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Abstract The thionucleoside 2-thiocytidine (C2S) occurs
in nature in transfer RNAs; it receives attention in diverse
fields like drug research and nanotechnology. By potenti-
ometric pH titrations we measured the acidity constants of
H(C2S)* and the stability constants of the M(C2S)** and
M(C2S—H)" complexes (M** = Zn?**, Cd**), and we

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 (C2S—H)" means that the ligand has lost a proton and
it is to be read as C2S minus H*.
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compared these results with those obtained previously for
its parent nucleoside, cytidine (Cyd). Replacement of the
(C2)=0 unit by (C2)=S facilitates the release of the proton
from (N3)H* in H(C2S)" (pK, = 3.44) somewhat, com-
pared with H(Cyd)" (pK, = 4.24). This moderate effect of
about 0.8 pK units contrasts with the strong acidification of
about 4 pK units of the (C4)NH, group in C2S (pK, =
12.65) compared with Cyd (pK, =~ 16.7); the reason for
this result is that the amino—thione tautomer, which dom-
inates for the neutral C2S molecule, is transformed upon
deprotonation into the imino—thioate form with the nega-
tive charge largely located on the sulfur. In the M(C2S)**
complexes the (C2)S group is the primary binding site
rather than N3 as is the case in the M(Cyd)** complexes,
though owing to chelate formation N3 is to some extent
still involved in metal ion binding. Similarly, in the
Zn(C2S—H)* and Cd(C2S—H)* complexes the main metal
ion binding site is the (C2)S™ unit (formation degree above
99.99% compared with that of N3). However, again a large
degree of chelate formation with N3 must be surmised for
the M(C2S—H)" species in accord with previous solid-state
studies of related ligands. Upon metal ion binding, the
deprotonation of the (C4)NH, group (pK, = 12.65) is
dramatically acidified (pK, = 3), confirming the very high
stability of the M(C2S—H)* complexes. To conclude, the
hydrogen-bonding and metal ion complex forming capa-
bilities of C2S differ strongly from those of its parent Cyd;
this must have consequences for the properties of those
RNAs which contain this thionucleoside.

Keywords Acidity constants - Isomeric equilibria -

RNAs with thionucleosides - Stability constants -
Tautomeric equilibria
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Introduction

Thioderivatives of nucleobases [1-3] are receiving more
and more attention in diverse fields [4-9]. For example, 2-
thiocytidine (C2S) and related compounds are employed in
nanotechnology [4], they are under investigation in drug
research [5], and they occur in nature as well [6]. Such
compounds are used as corrosion inhibitors [7], and also in
the preparation of sensors, e.g., self-assembled monolayers
of C2S on a gold electrode allow the voltammetric detec-
tion of NADH [4] and other compounds as well [8, 9].

C2S and various derivatives are potential drugs [5] and
are tested for their antiviral [10] and antitumor [11]
activities. In this context it is interesting to see that uridine—
cytidine kinases are able to phosphorylate 4-thiouridine,
C2S, and some other related nucleoside derivatives [5].
Indeed, most nucleoside analogues are dependent on
phosphorylation to their triphosphate form for pharmaco-
logical activity [12-14]. Needless to emphasize, such
phosphorylation (and also dephosphorylation) reactions
depend on the presence of metal ions [13, 15].

In nature, e.g., transfer RNA from Salmonella enterica
sv. Typhimurium contains five thiolated nucleosides, C2S
(Fig. 1) [16—18] being one of them [6]. Most of these thio
derivatives, including C28S, also occur in Escherichia coli
[19, 20]. Regarding the formation of C2S, it has been
shown that iron—sulfur cluster proteins are involved
[19, 21].

HO OH
u2s

Fig. 1 Chemical structures of 2-thiocytidine (C2S) and of its parent
compound, cytidine (Cyd), as well as of the related 2-thiouridine
(U2S). It may be added that semiempirical calculations [16] predict
for the 1-methyl derivative of 2-thiocytosine that the thione—amino
tautomer (as shown above) is the most stable form in the gas and the
aqueous phase as well. All three pyrimidine nucleosides are shown in
their dominating anti conformation [17, 18]; in the syn conformation
the (C2)O/(C2)S group projects onto the ribose ring
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Considering the indicated occurrence and wide use of
C2S and the evident involvement of metal ions in reactions
where this nucleoside participates, it is astonishing to find
that its metal ion binding properties have not been deter-
mined [22-24]. As a first step we report now the acid-base
properties of C2S and its affinity towards Zn>* and Cd**.
We compare these results with the corresponding equilib-
rium constants obtained earlier for the parent nucleoside,
cytidine (Cyd) (Fig. 1) [25, 26], and we use this informa-
tion to delineate structural information about these
complexes in aqueous solution. It becomes evident that the
replacement of (C2)O by (C2)S affects the acid—base and
metal ion-binding properties considerably.

Materials and methods
Materials and synthesis of C2S

C2S was synthesized as described below. The nitrate salts of
K" and Zn** as well as NaOH and HNO; were obtained from
Merck: the nitrate salt of Cd** was from Sigma-Aldrich.

The nucleoside analogue C2S was obtained by the
transformation of 2',3’,5'-tri-O-benzoyl-2-thiouridine into
the 4-(1,2,4-triazol-1-yl) derivative followed by its ammo-
nolysis and deprotection. In the first step the per-benzoyl
derivative of 2-thiouridine was reacted with a mixture of
phosphoryl chloride, 1,2,4-triazole, and triethylamine in
acetonitrile, providing quantitatively the 4-triazoyl deriva-
tive of 2-thiouridine. Ammonolysis of the triazoyl group
and deprotection of the benzoyl groups from the sugar
moiety were achieved simultaneously by treatment with a
half-saturated NHjz/methanol solution (overnight, room
temperature). C2S was isolated in 73% yield after purifi-
cation by means of silica gel chromatography (CHCls/
methanol, 8:2, v/v). The structure of C2S was confirmed by
"H NMR and mass spectrometry.

Potentiometric pH titrations

The equilibrium constants were determined from titrations
at 25 °C, using sample volumes of 1.5 mL. Sodium
hydroxide was added with a 0.25-mL micrometer syringe,
calibrated by weight titration of standard materials. The
ligand concentration was 0.4 mM, and the metal-to-ligand
ratio was 5:1 for the Cd** and 15:1 for the Zn>* system.
The potentiometric pH titrations were performed in
0.5 M KNO; with a MOLSPIN pH-meter system using a
Mettler Toledo InLab 422 semimicro combined electrode,
calibrated for hydrogen ion concentration using HNO;. The
stability constants f,,, = [M,H,L,J/IMI'[H]?[L]" and the
stoichiometry of the complexes were calculated with
the SUPERQUAD program [27]. The standard deviations
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given were also computed with SUPERQUAD:; they refer
to random errors only. The pH range for each titration of
the free ligand or the metal-ligand systems was 2.2-4.2.
Four independent titrations were performed for the deter-
mination of the acidity constant of H(C2S)" as well as for
the equilibrium constants of the M>*/C2S systems. All
measurements were performed under an argon atmosphere.

Spectrophotometric determination of the acidity
constant of the C2S species

The acidity constant K¢»g is too high to be determined by
potentiometric pH titrations, but by spectrophotometry in
the wavelength range 200-400 nm the constant could be
measured (5 x 107> M C2S; 25 °C; I = 0.5 M, KNO;).
This value of free C2S was calculated using the SPEC-
PEAK program [28]. The program decomposes the
absorption spectra into their constituents (Gaussian peaks)
by optimizing the wavelengths of the maximum of the
individual spectra and their half-band widths. The pK value
was calculated from the trends of the heights of the prin-
cipal bands as a function of pH.

Results and discussion

Self-stacking is a well-known phenomenon of purines and
pyrimidines and must therefore be considered in any
measurements designed for the quantifications of mono-
meric species [29]. For Cyd, the self-association constant
as defined by Eq. 1

(Cyd), + Cyd = (Cyd),, (1)

is small (K=14+0.5 Mfl) [30] and a similar low value
is expected for C2S. As the C2S concentrations used in this
study were throughout 0.4 mM or below, self-stacking is
certainly negligible [30] and all results presented refer to
monomeric species.

Acidity constant of monoprotonated C2S

The pyrimidine derivative C2S has only N3 as a basic site
(Fig. 1) and may thus be protonated to H(C2S)*. Since
no other acid-base equilibrium is expected to occur in
the physiological pH range, only Eq. 2 needs to be
considered:

H(C2S)" = H' +C2S (2a)
Kijicas) = [HT][C2S]/[H(C2S)] (2b)

The corresponding acidity constant of H(C2S)* was
determined by potentiometric pH titrations to give as a
result pKiicos) = 3.44 £ 0.01 (25 °C; I = 0.5 M, KNO3).

This value is by ApK, = 0.80 & 0.02 below the acidity
constant of H(Cyd)* which was determined earlier as
ng(Cyd) =4.24 + 0.02 (25 °C; I =0.5 M, NaNO;) [26]. In
fact, the acidification of a nearby basic site owing to the
replacement of an oxygen atom by a sulfur atom is a well-
known phenomenon and has been observed for uridine and
thiouridine derivatives [3, 31, 32] as well as for acetic acid/
thioacetic acid [33, 34] and also for phosphoric acids/
thiophosphoric acids [34, 35]. For example, the difference
in acidity at the (N3)H site for uridine (pK, = 9.18) and 2-
thiouridine (pK, = 8.05) amounts to about 1.1 pK units [3].

Deprotonation of neutral C2S

During the potentiometric pH titrations in the presence of
Zn>* or Cd** and after formation of the M(C2S)** com-
plexes it became evident that a further proton is released
from the complexes with a pK, value of about 3 (see later).
Such a low value cannot be attributed to the formation of
hydroxo complexes [36] and also not to a metal ion pro-
moted release of a proton from the ribose residue; the
ribose deprotonation occurs with pK, =~ 12.5 [37] and a
corresponding strong acidification down to pH 3 is not
known [38]. Hence, the proton must be released from the
nucleobase residue and its release must be connected with
the presence of the sulfur atom at C2 (Fig. 1). Evidently the
only site in question is the (C4)NH, group; indeed, for Cyd
and the related 1-methylcytosine it is known that a very
low acidity exists and that a proton can be released from
the exocyclic amino group with pK, ~ 16.7 [37].

From earlier spectrophotometric studies with Cyd [26] it
is known that an electronic disturbance in the pyrimidine
residue is reflected in the UV absorption in the range of
about 240-280 nm. Consequently, we measured the
dependence of the UV absorption spectra of C2S on pH
(for details see “Materials and methods”) and could in this
way determine the acidity constant defined in Eq. 3:

C2S = (C2S —H)” +H' (3a)
Kths = [(C28 — H)|[HT]/[C2S] (3b)

The corresponding result, pKeas = 12.65 & 0.12 (25 °C; [ =
0.5 M, KNOs;), shows that deprotonation of the (C4)NH,
group is facilitated in C2S by about 4 pK units compared
with the same reaction in 1-methylcytosine (pK, ~ 16.7
[37, 39]). This is a very large acidification as is evident
from the pK, value of 15.1 determined [39] for 5-bromo-1-
methylcytosine and the corresponding ApK, value of 1.6;
this is despite the fact that bromine has a higher electro-
negativity than sulfur [40]. Therefore, the very large
acidification observed with C2S is most likely linked to the
tautomerism discussed later and the reorganization of the
charge within the anion.

@ Springer
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NH, NH NH Table 1 Logarithms of the stability constants of the M(C2S)**
(Eq. 4) and M(C2S—H)" (Eq. 6) complexes together with the nega-

3N Kt N Kajim N o+ tive logarithms of the acidity constants of the M(C2S)** species

| 12 ~ l J\ _ | J\ + (Eq. 5) as determined by potentiometric pH titrations in aqueous

ITI S N SH ITI S- solution (25 °C; I = 0.5 M, KNOs)
|

R R R M log KMcas) pKMc2s) log KMcas—)
amino Imino (imino —H) Zn?* 2.53 £ 0.04 3.35 & 0.05 11.83 & 0.14
cd* 3.72 £ 0.03 3.09 £ 0.04 13.28 + 0.13

Fig. 2 Semiempirical calculations [16, 41, 42] confirm that in
aqueous solution C2S exists as the amino-thione tautomer (amino)
and that the imino—thiol form (imino) is a minority species (Eq. 14). It
is concluded (see the text) that upon deprotonation of the amino group
of C2S (Egs. 3, 13) a redistribution of charge occurs and that then the
thioate form [shown as (imino—H) ] dominates (Eq. 15) (see also the
text). The other minority species, the imino—thione tautomer with an
(N3)H unit [16], is not shown here because it is not of relevance in
this context (however, see also the structure in Fig. 5d)

At this point it is helpful to recall that semiempirical
calculations for 1-methyl-2-thiocytosine [16] as well as
for 2-thiocytosine [41, 42] confirm that in aqueous solu-
tion the amino-thione tautomer strongly dominates
(Fig. 2). Upon deprotonation of the (C4)NH, group, we
propose, and this is in accord with the properties of the
metal ion complexes (see later), that a redistribution of the
charge takes place and that this is mainly located on the
sulfur atom [see the (imino—H)™ form in Fig. 2]. Similar
changes in bond order and charge localization take place
in thiophosphoric acids upon deprotonation [34] as con-
firmed by IR and Raman spectroscopic studies [43-45] as
well as by semiempirical calculations [34]. Frey and
Sammons [46] explained these observations quite gener-
ally with the conclusion that “in aqueous solution a
negative charge localized on sulfur is less unstable than
one localized on oxygen (in our case on nitrogen) ...
because the larger size and polarizability of sulfur ...
(allow) the charge density in a thiolate anion to be less”
when compared with the other anions.

Stability constants of M**/C2S complexes

As already indicated, the M(C28)** complexes can lose a
proton from the (C4)NH, group. In accord with this, one
can completely describe the experimental data from the
potentiometric pH titrations by considering Eqgs. 2, 4, and
5:

M>* + C2S = M(C28)*" (4a)
Kicas) = [M(C28)*]/(IM**][C25]) (4b)
M(C28)*" = M(C2S — H)" + H* (5a)
Kiicas) = [M(C2S — H)'][H']/[M(C28)*"] (5b)

The stability constants according to Eq. 4 and the acidity
constants according to Eq. 5 are listed in columns 2 and 3

@ Springer

The acidity constants of H(C2S)" are pKﬁ(Czs) = 3.44 £+ 0.01 and
pKE’zs = 12.65 &+ 0.12 (see also the corresponding sections)

C2S§ 2-thiocytidine (see Fig. 1)

of Table 1, respectively. Of course, the existence of Eq. 5
means that Eq. 6 must exist as well:

M*" 4 (C2S —H)™ = M(C2S — H)" (6a)
Kyicos—n) = IM(C2S — H)"]/(IM*7][(C2S —H)"])  (6b)

Consequently, we are dealing here with a cyclic system as
shown in the equilibrium scheme in Eq. 7 [38, 47]:

K%czs)
M2+ + C2S M(C2S)2*
Kb “ K]\I}I(czs) (M
M2+ 4 (C2S —H)™ + H* M(C2S —H)* + H*

Kniccos — 1y

This scheme involves four equilibrium constants and
because it is of a cyclic nature only three constants are
independent of each other; the size of the fourth constant is
automatically determined by the other three as follows
from Eqs. 8 and 9:

log KM(czs) - pKl\P/I[(czs) = log KII\\/I/[(CZSfH) - PK(}:Izs (8)
log KIIQ/I/I(C257H) = log Kllx\ad(czs) - pKl\P/II(czs) + pKihs )

Application of the constants listed in columns 2 and 3 of
Table 1 together with pKEIzs = 12.65 £+ 0.12 (see “De-
protonation of neutral C2S”) affords, based on Eq. 9, the
stability constants according to Eq. 6; these values are
listed in column 4 of Table 1. The corresponding distri-
bution curves of the various species in the pH range 2—8 are
shown in Fig. 3. All the equilibrium constants given in
Table 1 need to be discussed in detail; we begin with the
acidity constants of the M(C2S)** complexes.

Considerations on the acidity of the M(C2S)*
complexes

Of course, one expects that a metal ion coordinated at N3
will facilitate the deprotonation of the exocyclic (C4)NH,
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Fig. 3 Effect of pH on the concentrations of the species present in
aqueous solution of the Zn>*/C2S (fop) and Cd**/C2S (bottom)
systems. The results are given as the percentages of the total C2S or
M?* concentrations which are present in a 1:1 ratio (1 mM). The
calculations were done with the equilibrium constants listed in
Table 1 for a concentration of 10™> M for each reactant 25°C; 1=
0.5 M, KNO3) (for the concentrations employed in the experiments
see “Materials and methods”). The broken lines indicate the free
ligand species, the dotted lines free M?*, and the solid lines the metal
ion complexes. Note, the possible formation of hydroxo complexes
(especially in the case of Zn**) [36] in the uppermost pH range is not
considered in the calculations. Furthermore, the concentration of
(C2S—H) ™ is not seen in the figure because this species occurs only at
high pH, i.e., outside the pH range shown

group. For example, for Pt(Il)-am(m)ine complexes a
maximum acidification of about 4 pK units has been
observed, i.e., from pK, = 16.7 in free 1-methylcytosine
[39] to pK, ~ 12.5 in the complexes [37]. However, the
resulting acidifications as defined by Eq. 10 for the present
cases are much larger, as follows from the results given in
Egs. 11 and 12:

ApK,m = pKhs — pKh}/Il(C2S) (10)

ApK,jzn = (12.65 + 0.12) — (3.35 + 0.05) = 9.30 £ 0.13
(11)
ApKjca = (12.65 £ 0.12) — (3.09 + 0.04) = 9.56 + 0.13
(12)

Clearly, the absolute size of these observed acidifications
amounting to about 9.5 pK units is tremendous and is much
larger than the abovementioned maximum 4 pK units for
certain Pt(II) complexes. Indeed, usually divalent metal
ions like Cu®*, Ni**, and Pt** lead (with purines) to acid-
ifications of about 2 pK units only [47, 48]; larger
acidifications can be achieved under special conditions,
especially if two metal ions become involved [37, 49].
Hence, the question arises: What is special about the
Zn(C2S)** and Cd(C2S)** complexes?

From Fig. 2 it follows that the acidity constant as
defined in Eq. 3b may be redefined as given in Eq. 13:

[(C25 — H)J[H*] _ [(imino — H)][H"]

H _
Keas = [C2S] ~ [amino] + [imino] 13)

In addition, for the tautomeric equilibrium seen in Fig. 2
Eq. 14 holds and for the deprotonation equilibrium of the
imino tautomer Eq. 15 holds:

Kt = [imino]/[amino] (14)
Ka(imino) = [(lmlno - H)f][Hﬂ/[]mmo] (]5)

Combination of these three equations leads to Eq. 16:
1
Ka(imino) = ngs <1 + _) (16)
Kr

If Kt is getting very large, the tautomeric equilibrium of
Fig. 2 is completely on the side of the imino—thiol tautomer
and Kyimino) = K(};Izs. However, as concluded in “Depro-
tonation of neutral C2S,” the tautomeric equilibrium
considered is far on the side of the amino—thione form, i.e.,
Kt is small. If one assumes that the intramolecular and
dimensionless equilibrium constant K = 10~*, from Eq. 16
it follows that Kyiminoy = 107%% and for Ky = 107 it
follows that Kjimino) = 10759, Because the metal ion in
the M(C2S—H)* complexes is certainly thioate-coordi-
nated (see “Conclusions regarding the structure of the
M(C2S—H)" complexes™”), one obtains with the acidity
constants in Table 1 (column 3) approximate acidifications
of ApK, =~ 5.5-3.5—and these values are of a reasonable
order.

To conclude, the very large acidifications as expressed
in Egs. 11 and 12 are clearly due to the tautomeric
equilibrium between an amino and an imino form (Fig. 2,
left) and metal ion coordination to the thioate group of the
latter.

@ Springer
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Evaluation of the stability of the M(C2S)** complexes

In the M** complexes of Cyd, N3 is the primary binding
site for metal ions, but depending on the kind of M**
involved the ortho-amino group, (C4)NH,, may lead to
some steric inhibition. In accord with this, the complexes
of ortho-amino(methyl)pyridine derivatives (oPyN) are
generally less stable than those formed with pyridine-type
ligands (PyN) [25, 50]. Similarly, again depending on the
kind of metal ion involved, the (C2)O group, neighboring
N3, may give rise to (inner-sphere or outer-sphere) che-
lates, leading thus to enhanced stabilities of the M(Cyd)**
complexes compared with those of the corresponding
M(oPyN)** species [25].

In the above context one should recall that for families
of structurally related ligands (L), plots of log KM(L) versus
pKE(L) result in straight lines (Eq. 17) [S51]:

log Ky = m - pKyjp) + b (17)

This is also true for the complexes of PyN-type or oPyN-
type ligands [50]. For the complexes of Zn** or Cd** with
oPyN-type ligands, the previously established [50] straight-
line parameters m and b are given in Egs. 18 and 19:

log K23 ,pyn) = 0-103 - pK i ,pyn) — 0-398 (18)
10g KGi(opyny = 0-131 - K ypyn) — 0.028 (19)

The error limits of the log stability constants calculated
with given pKﬂ(,,PyN) values and Eqgs. 18 and 19 amount to
40.08 and £0.09 (30) log units, respectively, in the pK,
range of about 3-7.5 [50].

The reference lines as defined by Eqs. 18 and 19 are seen
in Fig. 4 together with the log KM(pyN) versus pKﬂ(pyN) plots,
showing that an ortho-amino group leads to some steric
hindrance in the Zn** and Cd** complexes. However, as
the position of the data points for the Zn(Cyd)>* and
Cd(Cyd)** complexes above the oPyN reference lines
proves, this inhibition is partially offset by an interaction
with the (C2)O group [25]. Much more important for the
present is that the stabilities of the Zn(C2S)** and
Cd(C2S)** complexes are significantly above the reference
lines. This shows that the thiocytosine residue compared
with the parent cytosine residue has a much higher affinity
toward the two metal ions considered. In addition, the fact
that the stability of the Cd>* complex is even more
enhanced than that of the Zn** complex is in accord with
the larger thiophilicity of Cd** compared with that of Zn**
[52, 53], and thus this observation demonstrates further the
importance of (C2)S for metal ion binding.

The stability enhancements indicated can be quantified
with Eq. 20:

log Am/cas = log KM(CZS) —logk M(CZS)calc (20)
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Fig. 4 Evidence for an increased stability of the M(C2S)** com-
plexes of Zn>* and Cd** (®) based on the comparison of their data
points (values from Table 1; 25 °C; I = 0.5 M, KNO;) with the log
KM(L) Versus ng(L) straight-line relationships for simple pyridine-
type ligands PyN (@) and the sterically inhibited ortho-
amino(methyl)pyridine-type ligands oPyN (M) [48]; the data points
for the M2+/Cyd systems (O) [25] are given for further comparisons
(25 °C; I =0.5 M, NaNOs3). The least-squares straight reference lines
are drawn according to Eq. 17. The plotted equilibrium constants refer
(from left to right) for the PyN systems (L) (@) to 3-chloropyridine,
4-bromopyridine, 4-(chloromethyl)pyridine, pyridine, 3-methylpyri-
dine, and 3,5-dimethylpyridine [50], and for the ortho-substituted
oPyN systems (L) (H) to 2-methyl-5-bromopyridine, 2-amino-5-
bromopyridine, tubercidin (7-deazaadenosine), 2-methylpyridine, and
2-aminopyridine (2APy) (Eqgs. 18, 19); the stability constant of
Zn(ZAPy)2+ was not used because of its large error [48], which is due
to hydrolysis (25 °C; I = 0.5 M, NaNO3) [50]. The reduced stability of
the M(oPyN)** complexes, compared with that of the M(PyN)** ones,
reflects the steric inhibition of an ortho-amino (or ortho-methyl)
group. The vertical dotted lines represent the stability enhancements
as defined by Eq. 20
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Table 2 Stability constant comparisons for the Zn(C2S)** and
Cd(C28)* complexes between the measured stability constants
(Eq. 4) and the calculated ones together with the resulting stability
differences log Anycas as defined by Eq. 20. For the Zn(Cyd)** and
Cd(Cyd)2+ complexes the analogous data [25] are listed for com-
parison (aqueous solution; 25 °C; I = 0.5 M)

M L log KM, log KMwyop log Amn

Zn*t  C2S 253 4+0.04*  —0.04 £ 0.08°  2.57 + 0.09
cd** C2S 3.72 + 0.03* 0.42 £+ 0.09° 330 £+ 0.09
Zn** Cyd 020+ 0.11 0.04 + 0.08 0.16 + 0.14
Ccd*  Cyd 091 £ 0.07 0.53 + 0.09 0.38 + 0.11

Cyd cytidine (see Fig. 1)
? From column 2 in Table 1

® Calculated with pKH(czs) =3.44 (Table 1) for a coordination of M**
to a simple ortho-aminopyridine-type ligand according to the straight-
line Egs. 18 and 19

The first stability constant given on the right-hand side of
Eq. 20 is the one experimentally measured for the M(C2S)**
complexes. The second stability constant is calculated on
the basis of Eqgs. 18 and 19 by application of the acidity
constant pKﬂ(czs> = 3.44 (Table 1). The corresponding
results are summarized in Table 2, together with those for
the M(Cyd)** complexes taken from earlier work [25].

Conclusions regarding the structure of the M(C2S)**
complexes

The stability enhancements for the M(C28)** complexes
(Table 2, column 5) indicate [51, 52] that chelate formation
occurs and that open (op) species are in equilibrium with
closed (cl) ones, i.e., that the intramolecular equilibrium in
Eq. 21 operates:

M(C2S)2F = M(C2S)3" (21)

However, there is a problem here: which is the primary
binding site in these complexes? For the M(Cyd)** com-
plexes it is N3; however, in the case of the M(CZS)2+
complexes the stability enhancements are much larger
(Table 2, column 5) than the M?* affinities of the N3 site,
log KM(CZS)Op (Table 2, column 4), and this opens the
possibility that M?* is coordinated in a monodentate fash-
ion also to the sulfur atom at C2. This means that there is
the possibility for two open isomers; one with M** at N3
and one with M?* at (C2)S; these species are designated as
(M:N3/C28)%+ and (N3/C2S-M)5;, respectively. Because
the stability of the open (N3/CZS-M)§; isomer is not
known, it is not possible to calculate the formation degree
of the chelated species.

However, as far as the extent of (C2)S-M>* binding is
concerned, some conclusions are possible. The following
reasoning is closely related to a new evaluation method

which was recently introduced to quantify the chelate [54]
or macrochelate [55] effect. Considering that for principal
reasons two open isomers occur in solution, (M~N3/CZS)§;
and (N3/C2S'M)§;, as indicated above, as well as the
chelated, or closed species, M(C2S)%, Eq. 4b may be
rewritten as given in Eq. 22:

wo_[M(C28)*]
[(M:N3/C28)7]+[(N3/C28- Mz} |+[M(C28)7]
[M*F][C2S]

(22a)

= k](\l/{/I~N3/CZS)Op + kl(\ﬁIS/CZS-M)op + kl\]\jII(CZS)cl (22b)

The micro stability constants given on the right side in Eq.
22b quantify the formation of the individual isomers; as far
as M(C2S)%f is concerned, it does of course not matter if
chelate formation starts from the (C2)S-bound or the N3-
bound M>*; the resulting chelates always have the same
structure(s) (see later).

From the four constants which appear in Eq. 22b only
values for Kﬁ(czs) and kl(\f/l‘m/czs)op are known; the first one
was measured (Table 1) and the second one can be cal-
culated with ng(CZS) = 3.44 and the straight lines defined
by Eqs. 18 and 19. If we concentrate for the moment on the
Cd(CZS)2+ system, we obtain, based on Eqs. 22b, Eq. 23:

cd cd cd cd
k(NS/CZS-Cd)op + keg(casya = Keaicos) — k(Cd-N3/CZS)0p

(23a)
(23b)

The lesson from Eq. 23 is that N3—-Cd** binding contrib-
utes very little to the stability of the Cd(C2S)** complexes;
in other words, the stability of these species is over-
whelmingly given by the (C2)S—Cd** interaction, which
determines solely the stability of (N3/C2S~Cd)§;§ and con-
sequently also to the very largest part that of Cd(C2S)Z.

From the Cd(Cyd)** species about 58% exist in the form
of chelates [25] and this formation degree corresponds to a
stability enhancement of log Acgicyqa = 0.38 [25]. If we
assume that Cd(C2S)§1+ reaches the same formation degree,
the difference log kgﬁ(czs)cl — log kff\?yczs.(;d)op must
amount to 0.38 log units and we can then rewrite Eq. 22b
for the Cd** case as follows:

— 103.72 _ ]OOA42 ~ ]0372

Kgg(czs) = k(céid-Ns/czs)op + k(clg3/czs-Cd)op + kgg(C2S)cl
(24a)
10372 — 100.42 + 10319 + 10357 ~ 10372 (24’b)

From Kycg= 10184 — 1= 10357319 _ 1 210%3% _ | =
1.40 follows [51, 52] a formation degree of 58% for the
chelate (see Eq. 21) as it should be in accord with the
initial assumption. However, for the remaining 42%, which
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exist as the open species, (N3/C2$~Cd)(2,; and (Cd-N3/
CZS)ig, we learn, based on Eq. 25,

k(CI\(Ij3/C2$~Cd)op _[(N3/cas- Cd)i;ﬂ 1007 1027

k(CCdd-N3/CZS)op [(Cd - N3 /CZS)(Z);] 10042
(25a)
589  99.83%
T 25b
1 0.17% (25b)

that 41.93% occur in the (C2)S-bonded form (N3/C2S 'Cd)gg
and only 0.07% in the (N3)-bonded form. To say it differ-
ently, the Cd(C2S)a" and (N3/C2S-Cd)z+ species dominate
the system very strongly (more than 99.9%) and the
(N3)-bonded form, (Cd~N3/CZS)§:§, occurs only in traces.

If one carries out the same evaluation for the Zn(C2S)>*
system based on 31% Zn(Cyd)?l+ , corresponding to log 4z,
cya = 0.16 [25], one obtains the following equations:

K%:(C2S) = k(ZZnn-N3/CZS)0p + k(ZI\rTlB/CZS-Zn)op + k%;l(CZS)CI

(26a)
102453 — 1070.04 _|_ 102.14 + 102.30 ~ 102.53 (26b)
k(ZI{Tl3/C2S~Zn)0p o [(N3/C2S - Zn)?’;] _ 10> _ 1018
KGxajcasip [(Zn-N3/C28)%] 107008~ 1
(27a)
1514  99.34
= = % (27b)

1 0.66%

Hence, 31% of the species are present in the chelated form,
Zn(C28)', and 69% in the two open forms, which occur to
68.5% as (N3/C2S-Zn)ey and 0.5% as (Zn-N3/C2S)3'.
Again we note that (C2)S—Zn** coordination is strongly
dominating (in total to 99.5%).

To conclude, from the above evaluations it follows
unequivocally that the (C2)S—M*" interaction is the stabil-
ity-determining factor of the M(C2S)** complexes with
Zn** and Cd** and that purely (N3)-coordinated species
occur only in trace amounts. What remains uncertain is the
exact extent of chelate formation. However, one may pos-
tulate with confidence that the formation degrees of chelates
for Zn(Cyd)Z" and Cd(Cyd)Zf, which amount to about 31
and 58%, respectively [25], are lower limits for the for-
mation degrees of the Zn(C2S)4" and Cd(C2S)%" chelates.
In fact, the formation degrees of the M(CZS)gl+ species are
most likely significantly larger than those of M(Cyd)Z'
because the steric constraints are lower owing to the larger
size of sulfur compared with that of oxygen. In the solid
state the formation of (distorted) four-membered rings with
Cd** [18, 56] and Zn>* [57] involving N3 and (C2)O of
cytosine residues are known [25]. The corresponding
structures may be surmised for the complexes with C2S
and, in fact, it is known that low-membered chelates are
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more easily formed if a (C)O group is replaced by a (C)S
site [1]. Furthermore, it may be expected that these four-
membered chelates persist to some extent also in aqueous
solution (Fig. 5a). Of course, there is the possibility that
also semichelates form with a water molecule between the
sulfur-coordinated M** and N3 (Fig. 5b). Structures as
indicated in Fig. 5c involving a sulfur-hydrogen bond are in
aqueous solution not expected to be important because
sulfur is not an excellent site for hydrogen-bond formation
under such conditions. Similarly, the structure shown in
Fig. 5d, which contains an unstable tautomer of C2S [16,
41], is not expected to reach a significant formation degree,
though on the way to the formation of the M(C2S—H)*
complexes this species might play a role as an intermediate.
To conclude, the structures shown in Fig. 5c and d, if
formed at all, are certainly minority species.

Considerations on the stability of the M(C2S—H)"
complexes

As indicated above, the deprotonation of the (C4)NH,
group in the M(C2S)** complexes might proceed via the
intermediate shown in Fig. 5d and this could then lead to
the four-membered chelate shown in Fig. 7a (vide infra)
with the negative charge mainly located at N3. Even though
this structure is rather unlikely as will be concluded later
and as already indicated in “Deprotonation of neutral C2S”
in the context of Fig. 2, it offers the possibility to evaluate
the stability of the M(C2S—H)* complexes (Table 1,
column 4) somewhat more in detail and to confirm the

! 3 :
HO | rﬁ%s HO | 12 M

HO OH HO OH
c NH, d NH
| 4\3N“|VI’2"+?/|_| | 43N/H\Q:|I:||
HO ,1\15&3"” HO N%S\‘M%
0 o
HO OH HO OH

Fig. 5 Possible metal ion binding modes in the chelates formed in
equilibrium by the M(C2S)** complexes in aqueous solution. The
structures in ¢ and d have a low probability for formation. For details
see the last paragraph of “Conclusions regarding the structure of the
M(C2S)** complexes”
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surmised conclusion. The reason is that for a series of M**
complexes of uridinate derivatives, (U—H)~, where the
negative charge is mainly located at N3, the straight lines
for log KM(U,H) versus pKE plots have been defined (see
Eq. 17); the corresponding straight-line parameters for the
Zn** and Cd** systems are given in Egs. 28 and 29 [58]:

log K73y = (0.427 +0.047)pK(j — (1.516 + 0.389)
(28)

log KGy(u_my = (0.388 4 0.024)pKy] — (0.354 + 0.209)
(29)

The error limits of the log stability constants calculated
with pK{] values and Eqgs. 28 and 29 are 0.07 and 0.05 (30)
log units, respectively, in the pK, range of about 7-10 [58];
outside this range the error of the intercept b needs to be
taken into account as well (see footnote ¢ in Table 3).

The straight lines defined by Eqs. 28 and 29 are shown
in Fig. 6 together with the data points for the Zn(C2S—H)*
and Cd(C2S—H)* complexes. The stability enhancements
are evidently tremendous; they may be defined by Eq. 30
(which is analogous to Eq. 20):

log Ayy/(cas—m) = 10g K\jicas 1) — 102 Ky pjeae (302)

=logk M(czsfH) —logk M(C257H)calc (30b)

It may be noted that because log KM(U_H)CHIC is set equal to
log KM(CZS*H)C&IC the stablhty difference 10g AM/(CZS*H)

Table 3 Stability constant comparisons for the Zn(C2S—H)* and
Cd(C2S—H)"* complexes between the measured stability constants
(Egs. 6, 9) and the calculated ones together with the resulting stability
differences log Ay cas—n as defined by Eq. 30. For the Cd(U2S—H)"
complex (Fig. 1) the analogous data [3] are listed for comparison
(aqueous solution; 25 °C; I = 0.5 M)

M>* (L-H)~ log KM(I;H) log KM(Lfﬂ)op log AM/(L*H)
Zn** (C2S—H)~ 11.83 £ 0.14* 3.89 + 047> 7.9 +05
Cd** (C2S—H)~ 13.28 + 0.13* 455+ 025" 8.7+ 0.3
Ccd** (U2S—H)~ 4.114+0.03 277 £0.05 1.34 £ 0.06

U2S 2-thiouridine (see Fig. 1)
* From column 4 in Table 1

® Calculated with ngzs = 12.65 (Table 1) for the coordination of
M?* to a uridinate derivative (U—H)~, where the negative charge is
mainly located at N3, according to the straight-line Egs. 28 and 29

° The error limits were calculated as explained for the Zn** system

as follows: the distance between the lowest data point (pK, = 7.55; see
Fig. 6) and the intercept b with the y-axis is 7.55 pK units; the dis-
tance between the highest data point (pK, = 9.67) and pKElzs =12.65
(extrapolation) used for the calculations amounts to 3.0 pK units.
Hence, +0.389 (= b; see Eq. 28) divided by 7.55 and multiplied by
3.0 gives £0.155 (10) or £0.465 (30). By taking further into account
the (internal) error limit of +0.07 (30; see the text), one obtains
according to the error propagation after Gauss +0.47 (30) log units,
the value given in the table
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Fig. 6 Evidence of an increased stability of the M(C2S—H)*
complexes of Zn>* and Cd** (®) based on the comparison of their
data points (values from Table 1; 25 °C; I = 0.5 M, KNO3) with the
log KM(U_H) versus ng straight-line relationships (M) [58] for
uridinate-type ligands (U—H) ™ and their complexes formed with Zn**
and Cd**. The data point for the Cd(U2S—H)" complex (O) [3] is
given for further comparison (25 °C; I = 0.5 M, NaNO3). The least-
squares straight reference lines are drawn according to Eqgs. 28 and
29. The plotted equilibrium constants refer to the M**/(U=H)~
systems (M) with (from left to right) 5-fluorouridine, 5-chloro-2’-
deoxyuridine, uridine, and thymidine (2'-deoxy-5-methyluridine) (25
°C; I1=0.1 M, NaNO3) [58] (the complex of the last-mentioned ligand
with Zn?* could not be studied owing to hydrolysis [58]). The vertical
dotted lines represent the stability enhancements as defined by Eq. 30.
The change in / from 0.1 to 0.5 M is of no significance because the
small connected shifts in log K and pK, are “parallel” to each other;
moreover, the stability differences considered are very large and far
outside of any error limits
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may actually be a bit too small because the possible steric
inhibition of (C4)NH [in (C2S—H) ] compared with that
of (C4)O [in (U—-H)7] is not accounted for. However,
considering the size of the log A cas—ny values this effect
is clearly negligible. Of course, the first stability constant
on the right side of Eq. 30 is the measured one (Table 1,
column 4) and the second stability constant is calculated
with Pngs = 12.65 and Eqgs. 28 and 29; the results are
listed in Table 3 together with the data obtained earlier for
Cd(U2S—H)" [3] (see Fig. 1).

Conclusions regarding the structure of the M(C2S—H)*
complexes

From the results in Fig. 6 and Table 3 it is evident that the
stability enhancement is much larger for the M(C2S—H)"
complexes than for Cd(U2S—H)*. Indeed, in the 2-thio-
uridinate ligand of the latter complex the negative charge is
to a significant part localized on N3 [3], which binds the
metal ion; this is evidently not the case for the M(C2S—H)*
species; in these instances the main binding site is clearly
the thioate group (C2)S™ (Fig. 2), which carries most of the
negative charge. Hence, again several isomeric species (cf.
Fig. 5) for the M(C2S—H)* complexes need to be taken
into account.

From solid-state crystal structure studies of complexes
of (phosphine)gold(I) formed with 4-amino-2-pyrimidine
thiolate, monodentate binding of the metal ion to the
thiolate group is known [59], but the formation of four-
membered chelates to the same ligand (also known as 4-
amino-2-mercaptopyrimidine) involving both the S~ and N
sites has been observed as well in complexes formed with
diorganotin(IV) compounds [60]. The corresponding type
of four-membered rings is also found in complexes formed
by  (pentamethyl-cyclopentadienyl)rhodium(Ill)  with
pyrimidine-2-thionate or 4-methylpyrimidine-2-thionate
[61]. Hence, the monodentate structure shown in Fig. 7b
and the one with the four-membered chelate shown in
Fig. 7c are most likely the important isomers of the
M(C2S—H)" species, also in aqueous solution, though the
semichelate shown in Fig. 7d is another important candi-
date. The structure shown in Fig. 7a is clearly a species
which occurs at best in trace amounts (see also “Consid-
erations on the stability of the M(C2S—H) complexes”).

To conclude, it is evident that the primary binding site in
M(C2S—H)" complexes is the (C4)S~ site. Indeed, if one
carries out an evaluation corresponding to the one descri-
bed for the M(CZS)2+ complexes, one arrives at the, not
unexpected, result that sulfur binding to (C2)S™ is even
more important in the M(C2S—H)* species than to (C2)S in
the M(CZS)2+ complexes; in fact, in more than 99.99% of
the complex species is the metal ion (C2)S™-coordinated.
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Fig. 7 Possible metal ion binding modes existing in equilibrium in
aqueous solution of the M(C2S—H)* complexes. The structure in a is
certainly a minority species; for details see “Conclusions regarding
the structure of the M(C2S—H)* complexes”

Conclusions

C2S is a remarkable nucleoside analogue which differs
from its parent, Cyd, in many respects, though in the
neutral form their structures are very similar, i.e., (C2)=0
is simply replaced by (C2)=S (Fig. 1), and indeed the
connected change in basicity of N3 is of the expected
order. However, the stability enhancements observed for
the M(C2S)** complexes are much larger than those
obtained for the corresponding M(Cyd)** species (Fig. 4,
Table 2). This proves that for the Zn(CZS)2+ and
Cd(C2S)** complexes no longer is N3 the stability-deter-
mining binding site, but that this is now (C2)=S.

Another very significant difference between the two
compounds is that the (C4)-amino group in C2S loses
relatively easily a proton (pK, = 12.65) in contrast to the
situation in the parent nucleoside (pK, ~ 16.7) [37, 39].
However, the crucial point is that the deprotonation reac-
tion in C2S is connected with a redistribution of charge and
bond orders. This means it is concluded that the negative
charge which results from the deprotonation of (C4)NH, is
thereafter largely located at the (C2)S™ unit (Fig. 2). In
accord with this conclusion are the following observations
and reasonings: (1) the large acidification of the (C4)NH,
group due to the S substitution at (C2)O can in this way be
explained; (2) the tremendous difference in acidity of more
than 9 pK units between the (C4)NH, group in C2S and in
M(CZS)2+ can only be rationalized if charge delocalization
takes place and if M** coordination involves strongly the
(C2)S™ site; (3) the very large stability enhancement of
about 8 log units which is observed for the M(C2S—H)*
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complexes can be understood only by a (C2)S™/M*
coordination; (4) as expected, in the case of a thiolate
coordination, the stability of the Cd(C2S—H)" complex is
larger than that of the Zn(C2S—H)" one.

The fact that with metal ions like Zn>* the deprotonation
reaction discussed in the preceding paragraph takes place at
a pH close to 3, i.e., far below the physiological pH range,
has consequences. For example, in a transfer RNA which
contains C2S, the hydrogen-bonding pattern will be
strongly affected, not to speak of the tremendous metal ion
affinity which develops upon the indicated deprotonation
reaction. This may be one of the reasons why C2S and its
derivatives show promising potentials as drugs [5, 10, 11].

Finally, it may be pointed out that metal ions like Mg**
which have a very low thiophilicity, in contrast to Zn>*,
which was studied here, can still have significant effects in
a biological system. There is no need to acidify C2S down
to pH 3; an acidification into the pH range 7-8 is enough
and for this a Coulombic interaction between (C2)S™ and a
“hard” metal ion like Mg”* is good enough to achieve
the acidification and tautomerization. That metal ion
coordination, e.g., even of Na*, can affect nucleobase
tautomerizations was recently concluded on the basis of
theoretical calculations [62].
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