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Abstract

The stability constants of the 1:1 complexes formed between Mg2*, Ca?*, §2%, Ba’*,
Mn?*, Co?*, Ni**, Cu?*, Zn®*, or Cd*' and {phosphonomethoxyjethane {PME?") or
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9-[ 2-{phosphonomethoxy)ethyl Jadenine (PMEA? ™), an adenosine monophosphate {AMP*7)
analogue, are used in combination with log Kiig.po,, versus pKiig o, straight-line plots
{where R in R—POZ" is a non-coordinating residue) to demonsirate that for all the M{PME)
and M(PMEA) complexes with the meationed metal ions a stability higher than expected for
a sole phosphonate coordination of the metal ion occurs. This increased stability is due to
the formation of five-membered chelates involving the ether oxygen present in ihe
—O—CH,-PQ2" residue of PME?~; the same is true to a large extent also for the M{PMEA)
complexes. However, e.g, for the complex formed between Cu?*t and PMEA®" an additional
stability increase is observed which has to be attributed to a metal ion--adenine interaction
thus giving rise to equilibria between three different M{PMEA) isomers. A procedure, which
is generally applicable, for the analysis of such intramolecular equilibria is summarized. For
Cu{PMEA} it is calculated that 17 {4-3)% exist as an isomer with a sole Cu**—phosphonate
coordination, 34 {+10¥% form the mentioned five-membered chelate involving the ether
oxygen, and the remaining 49 (+10}% are due to an isomer, designated Cu{PMEA),aq,
which also contains a2 Cu?* —adenine interaction. Based on various arguments it is suggested
that this latter isomer probably contains two chelate rings which resull {rom a meial ion
coordination to the phosphonate group, the ether oxygen, and N-3 of the adenine residue.
Interestingly, the formation degree of Cu{PMEA},;4¢ passes through a minimum upon addi-
tion of 14-dioxane to the aqueous solution; ie, small amounts of dioxane inhibit the
Cu®” -adenine interaction, while larger amounts favor it again. This solvent effect is analogous
10 an observation made with the macrochelate of Cu{5-AMP) in which the metal ion is bound
1o the phosphate group and N-7 of the adenine residue. Moreover, ternary Cufarmj{ PMEA}
systems, where arm=2.2"-bipyridyl (bpy} or 1,10-phenanihroline {phen}), are analyzed. It is
shown that also in these systems three isomeric species form intramolecular equilibrig; e.g., of
Cu{bpy}{ PMEA) about 3% exist with the metzl ion solely coordinated to the phosphonaie
group, 10% as a five-membered chelate involving the -0-CH,-PQO?" residue of PMEA*",
and 87% with an intramolecular stack between the adenine moiety of PMEA?™ and the
aromatic rings of bpy. Finally, the properties of PMEA?~ and 5-AMP?" are compared, and
it is emphasized that the ether oxygen, which influences the stability and especially the structure
of the M{PMEA) complexes in solution, is crucial for the antiviral properties of PMEA.
The properties of a related compound, le, {5)-9-[3-hydroxy-2-(phosphounomethoxy)-
propylJadenine (HPMPAZ-}, which differs from PMEA?™ by the additional presence
of a —-CH,OH group in the chain bound to the adenine moiety, ie, in the
—CH,-CH{CH,OH}-O-CH,-P0}" residue, are also shortly indicated and some general
aspectls of enzymic reactions with nucleotides are considered.

Keywords: Intramolecular equitibria; Metal ion complexes; Antiviral nucleotide analogues;
Nucleotide complexes; Adenoside monophosphate analogues

Abbreviations

2-AMP?” adenosine 2'-monophosphate

3-AMP?~ adenosine 3'-monophosphate

5-AMP?~ adenosine 5'-monophosphate

arm heteroaromatic nitrogen base {e.g., bpy or phen)
bpy 2,2'-bipyridyl

DNA deoxyribonucleic acid
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HPMPA?~ dianion of {S}-9-[ 3-hydroxy-2-{phosphonomethoxy)propyl Jadenine

M2F divalent metal ion

NMR nuclear magnetic resonance

phen 1,10-phenanthroline

PME?~ dianion of {phosphonomethoxy)ethane (=ethoxymethanephos-
phonate)

PMEA2~ dianion of 9-f 2-{phosphonomethoxyjethy! jadenine

RNA ribenucleic acid

R-PO3" general phosphonate and (in part also} general phosphate mono-

ester ligand

1. Introduction

Considering that nuclectides play a key role in many metabolic processes it is not
surprising that a large number of nucleotide analogues have been synthesized with
the aim of cbtaining therapeutically usable agents [ 1-47. One of the difficulties is
that base- or sugar-modified nucleotide analogues with phosphate ester residues are
kanown to undergo enzyme-catalyzed dephosphorylation during their passage
through the cellular membrane or in blood plasma [3]. This undesired biological
reaction renders therapeutic application of such antimetabolites inefficient. This
difficulty may be circumvented by applying nucleotide analogues with a phosphonate
residue [37].

The AMP analogue 9-[ 2-(phosphonomethoxy)ethyl]adenine { PMEA; see Fig. 1}
shows antiviral properties [4] (see also Section 10). This phosphonate derivative is
converted by cellular nucleotide kinases into its diphesphate, whick may be consid-
ered a triphosphate analogue, and as such it inhibits viral and to a lesser extent,
ceflular DNA synthesis [4,5]. Considering that DNA and RNA polymerases in
general also depend on the presence of metal ions [6], mostly Mg?* and Zn*™, it
is appealing to study the metal ion binding properties of PMEA and related phospho-
nates [7-12].

Inspection of the structure of the dianion of PMEA (= PMEA?" ) shown i Fig, |
[13,147 indicates that PMEA®~ should be an interesting ambivalent ligand [15]
which justifies detailed studies also from a coordination chemical point of view.
Indeed, this ligand allows a demonstration of how equilibria between various isomeric
complexes may be treated. As a case study, the basic reasonings for such a treatment
are outlined below; evidently, a corresponding treatment may also be applied to
other isomeric eguilibria.

2. Possible isomers of binary metal ion-PMEA?" complexes
From Fig. 1 it is evident that PMEA?" offers to metal ions the 2-fold negatively

charged phosphonate group for binding and based on the experience with nucleotides
[16-18] one may assume — and indeed this is proven in Section 5 (Fig, 2, vide
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Fig. 1. Chemical structure of the dianion of 9-[2-(phosphonomethoxylethylladenmine (PMEA?") in
comparison with the structurcs of adenosine S-monophosphate {5-AMP?7), which is shown in its
dominating anti conformation [13,147, and the diapion of (phasphonomethoxy)ethane {PME*™ =
ethoxymethanephosphonate).

infra} — that this group is the primary bhinding sife which largely determines the
overall stability of M{PMEA) complexes, where M?* =Mg?*, Ca®*, Sr**, Ba®*,
Mn?*, Co?t, Ni%*, Cu?*, Zn?*, or Cd?*. The next potential binding site is the
ether oxygen in the -CH,~O-CH,-POj" residue because carlier studies [19] on
different ligand systems have shown that the ether oxygen may bind to the mentioned
divalent metal ions provided it is suitably oriented toward a primary binding site
allowing the formation of chelates. Indeed, it is also apparent from Fig. 1 that a
metal ion coordinated to the phosphonate group may form a five-membered chelate
involving the ether oxygen. Hence, the following equilibrium (1) needs to be
considered:
H O
H 0 HC__PO
RR—0—C—p—0  —— R__O/ \ )
\M \\ -
w

L

The potential binding sites for metal jons at the adenine residue are N-1, N-3, and
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N-7. The N-1 site is of no further concern because 1t cannotl be reached by a metat
ion already bound at the phosphonate group. With N-7 a macrochelate may be
formed via the interaction of a metal ion already bound to the phosphonate group;
in fact, the corresponding situation is well known for complexes of purine-nucleoside
5-monophosphates [16,20-22]. Finally, N-3 needs to be considered and indeed,
molecular models reveal that a metal ion chelated to the phosphonate and the ether
O-atom may further interact with N-3 by forming a seven-membered chelate. It may
be emphasized that the formation of a macrochelate involving orly the phosphenate
group and N-3 is highly unlikely because its formation would force the ether atom
into the coordination spherc of the metal ion [7,9].

The above reasonings lead to the following two equilibrium schemes. In the first

case {Eq. (2))
K0
Kﬁ(PMEMW /

(
M2 ¢ PMEAT s===——= M(PMEA)y, S
m M(PMEA)CUN?

the metal ion binds initially to the phosphonate group giving rise to an ‘open’ species,
which is designated M{PMEA),, and which may transfer either into M{PMEA)c.
ie., into the five-membered chelate involving the ether O-atom {Eg. {1}), or into a
macrochelate involving N-7, designated M{PMEA)q ;. A simultaneous binding of
a phosphonate-bound metal ion to the ether O-atom and to N-7 is for steric reasons
not possible. The second scheme {Eq. {3}) consists of successive equilibria:

M(PMEA)y 0

(2}

N KII?I(PMEA)QP
M 4 PMEAY — M{PMEA),

3)

Kiyoive

Ko .
== M{PMEA) ;0 ——— M(PMEA)q/0/Ns

At first the phosphonate-coordinated isomer, M{PMEA),,, forms the five-membered
chelate with the ether O-atom and next the 2-fold chelated species invelving also
N-3, designated M{PMEA),,ons. 15 created.

Both equilibrium schemes {2) and {3) have in common that they contain three
isomeric species. In order to see whether M{PMEA),;;n; and/or M{(PMEA);q,n; are
of any relevance the metal ion-binding properties of (phosphonomethoxy)ethane
(=PME®" =ethoxymethanephosphonate; see Fig. 1) may be considered. It is evident
that equilibrium (1) also applies to this ligand as well as those parts of the equilibrium
schemes {2) and {3} which de not involve the adenine moiety; in other words, studies
with PME?" will reveal the effect of the adenine moiety on the stability of M{PMEA)
complexes.

3, Considerations on the stability and formation degree of M(PME), and
M{PMEA),, complexes

As indicated above, equilibrium { 1) is part of both equilibrium schemes {2} and (3);
therefore, it will be considered first. The position of this concentration-independent
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equilibrium {1} between an ‘open’ isomer, M(PME),, or M(PMEA),,, and 2 ‘closed’
species involving the ether-O atom, M{(PME),; or M(PMEA), 0 (see also Fig. 1), is
defined by the intramolecular and, hence, dimension-less equilibrium constant K;:

K;=[M(PME}, J/IM(PME},,] (4)

In Eq.{4)}, as well as in the following Egs. (5}-(13), M(PME), M(PME},, and
M(PME),; may always be replaced by M(PMEA), M(PMEA),, and M{(PMEA),,,
respectively. This means PME?~ is employed here for reasons of simplicity but all
derivations and conclusions hold for both ligands, ie. PME?™ and PMEA?~, as
long as only equilibrium (1) is operating for PMEA2~ also.

Generally, the stability constants of 1:1 complexes measured experimentally arc
defined in analogy to Eq. {5)

M?>* + PME?~ =M(PME) (52)
Kiiemsy = [M(PMEJA[M?" [TPME?" T} (Sb)

This means that [ M{PME)] represents the sum of the concentrations of all M{PME)
isomers present. Clearly, due to equilibrium {1} the expressions {5} may therefore be
rewritten as given in Egs. {6} and (7),

M?* + PME?~ =M(PME),, =M(PME), {6)
in _([M(PME}o,]+{M(PME),]
M{PME} [M2+ ][pMEz—]
[M(PME)., ] [M(PME), ]
Tt 2- 2+ z- (7)
[M“TIPME*" ] [M*"J[PME*"]
and then further developed [ 19,207 to Egs. (8) and (9):

KM[PME) =K E(PME)OP +K ['K m(PME}OP (83)
= Kﬁ{mmop{ 14+ Ky) (8b)
M -

Ky BNy jgons )

KM{PME)OP

The stability constant of the open isomer, Kyipwr,, (EQ. {10)),
KMewey,, = [M(PME)  JA[M*TJ[PME*" ) {10}

is not directly accessible by experiments, yet it may be calculated with the measureable
acidity constant, Kyeug (Eq. {11)),

Kiigus;=[H™ J[PME?* " J/[H(PME)~ ] (11)

which is due to the deprotonation of the —-P{O)},(OH)™ residue in H{PME}", and
the equations of the correlation lines for log Kilg po,, versus pKiig ro,) plots {(where
R-PO2~ represents simple phosphonate or phosphate monoester ligands with a non-
coordinating residue R) as listed in Table 1 [7,23] for the ten metal ions already
mentioned. As one would expect, the equilibrium data for the simple methane-
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Table 1
Straight-linc correlations for M2 —phosphonate or phosphate complex siabilities and phosphonate or
phosphate group basicitics (25°C; I =0.1 M, NaNQ,;®

M2t m 1) 5D

Mg * 0.208 + 0015 0.2724+0.087 0,033
Ca®” 0.131 0020 0.636+0.131 0048
S 8.082+0016 Q.732 0,102 0.036
Ba?- 008740016 0.622+0.107 0.039
Mn?* 0.238+0.022 0683 40.144 0.051
Co?* 0.223+0.026 0.354 +0.167 0.057
el .245 +0.023 0422 £0.147 0.051
Cu?t 0.465 +0.025 ~Q015+0.164 0.037
Zn** 0.345+0.026 —0017+0171 0.060
Cd?: 0.329 + 0019 0.399+0.127 0.045

®The slopes ) and intercepts {b) for the straight base lines from plots of log Kif po,; versus pKlg o,
were calenfated [7] from the eguilibrivm constants determined earlier for six simple phosphate
monoesters (4-nitrophenyl phosphate, phenyl phosphate, n-butyl phosphate, p-rihogse S-monophosphate,
vriding 5'-monophosphate, and thymidine 5-monophosphate} [23] and two simple phosphonates
{methanephosphonate and ethanephosphonate) [7]. The column at the tight lists 3-thmes the standard
deviations (8D} resuiting from the differences between the experimental and calculated values for the
mentioned eight ligand systems.

*The above data are abstracted from Tables 5 and 6 in Ref [7]. Straight-line equation: y=rrx +5,
where x represents the pK, value of any phosphate monccster or phosphonate ligand and » the
calcuiated stability constant (logK) of the corresponding M{R-PO;) complex; the errors given with m
and b correspond to 1 standard deviation {le). The listed SD values {column at the right: 3o} arz
considered as reasonable error limits for apy stability constant calculuation in the p&, range 5 to 8.

phosphonate and ethanephosphonate ligands also fit on these straight lnes {(see also
Fig. 2, vide infra). Hence, with this procedure fog Ki‘}(m,:-}op is obtained and thus the
stability-constant difference of Eq. (12}

log A=log Ayeur =log K ﬁ{ma“m, —log KR"{(PME)W,; (12a}
=log Kipum —log Kﬁ{ma)op =log (1 +E) {12b)

can be calculated, which then also defines the second term in the above Eqg. (9). |t
may be added that the value for 108 is sometimes also addressed as the siability
enhancement factor (1+E) [19].

Clearly, the reliability of any caleniation for K| (Egs. {4) and (9)} depends on the
accuracy of the difference log Aypyr) Which becomes the more important the more
similar the two constants in Eq. {12b) are. Therefore, only well-defined error limits
allow a quantitative evaluation of the position of equilibrium {1). Finally, if K, is
known, the percentage of the closed or chelated species occurring in equilibrium {1}
foliows from Eq. (13},

%M(PME), = 100-K; {1 +K,) (13}

Application of this procedure [19,20] yields the results listed in Tables 2 and 3
{vide infra) which will be discussed in Section 5,
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4. Evaluation procedure for the three-isomer problem of the M{PMEA} complexes

Three-1somer equilibria have so far rarely been treated in the literature {see e.g.
Refs. [ 7,24]). Assuming that aside from the M{PMEA),, and M(PMEA),,, species
considered in Section 3 additional isomers as summarized in the equilibrium schemes
(2} and {3} occur, their formation must be recognizable by a further stability increase
which goes beyend the one connected with equilibrium (1), This case will now be
considered.

Application of the mass action law to the equilibrinm scheme (2) leads to the
definitions {14)-(16}:

log Kiemen,, =[M{PMEA), JA[M* " J[PMEA*" ]} (14)
Kyo={M(PMEA)g,0 [/[M(PMEA),, ] (15)
Kyng=[M(PMEA)q 7 J/[[M(PMEA),, ] (16)

Of course, the experimentally accessible overall stability constant as defined in
Eq.{17a} may then be rewritten as given in the expressions (17b}, (17c}, and (17d):

[M(PMEA)]

KM(PMEA}={M2+][PMEA2_]) (17a)
_{([M{PMEA},, 1+ [M({PMEA)q,6]+ [M(PMEA)yx7 1) (17b)
B [M2*[PMEA?"]
= Km(PMEA}W + KoK :}{PMEA]OP +Kynr K ﬁ{PMEA}OP {17c)
:Kﬂcmm)op{l+K1;0+K1;N7} {174}

Based on Egs. (14), (15}, and (18} the corresponding derivation is obtained for the
equilibrium scherme (3%

Kyjops =[M(PMEA)y,003 /EM{PMEA} 0] (18)

KMpmea) = [M[zl\Jr&; E) 11:;[\;:; ;]2 7 (19a)

_(IM{PMEA},, 1+ EM(PMEA)q 0] "1‘ [M{PMEA).,0n3]) (19b)
[M2*][PMEA?" ]

=K m(pmm}op + Kl;o‘Kﬁ(mnA}op + Ko Kyoms 'Kﬁ(PMEA)‘,,, {(19¢)

= Khemear {1+ Ko+ Kijo Kyops) {19d}

It is apparent that Egs. (17d) and (19d) transfer into Kypueay= Kiiemea,, if N0
five-membered chelates are formed and if no interaction with the adenine moiety
occurs. For the case that only no interaction with the adenine residue takes place,
i.e., M{PMEA) 7 and/or M{PMEA) 0. are not formed, the equilibrium schemes
(2) and (3) reduce to equilibrium (1); in other words, to the situation also possible
with PME2" (cf. Fig. 1). The corresponding definitions have been given in Section 3
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in Egs. (4), (7), and (8). Considering further that M{(PME}, and M{PMEA};,
correspond te cach other regarding the structures of the chelates, it is evident that
in the case that no adenine-bound isomers are formed, Eqgs. (17d) and (19d) reduce
to Eq. {8b).

Ir analogy to Eqgs. (4) and {9) in Section 3 and based on Eq. (17d) one arrives
easily [ 7.24] at the following Eg. (20}

KR}{PMEA} _ logA .
K=Ky = oar MEA) 4 _ jglosd ] (20a)
M{PMEA],p,
_[M(PMEA)y0] ([M(PMEA)y01+[M(PMEA)y]) (20b)
~ [M(PMEA),,] [M{PMEA),; ]
i KI,‘O + KI{NT (20(:}

Similarly, based on Eq. {194}, follows Eq. {21):

K oue
Ky =Kipor =g o 1= 1028 1 (21a)
KM(PMEA)DP

_IM(PMEA)y 0] ((M(PMEA)uo ]+ [M{PMEA}y 0 1)
"~ [M(PMEA),] [M(PMEA),]

= Kuo +K i;‘o'Kl,'o;m = KUO[ 1+ Kl,foms) {21ic}

(21b)

Clearly, it is again evident that if the second ‘closed’ isomer, M{PMEA),, or
M{PMEA}.,omns. is not formed, the above Egs. (20¢) and {21c) reduce to the two-
isomer problem {Eq. (1)) treated in Eq. {9). It should be noted further that the
differences between Egs. (20¢) and (21c) originate in the different order of the
successive equilibria in schemes (2) and (3). This leads then to different definitions
for some of the intramolecular equilibria (Egs. (16) and (18)), and hence to different
dependencics of K, ie. Ky {se¢ Eqgs. (20c) and (21c)).

Values for K (= K,,) can be calculated according to Eqs. {20c) or {21c), because
in analogy to Eq. (12} the observed stability increase, if schemes (2) and/or (3} are
operating, is defined by Eq, (22):

log A=log Apemea)=log KE(PMEA)MW, —log K;i(PMEA}cﬂG {22a)
=log KE{PMEA)—EOg K !b\f!i{PMEA)Op (22b)

Hence, the concentration fraction of the open isomer, M{PMEA),,, becomes known
{Egs. (20a) and {20b} or {21a} and (21b)).

Regarding the formation degree of the five-membered chelate with the ether
O-atom, i.e. M(PMEA),, {Eq. (15)), the same stability is assumed as for M(PME),,
{Section 3), i.e. Ky for M(PMEA),,;0 equals the corresponding value for M{PME),
{see Egs. (1), {9} and Fig 1). With Ky, and Ky, known one may now calculate
Kins {Eq. (16)) from Eq. {20¢) or Kjons {Eq. (18)) from Eg. {21¢) and hence, the
formation degree of the M{PMEA}, -, or M{PMEA), 0 Species. Of course, the
difference between 100 and the sum of the percentages calculated for M(PMEA),,
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and M{PMEA)y,, will also result in % M{PMEA},n; or % M(PMEA}), o and
hence in Ky (Eq. (16)) or Ky (Eq. (18)). The results of these calculations are
presented in Section 6.

5. Comparison of the increased complex stabilities of the M(PME) and M(PMEA)
complexes and formation degree of the M(PME},, and M{(PMEA)},_,, isomers

As indicated before (Sections 3 and 4), any kind of metal jon interaction that goes
beyond a pure phosphonate coordination in the M({PME) and M(PMEA) complexes
must be reflected in an increased complex stability. This is demonstrated in Fig. 2.
In this figure plots of log Kijr.po,) versus pKiig po,, are shown for the 1:1 complexes
of Mg**", Mn?*, and Cu** with eight simple ligands (see legend of Fig. 2) aliowing
only an R-PO2 ™ —metal ion binding. The corresponding least-squares reference lines,
the parameters of which are given in Section 3 in Table 1, define the relation between
phosphonate-complex stability and phosphonate-group basicity.

The three solid points in Fig. 2 which refer to Mg(PMEA), Mn{PMEA), and
Cu{PMEA) are considerably above their reference lines, thus proving an increased
stability for these complexes. However, the analogous observation is also made
{crossed points) for the corresponding M(PME) complexes. This clearly proves that
equilibrium {1) is operating. Indeed, the significant stability increase for the Mg?~
and Mn?* complexes of both ligands is in accordance with the binding of the ether
O-atom and contrasts with the observations made for M{53-AMP) compiexes
[26,227; in this latter case macrochelate formation, ie. N-7 backbinding of a phos-
phate-coordinated metal ion, occurs only with those metal ions, such as Co?*, Cu?~,
Zn?", or Cd2", that possess a significant affinity toward N-donor sites.

5.1. Quantification of the increused complex stabilities

The vertical distances of the data points due to the M{PME} and M(PMEA)
complexes to the reference lines in Fig. 2 evidently correspond to the stability
differences defined in Egs. {12} and {22). In other words, a quantitative evaluation
of the situation reflected in Fig. 2 is possible, as already indicated in Section 3, by
calculating with the values of pKijpwg) of pPKiipmeay and the straight-line equations
sumnmarized in Table 1 the expected {calc) stabilities for M{PME},, or M(PMEA),,
complexes having solely a phosphonate—metal ion coordination. The corresponding
results are listed in column 3 of Table 2; comparison of them according to Egs. {12)
and (22} with the measured {(exper) stability constants, which are given in column 2
of Table 2, leads to the stability differences shown in column 4.

Evidently all the M{PME) and M(PMEA} complexes are more stable than
expected on the basis of the basicity of the phosphonate group in the corresponding
two ligands; a conclusion already borne out from the data points shown in Fig 2
for the M{PME) and M{PMEA) complexes with Mg?™, Mn>", and Cu®~. However,
a careful comparison of the data points for the Cu?" complexes in Fig. 2 indicates
in addition a higher stability of the Cu{ PMEA} complex compared with that of the
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Fig. 2. Evidence for an enhanced stability of several M{PMEA) (@)}, and M{PME} {3} complexes, based
on the rclationship between tog Kiw.po,) and pKlg.eo, for the 1:1 complexes of Mg®", Mn?*, and
Cu?* with some simple phosphate monocster or phosphonate ligands {R—PQ3 7 ): 4-nitrophenyl phosphate
(NPhP?7), pheny! phosphate {PhP?~}, uridine 5-monophosphate (UMP? ), p-ribose 3-monophosphate
{RibMP?7), thymidine 5-monophosphate (TMP?-), n-butyl phosphate {BuP?" ), methanephosphonate
{MeP” "), and ethanephosphonate (ELP*) {from lcft {0 right) (O). The least-squares lines are drawn
through the corresponding eight data sets [ 7,237; the equations for these base lines are given in Table [
The vertical broken lines emphasize the stability differences of the M{PMEA) {®) and M(PME) (®}
complexes to the corresponding reference lines; these diflerences equal log Aypwmg, (Eq. (123} and
log Auesseay (Eq- (22)).The points due 1o the equilibrium constants for the PMEA (@) and PME (®}
systems are taken from Tables 1, 2, and 8 of Ref [7]. All ploited equilibrium constant values refer to
agueous sofulions at 25°C and I=0.1 M {(NaNO,}.

Cu(PME} species; this observation is confirmed by the corresponding log Ay ro,
valies given in Table 2. Hence, one has to conclude that in Cu(PMEA} the adenine
residue is alse involved in compiex formation (see Section 6).

5.2, Formation degree of the chelated isomers involving the ether O-atom

Since the values for log Ayg.po,y are defined analogously for the M{PME} and
M{PMEA} complexes {(see Egs. (12} and {22}), their observed increased stabilities
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Table 2

Comparison of the measured stabilities, Kijpue, oF Kijpura, of the M{PME} or M(PMEA) complexes
with the calculated stabilities, Kiipug,,, 07 KMipueay,,» for the isomers with a sole phosphonate-M**
coordination, as well as a comparison between the stability increases logAyensa; 204 1088uene, at 25°C
and I=0.1 M {NaNO,)

M2 logk m{PME) IOgK;‘!{{PME}‘» logAuem B

{Egs. (5,7T)" {Eq. (10)F {Eq. (12))
Mg?* 19544001 L.734+0.03 02240603
Ca?t 1.76 4001 1.56 +0.05 0144005
St 1.384+0.03 1314004 0074005
Ba®™ 1.334003 1.2340.04 0104005
Mn?t 2624002 2354005 0.27 +£0.05
Co??* 2414002 2124006 0.29 +0.06
Ni2* 2334002 2144005 0.194+0.05
Cu?” 3734003 3.254006 048 +0.07
Zn?t 2744002 2404006 0.341+0.06
gt 301 +£002 2714005 0.30+0.05
M2+ 1°gK§{PMEAp IGgKﬁ[PMEA!‘w logAyen Eaj Alogh

(Eqgs. (17,193 (Eq. (18)F (Eq. (22}; (Eq. {23)
Mg?* L87+0.04 1.71 4903 0.16+005 0064006
Ca®* L6540.05 1.54 4005 2.11+0407 (031009
St L3740.03 1.304+0.04 0074005 00040607
Ba®* L304+0.05 1.224004 0084 0.06 —0.024008
Mn?t 2.54+0.06 2334005 021 +0.08 ~ {306+ 009
Co?t 2371603 209 +0.06 628 +0.07 001 £0.09
Nj*+ 2414005 2.11+005 0.30+0.07 0.11 £0.09
Cu?t 3.964+0.04 319 +0.06 0.77+0.07 0294010
Zn?" 2.6640.13° 23640006 03010107 —0.04 £0.12

Cd** 3.00+004 267 +0.05 0.33+006 003+ 008

= The stability constants were measured in aqueous solution via potentiometric pH titrations [71]. All the
errors given are 3-times the standard error of the mean value or the sum of the probable systematic
errors, whichever is larger. The error limits of all derived data, ep. logA, were calculated according to
the error propagation after Gauss.

® Acidity constant (see Eq. {113} pKHpug,=7.021001 [7].

¢ Calculated with pKE e =7.02 or pKiieyp., =690 and the reference-line equations of Table 1; the error
limits correspond to the SD values {30) in Table 1.

¢ Acidity constants: pKf, s a;=4.16 £0.02 {deprotonation of the H*(N-1) site}; pKijempa, =6.901£0.01
{deprotonation of the —P{O}L(OH)™ residue) [7].

*No stability constant could be determined owing to precipitation [7]. The above value is an estimate
{for details see Ref. [7]).

may be directly compared according to Eq. {23}
A log A=log Aypmea) — 108 Anpums) (23)

The corresponding results are listed in the fifth column of the lower part in Table 2:
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It is apparent that the values for Alog A are zero within the error limits for clearly
eight out of the ten cases.

This means that for the metal ions Mg?™, Ca?™, §¢2*, Ba®*, Mn?™, Co?*, Zn?*
(see footnote e of Table2), and Cd** the measured increased stability of therr
M{PMEA) complexes can solely be explained by the formation of the five-membered
chelate shown in equilibrium (1), and consequently the adenine residue has no
remarkable influence. This result allows Egs. (9) and (13} {see Section 3) can he
applied not only to M{PME} complexes but also to the mentioned eight M{PMEA)
systems and that their equilibrium () position can be evaluated quantitatively. These
resuits are summarized for both ligand systems in Table 3.

The calculations for K, and % M(PMEA) ,c given in Table 3 confirm that the
formation degrees for M{PMEA},, (column 7) and M(PME), (column 4} are
identical within the error limits for the above-mentioned eight metal ion systems
and that consequently these chelates possess the same structure. To conclude, there
is no indication of a metal ion--adenine moiety interaction in the M(PMEA) com-
plexes of Mg?™, Ca®~, Sr**, Ba?*, Mn?*, Co®*, Zn*", and Cd*~.

6. Fermation degree of M{PMEA) isomers involving the adenine residue

The Cu{PMEA} complex is the only clear exception with a positive deviation of
the value for A log A (Eq. {23)} in Table 2. Iis log Acyeuea) value is Jarger by ca. 0.3

Table 3

Extent of chelate formation according to the intramolecuolar cquilibrivm (1) in M{PME)} and M({PMEA)
complexcs as quantified by the dimensionless equilibrium constants K (Eqs. (4 and 9} and Ky (Eq. {15)],
respectively, and the percentages of the M(PME), or M{PMEA),, isomers {Eq. {13)) in aqueous
solation al 25°C and {=0.1 M (NaNQ;)

MZ*  M{PME) M(PMEA)

1082 weeyes K % M{PMEB), logAypeyea, Ko % M{PMFA),,

(Eq. (12)F {Eqs. (498 (Eq. (i3} (Hq. (22} {Eqgs. (159)) {Eq. (13}
Mg?* 0224003 0664012 40+4 0.16+0.05 0454017 3148
Ca?* 0144005 0384016 28+9 0.11+0.07 0294021 22413
Sr27 00740405 0174014 15410 0.07 +0.05 0174014 15+ 10
Ba**  0.10+005 0264014 2149 068+ 0.06 0204018 17412
Mn2* 0274005 0861023 4647 021+ 0.08 0624029 38411
Co®™ 0294006 0955028 4947 0.28 10,07 0914029 4848
Ni2* 0194005 0554019 35+8 0.304 007 1004032 501§
Cu?* 0484007 2024047 6745 0.77 4 0.7 1894098 8343°
Zn?"  0.3440.06 1194032 5447 0.30 +6.10° 1004046 30412
Ca**  030+005 1.00+025 5046 0.33+0.06 1144032 5347

* Values from column 4 of Table 2; sce also {ootnote a of Tabic 2.

®Estimated value; see footnote ¢ of Table 2 and Ref. [7].

“The values for Ni(PMEA)Y,o and Cu{PMEA),  are only apparent resuits {they actually correspond
1o M{PMEA}y..; Eqs. (20b and 21b)) and are thercfore printed in italics {sce Sections 5 and 6). The
aciual values for NifPMEA),, and Cu(PMEA),, are given in Table 4 in Seciion 6.
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log unit than the one for the Cu(PME) system. This means that the adenine residue
int the Cu{PMEA) complex clearly has a stability-enhancing effect which goes beyond
that of the ether group discussed in Section 5. Consequently, further analysis is
necessary by considering the additional intramolecular equilibria outlined in
Section 4. In this analysis Ni{PMEA)} is included because in this case also an extra
stability increase is observed (see column 5 of Table 2} though it is considerably
smaller than that for Cu{PMEA) and just barely beyond the error limits. Further,
the Cd{PMEA) system is included in the calculations to provide the interested reader
with information on how large the percentage of an extra isomer may become
without becoming significantly manifested in the experimental data.

As discussed in Section 2, N-1 of PMEA?~ (see Fig. 1) is not accessible for a
phosphonate-bound metal ion and N-3 can only be reached if the ether O-atom is
simultaneously coordinated, while with N-7 a macrochelate may be formed. The
latter two possibilities involving N-3 and N-7 are displayed in the equilibrium
schemes {2) and (3). The analyses of the corresponding isomeric equilibria have been
treated in Section 4; the calculations based on these evaluations are presented in
Table 4. In these analyses it is assumed that the stability of the five-membered
chelates in the M{PME) species is representative for that of the M{PMEA) ones.

The dimensionless ‘overall” equilibrium constant K; (= Kju,; Eqgs. (20) and (21)}
follows directly from the experiments {see Section 5; Table 3} and K, (Eq. {15}),
which quantifies the formation degree of the five-membered chelate with a metal icn
bound to the phosphonate group and the ether O-atom (Eq. (1)}, has of course the
same value in both equilibrium schemes {2} and (3), as it refers to the same formation
pathway of the M{PMEA),;,c isomer; therefore, columns 3—6 and 8 contain the same
results in the upper and lower parts of Table 4. Naturally, the values of Ky,
(Eq. {16)} and Kyons {Eq. (18)) are different (column 7), as they refer to different
intramolecular equilibria, yet the formation degrees of the M{PMEA),n; {upper
part) and M{PMEA),,on; isomers (lower part} are again identical (column 9). This
may seem surprising at first sight, yet the formation degree of the third isomer
follows in both cases (Eqs. (2) and (3)) from the difference 100 minus the sum of the
percentages for M(PMEA),, and M(PMEA);,,. This means that the formation
degree of the third isomer with the adenine interaction is identical in both cases, be
it M{(PMEA)yn; of M{PMEA);omns; it reaches approx. 50% in the Cu(PMEA)
system {rows 2 and 5 in Table 4}, approx. 20% in the Ni(PMEA) system {rows 1
and 4) and for the Cd{PMEA) (rows 3 and 6) and all the other systems (cf. Table 2}
it is zero within the error limits, which means it may occur in traces (not exceding
approx. 20%).

At this point the question arises: which of the adenine-bound isomers,
M{PMEA),, or M{PMEA), o3, is actually formed? Or, are even both isomers
present at the same time? With the information currently available these questions
cannot be unequivocally answered. However, careful considerations have led to the
suggestion [ 7] that the equilibrium scheme (3} involving the M{PMEA)on; 1s0mer
is the pertinent one. Indeed, this agrees with the preliminary results obtained from
line-broadening 'H-NMR experiments in the presence of paramagnetic Cu®* [25].
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Further information will hopefully also be obtained by including 3-deaza-PMEAZ~
and 7-deaza-PMEA?" in the studies [25].

The above suggestion about the involvement of N-3 may appear surprising because
N-7 of the adenine residue is a very well known binding site for metal ions
£13,16-18,20-22,26,27], in contrast to N-3. However, the interaction of metal ions
with N-3 of a purine residue has become more and more apparent in the past
few years: There are X-ray crystal-structure studies of Pt2* [28a] and Cu?* [28b]
complexes of guanine derivatives, of Rh* complexes of 8-azaadenine derivatives
[29], as well as of Ni** complexes formed with neutral adenine [30]. Solution
studies with adenosine 2’-monophosphate {2-AMP>" ) show [31] that at least Cu**,
and possibly also Ni** and Cd**, forms macrochelates involving N-3. Indeed, the
formation degree of Cu{2'-AMP},y; is comparable with that of Cu(PMEA};;0,ns;
moreover, the corresponding M{2'-AMP), s chelates with Ni?™ and Cd?* also form
only in relatively low concentrations [31] just like those with PMEA*™ (cf. Table 4).

7. Solvent-dependent metal ion—adenine recognition. The effect of mixed solvents on
the formation degree of the Cu( PMEA) isomers

7.1. Justification for studies of this kind

To what extent is the formation degree of the various M(PMEA) 1somers affected
by the polarity of the solvent? Does a reduced solvent polarity favor or inhibit
chelate formation? Answers to questions of this kind are of general interest because
our knowledge in this respect is extremely scarce even though it is now well estab-
lished that the so-called ‘effective’ or ‘equivalent solution’ dielectric constants in
proteins {327 or active-site cavities of enzymes [33] are reduced compared to that
in bulk water; ie., the activity of water is decreased [34] due to the presence of
aliphatic and aromatic amino acid side chains at the protein—water interface.

For example, for the active-site cavities of bovine carbonic anhydrase and carboxy
peptidase A the ‘effective’ dielectric constants are estimated tc be 35 and <70,
respectively [ 33]. By employing aquecus solutions that contain 1,4-dioxane one may
expect to simulate to some degree the situation in such cavities; e.g., water containing
30 or 30% (v/v} 1,4-dioxane exhibits dielectric constants of about 53 and 35,
respectively [35].

7.2. The effect of the solvent on the size of the equilibrium constants

In the preceding Section 6 we have seen that in aqueous solution all three
Cu(PMEA) isomers (Eqgs. (2} and {3}) occur with a significant fermation degree
{cf. Table 4}. Therefore, the Cu(PMEA) sysiem was also studied [9] in 30% and
50% (v/v) dioxane—water mixtures to address the questions raised in Section 7.1. Of
course, for a quantitative evaluation it was necessary to include in the study the
Cu{PME) system. The corresponding results are sunimarized in Table 5.

In addition to the equilibrium data given in Table 5, reference lines for
tog K&impo,y versus pKiig.ro, plots had to be established [9,36]. These reference
line plots are shown in Fig 3, where the corresponding data pairs for the
Cu?* /PME?" and Cu®* /PMEA?~ systems are also inserted. The resulting six sold
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Fig. 3. Evidence for an enhanced stability of the Cu{PME) and Cu(PMEA) {®} complexes in
1.4-dioxane-water mixtures as solvents based on the relationship between log K&p.ro, 20d pKiieo,:
for the Cu®* 1:1 complexes of 4-nitrophenyl phosphate (1}, phenyl phosphate (2), p-ribose
S-monophosphate {3}, n-butyl phosphate {4), uridine 5-monophosphate {5), thymidine '-monophosphate
{6}, methanephosphonate {7}, and ethanephosphonate (8} in water and in water conlaining 30 or 50%
(v/v) I 4-dioxane. The least-squares Jines are drawn in each case fhrough the data sets shown {C) 7,367,
the equations for these reference lines are given in Ref. [ 97. The data points due to the methanephosphonate
system in the mixed solvents {@) {see Ref [97} are shown to prove that simple phosphonates fit within
the experimental error fimits on the reference lines established with phosphate monoester systems {see
also Ref. [97). The points due to the Cu®* 1:1 complexes formed with PME®~ and PMEA? " {@}1in the
three mentioned solvenis are inserted for comparison {see Table 5 and Section 7). The vertical broken
lines emphasize the stability differences to the corresponding reference lines; these differences equal
log Acug.po, (See Egs. (12) and (22)). All the plotied eguilibrivm constanis refer to 25°C and =01 M
{(NaNQ,). Reproduced [rom Ref. [9] by permission of the American Chemical Society.

points are considerably above the reference lines in all three solvents, thus proving
increased stabilitics. These increased stabilities, ie., their vertical distance to the
reference lines, are quantified via the log Aypme and 108 Aypuma, values given in
column 9 of Table 5. Further, as also seen in Fig, 3, the values calculated for A log A
{Eg. (23); column 10 of Table 5) confirm that in all three solvents the adenine residue
of PMEA?" participates in Cu?* binding.

Of course, for Cu(PME) again only equilibrium (1) is operating; the results of the
corresponding mathematical evaluation {(see Section 3} are given in the upper part
of Table 6. It is remarkable that the formation degree of Cu{PME), is rather
independent of the solvent {column 4} despite the fact that the overall stability
constant log K& ey, increases by more than 1.5 log units in changing the solvent
from water to a 50% dioxane—water mixture {see column 7 of Table 5) .

Regarding Cu{PMEA), values for K, (=K} as defined by Eqs. {20) and (21)
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Table 6

Extent of chelate formation according to equilibrium (1} in the Cu(PME] species as quantified by the
dimensionless equilibrivmn constant K; {Eq. (4}} and the percentage of Cu{PME), {Eq. (13)} in agueous
solution and in water containing 30 or 50% {vjv} l4-dioxane at 25°C and J=01M (NaNO;)* In
addition the overall values Ky, (=K; Egs. {202 and 21a)} and % Co{PMEA);,., for the Co{PMEA)
systems in the mentioned solvents arc given

%Dioxane Cu(PME)

(v/v)
logAcueus; K; %Cu{PME),
{Eq. (12)¥ {Egs. (4.9}) (Eq. {133

0 048 £0.07 202047 675

30 .394+0.04 1.45+0.24 5914

50 .41 4+0.07 1.57+0.40 6146

% Dhioxane Cu{PMEA)

{v/v)
logAcueuen K=K Y Cu{PMEA o
{Eq. (22))° {Eqgs. {202,21a)¥® {Eqs. {20b,21b)1F

0 0.77+0.07 439 1+098 83+3

30 0.521+0.08 2314044 T0+4

50 0.7510.08 46214099 8213

*The values for 1ogAgu e 20d 10gAr,puis, and thelr error limits {3¢) are from columa Y of Table 5
[97; see also footnote a of Table 2.
®Regarding these values see also Table 7 and the text in Section 7.

can be calculated with the stability differences log Acypmpay {Eg. {22)); these data
together with those for Cu(PMEA )y, (Egs. (20b) and {21b}), which are needed for
the analysis of the three-isomer situation, are given in the lower part of Tabie 6.
Application of the procedure described in Section 4 and already used in Section 6
feads to the results for the equilibrinm schemes (2) and (3) as summarized in Table 7.
The considerations given in Section 6 in connection with the analogous Tabie 4 also
apply here for Table 7 and are therefore not repeated.

7.3. Dependence of the extent of the metal ion--adenine interaction on the solvent
composition

Though there are indications {see Section 6) that N-3 is the pertinent binding site
for Cu®* and that consequently (mainly) equilibrium scheme (3} is operating, a final
decision between the results given in the upper (Eq. {2}) and lower parts (Eq. {3)}
of Table 7 cannot yet be made. Therefore, the isomers with the Cu®*—adenine
interaction, which definitely exists be it via N-3 or N-7, are now designated simply
Cu(PMEA),aq. It is most interesting to note from the resulis in Table 7 (see rows
2 and 35) that the addition of 1.4-dioxare to an agueous solution containing
Cu{PMEA) initially lowers the formation degree of the Cu(PMEA), . isomer, vet
upon the addition of more 1.4-dioxane it increases again.
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A similar observation was made [37] for Cu{5-AMP), for which an iscmeric
cquilibrium exists between a simple phosphate-bound isomer, Cu(5-AMP),,, and a
macrochelated species involving the phosphate group and the N-7 site, designated
Cuf{5-AMP),. To illustrate this point further the pertinent resuits from Ref 37
are plotted in Fig. 4 together with those of Table 7. The formation degree of both
Cu{5-AMP)y and Cu{PMFEA),, .. passes through a minimum upon the addition of
i,4-dioxane to aqueous solutions of these complex systems.

This fascinating observation means that independent of the fact that the overall
stability constants log K& amp [37] and log KEipyea, { Tabie 5, column 7} increase
continuously upon the addition of dioxane, the formation degree of the various
isomers is altered differently and as vet unpredictably, Considering that in active-
site cavities of metalloproteins the ‘solvent’ polarity [ 32,33] and the activity of water
{347 are reduced, this is 2 remarkable result because it demonstrates how nature
may alter the structure of a substrate simply by moving it along a protein surface
from a more polar into a more apolar region or Vice versa.

8. Formation of mixed ligand complexes also involving purine-stacked isomers

A further aspect that warrants consideration in studies aimed at elucidating the
properties of PMEA is its possible tendency to undergo stacking; purine derivatives
are well known for this property [ 38] and accordingly it is also expected for PMEA.
With this in mind a study was undertaken [8] of mixed ligand systems consisting

60

n
L2
T

401
CUlPMEAY pg /

%o CUl5-AMP)y ot % CUPMEA)eiag

0 0 20 30 40 50
olufv) Dioxare -Water

Fig. 4. Formation degree of the adenine-chelated specics {equilibrium schemes (2} and (3% in the bigary
Cu?* 1:1 complex systems with PMEA®~ (see Table 7} and ¥~AMP?~ {from Ref. [377) as a function of
the percentage of 1.4-dioxane added to the agueous reagent mixtures at 25°C and 1=0.] M {NaNO;).
Cu(PMEA)yra tepresents Cu{PMEA) ons andfor Cu(PMEA},.. (sec text in Section 7}, while
Cu{5"-AMP}, represents the macrochelate involving the phosphate group and N-7 of the purine moiety
£20,22]. Reprodnced fiom Ref. [9] by permission of the American Chemical Society.
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of Cu?*, PMEA’", and a heteroaromatic amine (arm), ie., 2,2-bipyridyl {bpy} or
1,10-phenanthroline {phen), with the aim of quantifying the formation degree of
the expected intramolecular stacks {cf Fig. §) and te compare the results with the
situation in the corresponding Cu{arm}{AMP} complexes. For these latter species
the position of the intramolecular equilibrium {24) (rib=ribose) has also been

determined [39]:
N M. L
'::M:‘ —_— \:M:
% 2N (24)

0P 5
: ﬁ 0, b«ase\rib /OPOZ
“base

A major obstacle in such an attempt is the already mentioned metal ion-ether oxygen
interaction {Eq. (1)}, ie, the five-membered chelate ring formation in the binary
M{PMEA} complexes (Sections 5 and 6} [ 7], because such an interaction has to a
certain extent also to be expected in Cu(arm)(PMEA) complexes and this of course
will affect the formation of the intramolecular stacks between the purine moiety of
PMEA?" and the aromatic rings of bpy or phen (cf Fig.5). To overcome this
problem again PME?" {see Fig. 1) was included in the study [8], as this ligand
should be able to undergo an ether oxygen—metal jon interaction in mixed ligand
complexes to the same extent as PMEA? ", yet it cannot form any stacks; hence, the
separation of these two different types of intramolecular interactions should become
possible.

8.1. Stahilities of Cufarm){ R-PO; ) complexes
The results for the PME systems are summarized in the upper part of Table 8. As

the straight-line equations for log K&iEmix ro, versus pKim.po,, plots are known
[87 the measured stability constants of the ternary Cu({arm){PME) complexes can

Fig. 5. Tentative and simplified structure of 2 species with an intramolecular stack for Cu(phen}{PMEA)
in solution.
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be evaluated in the way described in Section 3; these resuits are also listed in the
upper part of Table 8 Comparison of the data in columns 2-4 proves that the
Cufarm)(PME} species are indeed more stable than expected on the basis of the
basicity of the phosphonate group of PME?~. Consequently via Egs. (9) and (13)
the intramolecular equilibrium constant K, and the percentage for the closed species,
Cu(arm){PME},, can be calculated. I{ is evident that the formation degree of the
five-membered chelate involving the ether O-atom {Table & column 6) is at least
as pronounced in the mixed ligand Cu(arm}{PME) complexes as in the parent
Cu(PME) complex; in other words, equilibrium (1) is also operating in the ternary
Cuflarm)(PME} complexes.

The experimentally measured stability constants of the ternary Cularm}{ PMEA)
complexes as well as the calculated stabilities of the ‘open’ isomers are listed in
columns 2 and 3, respectively, in the lower part of Table 8. The stability differences
1og Acyarmyeumza) (=108 Apza i Table 8) derived according to Eq. (22) are given in
the fourth column; these values are positive, thus confirming that additional intra-
molecular interactions occur in these PMEA®™ complexes, giving rise to a higher
stability than expected on the basis of the basicity of the PMEA?~ phosphonate
group. However, most important is the fact that the log Acyemmyepuea) values are also
significantly larger than those for log Acyammypus, 88 @ comparison between the
corresponding values in the upper and lower parts of Table 8 (column 4) demon-
strates. This additional stability enhancement is more clearly seen in Fig 6, where
plots of log KEHam™)y pos versus pKligpo, are shown. The broken line refers to
the coordination of R-PO%~ to Cu(bpy)** and the solid line to the corresponding
reaction with Cu{phen)?*; it should be noted that here R-PO3~ represents phospho-
nates with a group R which is unable to undergo any kind of interaction within the
complexes. Clearly, the most remarkable observation is that the points due to
Cu{arm}{ PME) and Cu{arm){PMEA) are significantly above the correlation lines;
in addition, those for Cu{bpy}{ PMEA) and Cuiphen}(PMEA) are even about | log
unit above the points of the corresponding Cu{arm}{ PME) complexes, definitely
proving that further interactions must occur in the Cu(arm}{ PMEA) species, i.e., that
intramolecular stacks of the type shown in Fig. 5 are formed.

The vertical distances in Fig. 6 between the points due to Cufarm}{PME) and
Cufarm){PMEA} and the base lines are evidently 2 measure of the extent of the
intramolecular interactions occurring in these complexes and the mentioned distances
also correspond here to the log A values as defined in Eqgs. {12} and (22}, respectively.
Of course, as already pointed out above, the increased stability of the Cu{arm}{ PME}
species is due to the formation of the five-membered chelates shown in equilibrium
(1) and quantified in the upper part of Table 8. Further, PME?~ and PMEA?" (sce
Fig. 1) are equally well suited for the formation of the mentioned five-membered
chelates, but stack formation is possible only with PMEA?~, Hence, for the
Cu(arm){PMEA) species the existence of {at least} three different isomers has (o be
considered in sclution.

8.2. Evaluation and mathematical treatment of the Cufarm ){ PMEA) systems

The formation of the five-membered chelates involving the ether oxygen of PME*~
or PMEA?™ certainly occurs within the equatorial part of the coordination sphere
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50 . §

2_
Lg PMEA
1 o

Cularm)
log KCu(arm)(Rh PQ3}

. R PMEZ

F)K:(R~P03)

Fig. 6. Evidence for an enhanced stability of the Cu{arm}{(PME) and Cu({arm){PMEA} complexes
based on the relationship between log KEE e po,y 20d pKiip.po, for the ternary Cu{bpy){PME} and
Cu{bpy)}(PMEA) {0}, as well as for the Cu(pben)(PME} and Cu{phen¥PMEA} (@) complexes in
aquecus solution at 7=0.1M {(NaNQ;} and 25°C. The plotted data are from Table & in Section 8 {87,
The two reference lines represent the log K versus pK, rclationship for Colam}(R- PO,) complexes; it
should be emphasized that R-PO3 ™ symbolizes here phosphonates (or phosphate monoesters) with an R
group unable to undergo any kind of hydrophobic, stacking or othesr type of interaction; the broken line
holds for arm=bpy and the solid line for arm =phen. Both straight lines are calculated with the
paramecters listed in Table 5 of Ref. [8] and they represent the situation for ternary complexes without
an intramolecular ligand-lipand interaction. Redrawn in a slightly altered way from Ref [87] with
permission of the Royal Chemical Society.

of Cu®* because only weak interactions are possible with the apical positions [40,417
and the siability increase as ¢xpressed by 10g Acyarmypme) With about 0.6 is substantial
indeed {cf. Table 8). The corresponding chelated isomer with PMEA?~ is now desig-
nated Cu{armj{PMEA), . Careful considerations [87 have led to the conclusion
that the adenine residue in such a species cannof stack well with the aromatic rings
of the also equatorially coordinated arm. A subsiantial and strain-free overlap is
possible only if the ether oxygen is not equatorially coordinated to Cu®*; this
situation is depicted in Fig. 5. However, from molecular models it becomes evident
that an apical ether oxygen coordination and simultaneous stack formation would
be compatible with each other. Hence, there are various intramolecularly stacked
Cu{arm}(PMEA) species possible, including those with somewhat different orienta-
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tions of the aromatic rings toward each other. As there is at present no way to
distinguish these various isomers and conformers from each other, all the stacked
species (st) are treated together and designated Cu(arm)}{PMEA),,. The sum of these
reasonings then gives rise to the equilibrium scheme {25), where the pure phosphonate
coordinated (or ‘open’} isomer 1s designated Cu(arm}{(PMEA),.

Cularm)(PMEA) 10

KEG, A

5, " PMEAYop
Cularm)*™ + PMEAS —m— Cu‘am)(ijop {25}

w.

CularmHPMEA),

It is evident that the upper branch of this equilibrium scheme reflects equilibrium
(1} while the lower branch is analogous to equilibrium (24}.

Maybe one should mention in this context that a Cuf{arm)* ™ isomer analogous te
M{PMEA},; ;7 {Eq. (2)} or M{PMEA}.,;oms (Eq. (3}) can hardly form owing to
steric hindrance or even not at all owing to the absence of further equatorial sites
in the coordination sphere of Cu?*, respectively. Of course, an elimination of arm
from the coordination sphere of Cu®* via a binding site at the adenine residue is
also not possible to any significant extent. Hence, isomers of the indicated kind will
not form to any significant degree among the various Cu{arm){PMEA) species.
Evidently, equilibrium scheme (25) thus describes the actual situation well.

Based on equilibrium scheme (25}, which is analogous to scheme (2), one may
proceed as described in Section 4 and define the following expressions:

K& Emieveay,, = [Cularm)(PMEA),, /([Cularm)® " JIPMEA®" ]} {26)
Ko =[Cufarm} PMEA )0 ]/[ Cufarm} PMEA),, ] 27
Ky =[Cularm)(PMEA), 1/[Cufarm)(PMEA),, ] (28)

For the experimentally accessible equilibrium constant it holds,

wlarm [Cu{arm}{ PMEA]J]
K& amipmeny = fCu(arm?* J[PMEA" ] (29a}
({Cu{drm){ PMEA),,] + [Cufarm)(PMEA)}0 ]+ [Cu(arm}(PMEA),. 1)
[Cufarm)** J[PMEA?"]
(29b)
KCu{arm}{PMEA},,p +Kyo KCu{am}(PMFA}Op + Kyt KCu{am}(PMEA)Op {29¢)

= Kéatmlenear {1+ Ko+ Ky {29d)
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and for the intramolecular interactions one obtains,

Kgﬁfgf%wmm) Jog A
KizKl,'zot=W_l=10 —1 {30a}
CularmPMEA) o
_[Cufarm)(PMEA )] (30b)
[Cu{arm}{ PMEA),, 1
_{[Cularm)(PMEA)y01 + [Cularm)(PMEA), 1) (300)
[Cufarm)(PMEA),, ]
=Ko + Kyjse {30d)

where Cularml{PMEA}, .. refers to the sum of all the species present with
such an interaction. Clearly, in those cases where the stacked species, ie,
Cularm}j(PMEA),, are not formed, the above equations reduce to the two-isomer
problem {eguilibrium (1)) treated in Egs. {(6)—(13) in Section 3.

8.3. Formation degree of the various species formed in the Cu(arm }(PMEA) systems

It is evident that K; (= K ;,,.; Eg. (30}) can be calculated according to Eg. (30a)
because the values for log Acymmyemeay (EQ. (22)) are known and listed in the lower
part of Table 8 (=log Apypa ) These K, values together with the formation degree of
Cufarm){PMEA);,, 1 (see Egs. (30b, 30c)} are also given in the lower part of Table &,
¢, in columns 5 and 6, respectively. From this information follows also the formation
degree of the open isomers, Cufarm){ PMEA},, (see column 4 of Table 3}. For the
calculation of the formation degree of the species forming the five-membered chelate
with the ether oxygen, ie, Cularm{PMEA},,o {Eq. {27)) again {cf. Sections 4, 5.2
and 6) the justified assumption is made that the species Cu{arm)(PME), (Table 8)
and Cu{arm}{PMEA},,, have the same stability. Knowing now K; and K, one
can calculate K, from Eg. (30d) and, hence, the formation degree of the
Cufarm){PMEA),, species. The results of these calculations are listed in Table 9.

Considering equilibrium scheme {253 and the corresponding data summarized in
Table 9, various aspects are immediately evident. (i} All three structurally different
species of Cu(arm} PMEA) are formed in noticeable amounts, (i} The stacked
species (Fig. 5} are clearly the dominating ones, reaching a formation degree of about
90%. (iii} Consequently, the formation degree of the five-membered chelates involving
the ether O-atormn 1s suppressed to about 10% (and below) compared to the approx.
75% present in the Cul(arm)({PME} systems (see Table 8).

A further aspect that deserves emphasizing is the fact that the values for Ky, of
Cu{bpy}{ PMEA) and Cu{phen}(PMEA) differ by a factor of about 2, ie., 26.31
{+4.92} versus 50.78 {+8.89) {Table 9}). This is the result of the smaller aromatic
ring system of 2,2-bipyridyl compared to that of I,10-phenanthroline, Indeed,
the same factor of about 2 was also observed for Cu(bpy}{5-AMP} and
Cu{phen)(5'-AMP} with the K, values for stack formation of 4.37 {+ 1.02) versus
8.77 (£ 1.81) [35]. Hence, it appears that this is a general phenomenon for the
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interaction between bpy or phen and an adenine residue. The actual formation
degrees of the inframolecular stacks in Cu(bpy)(5-AMP) and Cu{phen){5-AMP}
are 81 {1+4)% and 90 (+2}%, respectively [39], and, in fact, these values are rather
similar to those cbserved for Cu{bpy)(PMEA) and Cu(phen){ PMEA} {(see Table 9).

9, Comparison of properties of PMEA with those of 5-AMP

The dianion of 9-[2-(phosphonomethoxyjethyl]adenine (PMEA?") is a
fascinating ligand which resembles in many respects adenosine 5'-monophosphate
{5-AMP?7; see Fig. 1). Indeed, those properties which depend only on the qualitics
of the adenine moiety, such as H--bonding, stacking interactions, or metal ion
coordination, as long as no sites different from those of the adenine residuc are
additionally invelved, are expected to be very similar or even identical. In fact, that
the adenine residue of PMEA may form adenosine-type complexes has been shown
by the formation of monoprotonated M(H-PMEA}™ species [ 7] in which the metal
ion is mainly located at the adenine residue and the proton at the phosphonate group.

The lengths of the p-ribose S-monophosphate residue and of the {phosphono-
methoxyjethane residue are alse very similar; thus, a metal ion coordinated at the
phosphate group of ¥-AMP?~ or at the phosphenate group of PMEA?~ is placed
at about the same distance from the adenine moiety; in other words, the ‘open’
isomers of the corresponding complexes (see Section 5} are structurally quite alike.
However, there are also crucial differences between S~“AMP?™ and PMEA?~ with
regard to the structures of metal ion complexes formed: with 5-AMP?" alkaline
earth ions only bind to the phosphate group, while divalent 3d ions and Zn** or
Cd*~ form macrochelates involving N-7 of the adenine moiety {20,221. In contrast,
with PMEA®~ all the metal ions studied interact not only with the phosphonate
group but to a remarkable extent also with the neighboring ether O-atom, forming
five-membered chelates as expressed in equilibrium (1} (Section 5). The adenine
residue of PMEA®" is only exceptionally invelved in metal ion binding, as e.g. with
Cu?* and, if so, most probably via N-3 (see Section 6).

In other words, all enhanced complex stabilities observed so far for M{AMP)
complexcs could always be attributed to an interaction with N-7 20,221, while the
enhanced complex stabilities of the M{PMEA) complexes have to be attributed
mainly to the interaction with the ether O-atom [ 7]. This means that the structures
of the complexes having only a phosphate or phosphonate metal ion interaction are
similar, yet those isomers which contain chelates are very different for AMP2™ and
PMEA®". At this point it may be recalled that the ether O-atom is crucial for the
biological activity of PMEA, e.g. its antiviral action [4,43].

As said above, the stacking properties of ¥-AMP and PMEA are expected to be
similar. In accord herewith, the mixed ligand species Cufarm)(5-AMP) and
Cufarm){PMEA), in which stacking is dominating, appear to be quite alike
{Section 8}, while the binary M(5-AMP) and M{PMEA) complexes differ consider-
ably i their structures owing to the participation of the ether oxygen in the complex
forming properties of PMEA?~. However, there is the possibility that the ether
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oxygen also has a bearing in mixed ligand complexes; with metal ions such as Zn?*
[42], which prefer an octahedral, square-pyramidal or tetrahedral coordination
sphere, it would be sterically possible in mixed ligand complexes of the kind described
{Section 8} to have ether O-coordination and stack formation at the same time. In
other words, for such metal ions the structures of mixed ligand complexes containing
5-AMP?” or PMEA?™ would be different.

In this context one may alse add that the extent of stacking in the Cu(arm}{AMP)
complexes containing 2'-, 3-, or 5-AMP?~ is rather different [[39]. This is due to
the directing properties of the phosphate group, which is located at different positions
of the ribose moiety in these AMPs. Clearly, similar differences are not possible with
PMEA?"; for the latter in mixed ligand complexes stacks may only be formed in a
way similar {at least in a first approximation) to those of 5-AMP?~.

10. General conclusions and outlook

Nugcleotides participate in cellular metabolism as substrates or products in diverse
biosynthetic pathways [ 6,15]. They also play a role in various regulation mechanisms
[44]. With these indications in mind, the attempts to exploit artificial nucleotide
analogues, including phosphonate derivatives owing to their similarity to phosphate
esters, are easy to understand. Further, as in nature reactions involving nucleotides
and other phosphate esters generally depend on the presence of metal ions, the metal
ion binding properties of nucleotide analogues [ 2,7-11] and phosphonate derivatives
[7-1245] are receiving increasing attention.

In the described metal ion-binding properties of PMEA, an AMP analogue (Fig. 1},
we have seen that the ether O-atom plays a significant role, It is therefore remarkable
that exactly the same ether O-atom is important for the observation of any antiviral,
ie. the biological, activity of PMEA; deletion of this O-atom or replacement by
other groups leads to a loss or at least a considerable reduction of the biological
activity [ 3,4,43]. Fascinating in the present context is the finding that the only other
compound with comparable biological activity, ie. {§)-9-]3-hydroxy-2-(phos-
phonomethoxy)propyl]adenine {HPMPA} [4,43], differs from PMEA {see Fig. 1)
only by the additional presence of a —CH,OH group in the chain bound to the
adenine moiety, ie., in the —-CH,~CH{CH,0H}-O-CH,-PO3~ residue. As one
might expect, preliminary studies of the complexes of HPMPA?~ with Ca?*, Cu®*,
or Zn®" indicate {117 that their stabilities and structures are similar to those
described in this review for the corresponding M(PMEA) species,

It is interesting that PMEA shows a biological activity spectrum which only
partially overlaps with that of HPMPA: whereas HPMPA is exclusively active
against DNA viruses [44,46], e.g., herpes viruses, adeno- and pox-viruses, PMEA is
virtually inactive against some of them {adeno-, pox-viruses); yet in contrast to
HPMPA, it is a potent inhibitor of refroviruses, including HIV [44,47]. It appears
that PMEA, e.g., in its activity against herpes simplex virus (HSV), acts via inhibition
of the viral DNA polymerase [ 5], while the mechanism of action of HPMPA seems
to be different [5.487]. It may be added that both phosphonate derivatives, PMEA
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and HPMPA, are converted in the ¢ells to their mono- and diphosphates, which can
be considered as nucleoside diphosphate and triphosphate analogues, respectively
[49]. Taking into account the fact that the enzymes responsible for DNA and RNA
synthesis, as well as for many other reactions involving nucleotides, are metal ion-
dependent, it is conceivable that the special metal ion-binding properties of PMEA*~
as well as of HPMPA?~ play a role in the antiviral action of both compounds.

At this point one may recall that in active-site cavities of metalloproteins the
‘solvent” polarity [32,337 and the activity of water { 341 are reduced; this fact together
with the resulls described in Section 7 regarding the alteration of structures of the
complexes in dependence on the composition of the solvent should be kept in mind.
For example, similar results to those summarized in Fig. 4 for Cu{PMEA) and
Cu(5-AMP]) species are also to be expected for other M™* jons with an affinity for
imidazole- or pyridine-type nitrogens. Among the biologically relevant ions, Zn®*,
which is also important in nucleic acid metabolism [6,50-521, has to be placed into
this category. It should be emphasized here again that with a decreasing solvent
polarity the overall complex stability steadily increases despite the {unpredictable}
changes in the isomeric ratios. This last-mentioned category of metal ions is distinctly
different from those such as Mg?” or Ca®* that do not undergo a direct adenine
interaction [ 16-18,20,22,26,531; however, for this latter category also a decreasing
solvent polarity will strongly favor the stability of the -PO3 /M?* interaction
[54,557.

There are two more points which finally warrant emphasis. (i) The evaluation
procedures [ 7,8} for the quantification of isomeric eguilibria between various com-
plexes in solution, as summarized in this account, are penerally applicable, ie, to
any other equilibrium system between structurally different species {or isomers} which
can be defined via equilibrium constants. {ii) The differences in free energy (AG®}
connected with the formation of low percentages of a ‘chelate’, e.g. of M{PME}),,
are smalk e.g., 5%, 21% or 50% M{PME), correspond to changes in log A {Egs. (12},
(22)y of only 0.02, 0.1 or 0.3 and regarding AG® o only —0.1, —0.6 or — 1.7 ki mol ™%,
respectively [17,19]. It is evident that for an enzymic reaction a relatively small
amount, e.g. 20%, of a given isomer of a complex occurring in fast equilibrium is
enough to serve as substrate. [n other words, here nature has a tool to achieve high
selectivity by connecting various such equilibria without creating high energy barri-
ers [ 567].
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