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The stability constants of the 1:1 complexes formed in aqueous
solution between Mg?*, Ca*t, Sr**, Ba**, Mn**, Co?**, Ni**, Zn?*, or
Cd** (M?*) and methyl thiophosphate (MeOPS?~) or uridine 5’-O-
thiomonophosphate (UMPS?~) (PS*~ = MeOPS?>~ or UMPS?~) have
been determined (potentiometric pH titrations; 25°C; | = 0.1m,
NaNQ,). Comparison of these results for M(PS) complexes with
those known for the parent M(PO) phosphate species, where
PO?*~ = CH;0PO% or UMP?~ (uridine 5'-monophosphate), shows
that the alkaline earth metal ions, as well as Mn?*t, Co?*, and Ni?*
have a higher affinity for phosphate groups than for their thio
analogues. However, based on the linear logK}z.po, Vversus
PKHir.po,) relationships (R-PO3~ =simple phosphate monoester or
phosphonate ligands with a non-interacting residue R) it becomes
clear that the indicated observation is only the result of the lower
basicity of the thiophosphate residue. In contrast, the thio
complexes of Zn’t and Cd** are more stable than their parent
phosphate ones, and this despite the lower basicity of the PS?*~
ligands. This stability increase is identical for M(MeOPS) and
M(UMPS) species and amounts to about 0.6 and 2.4 log units for
Zn(PS) and Cd(PS), respectively. Since no other binding site is

1. Introduction

The use of structurally altered nucleotides as probes provides
one way to study biological reactions which involve nucleotides.
Indeed, all of the three units of a nucleotide, the base, the sugar,
and the phosphate groups, have been modified (see citations in
refs. [1-3]). At present we are interested in nucleotide ana-
logues where a sulfur atom replaces a phosphate oxygen atom;
such compounds were first synthesized in 1966 and they are
known as thionucleotides®™ or nucleoside phosphorothioates.

Initially these compounds were employed in studies regarding
the mechanisms of enzymatic reactions,” and indeed, for this
they are still in use.”” However, more recently, with the develop-
ment of the antisense strategy® and the observation that
oligonucleotides with a sulfur modification at the phospho-
diester linkage are usually more resistant toward nuclease
degradation than natural oligonucleotides,”'® phosphoro-
thioate oligodeoxynucleotides became the most widely used
compounds for sequence-specific inhibition of gene expression
by the antisense strategy.'” Several preclinical and clinical
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available in MeOPS?~, this enhanced stability has to be attributed
to the S atom. Indeed, from the mentioned stability differences it
follows that Cd** in Cd(PS) is coordinated by more than 99% to the
thiophosphate S atom; the same value holds for Pb(PS), which was
studied earlier. The formation degree of the S-bonded isomer
amounts to 76 6% for Zn(PS) and is close to zero for the
corresponding Mg?*, Ca**, and Mn?** species. It is further shown
that Zn(MeOPS)(aq)?* releases a proton from a coordinated water
molecule with pK,~ 6.9; i.e., this deprotonation occurs at a lower
pH value than that for the same reaction in Zn(aq)**. Since Mg?*,
Ca’t, Mn?*, and Cd** have a relatively low tendency for hydroxo
complex formation, it was possible, for these M?*, to also quantify
the stability of the binuclear complexes, M,(UMPS — H)*, where one
M?* is thiophosphate-coordinated and the other is coordinated at
(N3)~ of the uracil residue. The impact of the results presented
herein regarding M?*/nucleic acid interactions, including those of
ribozymes (rescue experiments), is briefly discussed.
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studies involving phosphorothioate compounds are currently
under way""'? and one of the products is already a commer-
cially available drug.'? Yet, there is a caveat here that apparently
has been little appreciated so far: phosphorothioate analogues
of oligonucleotides may undergo exonucleolytic degradation in
inter- and intracellular media with the release of nucleoside 5’-O-
thiomonophosphates, which give rise to biological effects in
their own right.*® 13
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A further aspect which promotes the interest in thionucleo-
tides is the increasing focus on RNA-catalyzed reactions.'" Here,
thio analogues are important tools for studying the role of metal
ions in ribozyme folding and activity as well as in attempts to
understand the mechanisms of ribozymic reactions'™ and to
identify those phosphate oxygen atoms which are important for
catalysis."® Considering that these studies are based on the
different affinities of metal ions toward phosphate groups and
their thio analogues, it is surprising to find that only very little
information is available on the acid-base and the metal-ion-
coordinating properties of these ligands."”-'¥ So far only a few
studies with thio derivatives of nucleotides have been reported,
namely of adenosine 5-mono-," 2" di-, and triphosphate’® and
kinetically labile metal ions. In addition, very recently we
completed a study®™ on the Pb(i)-binding properties of adeno-
sine 5’-O-thiomonophosphate (AMPS?7), uridine 5’-O-thiomono-
phosphate (UMPS?*7), and methyl thiophosphate (MeOPS?").
Furthermore, the kinetically inert Pt() yields, in the form of
chloro(diethylenetriamine)platinum(i) chloride, by reaction with
AMPS exclusively a (phosphorothioate)platinum(i) complex.?" In
accord herewith, cis-(NH,),Ptl, forms with guanosine 5-O-(2-
thiodiphosphate) (GDP-$-S) a macrochelate in which Pt(n)
bridges the phosphorothioate S and guanine N7 atoms.?? There
is also a study™®! of p-nitrophenyl thiophosphate in which the
effects of Mg?* and Cd** on the rate of hydrolysis of this ester are
compared.

In this work we report the stability constants for the 1:1
complexes formed in aqueous solution (25 °C; ionic strength /=
0.1m, NaNO,) between the thiophosphate ligands (PS?~) UMPS*~
or MeOPS?*~ (Scheme 1)?4 and the divalent metal ions Mg?*,
Ca?t, Sr*t, Ba?f, Mn?*!, Co?", Ni**, Zn?*, or Cd?*t (M?*). The
corresponding stability constants of the complexes formed with
the parent phosphate ligands (PO%"), i.e., uridine 5-monophos-
phate (UMP?")! and methyl phosphate (CH;0PO2-),? are known
from previous studies. These results together allow a comparison
between the stability of the M(PO) and M(PS) complexes and
provide thus a better understanding of the changes which occur in
the metal ion affinity in studies where natural nucleotides are
replaced by nucleoside phosphorothioates.

0
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Scheme 1. Chemical structures of methyl thiophosphate (MeOPS*~) and uridine
5'-O-thiomonophosphate (UMPS?-) in its anti conformation.?*

2. Results and Discussion
2.1. Definition of the considered equilibria

UMPS?~ and MeOPS?~ (PS?~ ligands; see Scheme 1) can accept
two protons at the thiophosphate group; hence, the following
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two deprotonation Equilibria (1a) and (2a) need to be consid-
ered:

H,(PS) =H(PS)~ +H* (1a)

Ki.ps) = [H(PS) IH*V/IH,(PS)] (1b)

H(PS)~ =PS* +H* (2a)

Kips) = [PS*IHTV/IH(PS)"] (2b)

UMPS?~ can be further deprotonated at its (N3)H site
according to Equilibrium (3a):

UMPS? = (UMPS — H)*~ + H* (3a)

Kwes = [(UMPS — H)*-1[H*]/[UMPS?>] (3b)

The analogous equilibria also hold for the parent compounds
of UMPS?~ and MeOPS?-, i.e., for UMP?~ and CH;0PO3~. The
acidity constants for all four mentioned ligands are summarized
in Table 1; these values were determined by potentiometric pH
titrations and are taken from our earlier work.!® 2> 26! However,
the values for pKHweors) PKHuwps), and pKiwes have been

Table 1. Negative logarithms of the acidity constants of H,(MeOPS),
H,(UMPS), and their parent acids [Egs. (1)-(3)] as determined by potentio-
metric pH titrations in aqueous solution (25°C; | =0.1m, NaNO,).l”!

Acid PKE, (ps/p0) PKips/p0) PKGwps ume Ref.
H,(MeOPS) 0.62 +0.09 4.96 +0.02 [3]
CH;OP(0O)(OH), 1.1 £0.2 6.36 +£0.01 [26]
H,(UMPS) 4.78 £0.02 9.47 £0.02 [3]
H,(UMP) 0.7 +03 6.15+0.01 9.45+0.02 [25]

[a] 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.

confirmed in the study described herein, where constants
identical within the error limits with those given in Table 1 were
obtained. The acid-base properties of these species,” including
those of AMPS,* 2% and the location of the proton(s), which is in
the -OP(S)(O),H™ residue at one of the terminal oxygen atoms
(-OP(S)(O)(OH)™) have previously been discussed. In the
-OP(S)(0)%~ moiety one of the two negative charges is located
at the sulfur atom.?% 2"’ The main conclusion from Table 1, of
relevance in the context of this study, is the observation that
H(PS)~ is by a ApK, value of 1.4 more acidic than H(PO)~ (Table 1,
Column 3), and also that the acidities of the (N3)H sites in
UMPS?~ and UMP?~ are identical within the error limits, which is
in accord® with expectations.

The stability constants of the M(PS) complexes were
also determined by potentiometric pH titrations by working
with an excess of M?* compared to the concentration
of PS. The experimental data obtained under these condi-
tions (25°C; /=0.1m, NaNO;) can be completely explained
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in the pH range above 3 by taking into account Equilibria (2a)
and (4a),

M2+ 4+ PS*~ ==M(PS) (4a)

Kies = IM(PS)I/(IM2][PS?) (4b)

provided the evaluation is not carried into the pH range where
deprotonation of M(ag)?* or the (N3)H site of UMPS occurs (see
Section 4.3).

With the Zn2*/MeOPS system an interesting observation was
made: in this system an additional proton is released before the
onset of the deprotonation in the Zn(aqg)?* system. This means
Zn(MeOPS) forms a hydroxo complex according to Equilibrium
(5a):

Zn(MeOPS)(aq) = Zn(MeOPS)(OH)~ +H* (5a)

K3 meors)aqy = [Zn(MeOPS)(OH)~1[H*1/[Zn(MeOPS)(aq)] (5b)

In the potentiometric pH titrations of the UMPS systems
containing metal ions like Mg?* or Cd?*, which have a relatively
low tendency for the formation of hydroxo complexes, the pH
range could be reached where deprotonation of the (N3)H unit
occurs and this then gives rise to Equilibrium (6a):

M(UMPS) =M(UMPS — H)~ +H* (6a)

Kiiumes)y = [M(UMPS —H)~1[H*1/[M(UMPS)] (6b)

The formation of the M(UMPS — H)~ species, where the metal
ion is located at the thiophosphate group and where the (N3)~
site carries a negative charge, allows also the formation of 2:1
complexes by the involvement of this site because the experi-
ments are done with an excess of M2+ over UMPS, and this leads
to Equilibrium (7a):

M2 4+ M(UMPS — H)~ ==M,(UMPS — H)* (7a)

K, wmps—r) = [Mo(UMPS — H)*1/(IM**]IM(UMPS — H)"1) (7b)

Since Equilibria (6a) and (7a) are coupled as far as the release
of the proton is concerned, the relevant constants cannot be
determined independently.?® Fortunately, based on previous
experiencel®-3" an estimate for Equation (6b) can be made, i.e.,
PKumes) =9.02£0.15 (see Section 4.3). This value should be
independent of the kind of metal ion coordinated to the
thiophosphate group since here simply a charge neutralization
occurs.? Keeping the mentioned value fixed in the evaluation
process allows calculation of the constants for Equilibrium (7a).
That this procedure is justified is proven in Section 2.6 by
comparisons with the stability constants of M(Urd — H)* com-
plexes, where Urd = uridine.
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2.2, Stabilities of M(PS) complexes

The results obtained for the stability constants of the M(UMPS)
and M(MeOPS) complexes according to Equilibrium (4) for the
metal ions Mg?*, Ca?*, Sr**, Ba?t, Mn?*, Co?*, Ni?t, Zn?*, and Cd?*
are listed in Table 2, including our very recent results® regarding
Pb(MeOPS) and Pb(UMPS). The Cu?*/PS systems were not

Table 2. Logarithms of the stability constants of M(UMPS) and M(MeOPS)
complexes [Eq. (4)]. For comparison the constants of the corresponding parent
species, M(UMP) and M(CH;OPO,), are also listed.”!

Mz log KM(UMPS) log KM(UMP) log KM(Meops) log KM(CH3OPO3)
Mg?* 1.24 £0.05 1.56 +0.02 1.334+0.07 1.67 +£0.05
Ca%t 1.19+0.10 1.44+0.05 1.254+0.06 1.49+0.02
Sr2 1.04+0.10 1.254+0.04 1.10+0.11 1.25+0.04
Ba?* 1.04 +0.07 1.134+0.06 1.11+£0.06 1.23+0.03
Mn?+ 1.82+£0.10 2.11+0.02 1.824+0.08 2.20+0.02
Co? 1.594+0.05 1.87 £0.05 1.69 +0.06 1.99 +£0.03
Ni2+ 1.54 £ 0.08 1.97 £0.05 1.62 +0.05 1.94 +0.04
Cu?* 2.77 £0.06 2.94+0.03
Zn?t 2.21+0.06 2.02+£0.07 2.34£0.05 2.224+0.03
Cd* 4.37 £0.08 2.38+0.04 4.50+0.06 2.524+0.03
Pb?* 4.63+0.03 2.80+0.04 4.78 +£0.06 298+0.10

[a] All constants were determined by potentiometric pH titrations and refer
to aqueous solution (25°C; /=0.1m, NaNO,). For the error limits, see
footnote [a] of Table 1. The stability constants for the M(UMP) and
M(CH;0PO;) complexes are from Refs.[25] and [26], respectively. The
constant for Pb(UMP) is from ref. [32] and those for Pb(CH;0PO3), Pb(UMPS)
and Pb(MeOPS) are from ref. [3].

studied because from an earlier investigation of the Cu**/AMPS
system it is known!" that after mixing the reactants the solution
turns slightly milky, which indicates the formation of a precip-
itate possibly involving a redox reaction. The stability constants
of the various M(PO) parent complexes, known from previous
studies,’? 29 are given in Columns3 and 5 of Table 2. Hence,
these data permit a direct comparison of the absolute stabilities
of the phosphate complexes with those of their thio analogues.

It is interesting to note from the data in Table 2 that all of the
phosphate (PO?") complexes of Mg?t, Ca**, Sr*, Ba?*, Mn?%,
Co?*, and Ni** are between 0.1 and 0.4 log units more stable
than those of their thiophosphate (PS?-) analogues. However, for
Zn?* and especially for Cd?*, as well as Pb?*, the thiophosphate
complexes are significantly more stable than the phosphate
ones. Pb(PS) is about 1.8 log units more stable than Pb(PO) and
Cd(PS) about 2 log units more stable than Cd(PO).

At this point it is important to recall that the basicity of a
thiophosphate group is considerably lower than that of a
phosphate group (Table 1, Column 3). Furthermore, it is well
known that the stability of phosphate complexes depends on
the basicity of the corresponding phosphate groups.”! Indeed,
for a series of phosph(on)ate ligands and several metal ions
straight-line correlations have been established®" for plots of
log K¥i(r-po,) Versus pKlir.eo,), Where R-PO3~ represents phosphate
monoesters®! and phosphonate®" ligands in which R is unable
to interact with the metal ion [Eq. (8)1:

log Kirpo,) = mM-pKfreo, +b 8
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The corresponding straight-line parameters, i.e., the values for
the slopes m and the intercepts b, for the Pb(R-PO;) complexes
are given in ref.[32];® those for the other M(R-PO;) complexes
are listed in ref, [31].33-3%

Plots of log K} zs0,) Versus pKiig.so,) according to Equation (8)
are shown in Figure 1 for the 1:1 complexes of Ba**, Mg?*, Zn?*,
and Cd** with eight simple R-PO2- ligands (which include
UMP?Z-; crossed points) allowing only a phosph(on)ate—M2*
coordination. The solid points in the figure refer to the M**
complexes of MeOPS2~ and UMPS?-. The data points for the
Cd(PS) and Zn(PS) complexes are far above their reference line,
which proves an increased stability for these thiophosphate
systems, whereas the points for the Ba(PS) and Mg(PS)
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Figure 1. Evidence for enhanced stability of the M(PS) complexes (PS?*~ = UMPS?*~
or MeOPS?~) of Zn** (e) and Cd** (e) and for the lack of increased or decreased
stability of the Mg(PS) and Ba(PS) (e) complexes as well as for all the
corresponding M(PO) complexes (PO?~ = UMP?*~ or CH;0PO%~; &, ® ). This
evidence is based on pKfj,s and logKji,s values as well as on the linear
relationship between log Kz r0,) and pK}izpo, established previously®" 333 for
the 1:1 complexes of the eight simple phosphate monoester or phosphonate
ligands (R-PO%~; 0): 4-nitrophenyl phosphate (NPhP?*-), phenyl phosphate
(PhP?-), uridine 5'-monophosphate (UMP?-), pb-ribose 5-monophosphate
(RibMP?~), thymidine [1-(2'-deoxy-B-o-ribofuranosyl)thymine] 5'-monophosphate
(dTMP?*), nbutyl phosphate (BuP?*-), methanephosphonate (MeP?-), and etha-
nephosphonate (EtP?-) (from left to right). The least-squares lines are drawn
through the corresponding eight data sets (o) [including UMP?*~ (&, ® )], which
are taken from refs. [25] and [31]. The data points for the UMPS?*~, MeOPS*",
UMP?-, and CH;OPO3- systems are based on the constants given in Tables 1 and
2. The vertical broken lines emphasize the stability differences to the corre-
sponding reference lines; they are equal to log Aps [EG. (9)], the values of which
are listed in Column 5 of Table 3. All the plotted equilibrium constants refer to
aqueous solutions at 25°C and | =0.1m (NaNO,).
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complexes fit on their reference lines. This observation can be
evaluated quantitatively by calculating, with the straight-line
Equation (8) and the pKfss, values (Table1, Column3), the
expected (calcd) stabilities for the M(PS) complexes assuming
that these stabilities correspond to a phosphate—M?* coordina-
tion. The corresponding results are listed in the fourth column of
Table 3 (see below).

2.3. Further evaluations of the M(PS) complex stabilities

There are two more observations to be taken from Figure 1 that
warrant emphasis: 1) The data points for the Zn?**, Cd*'/
CH,0P0?%- and Zn?**, Cd**/UMP?*- systems (crossed points) fit
on the reference lines, which proves that the M(CH,0PO;) and
M(UMP) species with Zn?* and Cd?** have the properties of
simple phosphate monoester complexes. Consequently, this
result means that the uridine moiety has no influence and that
the increased stabilities of the corresponding M(MeOPS) and
M(UMPS) complexes must be due to an interaction between
Zn?* or Cd?* and the S atom of the thiophosphate residue. 2) The
data given for the Ba?* and Mg?" systems demonstrate that the
affinity of these alkaline earth ions toward sulfur is small; the
data points with the thiophosphate ligands fit on the reference
lines! This result also clearly shows that the lower stabilities
observed for the M(PS) complexes (solid points) of Mg?* and
Ba%* in comparison with those for the M(PO) complexes (crossed
points) is only due to the lower basicity of the thiophosphate
ligands. In other words, UMPS?~ and MeOPS?~ behave toward
these metal ions in the same way as simple phosphate ligands.

The last of the above-mentioned results is interesting because
it is well known that, for example, Mg?* has a lower affinity for
sulfur than for oxygen atoms, and in a thiophosphate residue
Mg?* has only two possibilities to interact with an O atom as
compared to the three possibilities in phosphates; hence, based
on this statistical consideration, a stability decrease of 0.18 log
unit is expected."” However, taking into account that also metal
ions, just as the proton (see Section 2.1), may change the charge
distribution, the lower electronegativity of sulfur compared to
that of oxygen should cause in the complexes a higher charge
density on the two oxygen atoms of PS*~ than on the three
oxygen atoms of PO?~."! Consequently, the oxygen atoms in PS>~
appear as being favored for Mg?** binding, and therefore, an
increase in stability is expected. The result seen in Figure 1
indicates that the two mentioned opposite effects evidently
cancel each other. Indeed, in a recent ab initio study®® of the
interactions between phosphorothioate or phosphorodithioate
and the, also “hard”, Na™ ion it is concluded that a large
destabilizing effect occurs only with the second sulfur substitu-
tion.

The described fact that Mg?* and Ba?* ions behave alike in
their binding properties toward thiophosphates and phosphate
groups is encouraging because it suggests that the stability data
obtained for the other M(PS) complexes can be evaluated on the
basis of their logK\zeo,) Versus pKipso, reference lines; the
resulting values are listed in Column 4 of Table 3 (see also the
final paragraph of Section 2.2). Comparison of the results given
in Columns 3 and 4 of Table 3 for the M(PS) complexes of Zn2+,
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Table 3. Stability constant comparison for the M(PS) complexes between the
measured stability constants (exptl; Table2, Columns2 and 4) and the
calculated ones (calcd), together with the stability differences log Ay s as
defined by Equation (9).”!
PS*- M2+ log KM(PS)expll log KM(PS)calcd log Ayyes
UMPS?- Mg?* 1.24+£0.05 1.27 £0.03 —0.03£0.06
Ca%* 1.19+£0.10 1.26 £0.05 —0.07+0.11
Sr+ 1.04£0.10 1.12+0.04 —0.08£0.11
Ba%* 1.04 £0.07 1.04 £0.04 0.00+0.08
Mn?+ 1.82+0.10 1.82+0.05 0.00+0.11
Co%* 1.59+0.05 1.62+0.06 —0.03+0.08
Ni2*+ 1.54+£0.08 1.59+£0.05 —0.05+0.09
Zn?* 2.21+0.06 1.63+0.06 0.58 £0.08
Cd** 4.37+0.08 1.97 £0.05 2.40£0.09
Pb?+ 4.63+0.03 2.23+£0.08 2.40£0.09
MeOPS?- Mg?* 1.33+0.07 1.30+0.03 0.03+0.08
Ca%t 1.25+0.06 1.294+0.05 —0.04+0.08
Nes 1.10£0.11 1.14+0.04 —0.04+0.12
Ba%t 1.11+0.06 1.05+0.04 0.06 £0.07
Mn2?+ 1.82+0.08 1.86 +£0.05 —0.04+0.09
Co** 1.69 £+ 0.06 1.66 +0.06 0.03+£0.08
Ni2*+ 1.62+0.05 1.64+0.05 —0.02+0.07
Zn?* 2.34+0.05 1.69+0.06 0.65£0.08
Cd** 4.50+0.06 2.03+£0.05 2.47 £0.08
Pb?+ 4.78 +£0.06 2.32+£0.08 246 +£0.10
[a] The calculated stability constants are based on the basicity of the
thiophosphate group in UMPS?~ and MeOPS?~ (pKF s ; Table 1, Column 3)
and the reference-line equations established previously®" (see Eq. (8) and
Figure 1) (aqueous solution; 25°C; /=0.1m, NaNOs). For the error limits, see
footnote [a] of Table 1; the error limits of the derived data, in the present
case for logdy,es, were calculated according to the Gaussian error
propagation. The entries for the two Pb?*/PS systems are from ref. [3].

Cd?*, and Pb*" confirms the already mentioned increased
stabilities compared to those of the corresponding M(PO)
complexes, and this despite the lower basicity of the former
PS?- ligands (see also Figure 1). This increase in stability can now
be quantified by forming the difference between the exper-
imentally determined (exptl) and the calculated (calcd) stability
constants, as is expressed in Equation (9):

logAyps = log KM(PS)expn —log KM(PS)calcd 9)

The values for log 4,5 are listed in the fifth column of Table 3
and it may be noted that these values correspond to the vertical
differences (dotted lines) seen for the examples given in Figure 1
between the solid data points (Zn?*, Cd?*) and their reference
lines.

From the data listed in Column 5 of Table 3, it follows that for
the M(PS) complexes of all alkaline earth metal ions as well as for
those of Mn?*, Co?", and Ni?*, the increase in stability is zero
within the error limits, i.e., these M(PS) complexes behave like
simple phosphate species despite their thiophosphate group.
However, the Zn(PS), Cd(PS), and Pb(PS) complexes show
stabilities which are beyond those expected on the basis of
the basicity of the thiophosphate group; since the M(UMPS) and
M(MeOPS) complexes behave alike, this proves that the sulfur of
the thiophosphate residue participates in these instances in
metal ion binding and is responsible for the enhanced stability.
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The observation based on the data in Table 3 (Column 5) that
the values of log 4,,ps for the M(UMPS) and M(MeOPS) systems
are identical within the error limits is important because it allows
us to calculate the stability constants for other M(PS) complexes
of PS?~ ligands for which the acidity constants of the monop-
rotonated thiophosphate group are known. Evidently, for M(PS)
complexes of the alkaline earth metal ions as well as for those of
Mn2*, Co?*, or Ni?* the straight-line parameters [Eq. (8)]5'3% can
directly be used to calculate the corresponding stability
constants since these metal ions behave equally toward
thiophosphate and phosphate groups. In the cases of Zn?",
Cd?*, and Pb?* the same calculation procedure may be used but
in these instances the logAyes, Values given below in
Equations (10) - (12) need to be added to obtain the expected
stabilities of the M(PS) complexes.

l0g Aypeme = 0.620.11 (10)
l0g Acgpsm = 24440.11 (11)
109 Apppsme = 243 +0.09 (12)

The mentioned log Ay, Values are the averages of the
stability increases observed for the M(UMPS) and M(MeOPS)
complexes.

As mentioned in Section 2.2, values for the stability constants
of Cu(PS) complexes were not determined, however, the
increase in stability for such complexes has been estimated in
a previous study:M logAdc,ps=6+2. In the same work™ an
estimation for log4p,ps Was also derived in a complicated
procedure; the result, logAp,ps=2.35+0.29, is in excellent
agreement with the value that follows from the results listed in
Table 3, log Ay ps/ay = 2.43 +0.09 [see also Eq. (12)].

2.4. Extent of sulfur—metal-ion binding in the M(PS)
complexes

From the evaluations in Section 2.3 it has become clear that the
sulfur atom of the thiophosphate group in PS?~ may participate
in metal ion binding. Therefore, the question arises: What is the
formation degree of the sulfur-coordinated species?

As indicated before, the stability differences log 4,5 (Table 3,
Column 5) solely quantify the stability increase, if any, due to the
participation of the sulfur atom in metal ion binding. If we define
the sulfur-coordinated species as (PS- M) and the oxygen-bound
ones as (PO-M), we may further define the intramolecular
equilibrium constant K, or the ratio R as given in Equation (13 a).
The remaining terms in Equation (13) may be derived in analogy
to other intramolecular equilibria (see ref. [1]):

R = Ky — (5MI (13a)
® (PO M)
K ex
_ ,\":(PS) ptl -1 = ’|O|OQAM/P5 —1 (13 b)
KM(PS)calcd

Of course, the percentage of the sulfur-bound isomer follows
from Equation (14):

% (PS-M) = 100-R/(1+R) (14)
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Since the values for logA,,umes and log Aymeops listed in
Column 5 of Table 3 are so similar, we calculated their averages,
which we consider to be the best representatives for M(PS)
complexes. These values are given in Column 2 of Table 4. It may
be mentioned that most of these values are identical, within the
error limits, with those derived earlier™ from M?*/AMPS systems.
Application of the log4,,s., Values to Equation (13) provides
the R values listed in the third column of Table 4, and from these
follow, according to Equation (14), the percentages for the
(PS-M) isomers.

Table 4. Average values of the stability increase, log A ps/.., observed for the
M(UMPS) and M(MeOPS) complexes and attributed to a sulfur—metal-ion
coordination in the M(PS) species, together with the extent of this interaction
as quantified by R [Eq.(13)] and the percentage [Eq.(14)] of the sulfur-
coordinated species, (PS-M), for aqueous solutions at 25°C and 1=0.1m
(NaNO,).l@

M(PS) 10 Apypea™ R % (PS- M)
Mg(PS) 0.00£+0.09 0.0040.21 0(<21)
Ca(Ps) —0.06+£0.05 ~0 ~0

SHPS) —0.06+£0.06 ~0 ~0

Ba(PS) 0.03£0.09 ~0 (0.07£0.22) ~0(7£19)
Mn(PS) —0.02£0.06 ~0 ~0(<9)
Co(PS) 0.00£0.09 0.00£0.21 0(<21)
Ni(PS) —0.04+0.05 ~0 ~0(<2)
Zn(PS) 0.62£0.11 3.17£1.06 76 +6
Cd(Ps) 244+0.11 274 £70 99.6 £ 0.1
Pb(PS) 243009 268 £56 99.6 £ 0.1

[a] For the error limits, see footnote [a] in Table 3. [b] These values are the
averages of the log4y,s values given in Column5 of Table3 for the
M(UMPS) and M(MeOPS) systems.

From Column4 in Table4 it is evident that in Cd(PS) and
Pb(PS) the metal ions are nearly completely S-coordinated to the
thiophosphate residue. In Zn(PS) about three quarters of all
species are also sulfur-coordinated. This contrasts with the other
M(PS) complexes of the remaining metal ions listed in Table 4,
where overwhelmingly oxygen coordination to the thiophos-
phate group occurs.

2.5. Some comments on the formation of the
Zn(MeOPS)(OH)~ species

As indicated already in Section 2.1, it was surprising to observe
that Zn(MeOPS) forms a hydroxo complex, i.e., Zn(MeOPS)(OH)-,
in a pH range where Zn(aq)** itself does not yet form a hydroxo
species. Consequently, according to Equilibrium (5a), the follow-
ing acidity constant was measured (Section 4.3):

PK nmeops)aqy = 6.910.2 (15)

The result is in excellent agreement with an analogous
observation made for the Zn**/AMPS system; in this case
PKYamps)aq) = 6.8 £ 0.4 was determined." This result confirms
the earlier conclusion™ regarding lowering of the pK, value of a
Zn?*-bound water molecule in a complex containing a sulfur-
binding site in its coordination sphere.
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It has previously been concluded®” that a reduction of the
coordination number from 6 to 4 makes water bound to Zn**
considerably more acidic; hence, such a reduction of the
coordination number may also be assumed for the formation
of the Zn(MeOPS)(OH)~ species. The formation of fourfold
coordinated Zn?* is apparently driven®”! by the Lewis basicity
of the donor atoms: If the coordinating ligand is a strong Lewis
base, the coordination number of Zn?* drops and the bond
length shortens, i.e., the metal - ligand bond becomes more of
the covalent type. This hypothesis would explain why an S donor
promotes the formation of a fourfold-coordinated Zn** more
effectively than an O donor. A possible structure for the
Zn(MeOPS)(OH)~ complex considered herein could therefore
consist of an innersphere coordination of OH™ and the S atom of
the thiophosphate group to Zn?*, as well as of an outersphere
interaction to an O atom of the thiophosphate group via a Zn?*-
bound water molecule, thus giving rise to the formation of a six-
membered “semi-chelate”,? the remaining fourth position at
the Zn** being occupied by water.

In any case, the above example regarding the lowering of the
pK, value for a Zn(aq)*" complex containing also a sulfur-binding
site is certainly meaningful for biological systems, since the
deprotonation reaction occurs in the physiological pH range also
relevant for catalytically active Zn(n).

2.6. Formation of binuclear M,(UMPS — H)" complexes

As indicated already in Section 2.1, with those metal ions which
have a low tendency to form hydroxo complexes it was possible
in the potentiometric pH titrations to reach the pH range where
deprotonation of the (N3)H site in the M(UMPS) species begins.
Clearly, the availability of a negatively charged (N3)~ unit allows
then formation of binuclear complexes, My(UMPS — H)*, accord-
ing to Equilibrium (7 a), where one M?* is at the thiophosphate
residue and the other at the (N3)" site. The stability constants of
these complexes were calculated as indicated in Section 2.1 (see
also Section 4.3) and the results are listed in the second column
of Table 5; the relatively large errors of these constants result
mainly from the error connected with pKfywes) =9.02£0.15
(Sections 2.1 and 4.3).

The determination of the stability constants K}, ywes_n Was
handicapped by the need of a value for pK}uwes) [Eq. (7)1, which

Table 5. Comparison of the logarithms of the stability constants of the
binuclear My(UMPS — H)* complexes [Eq. (7)] with those of the M(Urd — H)*
species.l!

M2+ log KMZ(UMPS—H) log Km(Urd*Hﬁl
Mg?* 0.80+0.16 0.68 +0.08
Ca?* 1.0 £0.3 0.78 £0.11

Mn2*+ 1.40+£0.22 1.36 £0.05
Zn** - 241+0.14
Cd** 3.22+0.20 3.15+0.04

[a] The stability constants of the M(Urd —H)* species were taken from
ref. [38]. All constants were determined by potentiometric pH titrations and
refer to aqueous solution at 25°C and /=0.1m (NaNO,). For the error limits,
see footnote [a] in Table 3.
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could only indirectly be obtained (Sections 2.1 and 4.3). It was
therefore of interest to validate the applied evaluation proce-
dure in an independent manner. Since M?** coordination at the
thiophosphate group leads to charge neutralization, one obtains
a situation that may be mimicked by the nucleoside uridine
(Urd).

Indeed, the acidity constant for (N3)H deprotonation of
uridine, pKH4=9.18+0.0258 is close to the mentioned
PKRumes) = 9.02 £ 0.15, which is due to M(UMPS) deprotonation.
Moreover, since the complexes M,(UMPS — H)* and M(Urd)" also
carry the same charge, their stability should also be similar. The
stability constants of the M(Urd)™ complexes were recently
measured®® and these results are listed in the third column of
Table 5. It is comforting to observe that the stability constants for
the two types of complexes are, for a given metal ion, identical
within the error limits. This result then confirms the appropri-
ateness of our evaluation procedure and, more important, it also
proves that metal-ion binding at the (N3)~ site of the uracil
residue is possible.

3. General Conclusions

As far as the metal ions important in biological systems are
concerned, the stability constants determined in this study show
that Mg?* and Ca?* ions coordinate to the thiophosphate group
of a PS?~ ligand in a phosphate-type manner (Figure 1). This fact
means that the presence of the sulfur atom does not significantly
affect the kind of binding of these alkaline earth ions, except that
the stabilities of their M(PS) complexes are somewhat smaller, if
compared with those of the parent M(PO) complexes (Table 2),
but this is simply the result of the reduced basicity of the
thiophosphate group compared to that of the phosphate one
(Table 1).

On the contrary, metal ions like Zn?* (or the detrimental Cd?*
and Pb?* ions even more so) show a significant binding affinity
for the S atom of a thiophosphate group, i.e., the stability of their
complexes is much larger than that of the corresponding M(PO)
complexes despite the lower basicity of a PS?~ ligand compared
to that of the corresponding PO?~ one. Metal ions like Mn?* may
possibly bind partially to the sulfur atom, i.e., more than in the
case of Mg?*, but this interaction is not very pronounced and is
not manifested in the stability constants of Mn(PS) complexes.

It may be helpful in this context to consider the absolute metal
ion affinity, based on measured stability constants, toward a
phosphate monoester or its thiophosphate analogue by plotting
the data according to the Irving - Williams sequence. Such a plot
is shown in Figure 2 for the complexes of methyl phosphate
(CH;0P0%~, 0) and methyl thiophosphate (MeOPS?~, @).5% For
the metal ions Ba?*, Sr**, Ca?t, Mg?t, Mn?*, Co?*, and Ni?**, the
M(PO) complexes are more stable than the M(PS) analogues,
however, it should be recalled that, based on log K\ z.»0,) versus
PKirro, Plots (Figure 1), it was shown (Section 2.3) that this
difference in stability is only the result of the lower basicity of the
PS?~ ligands. In fact, these metal ions behave toward thiophos-
phates as they do toward phosphates of the same basicity.

The vertical distances between the points due to the
M(MeOPS) and M(CH;0PO;) complexes seen in Figure 2 can be
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Figure 2. Irving - Williams sequence-type plot for the 1:1 complexes of Ba** to
Zn**, as well as Cd** and Pb**, formed with methyl phosphate (CH;O0PO?%-, o) and
its thiophosphate analogue (MeOPS?-, ®). The data used in this plot are given in
Table 2 (see Section 2.2). For the Fe(CH;0PO,) complex, one estimates®”

log KE e, 0p0,) = 2.1 4 0.1; for Fe(MeOPS) no constant exists. For the Cu?* complex
of MeOPS?~ an estimation of the stability constant is possible, based on the
estimate!”’ log Ac,ps = 6 == 2; this leads to log K& weops) = I0g K& e, 0r0,) + log
Acyps=(2.941+0.03) + (6 £ 2) =9+ 2; however, this estimated stability constant
is far outside the logK range shown in this figure, as is indicated by the broken
lines.

expressed in terms of the differences in free energy, AG®. This
free energy difference is connected with the stability differences
by Equation (16a) and at 25°C by Equation (16b).5% 4!

AG® =—2.303-RT(log K¥meors) — 109 K¥i(ch,0r0,))

=—5.71-log A yymeops/chsopos

(16a)
(16b)

Application of the stability differences logKWiueors) —
log KMc,0r0,) (see Table 2) gives the following approximate
AG® values at 25°C: +1kJmol~" for the Ca%%, Sr*, and Ba**
complexes, 42 kJmol~" for those of Mg?*, Mn?*, Co?*, and Ni?*,
—1kJmol~" for Zn?*, and about — 11 kimol~" for the Cd** and
Pb?* complexes. Although the differences in energy for the
complexes of the alkaline earth ions, as well as for those of Mn?+,
Co?*, Ni**, and Zn?* are small, they are significant in terms of
enzymatic reactions where a slight change in energy may decide
for the one or other substrate.®> 1 This is important because
most of the enzymes that use nucleotides as substrates are
metal-ion-dependent and their mechanism of action is frequent-
ly studied by using thionucleotides.’® 7!

The results summarized above are also of relevance regarding
ribozymes because very often so-called rescue experiments!'* 42
are carried out which are based on the assumption that the
affinity of, for example, Mn** toward S donors is higher than that
of Mg?* ions.* Indeed, Mn?* has a higher overall affinity for
thiophosphate residues than Mg?* but also a higher affinity for
phosphate groups (see Figure 2). In fact, Mn(PS) complexes have
a stability which is very similar to that of Mg(PO) species and this
stability is also expected for other structurally somewhat
different S/O ligand analogues.

Interestingly, a kinetic study™ on the activity of the 3'-5'-
exonuclease domain of Escherichia coli DNA polymerase | (the 3’
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terminal phosphodiester linkage of a DNA oligonucleotide is
cleaved) in the presence of Mg?" or Mn?* and a phosphorothio-
late (bridging S) modified substrate, R-S-P(O),-OR, showed that
the cleavage rates of the thio-modified substrate are lower for
both metal ions than those observed for the unmodified
substrate, R-O-P(0),-OR. However, the rate constant for cleavage
of R’-5-P(0),-OR with Mn?* (7.7 x 103m~'s7") is of the same order
as that for the cleavage of R'-O-P(0),-OR in the presence of Mg**
(6.4 x103m's7"), which agrees with the above-mentioned
comparable size of the stability constants for Mn(PS) and
Mg(PO) complexes.

Several crystal structures*! of the above-mentioned exonu-
clease complexed with normal, as well as phosphorothioate-
(terminal S) and phosphorothiolate-modified (bridging S) sub-
strates in conjunction with various metal ions, led to the
suggestion that the resistance of these thio analogues toward
nuclease degradation (see also Section 1) may partly be due to
the lower affinity of the metal ion in the active center for the
S-substituted substrates in comparison with the unmodified
oligonucleotides.*¥ Taking into account that in most instances
the native metal ion in these enzymes is Mg?*, these suggestions
constitute no surprise if compared with the results described in
this work.

As far as Cd?*and Pb?* are concerned, one has to expect,
based on the results described herein, that in a nucleic acid
sequence into which an artificial thiophosphate group has been
inserted by replacing an O by an S atom, it is this site to which
Cd?* or Pb*" coordinate. In fact, with these two metal ions,
“rescue” experiments are expected to be successful even if only a
low portion of an active site phosphate has been transformed
into its thio analogue® because the stability of S interactions
with these two metal ions is much higher than that of the
corresponding O interactions (Tables 2 and 3).

Finally, the observation of the formation of a Zn*"-bound
hydroxo group at a pH value of about 6.9, provided there is also
an S~ site in the coordination sphere of the metal ion (see
Section 2.5), is clearly of biological relevance because this
Zn(H,0)** deprotonation occurs in the physiological pH region.
Thus, it is not surprising that Zn?* enzymes are so important for
many hydrolytic processes occurring in nature! because this
metal ion allows coupling of a deprotonation reaction with a
change of its coordination sphere’”? To what extent the
observed (N3)H deprotonation of uracil residues, which is
facilitated by metal ions (Section 2.6), is of biological relevance
is more difficult to say because at a pH value of 7.6 the formation
degree of such a deprotonated species only amounts to
approximately 4 %.

4. Experimental Section

4.1 Materials: The disodium salts of uridine 5’-O-thiomonophos-
phate and methyl thiophosphate were synthesized as described
recently in detail;®®! in fact, the same batches of the compounds were
used in this study. HNO;, NaOH (Titrisol), the nitrate salts of the metal
ions, the disodium salt of ethylenediaminetetraacetic acid (EDTA),
and potassium hydrogen phthalate (all pro analysi) were obtained
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from Merck KGaA, Darmstadt, Germany. All solutions were prepared
with deionized, ultrapure (MILLI-Q 185 PLUS, obtained from Millipore
S. A., 67120 Molsheim, France), and CO,-free water.

The aqueous stock solutions of the ligands were freshly prepared
daily and their exact concentration was newly determined each time
by titrations with NaOH. The titer of the NaOH used for the titrations
was established with potassium hydrogen phthalate and the
concentrations of the M?* stock solutions were determined through
their EDTA complexes.

4.2 Potentiometric pH titrations: The potentiometric pH titrations
were carried out with a Metrohm E536 potentiograph equipped with
a Metrohm E655 or E665 dosimat and 6.0222.100 combined double-
junction macro glass electrodes from Metrohm AG, Herisau, Switzer-
land. Previously,™ 3 2% 3 “poisoning” effect was observed in titrations
of adenosine 5’-O-thiomonophosphate and this problem was over-
come by the use of separated electrodes: a pH measuring electrode
(Metrohm 6.0133.100) in combination with an Ag/AgCl double-
junction reference electrode (Metrohm 6.0726.100). In the titrations
of UMPS and MeOPS both double-junction and separated electrodes
were used and no differences between the experimental results were
observed in these instances, and no “poisoning” effects were
detected either.

In order to exclude dioxygen from the titration solutions and to
avoid adding the thiophosphate ligand to strongly acidic solutions,
the ligand was added to the titration mixture only after all the other
components, except HNO;, were kept under N, for about 2 minutes,
and only thereafter was the necessary HNO; added.

Some of the titrations were carried out with a Metrohm DMS-Titrino
716 instrument directly connected to a Pentium computer with a
Windows 95 system, and equipped with the TiNet 2.1 or TiNet 2.4
software obtained from Metrohm AG, Herisau, Switzerland. The
titrations with the titrino gave the same results as those with the
potentiograph.

The buffer solutions (pH4.00, 7.00, and 9.00, based on the U.S.
National Institute of Standards and Technology (NIST) scale) used for
the pH calibrations were also obtained from Metrohm AG. In those
cases where the titrations were pursued up to a high pH value (about
10), a buffer solution with pH9.98 (25°C, also based on the NIST
scale) purchased from Merck KGaA, Darmstadt, Germany, was
employed in addition (for further details see refs. [29, 46]).

4.3 Determination of stability constants: The conditions for the
determination of the stability constants K\ ywesy and K¥meors) of the
binary M(UMPS) and M(MeOPS) complexes [Eqg. (4)], respectively,
were the same as those recently described in ref. [3] for the acidity
constants Kfywes) and Kweors) [Eq.(2)] (25°C; /=0.1m, NaNO;).
Aqueous solutions (50 mL) of HNO; (0.56 mm) and M(NO,), were
always titrated in the presence and absence of UMPS (0.27 mm) or
MeOPS (0.3 mm) with NaOH (1 mL, 0.03 m). Whenever needed, NaNO;
was added to maintain the ionic strength, /, at 0.1m. Three extra
experiments with the Cd**/UMPS system were done with HNO,
(1.12 mm) and using NaOH (2 mL, 0.03m) in the titrations. The metal
ion concentrations employed in the titrations of UMPS were
33.33 mm (which gives an M*™:PS ratio of 123:1) with Mg?*, Ca?",
Sr2t, Ba%*;30.01 mm (111:1) with Mg?*, Ca?*, and Ni**; 26.67 mm (99:1)
with Co?* and Ni?*; 25.01 mm (93:1) with Ca?*; 20.00 mm (74:1) with
Co?*, 16.67 mm (62:1) with Mn?t, Co?*, and Ni**; 11.67, 8.34, and
6.67 mm (43:1,31:1, and 25:1) with Zn?*; 1.67, 1.00, and 0.67 mm (6.2:1,
3.7:1, and 2.5:1) with Cd?*. For the experiments with MeOPS, the
metal ion concentrations were 33.33 mm (111:1) with Mg?*, Ca?*, Sr?+,
Ba%*, and Ni*; 30.01 mm (100:1) with Sr** and Ba?*; 26.67 mm (89:1)
with Mg?*, Ca?*, and Ni**; 23.34 mm (78:1) with Co?*; 16.67 mm (56:1)
with Mn?t, Co?*, Ni**, and Zn?*; 8.33 mm (28:1) with Mn?* and Zn**;
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417 mm (14:1) with Zn**; 1.67, 0.60, 0.42, and 0.33 mm (5.6:1, 2:1,
1.4:1, and 1.1:1) with Cd?*. As can be seen, the metal:ligand ratios
varied between 1.1:1 in systems with Cd?* and 123:1 in systems with
the alkaline earth metal ions.

The titration data for calculating K¥iuwes) and K¥iweops) Were collected
every 0.1 pH unit in the pH range of about 3.6 to 5.5 or 5.7 for Mg?*,
Ca%t, Sr?t, Ba?t, Mn?*, Co?*, Ni*t, and Zn?* and from a pH value of
about 3.4 to 5.5 for Cd**/UMPS, and 3.1 to 6.1 for Cd**/MeOPS. The
evaluation of the experimental data was stopped before the onset of
the hydrolysis of the metal ions, which was evident from the
titrations without ligand, and in the case of UMPS?~ also before
deprotonation of the (N3)H site took place. In those instances where
the M?*:PS ratio was larger than 10:1, the data were evaluated with a
curve-fitting procedure using a Newton-Gauss nonlinear least-
squares program for each pair of titrations (i.e., with and without
ligand) by calculating the apparent acidity constant K. The stability
contants were then calculated according to Equation (17).1" 47!

KM(PS) = (K;*KE(PS))/(KHWS)[MHD (17)

For the systems where smaller M*":PS ratios were employed, the
data were evaluated (again every 0.1 pH unit) by considering the
concentration of all the species present in equilibrium, that is, H*,
H(PS)~, PS?-, M?*, and M(PS)."8!

The pH ranges mentioned above correspond to formation degrees of
the M(PS) complexes of about 2-30% with Mg?*, Ca?*, Sr**, and
Ba?*; 5-50% with Mn?*, Co?t, and Ni**; 10-55% with Zn**; 59—
97% of Cd(UMPS) (pH3.4-5.5); and 40-98% of Cd(MeOPS)
(pH 3.1-6.1). The values calculated individually for log K¥s) showed
no dependence on pH or on the excess amount of M?* ions. The final
results are the averages of at least 4, usually 5 or 6, independent
titration pairs.

In the Zn?*/MeOPS system the titration curves showed that from
Zn(MeOPS)(aq) a further proton is released before the onset of
hydrolysis of Zn(ag)*>" alone. Therefore, this system was also
evaluated by considering the formation of a Zn(MeOPS)(OH)~
species resulting from the deprotonation of a Zn*"-bound water
molecule in Zn(MeOPS)(aq); i.e., K¥,meops)q) [EQ- (5)] was calculated
by a re-evaluation of the titration data in the pH range up to about
6.5 by taking into account the concentrations of H*, H(MeOPS)-,
MeOPS?-, Zn**, Zn(MeOPS), and Zn(MeOPS)(OH)~. The final value for
K (meops)aq) IS the average of 6 independent titration pairs.

Since in titrations of M2*/UMPS systems deprotonation of the (N3)H
site was observed, we performed some titrations with Mg?*, Ca*",
Mn2*, and Cd?*" up to a pH value where this deprotonation could
actually be measured. After the stability constants of the M(UMPS)
complexes were calculated in the way described above, the
experimental data were re-evaluated but this time up to a pH value
of about 9.2 for Mg?*, 9.5 for Ca?*, 8.6 for Mn?*, and 8.1 for the Cd**
system. It became immediately clear that not only M(UMPS — H)~ but
also My(UMPS — H)™ complexes are formed. Since the equilibria for
the formation of these two complexes are coupled, it was not
possible to determine equilibrium constants for both of them
independently. We therefore estimated the acidity constant pKfywes)
for the release of the proton from the (N3)H site [Eq. (6)1; this release
should be facilitated by M?*" coordination to the thiophosphate
group. Indeed, such acidifications are independent of the kind of M**
ion considered and they are always on the same order,?* 3 j.e, with
ApK, values of about 0.40 £ 0.15. For the case described herein we
used ApK,=0.45; hence, by keeping constant pK}umes) = PKwes —
0.45=9.47 — 0.45=9.02 + 0.15 (but taking the error into account) in
the evaluations (as well as the already determined values for
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log K¥iuwmes) ) stability constants for the formation of M,(UMPS — H)*
complexes [Eq. (7)] could be calculated (again every 0.1 pH unit) by
taking into account the species H*, HUUMPS)-, UMPS?-, (UMPS —
H)*=, M?*, M(UMPS), M(UMPS —H)~, and M,(UMPS —H)* (see also
Section 2.6). The formation degree of the M,(UMPS —H)* species
amounted to a maximum of only about 6% for M?**=Mg?*" and
Mn2*, 14% for Ca?*, and about 10% for Cd*". The M(UMPS — H)~
complexes reach formation degrees of about 30% with Mg?** and
Ca?*, 14% for Mn?*, and 9% for Cd?*.

The final results given for the K}, wes_) constants are the averages
of 4 independent titration pairs in the case of the Mg system, 2
each for Ca?* and Mn?*, and 6 for Cd*".

Abbreviations and Definitions

AMPS?- adenosine 5’-O-thiomonophosphate

/ ionic strength

K, general acidity constant

M2+ general divalent metal ion

MeOPS*~  methyl thiophosphate

PO* general phosphate ligand; mostly CH,OPO2%- and
UMP2-

PS*- general thiophosphate ligand; mostly MeOPS?~ and
UMPS2-

R-POZ- simple phosphate monoester or phosphonate li-
gand, where R represents a noncoordinating residue
(see also legend of Figure 1)

UMP2- uridine 5'-monophosphate

UMPS?*~  uridine 5'-O-thiomonophosphate

Urd uridine

Species written without a charge either do not carry one or
represent the species in general (i.e., independent of their
protonation degree); which of the two possibilities applies is
always clear from the context. A formula like (UMP — H)3~ means
that the ligand has lost a proton and it is to be read as UMP*-
minus H™. The term (aq) is used to indicate that water is acting as
a ligand.

The competent technical assistance of Mrs. Rita Baumbusch and
Mrs. Astrid Sigel in the preparation of this manuscript is gratefully
acknowledged. This study was supported by the Swiss National
Science Foundation as well as within the European Cooperation in
the Field of Scientific and Technical Research (COST; D20
programme) by the Swiss Federal Office for Education & Science
and the Polish State Committee for Scientific Research.

[1] R.K.O. Sigel, B. Song, H. Sigel, J. Am. Chem. Soc. 1997, 119, 744-755.

[2] H. Sigel, Pure Appl. Chem. 1999, 71, 1727 - 1740.

[3] C.P.DaCosta, D. Krajewska, A. Okruszek, W. J. Stec, H. Sigel, J. Biol. Inorg.
Chem. 2002, 7, 405-415.

[4] F. Eckstein, J. Am. Chem. Soc. 1966, 88, 4292 —4294.

[5] V.L. Pecoraro, J. D. Hermes, W. W. Cleland, Biochemistry 1984, 23, 5262 -
5271.

[6] a)J.R. Knowles, Annu. Rev. Biochem. 1980, 49, 877 -919; b) F. Eckstein,

Annu. Rev. Biochem. 1985, 54, 367 — 402.

a) C. Klevickis, C. M. Grisham, Met. lons Biol. Syst. 1996, 32, 1-26; b) A.C.

Bergman, P. 0. Nyman, G. Larsson, FEBS Lett. 1998, 441,327 - 330; c) J. Liu,

M.-D. Tsai, Biochemistry 2001, 40, 9014-9022; d) M. Koziotkiewicz, A

S

601



[10]
m

[12]

[13]

[14]

[15]

[16]

[171

[18]

[19]

[20]
[21]
[22]

602

BIO

Owczarek, M. Wéjcik, K. Domanski, P. Guga, W. J. Stec, J. Am. Chem. Soc.
2002, 124, 4623 - 4627.

a) W.S. Marshall, M. H. Caruthers, Science 1993, 259, 1564-1570; b) A.
De Mesmaeker, R. Haner, P. Martin, H. E. Moser, Acc. Chem. Res. 1995, 28,
366 -374.

a) S. Spitzer, F. Eckstein, Nucleic Acids Res. 1988, 16, 11691 —11704; b) M.
Gilar, A. Belenky, Y. Budman, D.L. Smisek, A.S. Cohen, Antisense Nucleic
Acid Drug Dev. 1998, 8, 35-42.

F. Eckstein, Antisense Nucleic Acid Drug Dev. 2000, 10, 117 -121.

a) S.T. Crooke, Biochem. Biophys. Acta 1999, 1489, 31 -44; b) U. Galderisi,
A. Cascino, A. Giordano, J. Cell. Physiol. 1999, 181, 251 - 257; ¢) S. Agrawal,
Q. Zhao, Curr. Opin. Chem. Biol. 1998, 2, 519-528; d) Y. Tamura, M. Tao, N.
Miyano-Kurosaki, K. Takai, H. Takaku, Antisense Nucleic Acid Drug Dev.
2000, 70, 87 -96.

Websites: http://www.isispharm.com or http://www.vitravene.com; in-
formation downloaded in July and December 2002.

a) M. Koziolkiewicz, E. Gendaszewska, M. Maszewska, C. A. Stein, W. J. Stec,
Blood 2001, 98, 995 -1002; b) M. Koziolkiewicz, M. Wéjcik, A. Kobylarska,
B. Karwowski, B. Rebowska, P. Guga, W. J. Stec, Antisense Nucleic Acid Drug
Dev. 1997, 7,43 -48; c) J. L. Vaerman, P. Moureau, F. Deldime, P. Lewalle, C.
Lammineur, F. Morschhauser, P. Martiat, Blood 1997, 90, 331 -339.

a) A. M. Pyle, Met. lons Biol. Syst. 1996, 32, 479 -520; b) A. L. Feig, Met. lons
Biol. Syst. 2000, 37,157 - 182; ) R. K. O. Sigel, A. M. Pyle, Met. lons Biol. Syst.
2003, 40, 477 -512.

a) E.C. Scott, O.C. Uhlenbeck, Nucleic Acids Res. 1999, 27 479-484;
b) L. M. Hunsicker, V.J. DeRose, J. Inorg. Biochem. 2000, 80, 271-281;
o) T.E. Horton, M. Maderia, V.J. DeRose, Biochemistry 2000, 39, 8201 -
8207.

a) M. Maderia, L.M. Hunsicker, V.J. DeRose, Biochemistry 2000, 39,
12113-12120; b) S.-o. Shan, A.V. Kravchuk, J. A. Piccirilli, D. Herschlag,
Biochemistry 2001, 40, 5161 -5171.

IUPAC Stability Constants Database, Release 5, Version 5.16 (compiled by
L.D. Pettit, H.K.J. Powell), Academic Software, Timble, Otley, West
Yorkshire, UK, 2001.

NIST Critically Selected Stability Constants of Metal Complexes, Reference
Database 46, Version 6.0 (compiled by R.M. Smith, A.E. Martell), US
Department of Commerce, National Institute of Standards and Technol-
ogy, Gaithersburg, MD, USA, 2001.

Joint Expert Speciation System (JESS), Version 6.4 (joint venture by K.
Murray, P.M. May), Division of Water Technology, CSIR, Pretoria, South
Africa, and School of Mathematical and Physical Sciences, Murdoch
University, Murdoch, Western Australia, 2001.

B. Song, R.K. O. Sigel, H. Sigel, Chem. Eur. J. 1997, 3, 29-33.

L. L. Slavin, E. H. Cox, R.N. Bose, Bioconjugate Chem. 1994, 5, 316 -320.
N. A. Kratochwil, J. A. Parkinson, C. Sacht, P. del Socorro Murdoch, T.
Brown, P.J. Sadler, Eur. J. Inorg. Chem. 2001, 2743 - 2746.

[23]
[24]

[25]
[26]

[27]

[28]

[29]
[30]

[45]

[46]

[47]

[48]

H. Sigel et al

I. E. Catrina, A. C. Hengge, J. Am. Chem. Soc. 1999, 121, 2156 -2163.

a) D. B. Davies, P. Rajani, H. Sadikot, J. Chem. Soc. Perkin Trans. 2 1985,
279-285; b) K. Aoki, Met. lons Biol. Syst. 1996, 32, 91 -134.

S.S. Massoud, H. Sigel, Inorg. Chem. 1988, 27, 1447 - 1453.

A. Saha, N. Saha, L.-n. Ji, J. Zhao, F. Gregan, S. A. A. Sajadi, B. Song, H. Sigel,
J. Biol. Inorg. Chem. 1996, 1, 231-238.

a) P. A. Frey, R. D. Sammons, Science 1985, 228, 541 - 545; b) P. A. Frey, Adv.
Enzymol. Relat. Areas Mol. Biol. 1989, 62, 119-201.

C. F. Moreno-Luque, R. Griesser, J. Ochocki, H. Sigel, Z. Anorg. Allg. Chem.
2001, 627, 1882 -1887.

M. Bastian, H. Sigel, J. Coord. Chem. 1991, 23, 137 - 154.

a) M. S. Luth, L. E. Kapinos, B. Song, B. Lippert, H. Sigel, J. Chem. Soc. Dalton
Trans. 1999, 357 - 365; b) H. Sigel, S. S. Massoud, R. Tribolet, J. Am. Chem.
Soc. 1988, 110, 6857 —6865.

H. Sigel, D. Chen, N. A. Corfu, F. Gregan, A. Holy, M. Strasak, Helv. Chim.
Acta 1992, 75, 2634 - 2656.

C. P. Da Costa, H. Sigel, J. Biol. Inorg. Chem. 1999, 4, 508 -514.

H. Sigel, B. Song, Met. lons Biol. Syst. 1996, 32, 135 - 205.

H. Sigel, Coord. Chem. Rev. 1995, 144, 287 -319.

H. Sigel, L. E. Kapinos, Coord. Chem. Rev. 2000, 200 - 202, 563 - 594.

D.E. Volk, T.D. Power, D.G. Gorenstein, B.A. Luxon, Tetrahedron Lett.
2002, 43, 4443 -4447.

H. Sigel, R. B. Martin, Chem. Soc. Rev. 1994, 23, 83 -91.

B. Knobloch, C.P. Da Costa, W. Linert, H. Sigel, Inorg. Chem. Commun.
2003, 6, 90-93.

S.A. A. Sajadi, B. Song, F. Gregan, H. Sigel, Inorg. Chem. 1999, 38, 439-
448.

R. B. Martin, H. Sigel, Comments Inorg. Chem. 1988, 6, 285 -314.

H. Sigel, Pure Appl. Chem. 1989, 61, 923 —932.

E. A. Doherty, J. A. Doudna, Annu. Rev. Biochem. 2000, 69, 597 -615.

J.F. Curley, C. M. Joyce, J. A. Piccirilli, J. Am. Chem. Soc. 1997, 119, 12691 -
12692.

a) C. A. Brautigam, T. A. Steitz, J. Mol. Biol. 1998, 277, 363-377; b) C. A.
Brautigam, S. Sun, J. A. Piccirilli, T. A. Steitz, Biochemistry 1999, 38, 696 —
704.

a) G. Parkin, Met. lons Biol. Syst. 2001, 38, 411-460; b)D.S. Auld in
Handbook on Metalloproteins (Eds.: I. Bertini, A. Sigel, H. Sigel), Marcel
Dekker, Inc., New York, 2001, pp. 881 -959.

H. Sigel, A. D. Zuberbtihler, O. Yamauchi, Anal. Chim. Acta 1991, 255, 63 -
72.

a) L-n. Ji, N. A. Corfu, H. Sigel, J. Chem. Soc. Dalton Trans. 1991, 1367 -
1375; b) H. Sigel, Chimia 1967, 21, 489 - 500.

a) R. Griesser, H. Sigel, Inorg. Chem. 1970, 9, 1238-1243; b) H. Sigel, R.
Griesser, B. Prijs, Z. Naturforsch. 1972, 27b, 353 - 364.

Received: December 31, 2002 [F551]

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chembiochem.org ChemBioChem 2003, 4, 593 - 602



