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ABSTRACT: On the basis of the high affinity of Zn2+ to
sulfur and imidazole, we targeted nucleotides such as GDP-β-
S, ADP-β-S, and AP3(β-S)A, as potential biocompatible Zn2+-
chelators. The thiophosphate moiety enhanced the stability of
the Zn2+-nucleotide complex by about 0.7 log units. ATP-α,β-
CH2-γ-S formed the most stable Zn2+-complex studied here,
log K 6.50, being ∼0.8 and ∼1.1 log units more stable than
ATP-γ-S-Zn2+ and ATP-Zn2+ complexes, and was the major
species, 84%, under physiological pH. Guanine nucleotides
Zn2+ complexes were more stable by 0.3−0.4 log units than the
corresponding adenine nucleotide complexes. Likewise, AP3(β-
S)A-zinc complex was ∼0.5 log units more stable than AP3A
complex. 1H- and 31P NMR monitored Zn2+ titration showed that Zn2+ coordinates with the purine nucleotide N7-nitrogen
atom, the terminal phosphate, and the adjacent phosphate. In conclusion, replacement of a terminal phosphate by a
thiophosphate group resulted in decrease of the acidity of the phosphate moiety by approximately one log unit, and increase of
stability of Zn2+-complexes of the latter analogues by up to 0.7 log units. A terminal phosphorothioate contributed more to the
stability of nucleotide-Zn2+ complexes than a bridging phosphorothioate.

1. INTRODUCTION

Nucleoside 5′-diphosphates (NDPs) and nucleoside 5′-
triphosphates (NTPs) form stable complexes with Zn2+ with
log K values between 4 and 4.51,2 (Zn2+-NDPs complexes), and
5−5.53 (Zn2+-NTPs complexes). Zn2+-nucleotide complexes
are ∼1−1.5 log units more stable than their corresponding
Mg2+-nucleotide and Ca2+-nucleotide complexes, but are ∼1−2
log units less stable than their corresponding Cu2+-nucleotide
complexes.1−4 Crystal structure data on Zn2+-nucleotide
complexes is limited.5 A crystal structure of dimeric [Zn-
(H2ATP)(bpy)]2 complex exhibits distorted octahedral geom-
etry,6 where Zn2+ coordinates with ATP through Pγ, Pβ, and
Pα oxygen atoms. Yet, Zn−O (Pα) bonding is relatively weak
as indicated by the long bond distances.6

Zn2+ is classified as “intermediate” Lewis-acid, according to
Hard-Soft Acid−Base theory,7 and coordinates preferentially
atoms such as nitrogen and sulfur.8 Moreover, Zn2+ has affinity
for thiolate second only to Cu2+ throughout biological
systems.9,10 For instance, Zn2+-dithiothreitol complex exhibits
log K of 11.06,11 where a 7-membered ring is formed because
of Zn2+ coordination with two thiol groups. The “thiophilic”
character of Zn2+ is also exemplified in Zn2+-2-thiocytidine
complex with log K of 2.53, being ∼2.3 log units more stable
than the parent complex, Zn2+-cytidine.12

Yet, the Zn2+ vs Mg2+-selectivity of phosphorothioate
analogues was barely reported. Stability constants of several
nucleoside 5′-phosphorthioate analogues with Mg2+ and Cd2+

were determined by 31P NMR,13,14 indicating that Cd2+ affinity

to ATP-α-S, ATP-β-S, and ADP-α-S is higher than that of Mg2+

by ∼0.5−1.4 log units (log K 4.47, 4.04, and 3.66 vs 4.92, 5.44,
and 4.95, respectively).14 Later, stability constants of adenosine
5′-monothiophosphate (AMP-α-S) with Zn2+ ion and Mg2+ ion
were determined by potentiometric titrations (log K 2.52 vs
1.28, respectively).15

The limited data on nucleoside 5′-phosphorothioate
analogues as Zn2+ chelators prompted us to explore the
properties of nucleoside-phosphorothioate-Zn2+ complexes.
Specifically, we report on their acidity constants and stability
constants as determined by potentiometric titrations. These
constants were compared to those of the natural nucleotides,
and species distribution at physiological pH was predicted. In
addition, Zn2+ coordination sites were identified by 1H NMR-
and 31P NMR- monitored Zn2+ titrations.

2. RESULTS AND DISCUSSION

We targeted the evaluation of purine-nucleotide analogues 1−6
(Figure 1) as potentially promising biocompatible Zn2+-
chelators. We chose purine nucleotides 1−6, because of their
imidazole moiety, a borderline base, and their “soft” sulfur
atom, both of which preferably coordinate Zn2+.16,17

2.1. NMR Monitored Zn2+ Titrations. To determine Zn2+-
coordination sites in nucleoside 5′-phosphorothioate analogues,
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we performed Zn2+-titration of analogues 1−3 and 6,
monitored by 1H and 31P NMR spectroscopy.
The shift of NMR signals as well as their line-broadening

indicates which atoms in the ligands are involved in Zn2+-
chelation. Solutions of analogues 1−3 and the corresponding
parent nucleotides were titrated by 2 M Zn(NO3)2 solution
(0.1−10 equiv of Zn2+) at pD 7.4 and 300 K, and monitored by
1H and 31P NMR at 500 or 600, and 202.5 or 243 MHz,
respectively. Relatively low nucleotide concentrations (3 or 6
mM) were used to avoid intermolecular base stacking (π-
stacking interactions) in aqueous solutions.18 Chemical shifts
(δH, δp) of these compounds were measured, at different Zn2+

concentrations. Zn2+ coordination sites in nucleoside phos-
phorthioate analogues and the corresponding natural nucleo-

tides were identified by the difference, Δδ = δfree ligand −
δZn‑ligand complex between the chemical shifts of nucleotide Na+

salt and the corresponding Zn2+ complex.
The data are reported in Supporting Information, Table S1

(31P NMR) and Supporting Information, Table S2 (1H NMR).
Significant Δδ values of terminal thiophosphate in ATP-γ-S,
ADP-β-S and GDP-β-S (Figure 2) were observed only after
addition of 0.1 equiv or 0.2 equiv of Zn2+. Addition of 0.1 equiv
of Zn2+ caused upfield shifts of Pβ of GDP-β-S (9.33 ppm) and
of Pγ of ATP-γ-S (6.95 ppm). In contrast the Δδ of Pβ of ADP-
β-S could not be measured after addition of 0.1 equiv of Zn2+

because of line-broadening of Pβ, resulting from dynamic
equilibrium between the free ADP-β-S and the Zn2+-ADP-β-S
complex. However for GDP-β-S this equilibrium is less

Figure 1. Nucleoside 5′-phosphorothioate analogues studied here.

Figure 2. Zn2+-titration of 6 mM GDP(β-S) in D2O at pD 7.34 at 300 K. 31P NMR spectrum was measured at 243 MHz.
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dynamic possibly because of outersphere coordination of Zn2+

with O6 of the guanine oxygen.19 After addition of 0.2 equiv of
Zn2+, the signal of Pβ sharpened and shifted upfield to 8.92
ppm. Pα of GDP-β-S and Pβ of ATP-γ-S also showed a large
change upon addition of 0.1 equiv of Zn2+ resulting in
downfield shifts of 1.37 ppm and 2.13 ppm, respectively. This
effect was observed also for Pα signal of ADP-β-S, yet was
smaller (shift of 0.75 ppm), and further shifted by 1.36 ppm
upon addition of 0.2 equiv of Zn2+.
Additional equivalents of Zn2+ (0.5, 1, 2, 10 equiv) did not

shift any further the Pα signal of ADP-β-S and GDP-β-S, and
Pβ signal of ATP-γ-S (Figure 2). Pα of ATP-γ-S almost did not
shift during the titration implying that Zn2+ did not coordinate
with Pα of ATP-γ-S, similar to ATP (Δδ ≅ 0.5 ppm upon
addition of 1 equiv of Zn2+). Addition of Zn2+ to ADP and
GDP resulted in gradual shifts, as the number of equivalents
was increased (Supporting Information, Table S1). Unlike
nucleoside 5′-phosphorthioate, addition of 0.1 equiv of Zn2+ to
ADP, GDP, and ATP affected immediately the Δδ value
(Supporting Information, Table S1).
Previously, ATP was found to coordinate metal ions mainly

through Pβ and Pγ.20−22 This observation supports our finding
that Pα of ATP/ATP-γ-S did not coordinate with Zn2+. In
addition, our findings are consistent with the crystal structure of
[Zn(H2ATP)(bpy)]2 complex showing that Zn−O (Pα)
bonding is relatively weak.6 Whereas Pα and Pβ of ADP
were found as the coordination sites of Mg2+ based on 25 Mg-21

and 17O NMR spectroscopy,22 here, we found that nucleoside
5′-phosphorthioate analogues chelate Zn2+ mainly through the
terminal thiophosphate group (Pγ of ATP-γ-S and Pβ of ADP-
β-S and GDP-β-S) based on their large Δδ values (∼7−9 ppm)
after addition of only 0.1−0.2 equiv of Zn2+.
Signals of terminal phosphate of natural nucleotides (ATP,

ADP, and GDP) were less affected even after addition of 10
equiv of Zn2+ (ΔδPβ (ADP) = +1.22, ΔδPβ (GDP) = +0.48,
ΔδPγ (ATP) = 2.23). Similar data were found for phosphate
groups adjacent to the terminal thiophosphate (Pα of ADP-β-S
and GDP-β-S) and for corresponding phosphate group of the
natural nucleotides after addition of 10 equiv of Zn2+

(ΔδPα (ADP) = +1.23 vs ΔδPα (ADP‑β‑S) = +1.16 and, ΔδPα (GDP)
= +1.48 vs ΔδPα (GDP‑β‑S) = +1.42). While after addition of 1
equiv of Zn2+, Δδ of Pβ of ATP was slightly larger than Δδ of
Pβ ATP-γ-S (+2.89 vs +1.61). This may indicate that the major
chelation of ATP-γ-S with Zn2+ occurs through Pγ, unlike ATP
where Zn2+-chelation occurs through Pγ and Pβ.
While addition of Zn2+ to nucleoside phosphorothioate

analogues resulted in downfield shift of Pα or Pβ adjacent to
thiophosphate, δ of the terminal thiophosphate group shifted
upfield. These observations are supported by previous reports
on 31P NMR Zn2+-monitored titrations of adenosine
thiophosphate analogues at a much lower magnetic field
(24.3 MHz) and basic conditions.23 1:1 Zn2+:ADP-β-S and
Zn2+:ATP-γ-S terminal thiophosphate shifted upfield of the δ of
the terminal thiophosphate by 8.2 and 9 ppm, respectively.23

Titration with Ca2+ and Mg2+ ions shifted downfield the
chemical shift of the terminal thiophosphate of ADP-β-S and
ATP-γ-S by ∼1−2 ppm.23 This phenomenon is probably
because of coordination of Ca2+ and Mg2+ through the oxygen
atom of the terminal thiophosphate of adenosine phosphor-
othioate analogues, whereas Zn2+ is bound through the sulfur
atom.24

Related NMR-monitored Mg2+-titrations of nucleoside
diphosphates/triphosphates were reported before,25,26 indicat-

ing that Mg2+ binds only with Pβ of nucleoside triphosphates
and Pα of nucleoside diphosphates at pD ≅ 8. Another report
on NMR monitored Mg2+ titration at pD ≅ 5−7 indicated that
ATP binds Mg2+ through Pβ and Pγ, and ADP through Pα and
Pβ, due to the Δδ of their respective chemical shifts in the
presence and absence of Mg2+.20 In this pH range
deprotonation of the terminal phosphate (Pβ/Pγ) occurs, and
NMR data may result from a mixture of protonated and
nonprotonated species.
Here, the 31P NMR monitored Zn2+ titration of nucleoside

5′-thiophosphate analogues was performed at pD ≅7.4. Hence,
the terminal thiophosphate was not protonated (pKa ≅ 5.5),
especially in presence of Zn2+ ions which further lower the pKa
value of the terminal thiophosphate. Namely, the observed shift
of chemical shift of thiophosphate moiety was due to
coordination with zinc ions and not acid−base equilibrium of
the terminal thiophosphate.
Dinucleotides, AP3A and AP3(β-S)A Zn2+-complexes also

exhibited a Δδ difference due to the sulfur modification. 31P
NMR spectra of AP3(β-S)A with and without Zn2+ ions are
shown in Supporting Information, Figure S1. AP3(β-S)A
spectrum showed two Pα signals (PαA and PαB) due to the
sulfur modification in Pβ and the chirality of the ribose,
removing symmetry through S−P−O plane in Pβ.
For both dinucleotides, AP3A and AP3(β-S)A, a gradual shift

of phosphate signals was observed due to Zn2+ addition, yet, a
more significant shift was observed for the modified
dinucleotide, 6. After addition of 10 equiv of Zn2+ to AP3(β-
S)A, its Pβ signal shifted downfield by ∼3 ppm (Supporting
Information, Figure S1), unlike Pβ of AP3A which shifted
downfield by only ∼1 ppm. The enhanced binding of Zn2+ to 6
is further supported by the similar Δδ of Pα in AP3A and
AP3(β-S)A upon addition of Zn2+ (Δδ +0.67 and 0.5 ppm
respectively).
Data of 1H NMR monitored Zn2+-titrations are presented in

Supporting Information, Table S2 and in Figure 3 and

Supporting Information, Figure S2. Two sets of protons are
observed for AP3(β-S)A in 1H NMR spectrum (Supporting
Information, Figure S2), as for 31P NMR (Supporting
Information, Figure S1), because of asymmetry of the molecule
as mentioned above. The data in Supporting Information,
Table S2 show a similar trend to that in Supporting
Information, Table S1. H8/H2 signals of analogues 1−3

Figure 3. Zn2+-titration of 6 mM GDP(β-S) in D2O at pD 7.34 at 300
K. 1H NMR spectrum was measured at 600 MHz.
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shifted substantially after addition of only 0.1/0.2 equiv of Zn2+,
unlike for H8/H2 signals of the corresponding parent
nucleotides. For instance, H8 of ATP-γ-S and ATP shifted
downfield by 0.12 ppm and 0.01 ppm, respectively, upon
addition of 0.2 equiv of Zn2+ (Supporting Information, Table
S2). On the other hand, the H2 signals of ADP, ADP-β-S, and
ATP-γ-S moved upfield upon addition of Zn2+, whereas the
chemical shift of H2 of ATP did not change significantly. The
upfield shifts of H2 in the presence of zinc ions possibly result
from stacking interactions27 due to formation of dimeric
species, ([ML]2), as reported for [Cd(ADP)2], [Zn(ADP)2]

27

and [M2+(ATP)]2 or [M2+(ATP)]2(OH
−)28,29 (M2+ = Zn2+,

Cd2+, Ni2+, and Cu2+). It was also reported that self-stacking
decreases in the series, N > NMP2− > NDP3− > NTP4‑ because
of repulsion of the increasing number of phosphate negative
charges.29 This evidence may explain the higher upfield shifts of
H2/H8 in ADP-β-S (Δδ= −0.14/−0.20 ppm upon addition of
0.2 equiv of Zn2+) as compared to upfield shifts of H2 in ATP-
γ-S (Δδ = −0.03 ppm upon addition of 0.2 equiv of Zn2+).
The chemical shifts of H8 of dinucleotides AP3A and AP3(β-

S)A shifted in a similar way, whereas their H2 chemical shifts
did not change (Supporting Information, Table S2). The
downfield shifts of H8 imply that N7 is a coordination site of
Zn2+.
In addition to shift of signals, line-broadening was observed

as well as during zinc titration. This phenomenon was more
significant for nucleoside phosphorothioate analogues as
compared to the corresponding parent compounds (see
Supporting Information, Table S3). For example, the H8 signal
of GDP-β-S broadened 3-fold as compared to H8 of GDP,
upon addition of 0.1 equiv of Zn2+. Likewise, the H2 signal of
ATP-γ-S broadened 5-fold more than ATP. On the other hand,
signals of adenine base protons of dinucleotides, AP3A and
AP3(β-S)A (Supporting Information, Figure S2), did not
broaden significantly as compared to nucleotides and nucleo-
side phosphorothioate analogues. The major broadening effect
was observed for the terminal phosphate groups. This fact may
indicate that Zn2+ has a stronger affinity to terminal phosphate
or thiophosphate groups.
Purine-nucleotides can form macrochelates with metal ions

like Zn2+ or Cd2+ through the interaction of the phosphate-
coordinated metal ion with N7.30−32 In solution purine-
nucleotide complexes can form two species: an “open” form in
which only the phosphate chain coordinates the metal ion, and
a “closed” form in which the phosphate chain and N7 of the
purine nucleobase coordinate simultaneously the metal ion.3

Furthermore, there are at least two types of macrochelates of
M2+-(purine nucleotide) complexes: one in which the metal ion
binds directly to N7 of the purine residue (innersphere
coordination), and one in which M2+-coordination involves a
water molecule between N7 and M2+, an outersphere
interaction.3

Zn(ADP) exists mostly (80%) as the “open” form. The
“closed” form, (Zn(ADP)cl), is composed of 33% of the
outersphere and 67% of innersphere form.1 Zn(ATP) exists
mostly (70%) as the “open” form. The minor “closed” species
consists of 50:50 outersphere: innersphere coordinated
complexes. Hence, adenine nucleotide-Zn2+ complexes adopt
mainly the “open” form, implying that the major species of
Zn(ADP-β-S) or Zn(ATP-γ-S) complexes probably adopt the
“open” form as well. Since the basicity of N7 site in guanosine
is higher33−35 than that of adenosine, larger amounts of the
macrochelate are expected for guanine over adenine nucleo-

tides. Indeed, M2+(GMP)19,36 species were found to form
substantially larger amounts of macrochelates than
M2+(AMP)32,36 species. Zn(GTP) and Zn(GMP) species
include 68% and 72% “closed” conformation. Macrochelates
of Zn(GTP)cl and Zn(GMP)cl species are mainly inner-
sphere.19,30 Hence, we assume that Zn(GDP-β-S) complex
adopts a “closed” macrochelate form which is mainly
innersphere.

3. CHARACTERIZION OF NUCLEOSIDE
5′-PHOSPHOROTHIOATE-ZN2+ COMPLEXES BY
POTENTIOMETRIC PH-TITRATIONS

To characterize nucleoside 5′-phosphorothioate-Zn2+ com-
plexes we determined the pKa values of nucleotide analogues
1−6, their stability constants with Zn2+, log KZn

ZnL and log
KZn

ZnLH, and the acidity constants of their complexes, pKa
H
ZnLH.

In addition, we predicted the species distribution of nucleoside
phosphorothioate complexes under physiological pH. Potentio-
metric pH-titrations were performed for compounds 1, 2, and
4−6 as Na+ salts, and compound 3 Li+ salt. The determination
of the stability constants of Zn2+ complexes were performed at
a 1:1 Zn2+:L ratio.4,37

3.1. Acidity Constants of Nucleoside 5′-Phosphor-
othioate Analogues 1−6. The protonation equilibria of
nucleoside-5′-phosphorothioate (NPnS) and nucleoside-5′-
phosphate (NPn) analogues are expected to occur in the pH
range 2.5−10. 8-SH-ATP, 5, and GDP-β-S, 2, undergo three
protonation equilibria. Thiophosphate analogues, 1, 3, 4, and 6,
and the corresponding nucleotides, undergo only two
protonation equilibria. The following protonation equilibria
apply for NPnS and the corresponding NPn analogues where
the charge of their protonated species is m = n − 1 (n = 2−3):

⇄ +− + − +H (NP S) H (NP S) Hn
m

n
m

3 2
( 1)

(1a)

=
+ − +

−K
[H (NP S) ][H ]

[H (NP S) ]
n

m

n
mH (NP S)

H 2
( 1)

3
n3 (1b)

⇄ ++ − + − +H (NP S) H(NP S) Hn
m

n
m

2
( 1) ( 2)

(2a)

=
+ − +

+ −K
[H(NP S) ][H ]

[H (NP S) ]
n

m

n
mH (NP S)

H
( 2)

2
( 1)n2

(2b)

⇄ ++ − + − +H(NP S) (NP S) Hn
m

n
m( 2) ( 3)

(3a)

=
+ − +

+ −K
[(NP S) ][H ]

[H(NP S) ]
n

m

n
mH(NP S)

H
( 3)

( 2)n
(3b)

For guanosine 5′-phosphate or phosphorothioate, the first
deprotonation occurs at the guanine N7−H+ position (eqs 1a,
1b), the second deprotonation occurs at the terminal phosphate
group (eqs 2a, 2b), and the third deprotonation occurs at
guanine N1−H position (eqs 3a, 3b). For adenosine 5′-
phosphate or phosphorothioate, the first deprotonation occurs
at the adenine N1−H+ position (eqs 2a, 2b), and the second
deprotonation occurs at the terminal phosphate group (eqs 3a,
3b). For 8-SH-ATP the first two deprotonation steps occur at
N1−H+ and the terminal phosphate position (eqs 1a, 1b, 2a,
2b). The third deprotonation occurs at 8-SH position (eqs 3a,
3b).
The following protonation equilibria for the dinucleotide,

AP3(β-S)A, are expected to occur in the pH range 3−5:
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β β− ⇄ − +− − +H (AP ( S)A) H(AP ( S)A) H2 3 3
2

(4a)

β
β

=
−

−β−

− +

−K
[H(AP ( S)A) ][H ]

[H (AP ( S)A )]H (AP ( S)A)
H 3

2

2 3
2 3 (4b)

β β− ⇄ − +− − +H(AP ( S)A) (AP ( S)A) H3
2

3
3

(5a)

β
β

=
−

−β−

− +

−K
[(AP ( S)A) ][H ]

[H(AP ( S)A) ]H(AP ( S)A)
H 3

3

3
23

(5b)

For dinucleotide, AP3(β-S)A, there are two deprotonation
steps: the first deprotonation occurs at one of the N1−H+

positions in the adenine bases (eqs 4a, 4b), and the second
deprotonation occurs at the N1−H+ position of the second
nucleobase (eqs 5a, 5b).
Acidity constants of nucleoside 5′-phosphorothioate ana-

logues, determined as described above, were compared to those
of the corresponding nucleotide analogues. The pKa values of
ADP, GDP, and ATP, which we determined, were consistent
with literature (Table 1).1,4,38 pKa values of the protons in the
guanine and adenine nucleobases at N7−H+ and N1−H+

protons, respectively were not affected by the sulfur
modification at the phosphate chain (Table 1). Likewise, pKa
values of AP3(β-S)A were highly similar to the parent
dinucleotide, AP3A.

39 However, pKa values of the thiophos-
phate group in ADP-β-S, GDP-β-S, and ATP-γ-S were more
acidic by about 1 log unit as compared to those of their parent
nucleotides (Table 1), because of the higher polarizibility of the
sulfur atom as compared to oxygen, inducing greater stability of
the thiophosphate anion. These results are consistent with the
literature.13,40 Increased acidity of at least 1 log unit was
reported for AMP-α-S and UMP-α-S vs A(U)MP.41 The acidity
constant of the thiophosphate group in ATP-α,β-CH2-γ-S was

lower than that of ATP (5.86 vs 6.52), but was more basic as
compared to ATP-γ-S (by 0.23 log units). The replacement of
the bridging oxygen atom between Pα and Pβ with an electron
donating methylene group, reduces the acidity of the Pγ-
thiophosphate. The pKa value of Pγ of 8-SH-ATP is similar to
that of Pγ of ATP (Table 1).
pKa 7.28 is assigned to SH moiety of 8-SH-ATP (Table 1),

involved in keto−enol tautomerism (Figure 4). This assign-
ment is supported by 13C NMR experiments of Mercapto-
benzimidazole (MBI) and its sodium salt (MBI−Na+),42

suggesting that MBI and its Na+ salt exist as enol and enolate
forms respectively, and not as the keto forms. 8-SH substitution
affects also the pKa value of N1−H+, which is more acidic by
about 0.7 log units than that of N1−H+ in ATP. A similar trend
was reported for the pKa value of N1−H+ position in 8-OH-
adenosine (2.9).43

3.2. Stability Constants of Zn2+-Nucleoside 5′-Phos-
phorothioate Complexes, 1−6. The equations describing
the formation of 1:1 Zn2+-complexes with NPnS (n = 2−3, m =
n − 1) are as follows.

+ ⇄ ·+ − + − −H(NP S) Zn Zn(H NP S)n
m

n
m( 1) 2 ( 1)

(6a)

=
·

·
·

− −

+ + −K
[Zn(H NP S) ]

[Zn ][(H NP S) ]
n

m

n
mZn(H NP S)

Zn
( 1)

2 ( 1)n
(6b)

+ ⇄+ − + −n(NP S) Z Zn(NP S)n
m

n
m( 2) 2

(7a)

=
−

+ + −K
P[Zn(N S) ]

[Zn ][(NP S) ]
n

m

n
mZn(NP S)

Zn
2 ( 2)n

(7b)

The deprotonation of the complex is represented by: eq 8a

· ⇄ +− − +Zn(H NP S) Zn(NP S) Hn
m

n
m1

(8a)

Table 1. Acidity Constants of Nucleoside 5′-Phosphate and Phosphorothioate Analogues, 1−6b

compound no. compound pKa
H
LH3 pKa

H
LH2 pKa

H
LH

ADP1 3.92 ± 0.02(N1) 6.40 ± 0.01(Pβ)
1 ADP 4.07 ± 0.01(N1) 6.40 ± 0.01(Pβ)

ADP-β-S 4.00 ± 0.05(N1) 5.56 ± 0.03(Pβ)
GDP38 2.67 ± 0.02(N7) 6.38 ± 0.01(Pβ) 9.56 ± 0.03(N1)
GDP 3.23 ± 0.03(N7) 6.41 ± 0.01(Pβ) 9.47 ± 0.01(N1)

2 GDP-β-S 3.14 ± 0.03(N7) 5.49 ± 0.02(Pβ) 9.53 ± 0.01(N1)
ATP4 4.00 ± 0.01(N1) 6.47 ± 0.01(Pγ)
ATP 4.00 ± 0.02(N1) 6.52 ± 0.01(Pγ)

3 ATP-γ-S 4.14 ± 0.01(N1) 5.63 ± 0.01(Pγ)
4 ATP-α,β-(CH2)-γ-S

a 4.26 ± 0.04(N1) 5.86 ± 0.02(Pγ)
5 8-SH-ATP 3.27 ± 0.02(N1) 6.36 ± 0.01(Pγ) 7.28 ± 0.01(SH)
6 AP3(β-S)A 3.41 ± 0.01(N1) 4.42 ± 0.01(N1)

aTitrations were performed in triplicates or quadruplicates, except for compound 4, the titration of which was performed in duplicate. bThe
deprotonation positions appear in brackets.

Figure 4. Keto−enol tautomerism of 8-SH-ATP.
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The acidity constant of the complex is calculated by the
following equation:4

= +
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· ·K K K

K

p p log

log

S
H

Zn(H NP S)
H

H(NP S)
Zn
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The equations describing the formation of 1:1 Zn2+-
complexes with dinucleotide analogues, AP3(β-S)A and AP3A
are the following.
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2 2

3
(10a)

β
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=
· −
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Zn 3

2
3

3
(10b)

β β− + ⇄ −− + −(AP ( S)A) Zn Zn(AP ( S)A)3
3 2

3 (11a)
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−

+ −K
[Zn(AP ( S)A) ]
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2
3
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The deprotonation of the complex is represented by eq 12a.

β β· − ⇄ − +− +Zn(H AP ( S)A) Zn(AP ( S)A) H3 3 (12a)

β
β

=
−

· −β−

− +

K
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H 3

3
3 (12b)

The acidity constant of the complex is calculated by the
following equation.

= +

−

β

β β
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−

K

K K
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p
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H
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H
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3

3 3

3 (13)

All titrations were performed on 1:1 ligand:Zn2+ mixtures,
and the resulting stability constants of nucleoside 5′-
phosphorothioate-Zn2+ complexes were compared to those of
natural nucleotides (Table 2).1,4,44 We found that ADP-β-S,

GDP-β-S, and ATP-γ-S complexes with Zn2+ were more stable
than the parent nucleotide complexes at least by 0.4−0.7 log
units (Table 2). Likewise, the stability constant of AP3(β-S)A-
Zn2+ complex was approximately 0.5 log units higher than that
of AP3A (3.8 vs 3.32). Furthermore, the stability constant of the
complex AP3(β-S)A with zinc was less stable than of the Zn2+-
complexes of nucleoside 5′-phosphorthioate analogues (3.8 for
AP3(β-S)A vs 5.42 and 5.74 for ADP-β-S and ATP-γ-S),
indicating the role of a terminal thiophosphate group in
stabilizing the complex.
Furthermore, Zn2+ forms a more stable complex with ATP-γ-

S than ADP-β-S (5.74 vs 5.42), as observed for ATP vs ADP
(5.37 vs 4.72), implying that a longer phosphate chain increases
the stability constant of Zn2+ complexes. These results are
supported by literature.1

GDP-β-S complex with Zn2+ is more stable than the
corresponding ADP-β-S complex (5.75 vs 5.42), as observed
also for GDP-Zn2+ complex vs ADP-Zn2+ complex (5.10 vs
4.72). This may be a result of outersphere interaction of Zn2+

with the guanine O6 via a hydrogen bond.19

ATP-α,β-(CH2)-γ-S was found to form the most stable Zn2+-
complex studied here (log K 6.50) being approximately 0.8 and
1.1 log units more stable than ATP-γ-S-Zn2+ and ATP-Zn2+-
complexes, respectively. The high stability of this complex is
due to both its terminal thiophosphate moiety and the electron
donating methylene group. The latter makes the phosphate
chain more electron rich, and hence, a better chelator.
C8-SH substitution of ATP did not increase significantly the

stability constant of the complex with Zn2+ (log K 5.54). To
explain this phenomenon, the conformations of 8-SH-ATP and
its Zn2+ complex were determined by NOESY 2D-experiment
(Figure 5). syn Conformation of the free nucleotide was
indicated by cross peaks between H2 and H2′, and H2 and H3′
(Figure 5A). Addition of Zn2+ shifted the purine ring vs the
ribose ring in such a way, that H2 is closer to H1′ as indicated
by cross peaks between H2 and H1′ (Figure 5B). syn
Conformation implies that the major contribution to Zn2+

chelation occurs through the phosphate chain. Moreover, the
signal of H2 of 8-SH-ATP shifted downfield by 0.02 ppm upon
addition of 1 equiv of Zn2+ which may imply that N1 is another
coordination site of Zn2+ in 8-SH-ATP.
ATP coordinates Zn2+ ions mainly by the phosphate chain

and in addition by N7-nitrogen atom. However, 8-SH-ATP
coordinates Zn2+ by the phosphate chain and possibly N1-
nitrogen atom. Yet, the contribution of N7−Zn2+ binding in
ATP is relatively small36 since the adenosine N1 site is more
basic than N7 by 5 orders of magnitude. This may explain the
minor increase of log K of 8-SH-ATP-Zn2+ as compared to
ATP-Zn2+ complex (5.54 vs 5.37). The shift of the purine ring
vs the ribose ring of 8-SH-ATP-Zn2+ complex (Figure 5B),
possibly reduced slightly the pKa of the complex as compared
to that of the free ligand (6.80 vs 7.28, C-8-SH).
The log KZn

ZnLH values of the protonated zinc complexes
were lower than log KZn

ZnL by 1.7−2.3 log units because of
protonation on the phosphate chain, whereas log KZn

ZnLH of 8-
SH-ATP (5.06) and AP3(β-S)A (3.03) were less stable by only
∼0.5−0.8 log units because of protonation on the nucleobase.
This finding also supports the notion that the major
contribution to coordination is the phosphate chain. As
expected, the acidity constants of the Zn2+-complexes were
more acidic by at least 1.5 log units as compared to the free
ligand. However, the acidity constants of 8-SH-ATP and AP3(β-

Table 2. Stability Constants of Zn2+-NPn, Zn
2+-NPnS, and

Zn2+-NPnN Complexes

compound log KZnL
Zn log KZnLH

Zn pKH
ZnLH

ADP1 4.28 ± 0.05 2.31 ± 0.20 4.43 ± 0.21
ADP 4.72 ± 0.03 3.19 ± 0.02 4.87 ± 0.02
ADP-β-S 5.42 ± 0.02 3.49 ± 0.08 3.62 ± 0.06
GDP44 4.52 ± 0.03
GDP 5.10 ± 0.03 3.45 ± 0.01 4.76 ± 0.03
GDP-β-S 5.75 ± 0.02 3.54 ± 0.04 3.28 ± 0.02
ATP4 5.16 ± 0.06 2.86 ± 0.11 4.17 ± 0.13
ATP 5.37 ± 0.03 3.14 ± 0.04 4.29 ± 0.01
8-SH-ATP 5.54 ± 0.09 5.06 ± 0.07 6.80 ± 0.02
ATP-γ-S 5.74 ± 0.03 4.05 ± 0.01 3.94 ± 0.01
ATP-α,β-(CH2)-γ-S 6.50 ± 0.05 4.31 ± 0.05 3.67 ± 0.01
AP3(β-S)A 3.80 ± 0.02 3.03 ± 0.03 3.66 ± 0.02
AP3A 3.32 ± 0.02 n.o.a

an.o. = not observed.
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S)A complexes with zinc were more acidic only by 0.48 and

0.76 log units, respectively, as compared to the free ligands.
To analyze the composition of the nucleoside 5′-phosphor-

othioate complexes with Zn2+ in titration solutions, as

compared to their parent nucleotide complexes, we performed

titration simulations using the Hyss program45 (Figures 6 and

7).

Under physiological pH (7.4) the major species is GDPZn−

(∼48%, Figure 6A) and [GDP-β-SZn(OH)]2− (∼76%, Figure
6B), whereas both GDP3− (Figure 6A) and GDP-β-S3− (Figure
6B) are approximately 9% and 3% of all species, respectively.
Likewise, the most stable complex studied here, ATP-α,β-

(CH2)-γ-SZn
2−, is the dominant species under physiological

pH (∼84%), and only ∼2% of ATP-α,β-(CH2)-γ-S
4− exist as a

free ligand (Figure 7C).

Figure 5. Determination of the conformation of 5. (A) 1H,1H-NOESY spectrum of compound 5 Na+ salt. (B) 1H,1H-NOESY spectrum of
compound 5 in presence of 1 equiv of Zn2+.

Figure 6. Simulation of pH titration of 1:1 GDP and GDP-β-S complexes with Zn2+. (A) GDP species distribution with Zn2+. (B) GDP-β-S species
distribution with Zn2+.
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The major species of ATP-γ-S and ATP in the titration
solution of pH 7.4 are also [ATP-γ-SZn]2− (∼49%) and
[ATPZn]2− (∼62%), yet they are less dominant than ATP-α,β-
(CH2)-γ-SZn

2− (Figure 7). Nucleoside 5′-phosphorothioate-
Zn2+ complexes form hydroxo species much more than their
parent nucleotide. For instance, [GDP-β-S-Zn-(OH)]2− is
∼76% of all species under physiological pH, whereas GDP-Zn-
(OH)2− is ∼42%. Similarly, [ATP-γ-S-Zn-(OH)]3− vs [ATP-
Zn-(OH)]3− make ∼47% and ∼31%, respectively of all species.
The same trend was reported before for [AMP-α-S-Zn]
complex.46

4. CONCLUSIONS

Replacement of a nonbridging oxygen atom in the phosphate
chain of purine nucleotides by sulfur increased the affinity to
Zn2+ as we expected according to HSAB theory. Thus, ADP-β-S
and GDP-β-S complexes with Zn2+ were ∼0.7 log unit more
stable than the parent nucleotide complexes. Likewise, the
stability constant of the AP3-(β-S)A-Zn

2+ complex was higher
by ∼0.5 log units than that of AP3A. In addition to sulfur
substitution; an electron donating methylene group replacing a
bridging oxygen atom rendered ATP-α,β-CH2-γ-S the most
stable Zn2+complex studied here (log K = 6.50). Additionally,
Zn2+-GDP-β-S and Zn2+-GDP were found to be more stable
complexes than ADP-β-S and ADP complexes possibly

resulting from an outersphere interaction of Zn2+ with the
guanine O6 via hydrogen bond. We concluded that a terminal
thiophosphate group is required to achieve a highly stable Zn2+-
complex. Indeed, Zn2+-AP3(β-S)A is a less stable complex than
Zn2+-complexes of nucleoside phosphorothioate analogues.
Furthermore, replacement of an α,β-bridging oxygen in

nucleoside-5′-phosphorothioate by a CH2 group further
increase affinity to Zn2+ ions. The pKa values of the
thiophosphate group in ATP-γ-S, ADP-β-S, and GDP-β-S
decreased by ∼1 log unit as compared to natural nucleotides.
Furthermore, pKa value of the thiophosphate group in ATP-
α,β-CH2-γ-S was more acidic by ∼0.7 log units as compared to
ATP, but was more basic as compared to ATP-γ-S because of
the positive inductive effect of the methylene group. C8-SH
substitution of ATP did not increase significantly the stability
constant of the nucleotide-Zn2+complex, because of syn
conformation of this nucleotide. Shift of the purine ring vs
the ribose ring of 8-SH-ATP in its Zn2+ complex enabled Zn2+

coordination by the N1 site, unlike ATP, where the Zn2+

coordination site in adenine ring is the N7 nitrogen atom. Zn2+

ion was found to coordinate with two phosphates, Pα and Pβ,
or Pβ and Pγ, in nucleoside-5′-di/tri phosphate/thiophosphate,
respectively. In AP3(β-S)A, Pβ is the major coordination site of
Zn2+, in addition to, Pα and N7. In summary, sulfur-modified
nucleotides are promising Zn2+-chelators. Specifically, we
propose ATP-α,β-CH2-γ-S as a promising zinc-ion-chelator

Figure 7. Simulation of pH titration of 1:1 ATP, ATP-γ-S, and ATP-α,β-(CH2)-γ-S Zn2+complexes species distribution of (A) ATP, (B) ATP-γ-S,
and (C) ATP-α,β-CH2-γ-S.
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forming a highly stable Zn2+-complex, log K 6.50, being ∼0.8
and ∼1.1 log units more stable than ATP-γ-S-Zn2+ and ATP-
Zn2+ complexes. Furthermore, [ATP-α,β-CH2-γ-S-Zn]

2− is the
major species, 84%, under physiological pH.

5. EXPERIMENTAL SECTION
General Information. All reactions were carried out in flame-

dried, argon-flushed, two necked flasks sealed with rubber septa, and
the reagents were introduced with a syringe. The progress of reactions
was monitored by thin-layer chromatography (TLC) on precoated
Merck silica gel plates (60F-254) applying elution of iPrOH/H2O/
NH4OH (55%:35%:10%). Nucleotide starting materials were dried
overnight in a vacuum oven with P2O5. Mass spectra were measured
on a Q-TOF Micro Mass Spectrometer instrument (Micromass-
Waters, United Kingdom). Purification of the nucleotides was
achieved on a liquid chromatography (LC) (Isco UA-6) system with
a Sephadex DEAE-A25 column, which was swelled in 1 M NaHCO3 in
the cold for 1 day. Conditions for LC separation are described below.
Final purification of the nucleotides was achieved on an HPLC
(Hitachi Elite LaChrome) system, using a semipreparative reverse-
phase column (Gemini 5u C-18 110A, 250 × 10.00 mm, 5 μm,
Phenomenex, Torrance, U.S.A.). The purity of the nucleotides was
evaluated with an analytical reverse-phase column system (Gemini 5u
C-18 110A, 150 mm × 4.60 mm; 5 μm; Phenomenex, Torrance, CA)
using the following solvent systems: solvent system I, (A) 100 mM
triethylammonium acetate (TEAA), pH 7:(B) CH3CN; solvent system
II, 10 mM PBS buffer, pH 7.4:(B) CH3CN. The details of the solvent
system conditions used for the separation of each product are given
below. To obtain the nucleotides as sodium salts, they were passed,
following final purification, through a column of Sephadex-CM C25
(Na+-form). The purity of the nucleotides was generally ≥95%. ATP-
γ-S, 3, tetralitium salt (≥90% pure) was obtained from Enzo Life
Sciences (Lausen, Switzerland). ADP, GDP, ATP, and AP3A sodium
salts were purchased from Sigma (Steinheim, Germany). Nucleotide 5
was synthesized according to literature.47 AMP·H2O (free acid), GDP
(sodium salt), sodium thiophosphate tribasic hydrate were purchased
from Sigma-Aldrich Co. GMP (disodium salt) was purchased from
Acros Organics.
Adenosine 5′-[Beta-thio]diphosphate, 1. CDI (0.83 g, 5 mmol,

5 equiv) was added to AMP (Bu3NH
+, Octyl3NH

+) salt (1 mmol, 1
equiv) and anhydrous DMF (10 mL) were stirred in a two-necked
flask to form a colorless solution. The reaction was stirred at room
temperature overnight. Next, dry MeOH (0.22 mL, 5 mmol, 5 equiv)
was added to the reaction flask, and the solution was stirred for 8 min.
Subsequently, [PSO3H]

2−(Bu3NH
+)2 salt (2.91 g, 6 mmol, 6 equiv)

dissolved in anhydrous DMF (7 mL) and anhydrous ZnCl2 (1.05 g,
7.7 mmol, 7.7 equiv) were added to form a colorless solution. After 3
h, the reaction was quenched by addition of EDTA solution (3.16 g,
8.5 mmol in 127.5 mL deionized water). The neutral solution was then
freeze-dried. The resulting white solid was separated on a Sephadex
DEAE-A25 column applying a buffer gradient of water (1000 mL) to
0.4 M NH4HCO3 (1000 mL). The relevant fraction was freeze-dried at
least 4 times to yield a yellowish solid. The LC separation was repeated
applying a buffer gradient of water (800 mL) to 0.3 M NH4HCO3
(800 mL). The solution was freeze-dried at least 4 times to yield a
yellowish solid. Product 1 was obtained in 34% yield (169.3 mg) after
LC separation as a yellowish solid. The final purification was achieved
by HPLC applying an isocratic elution of 0.1 M TEAA (pH 7)/
CH3CN, 96:04, in 10 min (flow rate 5 mL/min). Retention time of 1
was 7.6 min. The spectral data are consistent with literature.48 ESI-MS
(negative) m/z: calcd for C10H14N5O9P2S

−: 442.26 found: 442(M−).
Guanosine 5′-[Beta-thio]diphosphate, 2. CDI (0.461 g, 2.75

mmol, 5 equiv) was added to GMP (Bu3NH
+, Octyl3NH

+) salt (0.55
mmol, 1 equiv) and anhydrous DMF (5 mL) were stirred in a two-
necked flask to form a colorless solution. The reaction was stirred at
room temperature overnight. Next, dry MeOH (0.12 mL, 2.75 mmol,
5 equiv) was added to the reaction flask, and the solution was stirred
for 8 min. Subsequently, [PSO3H]

2−(Bu3NH
+)2 salt (3.3 mmol,

6equiv) dissolved in anhydrous DMF (6.5 mL) and anhydrous ZnCl2

(0.6 g, 4.4 mmol, 8 equiv) were added to form a colorless solution.
After 3 h, the reaction was quenched by addition of EDTA solution
(1.73 g, 4.4 mmol in 66 mL of deionized water). The neutral solution
was then freeze-dried. The resulting white solid was separated on a
Sephadex DEAE-A25 column applying a buffer gradient of water
(1000 mL) to 0.4 M NH4HCO3 (1000 mL). The relevant fraction was
freeze-dried at least 4 times to yield a yellowish solid. The LC
separation was repeated applying a buffer gradient of water (600 mL)
to 0.3 M NH4HCO3 (600 mL). The solution was freeze-dried at least
4 times to yield a yellowish solid. Product 2 was obtained in 55% yield
(152.7 mg) after LC separation as a yellowish solid. The final
purification was achieved by HPLC applying an isocratic elution of 0.1
M TEAA (pH 7)/CH3CN, 96:04, in 10 min (flow rate 5 mL/min).
Retention time of 2 was 6.9 min. The spectral data are consistent with
literature.48

P2-Thio P1, P3-Di(adenosine 5′-)triphosphate, 6. A mixture of
PSCl3 (26 μL, 0.24 mmol, 1.2 equiv) and pyridine (0.57 mL) was
stirred in a two-necked flask for 30 min at 0 °C, while AMP (Bu3NH

+,
Octyl3NH

+) salt (0.2 mmol, 1 equiv) was dissolved in dry pyridine
(0.68 mL) for 25 min at 0 °C. Subsequently, the pyridine solution of
AMP (Bu3NH

+, Octyl3NH
+) salt was added to the reaction flask and a

turbid solution was obtained. The AMP salt was washed with another
portion of dry pyridine (0.5 mL), and the solution was added to the
reaction flask. Stirring continued for 5 min, then 1 M TEAB (4 mL,
pH = 7.5) was added resulting in a clear solution. After 1 h the
reaction pH was 8−9. The resulting solution was freeze-dried, to give a
white solid residue which was separated on a Sephadex DEAE-A25
column applying a buffer gradient of water (200 mL) to 0.2 M
NH4HCO3 (200 mL) and then from 0.2 M NH4HCO3 (200 mL) to
0.4 M NH4HCO3 (200 mL). The solution was freeze-dried for at least
4 freeze-drying cycles to yield a white solid. Product 6 was obtained in
24% yield (19.6 mg) after LC separation as a white solid. 1H NMR
(700 MHz, D2O) δ: 8.33/8.32 (2s, H8A/H8B), 8.11/8.10 (2s, H2A/
H2B), 6.01/6.01 (2d, J = 4.9 Hz, H1′A/H1′B), 4.65/4.62 (2t, J = 4.9
Hz, H2′A/H2′B), 4.56/4.50 (2t, J = 4.6 Hz, H3′A/H3′B), 4.39/4.32
(2m, H4′A/H4′B), 4.35/4.27 (4m, H5″A, H5″B, H5′A, H5′B) ppm. 31P
NMR (243 MHz, D2O) δ: 31.04 (t, J = 26.2 Hz, Pβ), −11.55/−11.61
(2d, J = 26.2 Hz PαA/PαB), ppm.

13C NMR (176 MHz, D2O) δ:
155.09 (C6A/C6B), 152.73 (C2A/C2B), 148.42/148.38 (C4A/C4B),
139.32/139.28 (C8A/C8B), 118.02/118.00 (C5A/C5B), 87.29/87.19
(C1′A/C1′B), 83.37/83.26 (d, JCP = 9.2 Hz, C4′A/C4′B), 74.99/74.94
(C2′A/C2′B), 69.97/69.85 (C3′A/C3′B), 64.87/64.72 (d, JCP = 5.1 Hz,
C5 ′ A /C5 ′ B ) ppm . HRMS (MALDI) m / z c a l c d f o r
C20H26N10O15P3S1

−: 771.051, found: 771.051. Purity data obtained
on an analytical column-retention time: 5.83 min (97% purity) using
solvent system I (isocratic elution of 94:6 A:B over 12 min at a flow
rate of 1 mL/min). Retention time: 6.59 min (96% purity) using
solvent system II (isocratic elution of 98:2 A:B over 12 min at a flow
rate of 1 mL/min).

Typical Procedure for the Preparation of Nucleoside 5′-
Thiophosphate Derivatives. AMP (Bu3NH

+, Octyl3NH
+) salt was

prepared from the corresponding free acid, Bu3N (1 equiv) and
Octyl3N (1 equiv) in EtOH. GMP (Bu3NH

+, Octyl3NH
+) salt was

prepared from its corresponding sodium salt. The nucleotide sodium
salt was passed through a column of activated Dowex 50WX-8 200
mesh, H+ form. The column eluate was collected in an ice-cooled flask
containing tributylamine (1 equiv), trioctylamine (1 equiv), and
EtOH. The resulting solution was freeze-dried to yield the salt as white
solid. GMP (Bu3NH

+, Octyl3NH
+) salt was dried by repeated

coevaporation (three times) with EtOH, followed by coevaporation
with anhydrous DMF (three times).

P r e p a r a t i o n o f [ P S O 3 H ] 2 − ( B u 3 N H + ) 2 S a l t .
[PSO3H]

2−(Bu3NH
+)2 salt was prepared from the corresponding

sodium salt (tribasic hydrate). The thiophosphate sodium salt was
passed through a column of activated Dowex 50WX-8 200 mesh, H+

form. The column eluate was collected in an ice-cooled flask
containing tributylamine (1 equiv) and EtOH. The resulting solution
was freeze-dried to yield the salt as a colorless oil. The oil was dried by
repeated coevaporation with absolute EtOH (three times), followed by
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coevaporation with anhydrous DMF (three times) to form a colorless
oil. [PSO3H]

2−(Bu3NH
+)2 salt was stored in a desiccator at −20 °C.

NMR Experiments. Compounds were characterized by nuclear
magnetic resonance (1H NMR and 31P NMR) on Bruker AC-200 (200
and 81 MHz for 1H and 31P, respectively), Bruker DPX-300 (300
MHz for 1H), Avance III-500 (500 and 202.5 MHz for 1H and 31P,
respectively), DMX-600 (600 and 243 MHz for 1H and 31P,
respectively), or Avance III-700 (700 and 176 MHz for 1H, and 13C,
respectively) spectrometers. 1H NMR spectra were measured in D2O,
and the chemical shifts are reported in parts per million (ppm) relative
to DSS and D2O (4.8 ppm) as an internal standard. Nucleotides were
characterized also by 31P NMR in D2O, with 85% H3PO4 as an
external reference. The pD values of the NMR samples were adjusted
with diluted NaOD/DCl D2O solutions. Measurements of pD were
performed with a Knick (Berlin, Germany) pH meter equipped with a
Hamilton (Bonaduz, Switzerland) biotrode 238140 or tiptrode 238080
electrode.
Preparation of NMR Samples. The samples were prepared by

dissolving the nucleotide sodium salts in 99.9% D2O, and the pD was
adjusted to a physiological pH (pD = 7.4 ± 0.2, pD = pH + 0.4). NMR
spectra were measured for 6 mM nucleotide or 3 mM dinucleotide
samples at 600 or 500 MHz (1H NMR), and 243 or 202.5 MHz (31P
NMR) at 300 ± 0.5 K using DSS as an internal reference. The sample
concentration was less than 20 mM but more than 2 mM to avoid
intermolecular base stacking, but to obtain spectra with sufficient
intensity.4,31,49

NMR-Monitored Zn2+ Titrations of Nucleotides. Nucleoside
5′-phosphorothioate analogues 1−3, 6 and their corresponding parent
nucleotides (ADP, GDP, ATP, and AP3A) in D2O were titrated with
0.1, 0.2, 0.5, 1, 2, and 10 equiv of 2 M ZnNO3 D2O solution and
measured by 31P NMR spectroscopy at 202.5 or 243 MHz, and 1H
NMR spectroscopy at 500 or 600 MHz. The pD of the samples was
adjusted to approximately 7.4 with NaOD and DCl D2O solutions.
Conformational analysis (including NOESY studies) of analogue 5,
Na+ salt, and its Zn2+ complex was performed at 700 MHz in D2O (pD
= 7.4), using a 10 mM solution of analogue 5, with or without
Zn(NO3)2.
Potentiometric Titrations. Materials. The titrated nucleotides

were mostly ≥95% pure. ATP-γ-S, 3, tetralitium salt, was ≥90% pure.
Five M NaOH, 2 M HNO3, and potassium biphthalate were purchased
from Merck (Darmstadt, Germany). NaNO3 salt (background
electrolyte) and Zn(NO3)2 standard solution were purchased from
Sigma (Steinheim, Germany). All solutions for the titrations were
prepared with deionized water. The concentration of the titer of
NaOH was determined with potassium biphthalate, which was kept in
an oven at 130 °C and cooled to room temperature under a vacuum
before use for NaOH calibration. The concentration of the nucleotide
stock solutions was determined by titration with NaOH.
Potentiometric pH Titrations. The pH titrations were performed

with a Metrohm 794 basic Titrino potentiometer and a Metrohm
Viscotrode glass electrode. The buffers (pH 4.00 and 7.00, and 9.00)2

used for calibration were purchased from Metrohm (Herisau,
Switzerland). All titrations were performed at 24 °C under argon
atmosphere.
Determination of the acidity constants, KH

HL, K
H
LH2, and KH

LH3 (L
-ligand), was made by the titration of 4.5 mL of aqueous 4 mL of
HNO3 in NaNO3 (from a 3 mM HNO3/NaNO3 stock solution, I =
0.1 M) and 0.5 mL of ligand (from a 4.5 mM nucleotide stock
solution, I = 0.1 M). Acidity constants were calculated with the
HYPERQUAD software.50 Determination of the stability constants,
KZn

ZnL, K
Zn

ZnH, and pKa
H
ZnLH, was achieved by the titration of 3−3.5

mL of aqueous HNO3 in NaNO3 (from a 3 mM HNO3 stock solution,
I = 0.1 M), 0−0.5 mL NaNO3 (I = 0.1 M), 0.5 mL of ligand (from a
4.5 mM nucleotide stock solution, I = 0.1 M), and 0.5 mL of
Zn(NO3)2 (from a 4.5 mM stock solution, I = 0.1 M). 1:1 Zn2+:ligand
ratio was used. The pH range of all titrations was about 2.6−10.3. The
end points of nucleotide-complex titrations were obtained by the
second derivative method.51 Each titration was repeated up to 4 times.
Stability constants were calculated with the HYPERQUAD software.

Speciation and titration simulations were achieved with the HYSS2009
software.45
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