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Abstract The 3’-exonuclease from human plasma
is a soluble form of nucleotide pyrophosphatase/
phosphodiesterase 1 (NPP1) (EC 3.1.4.1/EC 3.6.1.9).
Here, the possibility of divalent cation influence for
the 3’-exonuclease activity was investigated using the
phosphorothioate congener of oligonucleotide con-
taining all phosphorothioate internucleotide linkages
of the [Rp]-configuration ([Rp-PS]-d[T;,]) as the
substrate for this enzyme. It was found that the 3’-
exonuclease is a metalloenzyme, i.e. its phosphodi-
esterase activity was completely abolished at 0.8 mM
concentration EDTA and, in turn, it was restored in
the presence of Mg>" or Mn>" ions. In addition,
Mg" can be replaced effectively by Ca**, Mn*", or
Co**, but not by Ni** and Cd*" during the hydrolysis
of the phosphorothioate substrate in human plasma.
In addition, the mechanism is postulated, by which a
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single internucleotide phosphorothioate bond of the
Sp-configuration at the 3’-end of unmodified phos-
phodiesters (PO-oligos), or their phosporothioate
analogs (PS-oligos) protects these compounds against
degradation in blood.

Keywords The human plasma 3’-exonuclease -
NPP1 - Catalysis - Phosphorothioates

Introduction

Phosphate-modified DNA analogs, in which one of
the non-bridging oxygen atoms of internucleotide
phosphate moiety is replaced with a sulfur atom
giving rise to phosphorothioates oligonucleotides
(PS-oligos), have been widely utilized both in vitro
and in vivo studies (Hoke et al. 1991; Stewart et al.
2003; Luganini et al. 2008; Abaza et al. 2008). Given
the PS modification represents the most conservative
elemental replacement that can be made to the
phosphate (Frey and Sammons 1985), and moreover,
incorporation of sulfur makes the phosphorus center
chiral thereby, the PS internucleotide linkage exists in
the [Rp]- or [Sp]-configuration (Fig. 1), a large
number studies with stereodefined PS-oligos have
been performed to determine the stereochemical
course of reactions catalyzed by certain kinases
(Orr et al. 1978), nucleotidyl transferases (Eckstein
et al. 1977; Sheu and Frey 1978), polymerases
(Eckstein et al. 1976; Bartlett and Eckstein 1982),
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endonucleases (Connolly et al. 1984; Grasby and
Connolly 1992), and exonucleases (Eckstein et al.
1979; Gupta and Benkovic 1984; Koziolkiewicz et al.
2002). Among enzymes acting in exonucleolytic
fashion, much attention has been paid to the 3'-
exonuclease present in human plasma (HP) in regard
to its phosphodiesterase activity toward unmodified
and phosphorothioate oligonucleotides degraded suc-
cessively from the 3’-end to the 5'-end with releasing
of nucleoside-5'-phosphate and 5'-phosphorothioates,
respectively (Eder et al. 1991; Koziolkiewicz et al.
1997; Gilar et al. 1998). It is now accepted that the
human plasma 3’-exonuclease possesses the [Rp]-
selective nature and its digestion mechanism pro-
ceeds with retention of configuration at a phosphorus
atom, that is, the reaction occurs via a two-step
mechanism with participation of a covalent enzyme-
substrate intermediate (Gijsbers et al. 2001; Ko-
ziolkiewicz et al. 2002). This fact, combined with the
result obtained from immunoprecipitation assay with
mouse monoclonal antibodies 3E8 binding the native
form of NPP1 (also known as plasma cell membrane
glycoprotein PC-1, EC 3.1.4.1/3.6.1.9) confirmed that
the human plasma 3’-exonuclease is a soluble form of
PC-1 belonging to the nucleotide pyrophosphatases/
phosphodiesterases (NPPs) family (Wojcik et al.
2007), widely distributed and phylogenetically con-
served membrane-associated or secreted proteins
involved in regulation of various physiological pro-
cesses, including bone mineralization, calcification of
ligaments and joint capsules, signaling by nucleotides
and insulin, and the differentiation and motility of
cells (Bollen et al. 2000; Goding et al. 2003; Stefan
et al. 2005). Multiple roles of NPPs are consequence,
at least in part, of their action on distinct substrates
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Fig. 1 The P-chiral phosphorothioate internucleotide bond of
the Sp- and Rp-absolute configuration, respectively

@ Springer

like nucleotides and nucleotide derivatives as well as
lysophospholipids and choline phosphate esters.

Since cytotoxic and/or proliferative effect of
deoxyribonucleoside-5'-monophosphorothioates
(ANMPSs) resulting from exonucleolytic degradation
of PS-oligos has been reported (Vaerman et al. 1997;
Koziolkiewicz et al. 2001), an increasing interest in
the human plasma 3’-exonuclease, able to hydrolyze
of extracellular nucleotides, has been observed.
Whereas the stereochemical mechanism and the
substrate specificity of the 3’-exonuclease have been
well characterized (Eder et al. 1991; Koziolkiewicz
et al. 1997, 2002; Gilar et al. 1998), nothing is known
about its three-dimensional structure. This prompted
us to carry out functional studies aiming at the
determination of divalent cations which contribute to
catalysis of PO- and PS-oligos in HP.

Materials and methods
Materials

T4 polynucleotide kinase (EC.2.7.1.78) was supplied
by Amersham (Little Chalfond, U.K.). [y-*P]JATP
was purchased from ICN Biomedicals, Inc. (Irvine,
CA, USA). Snake venom phosphodiesterase (sv PDE,
EC.3.1.15.1) was obtained from Boehringer Mann-
heim (Germany). Nuclease P1 (nP1, EC.3.1.30.1)
from Penicillium citrinum, MgCl,, MnCl,, CaCl,,
CoCl,, CdCl,, and NiCl, (>99.99%) were purchased
from Sigma-Aldrich.

HP was isolated from blood containing 0.38%
sodium citrate by centrifugation at 3000 rpm for
5 min. Plasma aliquots were carefully withdrawn,
leaving the untouched packed cell.

The PO-oligo 1 (Table 1) was prepared by the
phosphoramidite method on an ABI 391 DNA synthe-
sizer (Applied Biosystems, Inc., Foster City, CA). The
PS-oligos 2 and 3 were synthesized using the oxathia-
phospholane method, as described elsewhere (Stec
et al. 1995). The PS-oligo 2 contained exclusively
Rp-internucleotide bonds, whereas the PS-oligo 3
contained ten consecutive Rp bonds followed by a
single Sp linkage located at the 3'- end. Purification of
the oligonucleotides was carried out by two-step
reverse phase (RP) HPLC (DMT-on and DMT-off)
(Zon and Stec 1991), and their purity was confirmed by
20%/7 M urea polyacrylamide gel electrophoresis
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Table 1 Oligonucleotides used in the 3’-exonuclease studies

Sequence 5’ — 3’ tip ty, M ti™"
(min)® (min)® (min)°
[POI-d[T;2] (1) 20 5 40
[Rp-PS]-d[T;2] (2) 240 120 120
PS-[All-Rp]-d[T;o]Ts,T (3)  ND ND ND

The 5'-labeled oligonucleotides (5 pM) were incubated in 50%
HP *without metal ions and ®in the presence of MgCl, or “MnCl,
(10 mM), at 37°C. At various times 10 pl aliquots containing a
mixture of oligonucleotides were withdrawn, and analyzed by
denaturing PAGE followed by autoradiography. The t,,, values
were calculated on the basis of the densitometric data. All
experiments were performed in triplicate with the standard
deviation <15% among triplicates

ND cleavage was not detected after 8 h of incubation

(PAGE). The diastereomeric purity of the PS-oligos
was confirmed by enzymatic degradation using Rp- and
Sp-specific enzymes: sv PDE and nP1, respectively
(Stec et al. 1995).

Enzyme assays

The oligonucleotides used in these studies were 5'-
end labeled with [y->*P] ATP and T4 polynucleotide
kinase. A mixture (20 pl) containing 10 mM Tris—Cl
(pH 8.5), 10 mM MgCl,, 7 mM f-mercaptoethanol,
1.0 nmol oligonucleotide, 1 pl (10 pCi) [y-**P] ATP,
and T4 polynucleotide kinase (5 units) was incubated
for 1 (in the case of the PO-oligo 1), and 3 h (in the
case of the PS-oligos 2 and 3) at 37°C, then heat
denatured and stored at —20°C.

The mixtures containing HP (50%), phosphate-
buffered saline (PBS), and MgCl, or MnCl, (10 mM)
were incubated with the **P-radiolabeled oligonucle-
otides 1-3 (5 uM) at 37°C. At various times, 10 pl
aliquots were withdrawn and heated at 95°C for
2 min. Then, 100 pl water was added to each sample.
After vigorous shaking, the protein precipitates were
spun down and the aqueous solutions were lyophi-
lized in a Speed Vac rotary evaporator (Savant
Instruments, Farmingdale, NY). The resultant sam-
ples were dissolved in formamide containing 0.03%
bromophenol blue and 0.03% xylene cyanol (10 pl),
and analyzed by 20%/7 M urea PAGE. The half-life
(t;p) values depicted in Table 1 were calculated
on the basis of densitometric analysis of the
autoradiograms.

Measurements of the 3’-exonucleolytic activity of
HP toward **P-radiolabeled PS-oligo 2 (5 pM) in the
presence of MgCl,, MnCl, (040 mM), CaCl,,
CoCl,, CdCl,, and NiCl, (10 mM) were carried out
at 37°C for 4 h, and analyzed as described above.

The effectiveness of Mg>" and Mn”>* ions in
restoring activity of the human plasma 3’-exonucle-
ase, previously preincubated with 0.8 mM ethylene-
diaminetetraacetic acid (EDTA) for 10 min at 37°C
(the enzyme activity was completely inhibited), was
investigated in mixtures containing the *?P-radiola-
beled PS-oligo 2 (5 uM), 50% HP, PBS, and the
increasing concentrations either of MgCl, or MnCl,
(040 mM). The aliquots were incubated at 37°C for
4 h. Products of the oligonucleotide degradation were
recovered from the incubation mixtures and analyzed
as described above. For control neither EDTA nor
divalent cations were added to the reaction mixture
containing the 5’-labeled oligomer 2 (5 uM), 50%
HP, and PBS.

Results and discussion

Restoring activity of EDTA-treated HP
in the presence of Mg”" or Mn*" ions

The human plasma 3’-exonuclease has been identified
as a soluble form of NPP1 that releases nucleoside-5'-
phosphates or 5’-phosphorothioates from the 3’-end
of PO- and PS-oligos in blood, respectively (Wojcik
et al. 2007). Several lines of evidence indicate that
divalent cations are required for the catalytic activity
of NPP1, NPP2 (discovered as autotaxin or PD-1-u),
and NPP6 (Rebbe et al. 1991; Oda et al. 1993;
Gijsbers et al. 2001; Duan et al. 2003; Sakagami et al.
2005). Interestingly, the catalytic activity of NPP6 is
inhibited by EDTA, but it is not restored by the
divalent cations such as Ca*", Mg?", Zn**, Ni**,
Co”™, Fe’™, and Cu”" (Sakagami et al. 2005). On the
other hand, it has been reported that NPP7 (the
human intestinal alkaline sphingomyelinase/alk-
SMase), unlike the above mentioned members of
the NPP family, is not stimulated by Mg®" and Ca*"
ions, and moreover, its activity is abolished by Zn%t
(Duan et al. 2003). Given different NPP proteins have
different requirements for divalent cations, the
determination of these essential for the catalytic
activity of the human plasma 3’-exonuclease was a
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subject of our particular interest. Since our earlier
studies revealed that the 3’-exonuclease present in HP
is Rp-selective, we employed the phosphorothioate
oligomer [Rp-PS]-d[T;,] (2) containing exclusively
[Rp]-internucleotide bonds (Table 1), as the substrate
to compare the effects of Mg®"™ and Mn*" ions on the
phosphodiesterase activity of the enzyme. For this
purpose the 5'-labeled dodecanucleotide 2 was incu-
bated in 50% HP with increasing concentrations
MgCl, or MnCl, (from 0 to 40 mM) at 37°C for 4 h
(that is ty, for the oligomer 2 incubated alone in 50%
HP). The reaction progress was analyzed by dena-
turing PAGE, and vizualized by autoradiography.
The quantification of the obtained data showed that
the cleavage of the oligomer 2 in the presence of
MgCl, and MnCl, at a 10 mM concentration was
enhanced approx. 20 and 30%, respectively, com-
pared to the control (Fig. 2). Further increase of
MgCl, concentration (>10 mM) had no effect on the
enhancement of the 3’exonuclease-catalyzed cleav-
age reaction, whereas it was declined approx. 10% at
higher concentration of MnCl, (40 mM). It should be
noted that contrary to some other enzymes, the
3’-exonuclease does not change of the sequence-
specific cleavage activity in the presence of Mn”" ions
at millimolar concentrations, and a typical ladder of
products characteristic for exonucleases was observed
as the degradation products.

svBes PSoligo 2 + Mg™
=8 PS-qligo 2 + EDTA « Mg™
=4 PS-0ligo 2 + Mn™
—a— PS-0ligo 2 + EDTA + M

¥ 8588388

Degradation of PS-aligo 2 (%4

0 0 20 3 4 50
M*MVe* ion concentration [miv]

Fig. 2 The effect of MgCl, or MnCl, concentration on
catalysis of the PS-oligo 2 cleavage by the 3'-exonuclease
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To confirm that Mg®" and Mn>" ions are essential
for the catalytic activity of the 3’-exonuclease, we
treated HP with 0.8 mM EDTA resulting in a
complete loss of the 3’-exonucleolytic activity in
the reaction with the 5'-labeled phosphorothioate
substrate 2, and subsequently, either of Mg®" or
Mn?* ions, in the range of 0—40 mM, were added to
the reaction mixture. We found that upon incubation
of the metal ion-free enzyme with Mn>* ions, used at
concentrations up to 40 mM, the cleavage extent of
the substrate was completely restored to the values
obtained with the enzyme incubated with the same
concentrations of Mn?", but without EDTA pretreat-
ment (Fig. 2). However, when increasing amounts of
Mg®" ions were added to the solution containing
EDTA-treated the 3'-exonuclease, only the Mg*'-
mediated restoration of the phosphodiesterase activity
to the control level (without the addition of any
divalent cations) was observed (Fig. 2). This result is
not surprising, since a partial recovery of the activity
of EDTA-inhibited NPP1 in the presence of Mg
ions has been found, although at lower cation
concentrations (Gijsbers et al. 2001), and, since it is
known that the 3’-exonuclease is a soluble form of
NPP1 (Wojcik et al. 2007). Taken together, the loss
of the phosphodiesterase activity upon treatment with
the metal ion chelator that can be restored by the
addition of divalent cations such as Mg*" or Mn*"
indicates that the human plasma 3’-exonuclease is a
metalloenzyme containing Mg>* or/and Mn** ions in
the catalytic site which participate in hydrolysis of
[Rp]-PS-oligos. In addition, our results indicate that
the hydrolysis of the phosphorothioate substrate in
HP is the most efficient in the presence of 10 mM
Mg®t or 10 mM Mn>" ions, thus, the enzyme
responsible for PS-oligos degradation in blood is
Mg*"/Mn**- dependent.

To determine which of divalent cations tested,
Mg*" whether Mn>", affects stronger the phoshodi-
esterase activity of the 3’-exonuclease, we carried out
additional experiments with the use of the oligonu-
cleotide substrates 1 (PO-oligo) and 2 (PS-oligo). The
compounds were incubated in HP in the presence of
both MgCl, and MnCl, (used at 10 mM each), for 1
and 2 h (for 1), or for 4 and 8 h (for 2), at 37°C. The
different incubation times reflect different suscepti-
bility of the oligonucleotides 1 and 2 to the enzymatic
degradation (Wojcik et al. 2007). The products of the
oligonucleotide degradation were recovered from the
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Oligonucleotide 1

Oligonucleotide 2
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Fig. 3 Effect of Mg>" and Mn*"

ions on degradation of the
oligonucleotides 1 and 2 in HP. The *?P-labeled oligonucle-
otides 1 and 2 were incubated in 50% HP alone (A) and in the
presence of Mn** (B) Mngr (C) the mixture of Mn** and

incubation mixtures and analyzed as described above
(Fig. 3). It was found that the cleavage of the
substrates 1 and 2 in the presence of the mixture of
MgCl, and MnCl, was similar to that obtained in HP,
supplemented only Mn*" ions at 10 mM concentra-
tion, suggesting that this effect might be caused by a
competition of Mn>* with Mg”" ions for binding to
the same metal-binding site on the enzyme (Fig. 3).

The catalytic activity of the 3’-exonuclease
in the presence of other divalent cations

To further investigate the possibility of cation
dependence for the 3’-exonuclease, we determined
of the cleavage of the phosphorothioate substrate 2
in the presence of several other divalent cations
belonging to the alkaline earth ions (Ca®") and the
transition metal ions (C02+, Cd2+, Ni2+). For this
purpose the 5'-labeled substrate 2 (5 pM) was
incubated in HP with each tested ion metal (used
at 10 mM concentration) at 37°C for 4 h (this is t,,
for the oligomer 2 incubated in HP alone) and
products of the oligonucleotide degradation were
analyzed by PAGE in 20% denaturing gels. The
quantification of autoradiograms showed that in the
case of the reaction performed in the presence of
Ca®t as the sole divalent cation, the extent of the
degradation of the PS-oligo 2 was identical to that
in the presence of Mg®" (Fig.4). It may be
surprising in the context of the larger ionic radius

Mg?" (D) Aliquots were withdrawn at given times, and
analyzed by denaturing PAGE. R/ and R2 refer to the reference
5'-labeled samples (no HP added) dissolved in PBS and
incubated at 37°C for 2 and 8 h, respectively

(0.99 A), an expanded coordination number of
seven, and a lower charge density of calcium ions
compared to magnesium which the ionic radius and
the coordination number are 0.86 A and Six,
respectively (Cowan 1998). Since structural data
are not available for the 3’-exonuclease, it is
unknown where Ca®" ions bind and how they act
to increase the phosphodiester activity of the
enzyme. The possible explanation would be that
binding of Ca®" ions to a metal-binding region(s) of
the 3’-exonuclease enhances a local folding of the
molecule resulting in the stabilization of its confor-
mation, thereby affecting the enzymatic activity of
the enzyme. This hypothesis was supported by our
previous studies (unpublished data), in which the
influence of Ca®* and Mg”" ions on the protection
of the enzyme activity against thermal denaturation
was investigated. This was found that the presence
of Ca*" ions, but not Mg>" ions, improved the
3/-exonuclease stability, implying that Ca>* ions can
play a predominant role in the conformational
stabilization of the 3’-exonuclease, whereas Mg*"
ions appear to be essential for the catalytic activity
of the enzyme. This observation is in agreement
with the finding of Belli et al. (1994), who showed
the conformational stabilization of NPP1 by Ca®"
ions, which probably bind to a functional variant of
EF-hand motif in NPP1. When 10 mM CaCl, was
replaced with 10 mM CoCl,, no changes in the
extent of the degradation of the oligomer 2 were
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3 100 Stability of PO- and PS-oligos in HP

gl Ma™ in the presence of Mg”* or Mn*" ions
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3 e In order to better characterize the role of Mg~ and

& LJ.F Mn”" ions in degrading PO- and PS-oligos in HP, we

E 40 4 . measured the cleavage of the 5'-labeled substrates 1

£ a0 ol and 2 in HP with either Mg*" or Mn®" as the only

ﬁ 20 - divalent cation used at 10 mM concentration. As

§ 10 4 c® shown in Table 1, the t;,» value for the PO-oligo 1

o o incubated with MgCl, was reduced by fourfold
Metal ions compared to that obtained for the same substrate,

Fig. 4 Effect of metal ions on hydrolytic activity of the
plasma 3’-exonuclease. The 5'-labeled substrate (5 uM) was
incubated in 50% HP, supplemented Mg”", Ca>*, Mn>", Co?*,
Ni**, or Cd*" at 37°C for 4 h. The resulting products of
degradation were analyzed by denaturing PAGE followed by
autoradiography and quantitative phosphorimaging. R refers to
the reference 5'-labeled sample incubated in 50% HP in the
absence of metal ions at 37°C for 4 h. All values are the
average of two measurements and have maximum error of
+10%

observed (Fig. 4). However, it should be noted that
the effect of Co®" ions on catalysis was concentra-
tion-dependent, and the hydrolytic process was
slowed down when the metal ion concentration
was >20 mM (data not shown).

Among the tested metal cations from the transition
metal group, both Ni** and Cd*" ions were inhib-
itors, but Ni** had little effect on repressing of the
enzyme activity (approx. 20%), whereas Cd*" ions
resulted in complete inhibition of catalysis, thus, no
detectable substrate cleavage over 4 h was observed
(Fig. 4). The results obtained for four different
thiophilic metal ions (Mn*", Co**, Ni**, and Cd*")
can be explained in a rational way if one assumes that
their decreased inhibitory effect, in the following
order: Cd** > Ni?* > Co®" > Mn?", is correlated
with the decreased stability constants for metal-sulfur
complexes: Cd*" > Ni** > Co*" > Mn*" (Irwing
and Williams 1953; Bond et al. 1986). An alternative
explanation includes steric effects for the Cd*" ion
resulting from its larger ionic radius (1.03 A) as
compared to those of Ni>* (0.83 A), Mn>* (0.80 A),
or Co** (0.79 A) that could cause the perturbation of
the catalytic site of the enzyme, previous already
perturbed by the bulky sulfur substitution (the radius
of sulfur atom is approx. 0.45 A larger compared to
that of the oxygen atom).

@ Springer

but incubated without Mg”" ions. By contrast, under
the same conditions, Mn>* ions inhibited the
3’-exonuclease-catalyzed cleavage reactions of the
oligomer 1 by twofold, suggesting that there is a
correlation between the cleavage efficiency of the
PO-oligos in HP and different affinity of Mg2+ and
Mn*" ions for oxygen, according to the Hard and
Soft, Acid and Base (HSAB) rule (Pearson 1968).
Since the site-specific sulfur substitution disrupts
specific magnesium interactions to the non-bridging
phosphate oxygens (the thio-effect) and, since it can
be rescued with metal ions softer than Mg”>" like
Mn**, Zn>", or Cd*" (the rescue effect), P-chiral
phosphorothioates have been widely used in numer-
ous mechanistic studies (Warnecke et al. 1996; Zhou
et al. 1998; Wang et al. 1999). In this work we have
shown that the cleavage efficiency of the PS-oligo 2
in HP containig Mg>" ions was 24-fold lower
compared to that of the all-oxygen control 1
incubated in HP in the presence of Mg>" (Table 1).
Thus, the replacement of the pro-Rp oxygen with
sulfur at the unmodified all-phosphate-containing
oligomer causes the reduction in the catalytic activity
of the 3’-exonuclease toward the all-Rp phosphoro-
thioate 2 in the presence of Mg2+ (the thio effect).
When Mn”* was used in the place of Mg”™, the t;,»
value for the PS-oligo 2 was approx. threefold lower
than that for the unmodified reference 1 incubated
with Mn?* jons (Table 1). The slight reduction of the
catalytic activity of the 3'-exonuclease toward the all-
Rp phosphorothioate 2 in the presence of Mg*" ions,
and moreover, the lack of Mn>* rescue of this thio
effect argue against a direct coordination of a metal
ion with the pro-Rp oxygen of the phosphodiester
bond at the cleavage site of a single stranded DNA.

For comparison, we further conducted analogous
experiments with the PS-oligo 3 possessing ten
consecutive Rp bonds and a single Sp bond at the
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3’-end of PS-oligo. It has been earlier demonstrated
that the single [Sp]-phosphorothioate linkage located
at the 3’-end both the PS-oligo 3 and the chimeric
Oligomer [PO/SP-PS]-d[TpoCPoTpoTpoTpoTpoTpsc]
(where PO and PS refer to the internucleotide
phosphate and phosphorothioate bonds, respectively)
can effectively protect these compounds against the
hydrolysis in HP (Wojcik et al. 2007). In this study,
in contrary to the PS-oligo 2, no degradation of the
oligonucleotide 3 was detected in HP supplemented
with Mg>" ions within 8 h of incubation (Fig. 5).
This “classical” thio effect observed for the oligomer
3 suggests that the pro-Sp oxygen plays a much more
critical role than does the pro-Rp oxygen atom in
the 3’-exonuclease-mediated cleavage of a single
stranded DNA. However, the replacement of 10 mM
Mg>" jons by 10 mM Mn>" ions did not rescue of the
cleavage of the single [Sp]-phosphorothioate linkage
at the 3’-end of the oligonucleotide 3, implying the
lack of coordination of the metal cation to the pro-Sp
oxygen atom. On the other hand, we cannot rule out
the possibility that inability of thiophilic metal ion to
rescue catalysis results from steric constrains
imposed by the bulkier sulfur atom which can alter
the geometry of metal ion interactions (Brautigam
and Steitz 1998).

Taking into account that the double-displacement
reaction mechanism for NPPs proposed by Gijsbers
et al. (2001) includes the attack of the metal ion 2
(Me2)-activated hydroxyl group of the catalytic-site
T238 on the phosphate group of the incoming
substrate resulting in the formation of a covalent
enzyme-nucleoside monophosphate (NMP) interme-
diate (the first catalytic step) and, in turn, the attack of
the metal ion 1 (Mel)-activated water molecule on

Rl 4 ] R2 4 $ h

Fig. 5 Stability of the PS-oligo 3 in HP supplemented Mg>*
or Mn*Tions. The 5'-labeled oligonucleotide (5 pM) was
incubated in 50% HP in the presence of 10 mM Mg2+ or
10 mM Mn>" at 37°C for 4 and 8 h. The resultant samples
were analyzed by denaturing PAGE. R/ and R2 refer to the 5'-
labeled samples (no HP added) dissolved in PBS containing
10 mM Mg>" and 10 mM Mn>" ions, respectively, and
incubated at 37°C for 8 h

the formed enzyme-NMP intermediate leading to the
regeneration of the catalytic-site T238 and the
generation of a phosphorylated product (the second
catalytic step), it may be hypothesized that the pro-Sp
oxygen of the phosphate group located at the 3’-end
of the oligonucleotide could interact with the Me2
(the metal ion involved in binding of D200, D405,
H406 and the catalytic-site T238) enabling the
formation of the enzyme-substrate complex, in which
T238 holds a position opposite to the leaving group
of the NMP-ester substrate. We can assume that
replacement of the pro-Sp oxygen with the bulky
sulfur atom might disrupt its coordination to Me2
causing changes in the catalytic site architecture,
which in consequence could prevent a nucleophilic
attack of the hydroxyl group of T238 on the
a-phosphate of the substrate (the inhibition of the
first step of the reaction) (Fig. 6). Thus, the above-
mentioned hypothesis could explain the resistance of
Sp diastereomer located at the 3’-end of the oligonu-
cleotide to the hydrolysis in HP.

In conclusion, we demonstrate that the 3’-exonu-
clease is not unique in its divalent metal requirement
among the NPPs and its phosphodiesterase activity
toward PS-oligo was enhanced in the presence of
Mg?*, Ca**, Mn**, and Co*" ions, providing a
baseline for understanding of the inherent metal ion
preferences for the enzyme in the process of degra-
dation of PS oligonucleotides in HP and suggesting

pro-spo\\“‘. \\O o_T
n' O
D200 .. \/\ pro-Re
V> AN
1238 ;

D405
Fig. 6 Possible interactions between the single [Sp]-

phosphorothioate linkage located at the 3’-end of oligonucleo-
tide and metal ions (based on the model of Gijsbers et al. 2001)
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an important functional link between chemical
groups and metal ions. On the other hand, the
knowledge about the metal specificity of the 3’-exo-
nuclease is important for understanding the enzyme
action under intracellular conditions in which Mg*"
is virtually the only divalent metal ion available at
millimolar concentrations. In addtion, studies on the
importance of stereochemistry of 3’-terminal phosp-
horothioate support an approach to protect oligonu-
cleotides against 3’-exonucleolytic activity of certain
enzymes based on the chirality of only the 3'-terminal
phosphorothioate internucleotide linkage (Nawrot
et al. 2008).

Taken together, a definitive determination of the
role of divalent cations in the hydrolysis of PS-oligos
catalyzed by the 3’-exonuclease will require the
elucidation of its three-dimensional complex with a
sulfur-substituted substrate DNA.
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