological significance of this finding appears
not to have received particular attention, either in the case of
cisplatin or for other metals. We are well aware that cisplatin-
related mutagenicity is generally ascribed to a structural
distortion of DNAM rather than an electronic one, but it
should be noted that even monofunctional [ (dien)PtCI]Cl is a
weak mutagen in the Ames test.[)] Its acidifying effect on
guanine-(N1)H (pK, =8.0)* is virtually identical to that of
cisplatin,®! yet it does not structurally distort DNA.

As to the possible consequences of any base deprotonation
process, relatively little is known. It is generally accepted that
nucleobase ionization is somewhat suppressed in double-
stranded DNA by the fact that the base is involved in H
bonding,*! yet that it is easily possible in single-stranded
DNA. This difference is attributed to differences in solvent
accessibility, but the fact that even double-stranded DNA is
breathing is usually ignored. Possible consequences of nucleo-
base ionization such as loss of base-pairing specificity and
base mispairing have not been considered to be biologically
relevant to mutagenesis for many years, despite an early
proposal by Lawley and Brookes in 1962.14

In model systems, loss of Watson—Crick base pairing
between cytosine and N1-deprotonated guanine as well as
guanine — guanine mispairing has been demonstrated, both in
solution®” and in the solid state.?! Indeed, more recently
evidence has been presented that supports the idea that
ionized nucleobases can play a role in base mispairing and
mutagenicity.l*s! It has been proposed that a protein environ-
ment, specifically the active sites of polymerases,[*! might be
intrinsically capable of stabilizing ionic states of nucleobases.
On the other hand, it is clear that the concentration of an
ionized species in such an environment can differ from that
observed in a simple, aqueous medium.®! Trrespective of the
question of whether a metal ion entity bound to DNA,
be it platinum(i) or any other metal ion, can be accommo-
dated in and processed by polymerases,* it is difficult to say
whether a certain percentage of a deprotonated, N7-plati-
nated guanine, as calculated for a single-strand DNA frag-
ment or our model system,! is meaningful with respect to a
biological effect.

Another aspect of interest also appears not to have been
considered in the context of metal—- DNA binding: If a metal
ion at the N7 position of guanine acidifies the proton at N1,
the probability of a proton transfer within the Watson — Crick
base pair may become significant. The occurrence of sponta-
neous mutations have, among others, also been discussed in
terms of a concerted proton transfer (from guanine-N1 to
cytosine-N3, and from cytosine-N4 to guanine-O6) or a single
proton transfer (from guanine-N1 to cytosine-N3), respec-
tively.”? Theoretical calculations of the energies of the
various tautomeric forms of Watson-Crick guanine-cyto-
sine base pairs suggestl? that tautomerization of both bases
by a double proton transfer could occur in one out of 10° to 10°
base pairs; this is close to the occurrence of substitution
mutations (with proofreading not considered).
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3.2. Some further general considerations: Among the re-
markable results of this study is the observation that a proton
at the phosphate group of the quaternary [H{cis-
(NHj;),Pt(dGuo)(dGMP)}]* complex (Figure 1) is only slight-
ly acidified by the N7-coordinated [cis-(NH;),Pt]** unit
(ApK,~0.4). This contrasts with the more significant acid-
ification (on average ApK, =~ 0.8) of the same platinum(i1) unit
on the H(N1) sites (see Section 2.1). As the overall charge of
[cis-(NH;),Pt(dGuo)(dGMP)] equals that of a DNA intra-
strand crosslink unit formed with [cis-(NH;),Pt]** and two
guanine residues, the present results are also meaningful for
the effects of [cis-(NH;),Pt]** if bound to (single-stranded)
DNA. Based on the observed acidification (pK,=8.6; aver-
age of the values in Figure 2)% one would expect that about
6% of the guanine residues, which carry a platinum(ii) at N7,
will be deprotonated at N1 under physiological conditions
(pH 7.4).531 As pointed out in Section 3.1, deprotonation is
facilitated by an opening of the duplex giving access to the
solvent (H,0), a situation most likely relevant to DNA that is
in an active state (transcription, replication). The present
results further suggest, as indicated above, that the acid-
ification of the H(N1) sites by platinum(ii) turns these sites
into better H donors, rendering them even more suitable for
hydrogen bonding than the uncomplexed nucleobases. Of
course, at the same time the acceptor properties of O(6) will
be reduced. In any case, the electronic complementarity
between guanine and cytosine residues will be disturbed.

A further important result regarding DNA is the observa-
tion that the formation of quinternary [M{cis-(NH;),Pt-
(dGuo)(dGMP)}]** complexes is only slightly inhibited; that
is, the affinity of the -PO}~ group for divalent metal ions
(Mg?*, Cu?t, Zn?*) is only slightly affected by the platinum(ir)
coordinated at N7 of the same nucleotide unit. Consequently,
one can expect that a nucleobase-bound platinum(ir) in DNA
will similarly affect the metal-ion-binding properties of the
phosphate backbone only little.” Regarding the binding of
K* or Mg?, this conclusion is important.

Finally, it may be emphasized that for nucleotide systems
involved in transphosphorylations there is much evidence that
in simplel®! as well as in enzymatic reactions®! two (or even
more) metal ions are involved. There is further evidence that
in reactive intermediates a metal-ion—N7 interaction occurs
not only in the metal-ion-promoted hydrolysis®™! of ATP but
also in enzymatic reactions as proposed recently®™ for Zn?+;
similarly, adenosine N7 nitrogens are important in a Mg?*-
dependent ribozyme.®! For such observations the results
regarding the formation of the quinternary [M{cis-
(NH;),Pt(dGuo)(dGMP)}]** complexes are meaningful be-
cause they prove that a phosphate residue of an individual
nucleotide is only slightly affected in its metal-ion affinity if
this same nucleotide is also undergoing a nucleobase —metal
ion interaction (and vice versa); naturally, such diverse
interactions allow the steric orientation of a substrate.

4. Experimental Section

4.1. Synthesis of [cis-(NH;),Pt(dGuo)(dGMP)]: Na,(dGMP)-2H,0
(1.18 mmol) was added to a solution of [cis-(NH;),Pt(H,0),](NO;),
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(1.18 mmol) obtained from [cis-(NH;),PtCl,] and AgNO; (2 equiv) in
water (15 mL) in the dark (3 h at 90°C), and following filtration of AgCIL.
After 30 min at room temperature (reaction virtually complete, according
to 'TH NMR spectroscopy), dGuo (1.18 mmol) was also added (pH of
suspension 6.3), and after 2d (pH then 6.4), an unidentified grayish
precipitate was filtered off. The resulting colorless solution was brought to
dryness by rotary evaporation (30 °C), redissolved in water and passed over
Sephadex G10 (FPLC Pharmacia/LKB; UV detection 260 nm; eluent
water). Pure [cis-(NH;),Pt(dGuo)(dGMP)]-5H,0 was obtained in low
yield (4 %). Anal. calcd (found) for C,0H,N;,0,4,PPt: C 25.78 (25.5); H4.44
(5.4); N 18.04 (18.4). According to its IR spectrum (KBr) the product is free
of NOj3. '"H NMR (D,O, pD 6.0, 0.01m, TSP): 6 =8.60 (s, H8, dGMP), 8.35
(s, H8, dGuo), 6.34 and 6.28 (t, H1’, dGMP, dGuo); HS8 resonances 1:1, no
indication of other species. Other fractions contained the product admixed
with NaNO; and partly protonated, e.g. H,;[cis-(NH;),Pt(dGuo)-
(dGMP)](NOs3),; - 14NaNO; - H,O (empirical formula based on elemental
analysis data and potentiometric titration of HNO;). These species proved
very hygroscopic.

The composition of the [cis-(NH;),Pt(dGuo)(dGMP)] complex was also
confirmed by the potentiometric pH titrations described below: one
equivalent of NaOH was needed in the pH range where -P(O),(OH)~
groups are titrated and two equivalents of NaOH in the range where
deprotonation of H(N1) sites occurs.

4.2. Materials for the titration experiments: The nitrate salts of Na+t, Mg?*,
Cu?*, and Zn?>*, potassium hydrogenphthalate, the disodium salt of edta,
HNO;, and NaOH (Titrisol) (all pro analysi) were from Merck, Darmstadt
(Germany). 2’-Deoxyguanosine was purchased from Sigma Chemical, St.
Louis (MO, USA). The [cis-(NH;),Pt(dGuo)(dGMP)] complex was
prepared as described in Section 4.1.

The aqueous stock solutions of 2’-deoxyguanosine and of the complex were
freshly prepared daily and the exact concentration was redetermined each
time (see below); in the case of the complex the pH of the stock solution
was adjusted with NaOH to about 8.4 prior to the determination of its
concentration. All solutions were prepared with deionized, ultrapure
(MILLI-Q185 PLUS, Millipore, 67120 Molsheim (France)), and CO,-free
water. The ligand concentration in the potentiometric pH titrations was
always below 1 mM, which means that self-association is certainly negligible
for these guanine derivatives.??)

The titer of the NaOH used for the titrations was established with
potassium hydrogenphthalate. The exact concentrations of the M(NO3),
stock solutions were determined by potentiometric pH titration of their
M(edta)’~ complexes by measuring the proton equivalents liberated from
H(edta)*~ upon complex formation.

4.3. Potentiometric pH titrations: The pH titrations were carried out with a
Metrohm ES536 potentiograph equipped with an E665 dosimat and a
6.0202 100(NB) combined macro glass electrode. The buffer solutions (pH
4.64, 7.00, 9.00, based on the NIST scale; for details see ref. [25]) used for
calibration were also from Metrohm, Herisau (Switzerland). The direct pH-
meter readings were used to calculate the acidity constants; that is, these
constants are so-called practical, mixed, or Brgnsted constants.”>! Their
negative logarithms given for aqueous solutions at /=0.1m (NaNO;) and
25°C may be converted into the corresponding concentration constants by
subtracting 0.02 from the listed pK, values;®! this conversion term contains
both the junction potential of the glass electrode and the hydrogen ion
activity.”> ¥ No conversion term is necessary for the stability constants of
the metal-ion complexes; these are as usual concentration constants.

The ionic product of water (K,,) and the above-mentioned conversion term
do not enter into the calculations because we evaluate the differences in
NaOH consumption between solutions with and without ligand® 2! (see
also below); this procedure also furnishes directly the concentration of the
ligand.

4.4. Determination of the acidity constants: The constants Ki}guo
[Eq. (1)] and K., [Eq. (2)] of H(dGuo)* were determined by titrating
25 mL of aqueous 6.0mM HNO; (/=0.1M, NaNO;; 25°C) in the presence
and absence of 0.93 mm dGuo under N, with 0.06 M NaOH (3 mL). The pH
range (2.5-10.4) used for the calculations by employing the difference in
NaOH consumption between the two titrations mentioned corresponded to
about 61 % (pH 2.5) neutralization for the equilibrium H(dGuo)*/dGuo
and 94 % (pH 10.4) for the equilibrium dGuo/(dGuo —H)".
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All constants were calculated with an IBM compatible desk computer with
a 80486 processor (connected to an Epson Stylus 1000 printer and a
Hewlett—Packard 7475A plotter) by a curve-fit procedure using a New-
ton—Gauss nonlinear least-squares program.

The monoprotonated quaternary [cis-(NH;),Pt(dGuo)(dGMP) | complex is
abbreviated in the following as [H{Pt(dGuo)(dGMP)}]*; its acidity
constants  Kfypacuoyaompyys  Klpacuoaomeys — and  Kifacuo)@omp) -y
[Egs. (3)-(5)] were determined by titrating 25 mL of aqueous 0.4mm
HNOj; and NaNO; (/=0.1M, 25°C) in the presence and absence of 0.2—
0.3mm [Pt(dGuo)(dGMP)] under N, with 0.02m NaOH (2 mL). The pH
range used for the calculations (based on the differences between the two
titrations) corresponded to about 1% neutralization for the equilibrium
[H{Pt(dGuo)(dGMP)}]*/[Pt(dGuo)(dGMP)] and about 90 % neutraliza-
tion for [Pt(dGuo)(dGMP) — H]/[Pt(dGuo)(dGMP) — 2H]*~. The results
given in Table 1 are the averages of 16 and 9 independent pairs of titrations
for the various acidity constants of H(dGuo)* and [H{Pt(dGuo)-
(dGMP)}]*, respectively.

4.5. Determination of the stability constants: As only small amounts of
[Pt(dGuo)(dGMP)]| were available, the solutions used for the determi-
nation of the acidity constants (see Section 4.4) were reused; HNO; was
added again, along with M(NO3),, and then the titrations were repeated
with  NaOH to determine the stability constants of the
[M{Pt(dGuo)(dGMP)}]** complexes. In some cases, after such a titration,
another portion of HNO; was added to the same solution and the titration
with NaOH repeated. Of course, the various dilutions of the solutions were
considered in the calculations. The [Pt(dGuo)(dGMP)]/M?* ratios were:
for Mg>* 1:211, 1:172, 1:106, for Cu?>* 1:14, 1:11, 1:7, and for Zn?* 1:70, 1:35.
A consequence of this procedure is that the ionic strength was sometimes
slightly greater than 0.1M; the most extreme case occurred in an experiment
with Mg?*, where [ reached a value of 0.16 M.

For the [M{Pt(dGuo)(dGMP)}]** complexes the stability constant
KNipuacuoyaamry [EQ. (9)] was computed by taking into account the
species H*, [H{Pt(dGuo)(dGMP)}]*, [Pt(dGuo)(dGMP)], M?**, and
[M{Pt(dGuo)(dGMP)}]*+.1°l The experimental data were evaluated every
0.1 pH unit from about 3 % complex formation to a neutralization degree
of about 90% (Mg?*) or to the beginning of the hydrolysis of M(aq)**
(Cu?*, Zn?*). The values calculated individually under the given restrictions
for log KNi(pacuoyaampyy Showed no dependence on pH (Mg*", pH range
about 4.9-6.1; Cu?*, 4.3-5.1; Zn?>*, 4.4-5.6) or on the excess amount of
M?**. The results given in Section 2.3 for the Mg>", Cu**, and Zn**
complexes are always the averages of 3 independent pairs of titrations.
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