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Abstract

The stability constants o£ the 1:1 complexes formed between methylgphosphonylghos-
phate (MePP3-), CH3P(0);-0-PO57 and Mg2+, Ca2+, Sr2+, Ba2+, Mn2+, Co2*, Ni¢*, Cu?*, Zn*, or
Cd2+ (M2*) were determined by potentiometric pH titration in aqueous solution (25 °C; /= 0.1 M,
NaNOg). Monoprotonated M(H;MePP) complexes play only a minor role. Based on previously
established correlations for Mé*‘-diphosphate monoester complex-stabilities and diphosphate
monoester B-group basicities, it is shown that the M(MePP)~ complexes for Mg+ and the ions of
the second half of the 3d series, including Zn2+ and Cd2+, are on average by about 0.15 log unit
more stable than is expected based on the basicity of the terminal phosphate group in MePP*>~. In
contrast, Ba(MePP)~ and Sr(MePP)~ are slightly less stable, whereas the stability for Ca(MePP)~ is
as expected, based on the mentioned correlation. The indicated increased stabilities are explained
by an increased basicity of the phosphonyl group compared to that of a phosphoryl one. For the
complexes of the alkaline earth ions, especially for Ba2*, it is suggested that outersphere
complexation occurs to some extent. However, overall the M(MePP)~ complexes behave rather as
expected for a diphosphate monoester ligand.

1. INTRODUCTION

Phosphonate derivatives like 9-[2-(phosphonomethoxy)ethylladenine (PMEA) or (S)-9[3-
hydroxy-2-(phosphonomethoxy)propylladenine (HPMPA) belong to a promising class of nucleo-
tide analogues with antiviral properties!!] and indeed, there is hope that therapeutic agents against
HIV will result from this class.[23] PMEA2- and HPMPAZ2- are evidently analogues of adenosine 5'-
monophosphate (AMP2-) and 2'-deoxyadenosine 5'-monophosphate (dAMP2-).[45] After twofold
phosphorylation by cellular nucleotide kinases,!8! the resulting triphosphate analogues can serve
as substrates for viral DNA polymerase or reverse transcriptase which subsequently terminate the
growing nucleic acid chain.[2.7]

The fact that most nucleotide-relevant enzymes, like DNA and RNA polymerases, kinases
and ATP synthases, are metal ion- (often Zn2+)-dependent(89] and that they use nucleotides as
substrates only in the form of (mostly Mg2+) complexesl®! has led to intensive studies of the metal
ion-binding properties of HPMPAI5! and especially of PMEA and its derivatives.[210.11] However, at
this time the coordinating properties of the phosphorylated compounds are unknown. Since
replacement of an O-P bond by a C-P bond makes a compound more basic, as is known for
example from the properties of methyl phosphatel’2] and methylphosphonate,[4] it is desirable to
learn how the metal ion-binding properties change if an ester bond of a diphosphate is replaced by
a C-P bond. The most simple of the latter mentioned compounds is evidently methylphosphonyl-
phosphate, CH3P(O)§-O-PO§‘ (MePP3-), which can be considered as a diphosphate monoester
analogue.[13]

Very recently we have established the correlation between metal ion complex stability and
ligand basicity for a series of structurally related diphosphate monoester ligands by constructing
log KM(R-pp) Versus PKH(r.op) Plots.[1*'Based on these results we are now in the position to study
and to evaluate the metal ‘ion-binding properties of methylphosphonylphosphate. We are
reporting here the stability constants of the M(MePP)~ complexes with Ba2+, Sr2+, Ca2+, Mg2+,
Mn2+, Co2*, Ni2t, Cu2+, Zn2+ and Cd2+. As we shall see, in most instances a slight stability
enhancement is observed which we attribute to the increased basicity of the phosphonyl group.
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2. MATERIALS AND METHODS
2.1. Materials and Apparatus

Trisodium methylphosphonylphosphate (IJUPAC name: phosphoric methylphosphonic
monoanhydride trisodium salt) was prepared in Bratislava similarly as described recently for alkyl
diphosphate esters;[15! further details are given in ref. [13].

All the other reagents were the same as used previously.[12.14] The solutions were prepared
with deionized, ultrapure (MILLI-Q185 PLUS; from Millipore S. A., 67120 Molsheim, France) and
COo-free water. The aqueous stock solutions of MePP were freshly prepared daily and their exact
concentrations were measured each time by titrations with NaOH.

The equipment for the potentiometric pH titrations and the computers employed in the
calculations were the same as recently.[12.14]

2.2. Determination of Acidity Constants

The determination of the acidity constants K}, \epp) Of Ho(MePP)~ was déscribed.['3] Values
for Kijvepp) Of H(MePP)2- were determined!'3] by fitrating 50 mL of aqueous 0.54 mM HNOg (25
°C; I="0.1 M, NaNOg) in the presence and absence of 0.3 mM MePP under N, with 1 mL of 0.03 M
NaOH. The experimental data were evaluated (with a curve-fitting procedure using a Newton-
Gauss nonlinear least-squares program) in the pH range 4.9 to 8.0, which corresponds to about
2% and 96% neutralization, respectively, for the equilibrium H(MePP)2-/MePP3-. The final result is
the average of 20 independent pairs of titrations.

The direct pH-meter readings were used to calculate the acidity constants; i.e., these
constants are so-called practical, mixed or Bransted constants.['6! Their negative logarithms given
for aqueous solutions at / = 0.1 M (NaNO3) and 25 °C may be converted into the corresponding
concentration constants by subtracting 0.02 from the listed pK, values;[18] this conversion term
contains both the junction potential of the glass electrode and the hydrogen ion activity.[16:17) No
conversion is necessary for the stability constants of the metal ion complexes.

2.3. Determination of Stability Constants

The conditions for the estimation and determination of the stability constants KM meppy @nd
K',ggv,epp of the M(H;MePP) and M(MePP)~ complexes, respectively, (where M2+ = Mg+, Ca?*,
Sre¥, Ba2t, Mn2+, Co2+, Ni2+, Cu2+*, Zn2+, or Cd2+), were the same as given above for the acidity
constant Kﬂ(Mepp , i.e., 50 mL of aqueous 0.54 mM HNOg3 and NaNOg were titrated in the presence
and absence of 6.3 mM MePP under Np with 1 mL of 0.083 M NaOH, but NaNO3 was partially
replaced by M(NQ3), (25 °C; /= 0.1M). The M2*/MePP ratios used in the experiments were 1:1 and
1:2 for all systems. In the case of Ca2*, Sr2*, and Ba2*, because of the low stability of the
complexes, also the ratios 4:1, 10:1 and 15:1 were employed. The results were independent of
the excess of M2+ used.

Under the above given conditions, for the stability constants of the protonated M(H;MePP)
complexes (the formation degree of which is small) only estimates could be obtained, which are in
part also based on our previous experience with related ligands (for details see ref. [14] and also
footnote [22] regarding Ba(MePP)~ given in Section 3.3). These estimates were then kept fixed
and the stability constant KM(Mepp) was calculated for each pair of titrations with a curve-fitting
procedure by taking into account the species H*, Hy(MePP)~, H(MePP)2-, MePP3-, M2+
M(H;MePP), and M(MePP)~.[13.14] The experimental data were collected every 0.1 pH unit from the
lowest pH which could be reached in an experiment or from a formation degree on of about 5% for
M(MePP)~ to the beginning of the hydrolysis of M(ag)2+ (e.g., with Cu2* or Zn2+*), which was
evident from the titrations without ligand, or to a formation degree of about 85% for M(MePP)~.

The final results given for the stability constants are the averages of at least three
independent pairs of titrations.

3. RESULTS AND DISCUSSION

3.1. Acid-Base Properties of Twofold Protonated MePP3-
Methylphosphonylphosphate, CHSP(O)E-O-PO%‘can accept three protons giving Hz(MePP).

The first proton of this species will be released with pK, < 1.5 (cf., e.g., [14)), which means outside

of the pH range of this study. For the present case the following two deprotonation equilibria have
to be considered:
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Ho(MePP)- H(MePP)2- + H* (1a)
KHHz(MePP) = [H(MePP)2][H*}/[H2(MePP)-] (1b)
H(MePP)2- MePP3- + H* (2a)
KHH(MePP) = [MePP3-][H*)/[H(MePP)2"] (2b)

The corresponding acidity constants were determined by potentiometric pH titrations; the results
are summarized in Table 1 together with some related data.

Table 1. Negative Logarithms of the Acidity Constants of Ho(MePP)~ (eqgs (1) and (2)) and of
Some Related Protonated Phosphonate and Phosphate Ligands (L) as Determined by
Potentiometric pH Titrations in Aqueous Solutions at 25 °C and /= 0.1 M (NaNO3)2

Acid: HoL or HaL PR PKH,L pKH.

CH3P(O)(OH),l4! 2.10£0.03®  7.53x0.01
CH3OP(O)(OH),l12 1.1 0.2 6.36+0.01
CHgP(O)(OH)-0O-P(O)(OH)s (= Ha(MePP)) <15 1.85+0.03 6.57+0.02
CH30OP(0)(OH)-0-P(O)(OH)5 (= H3(MeDP))[14] <1.5 1.62+0.09 6.37+0.02

a So-called practical (or mixed) constants!!®] are listed; see also Section 2.2. 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. The values in the third row are identical with those published
previously.[13]

b See ref. {18].

As one might expect, replacement of an O-P bond by a C-P bond is most pronounced if it
concerns the P atom in the vicinity of which also the acid-base reaction takes place. Indeed, from
the first two entries in Table 1, which refer to the protonated forms of methylphosphonate and
methyl phosphate, it is evident that both acidity constants are strongly affected: Replacement of
the electron-withdrawing CH3O group by a CHg group leads to an increase of the pKy values by
about 1 to 1.2 pK units. The same replacement in methyl diphosphate leads to a similar but much
smaller effect; i.e., A pKy @& 0.2, for the difference between the pK, values of Hy(MePP)~ and
Ho(MeDP)~ or H(MePP)2- and H(MeDP)2-.

In Ho(MePP)~ one proton is certainly bound at the terminal B-phosphate group, whereas the
other proton could in principle either be located at the phosphonyl or also at the terminal
phosphate group. Since, as we have seen above, replacement of an O-P bond by a C-P bond
increases mainly the basicity of the corresponding group, the dominating tautomer of Hy(MePP)~ is
expected to be CHzP(O)(OH)-O-P(O)2(OH)~.

3.2. Stability Constants of M(H;MePP) and M(MePP)- Complexes

The experimental data of the potentiometric pH titrations may be completely described by
considering equilibria (1) and (2) as well as (3) and (4), provided the evaluation is not carried into the
pH range where hydroxo complexes form:

M2+ + H(MePP)2- M(H;MePP) (3a)
KM 1 mepp) = [M(H:MePP)J/(IM2*][H(MePP)2-) (3b)
M2+ + MePP3- M(MePP)- (4a)
KM mepp) = IM(MePP)J/([M2+][MePP3-)) (4b)

As the acidity of Hy(MePP)~ is rather pronounced and (therefore) the formation degree of
M(H;MePP) is rather low (Section 2.3), equilibria (1) and (3) only play a minor role in the evaluation.
Of course, the acidity constant of the related equilibrium (5a) may be calculated with equation (6):
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M(H;MePP) M(MePP)~ + H* (5a)
Kl mepp) = [M(MePP)-JH*}[M(H;MePP)] (5b)
pKH(H,MePP) = pKfivepp) + l0g K'I\\;Ii(H,MePP) — log Kfiepr) (6)

The constants for eqs (3b), (4b), and (5b) are listed in columns 2, 3, and 4 of Table 2, respectively.
To the best of our knowledge none of these constants has been determined before.[°]

Since all the acidity constants, pKK‘,,(H Mepp) = 3.3 to 5.5 (Table 2, column 4), of the
M(H;MePP) complexes are lower than those of the ]—I(MePP)z' species, pKH(MepP = 6.57 (Table
1), but also significantly larger than those of Ho(MePP)-, pK',I:2 vepp) = 1.85, it is clear that the metal
ions must reside at the phosphonyl phosphate residue and %he proton at the terminal phosphate
group. As far as the structure of the M(MePP)~ complexes is concerned, there can be no doubt
that they exist as chelates, a formal structure of which is shown at the left (see also the comment
regarding Ba(MePP)~ and outersphere complexation in Section 3.3). It is interesting to note that
the order of the stabilities of the M(MePP)~ complexes does not strictly follow the common Irving-
Wiliams sequence, but instead they follow the order now repeatedly observed!1220] for the
stabilities of phosphate metal ion complexes, i.e., Ba2+ < Sr2+ < Ca2+ < Mg2+ < Ni2+ < Co?* < Mn2+ <
Cu?* > Zn2+ < Cd2+,
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Table 2. Logarithms of the Stability Constants of M(H;MePP) (eq.(3)) and M(MePP)~ Complexes
(eq.(4)) as Estimated? and Determined,? Respectively, by Potentiometric pH Titrations in Aqueous
Solutions, Together with the Negative Logarithms of the Acidity Constants (eqs (5) and (6)) of the
Corresponding M(H;MePP) Complexes at 25 °C and /= 0.1 M (NaNO3)¢

M2+ log KM MepP)? log KMvepp)® PKMH MepP)°
Ba2+ 1.1 2.21+0.05 5.45+0.3
Sre+ 1.2 2.32+0.03 5.45+0.3
Ca2+ 1.5 2.97+0.02 5.1 +0.3
Mg2+ 1.6 3.46+0.034 4.7 +0.3
Mn2+ 2.3 4.42+0.024 4.45+0.3
Co2+ 2.0 3.98+0.04 4.55+0.3
Ni2+ 2.2 3.78+0.02 5.0 +0.3
Cu?+ 2.4 5.66+0.04 3.3 +0.3
Zn2+ 2.3 4.46+0.034 4.4 +0.3
g:d2+ 2.5 4.60+0.02 4.45+0.3

The error limits of these estimates are estimated as +0.3 log units (see also table 2 in [14],
Section 2.3, and footnote [22] regarding Ba(MePP)~ in Section 3.3).

The errors given are three times the standard errors of the mean value or the sum of the
probable systematic errors whichever is larger. The error limits of the derived data, in the present
case for column 4, were calculated according to the error propagation after Gauss.

¢ The values listed for the Cu2+/MePP system appear also in table 1 of [13].

d These three values are also given in footnote 13(a) of [21].

b
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Figure. Comparison of the stabilities of M(MePP)~ complexes (®) with those of M2* complexes formed with
diphosphate monoesters (R-DP3-) (0O) based on the relationship between log K',\('A(R.E,p, and pKiR.op) for the
Ba?*, Ca?*, Mg?*, Co?*, and Zn?* 1:1 complexes of phenyl diphosphate (PhDP>-), methyl diphosphate
(MeDP?%), uridine 5'-diphosphate (UDP3-), cytidine 5'-diphosphate (CDP3-), thymidine (= 1-(2'-deoxy-B-D-
ribofuranosyl)thymine) 5'-diphosphate (dTDP3-), and n-butyl diphosphate (BuDP3-) (from left to right). The
least-squares lines are drawn through the indicated six (in the case of Ba?* and Zn?* five) data sets; the
corresponding straight-line equations are given in table 4 of ref. [14]. The equilibrium constants for the
M2+/MePP systems are taken from Tables 1 and 2. All the plotted equilibrium constant values refer to
aqueous solutions at 25 °C and /= 0.1 M (NaNO3).

3.3. Evaluation of the Stability of the M(MePP)~ Complexes

Very recently we have established correlations for M2+-diphosphate monoester complex
stabilities and diphosphate monoester B-group basicities.['4] A few examples of the corresponding
straight-line plots are shown in the Figure into which also the corresponding data points for the
Ba2+, Ca?+, Mg2+, Co2*, and Zn2+ complexes of MePP3- are inserted (solid points). It is evident that
in three out of the five examples the M(MePP)~ complexes are somewhat more stable than is
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expected on the basis of the basicity of MePP3-, i.e., on pk, pp) = 6.57, whereas the data point
for the Ca2+ system fits on the reference line and the one for ihe Ba2+ system is below.

A more rigorous evaluation of this observation is pOSSIb|e because the stralght -line equa-
tions for the log KM g. Dp) Versus pKH g pp) Plots for all ten metal ions considered in this study have
been defined (see table 4 in [14)). éonsequently, with a known pKj value of a monoprotonated
diphosphate monoester one can calculate the stability of its corresponding M(R-DP)~ complex. For
the present case this means that we are in the position to compare the measured (exptl) stability
constants with those calculated (calcd) according to the indicated procedure.

This comparison is done best by defining the stability difference expressed in equation (7):

log A=log KM(MQPP)/eXptl - log KM(MePP)/calcd )

The corresponding results are summarized in Table 3.

Table 3. Comparison of the Stability Constants of M(MePP)~ Complexes (eq. (4)) as Determined
by Potentiometric pH Tltratlons (exptl)@ in Aqueous Solution with the Corresponding Calculated
Stability Constants (calcd)? Based on the Basicity of the Terminal Phosphate Group of MePP3- (25
°C; I=0.1 M, NaNOg3), Together with the Resulting Stability Difference log A (eq.(7))

log K¥vepe)

2+ [

M exptld caledP log 4

Ba2+ 2.21+0.05 2.35+0.03 -0.14+0.06
Sr2+ 2.32+0.03 2.40+0.04 -0.08+0.05
Ca2+ 2.97+0.02 2.97+0.03 0.00+0.04
Mg2+ 3.46+0.03 3.38+0.03 0.08+0.04
Mn2+ 4.42+0.02 4.26+0.03 0.16+0.04
Co2+ 3.98+0.04 3.83+0.05 0.15+0.06
Ni2+ 3.78+0.02 3.66+0.06 0.12+0.06
Cu2+ 5.66+0.04 5.49+0.04 0.17+0.06
Zn2+ 4.46+0.03 4.30+0.03 0.16+0.04
Cd2+ 4.60+0.02 4.43+0.03 0.17+0.04

8 These values are from column 3 in Table 2.
b ﬁe‘l‘lfulated with pKijwepp)= 6.57 (Table 1) and the straight-line equations given in table 4 of ref.
c Regérding the error limits see footnote b of Table 2.

It is evident that the M(MePP)~ complexes for Mg2+ and especially for the metal ions of the
second half of the 3d series, including Zn2+ and Cd2+, are on average by about 0.15 log unit more
stable than is expected on the basis of the basicity of the terminal phosphate group in MePP3-. It
appears to be logic to attribute this increased stability to the higher basicity of the phosphonyl
group, compared to that of a phosphoryl group as commonly present in a diphosphate monoester
ligand.

Based on this explanation one wonders why the stability "increase" for the alkaline earth ions
is in part reversed and becomes even negative following the order Mg2+* (log A4 = 0.08+0.04) > Ca2+
(0.00£0.04) > Sr2+ (-0.08+0.05) > Ba2+ (-0.14+0.06).122] This order is reverse to that of the ionic
radii, but it parallels the hydrated radiil?3] of the alkaline earth ions. Therefore, it is our belief that for
Mg2+ and the divalent ions of the 3d series, including Zn2+ and Cd2+, complex formation with
MePP3- occurs overwhelmingly innersphere (cf. also [14]), whereas for Ca2*, Sr2*, and Ba2*
outersphere complex formation plays an increasing role. Maybe the larger a metal ion is, the more
the methyl group at the phosphorus atom affects solvation and metal ion binding.
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4. CONCLUSIONS

The present results obtained with MePP3- show that replacement of the ester-phosphoryl
group by a phosphonyl residue slightly affects the complex forming properties. Indeed, for the
biologically most significant metal ions, i.e., Mg2* and Zn2+, a small stability increase is observed.
However, since this stability increase is small compared to the overall stability constants of these
complexes, one may conclude that, for example, the metal ion-binding properties of monophos-
phorylated and diphosphorylated PMEA, i.e., the resulting chains then correspond to diphos-
phate and triphosphate residues, closely resemble of the parent nucleotides as far as metal ion
binding at the phosphate residues in a 1:1 ratio is concerned. In accord herewith, in mixed ligand
complexes MePP3- behaves as expected for a simple diphosphate monoester.[13:24]

However, if a 2:1 metal ion ratio is considered, the metal ion binding properties of (2'-deoxy)-
adenosine 5'-triphosphate (dATP4~/ATP4-) are different from those of diphoshorylated PMEA, i.e.
PMEApp*-. From studies of the metal ion promoted hydrolysis of ATP it was concluded!25-27] that
for a facilitated phosphoryl transfer one metal ion should be o,p coordinated and the other should
be located at the terminal y-phosphate %roup of the triphosphate chain. Indeed, X-ray structural
studies of a kinase have confirmed this.[28] For a nucleotidyl transfer as it is catalyzed by nucleic acid
polymerases the two metal ions should be in a M(o)-M(B,y) coordination to facilitate the bond break
between the o- and B-phosphate groups.[2528] X-ray studies confirmed also in this case that two
metal ions are involved.[29.30] As far as the latter mentioned situation is concerned, PMEApp*~ is
favored over (d)ATP4- in accord with studies showing that PMEApp#- is initially a better substrate
for polymerases.[311 The explanation2'] for this observation is that the participation of the ether
oxygen in metal ion binding,[4:32] giving rise to 5-membered chelates, and the enhanced basicity of
the phosphonate group (as shown now) favor M(o)-M(B,y) coordination(21] in the residue,

R-CHy-0-CH,-P,(O) -O-Pg(O)y -O-PY(O)§‘,
of PMEApp?4-, in comparison to the situation in a common nucleoside 5'-triphosphate,
R-0-P,,(O); -0-Py(0); -O-P{0)3"

Of course, once the PMEA moiety is incorporated in the growing nucleic acid chain, this is
terminated due to the lack of a 3'-hydroxy group, thus leading to the antiviral action of PMEA.
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