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Phosphodiesterase enzymes such as nuclease P1 use three
divalent metal ions (e.g. Zn") in the active site to catalyze the
hydrolytic cleavage of phosphate diester bonds in nucleotides
like RNA and DNA.II Synthetic catalysts that cleave RNA at
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specific sites are of interest, for example, for future applica-
tion in gene technology.> 3 There are several mononuclear
complexes of trivalent metal ions®“ (e.g. lanthanide(i1r) and
Co'l) that efficiently cleave RNA because they are strong
Lewis acids. According to previous studies, mononuclear and
even dinuclear Zn" complexes? > generally exhibit only a
moderate catalytic activity in RNA cleavage. Recently, we
have shown that synthetic dinuclear and trinuclear!”) metallo-
phosphodiesterases based on calix[4]arenes!®! exhibit a very
high catalytic activity in the transesterification of the RNA
model substrate 2-hydroxypropyl-p-nitrophenyl phosphate
(HPNP).[6- %101

Here we report that 1-Zn; efficiently catalyzes the cleavage
of RNA dinucleotides (3',5-NpN) by the cooperative action
of the Zn" centers, with high rate enhancement and significant
nucleobase specificity. The heterotrinuclear complex 1-Zn,Cu
is even more active; it mimics phosphodiesterases with a
heterotrinuclear metal cluster including a Zn!! center in the
active site.l!]

Catalytic cleavage of the RNA dinucleotides 3',5'-NpN
(0.09 mm) by the complexes 1-M; (0.9 mm) was carried out in
35% EtOH/20 mm aqueous HEPES buffer!'!l at 50°C and
monitored by HPLC. The formation of cyclic ribonucleoside
monophosphates (2',3'-cNMP) and the corresponding nucleo-
sides show that the RNA dinucleotides are cleaved by
intramolecular transesterification of the hydroxyl group at
the 2'-position.l'l The catalytic activity of 1-Zn; was measured
for a series of RNA dinucleotides, namely, GpG, UpU, CpC,
GpA, ApG, and ApA (Table 1). The trinuclear complex 1-Zn,

Table 1. Observed pseudo-first-order rate constants (ky,/10° s~!) for the
cleavage of RNA dinucleotides.?!

Substrate  1-Zn; 1-Zn,Cu 1-Cu, 2-Zn, 3-Zn
GpG 72 88 28 0.45 Lol
Upuld 8.5 13 1.2 0.45 0.56
CpC 6.1 7.1 1.9 0.58 ol
GpA 4.6 5.9 Lol —[b] —[b]
ApG 2.7 2.4 Lol ol —[b]
ApAl 0.44 0.46 0.47 0.28 0.31

[a] In 35% EtOH/20 mm HEPES (pH 8.0) at 50°C; [substrate] = 0.09 mm;
[1-Zn;] = [1-Cus] =[2-Zn,] = 0.9 mm; 1-Zn,Cu is a statistical mixture of
[1]=0.9 mm, [Zn] = 1.8 mM, and [Cu] = 0.9 mm;[* [3-Zn] =2.7 mm. [b] Not
determined. [c] kypea 9.8 x 1079 s71I%1 [d] kypeg = 1.7 x 1072 57113

exhibits a very high catalytic activity; rate accelerations over
the uncatalyzed reactions are on the order of 10*—10°.5% 13
Moreover, 1-Zn; is a genuine catalyst that exhibits turnover.
A threefold excess of UpU is completely converted, while a
reference solution of UpU without catalyst is unaffected.
Surprisingly, for different nucleobases in the dinucleotides
large differences in rate were observed: GpG > UpU > ApA
(see below).

The dependence of rate on the pH value for the 1-Zn,-
catalyzed cleavage of UpU shows a bell-shaped curve with an
optimum at pH 8. The apparent pK, of a Zn-bound water
molecule in 3-Zn is 7.9;1 the value is lower for 1-Zn; due to
hydrophobic and cooperative effects.[” 1l Therefore, it is likely
that at pH 8 one or two Zn" centers in 1-Zn; are coordinated
by a hydroxide ion. Furthermore, the activity reaches a
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maximum with three equivalents of Zn" per molecule of 1,
which indicates that all three Zn'" ions in 1-Zn, are involved in
the catalysis. The trinuclear complex 1-Zn; is a factor of 10, 19,
and even 160 times more active than the dinuclear complex 2-
Zn, for the cleavage of CpC, UpU, and GpG, respectively.
These differences in activity are much higher than that
observed in the transesterification of the p-nitrophenyl-
activated phosphate diester HPNP catalyzed by 1-Zn; and
2-7Zn, (factor of 1.4).’ This can only be due to additional
catalytic effects originating from the third Zn! center in the
transesterification of the RNA dinucleotides. Since the
basicity of the alkanolate leaving group in an RNA dinucleo-
tide is much higher, one of the catalytic centers in 1-Zn; might
stabilize this leaving group.

So far, Cu" ions have not been found in the active sites of
phosphodiesterases, but they exhibit generally a high hydro-
lytic activity in abiotic catalysts.'>¥] Whereas 1-Zn, is
superior to its analogue 1-Cu; (except for the case of ApA),
a statistical mixture of 1, two equivalents of Zn', and one
equivalent of Cu"—to form the heterotrinuclear analogue 1-
Zn,Cu as the main species!'®l—shows a higher activity
(Table 1, Figure 1). This may be due to synergy of the

15 1-Zn,Cu
T 12
Kops/105 571
6
3
0 1 1 1 1 1 1 1 1 1 j

0 20 40 60 80 100
% Znin1-Zn,Cu, —>
Figure 1. Dependence of the rate k,, for the cleavage of UpU catalyzed by
1-Zn,Cu,, (n+m=3) on the percentage of Zn(ClO,), with respect to the
total concentration of M(ClO,), (M =Zn, Cu; 2.7 mm) at a fixed concen-
tration of ligand 1 (0.9 mm) in 35% EtOH/20 mm HEPES buffer (pH 8.0)
at 50°C. At the rate optimum, 1-Zn,Cu is the main species in solution.!"”]

favorable properties® 1% of Zn" in the binding (K,)!'® and
Cu' in the conversion (k) of the phosphate diester substrate.

The catalytic activities of the trinuclear complexes are
dependent on the structure of the nucleobases in the RNA
dinucleotides. The activity of 1-Zn; in the cleavage of GpG is a
factor of 8.5 higher than of UpU, and even a factor of 160
higher than of ApA. For 1-Zn,Cu the selectivities are even
more pronounced, that is, factors of 190 and 28 for GpG and
UpU over ApA. The mixed dinucleotides GpA and ApG are
also more reactive than ApA, but they are far less reactive
than GpG. It seems that an adenyl nucleobase in an RNA
dinucleotide reduces the activity of the catalyst 1-M;.
Comparison of the activity of 1-Zn; with that of the reference
complexes 2-Zn, and 3-Zn indicates that in the cleavage of
ApA the three metal centers in 1-M; do not cooperate in the
catalysis (Table 1). This was confirmed when we measured the
rates as a function of the concentration of catalyst 1-Zn;
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(Figure 2). For ApA the rate linearly increases with the
catalyst concentration. The small slope (k,=4.3 x 103 M~ s71)
suggests that only small amounts of a reactive catalyst—sub-
strate complex are formed. The highly reactive substrates
UpU (Figure 2) and GpG show saturation kinetics, indicating

[1-ZngymM

—

Figure 2. Plot showing the dependence of the rate of cleavage of UpU and
ApA (0.09 mm) on the concentration of 1-Zn; in 35% EtOH/20 mm
HEPES (pH 8.0) at 50°C. The experimental data points for cleavage of
UpU are fitted to the Michaelis—Menten equation with K, = 0.34 mm and
ke =1.1x10"*s7.. The experimental data for cleavage of ApA are fitted
according to second-order reaction kinetics with k, =4.3 x 103m~!sL

a strong binding to the catalyst 1-Zn;. The saturation curves
obey Michaelis—Menten kinetics and were analyzed by
means of Eady —Hofstee plots. Although the binding constant
(K,) is a factor of 3.8 lower for GpG (7.7 x 10?°m~!) than for
UpU (29 x 10°m71), the catalytic rate constant (k) is a factor
of 16.4 higher (GpG: 18 x10~*s~'; UpU: 1.1 x10~*s7").
These studies indicate that the higher activity in the reactions
of GpG and UpU than of ApA is due to enhanced binding to
1-Znj;. The higher reactivity of GpG compared with UpU is
due to a higher rate of conversion.
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The most reactive nucleotides GpG and UpU have an
acidic amide NH moiety that can be deprotonated by a Zn'l-
bound hydroxide group, the resulting anionic nitrogen atom
can coordinate to form a stable nucleobase — Zn" complex.['”]
In this way one of the Zn" centers in 1-Zn; might orient the
RNA dinucleotide within the catalytic site (Figures 3 and 4).

&

Figure 3. Computer-generated model of the complex between catalyst 1-
Zn; and the substrate GpG, formed by coordination of the phosphoryl
group and a deprotonated guanosine group to Zn'. Hydrogen atoms are
omitted for clarity.

Figure 4. Schematic representations of possible modes of binding of RNA
dinucleotides to 1-Zn,. Left: mechanism for GpG cleavage. Right:
nonproductive binding mode for ApA.

Subsequently, the two remaining Zn" centers may activate the
phosphoryl group by double Lewis acid coordination. Elim-
ination of the leaving group may be assisted by protonation by
a Zn"-bound water molecule. The specificity for GpG over
UpU might originate from a better fit owing to the different
sizes of the nucleobases. The adenyl group has multiple metal
ion binding sites, including a bidentate binding site formed by
the nitrogen atoms on the 6- and 7-positions. Bidentate
coordination of a substrate adenyl group results in a different,
less favorable substrate orientation within the catalyst 1-Zn;
compared to monodentate binding of a deprotonated uracyl
or guanine group (Figure 4).

Preliminary experiments with a 24-mer RNA!! show that
1-Zn; and 1-Zn,Cu exhibit catalytic activity in the cleavage of
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RNA oligonucleotides. This opens possibilities for sequence-
selective cleavage of RNA.123I

Experimental Section

The synthesis and characterization of the complexes 1-M3;, 2-M,, and 3-M
(M =Zn, Cu) was described previously.’! Solutions for kinetic measure-
ments were made by adding up to 35% (v/v) EtOH to a 20 mm aqueous
buffer solution adjusted with NaOH to the desired pH value.l'] Aliquots of
the reaction mixtures were analyzed by reverse-phase HPLC (Waters) with
elution (1.0 mL min~') with mixtures of 10 mm KH,PO, (pH 4.7 or pH 5.5)
and MeOH/H,O (3/2) and detection of guanosine, uridine, cytidine, and
adenosine at 2=254, 260, 272 and 260 nm, respectively. In a typical
experiment, the ligand 1 (10 uL, 50 mm in EtOH) and M(ClO,), (30 pL,
50mm in water) were added to 0.5mL of the buffer solution and
thermostated at 50°C. After a couple of minutes equilibration time, 3',5'-
NpN (10 pL, 5 mMm in water) was injected. Aliquots (20 pL) of the reaction
mixture were quenched with an excess of tris(2-aminomethyl)amine
(20 uL, 50 mMm in EtOH) and analyzed with HPLC (2.0 uL injection,
25 min elution). Initial rates were determined by analysis of at least four
aliquots (< 10% conversion). The concentration of the formed nucleoside
was determined by means of a calibration curve made with commercially
obtained nucleoside (correlation coefficient > 0.95). The observed pseudo-
first-order rate constants k., (s™') were calculated from the initial rates
(correlation coefficient > 0.95).
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A Novel pH-Sensitive MRI Contrast Agent**
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Most gadolinium complexes enhance relaxation of water
protons by rapid exchange of inner-sphere water molecules
with bulk solvent.'l However, recent kinetic results have
shown that the lifetime of an inner-sphere water molecule in
Gd™ complexes can range from 0.84 ns for aqueous Gd',
208ns for [Gd(dota)]-, (dota=1,4,710-tetraazacyclo-
dodecane-N,N',N",N"’'-tetraacetate) to over 19000 ns in the
tetraamide analogue, [Gd(2)].l'¢ 2 3] Recently reported exam-
ples of gadolinium-based contrast agents that are sensitive to
enzyme activity and Ca?*[“*] has stimulated synthesis of new
cyclen-based ligands bearing different types of pendant arms.
Given that tetraamide derivatives of cyclen have been
reported to form both thermodynamically stable and kineti-
cally inert complexes with Gd™ in aqueous solution,? > we
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have been exploring tetraamide-based ligands with extended
phosphonate or carboxylate noncoordinating side chains with
the intent of generating new systems with specific ion-pairing
capabilities. In characterizing one new derivative in this series,
we observed that the water proton R, relaxivity of [Gd(1)] has

0 O
HyO3PCHLHN [N NHCH,PO3H;
HaO3PCHHN N NHCH>PO3H:

9} 8}

1
o} 0O
CHzHN [N Nj NHCH3
CH3HN N N NHCH;
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2

an unusual pH dependence, increasing between pH 4 and 6,
reaching a maximum near pH 6, gradually decreasing to a
minimum near pH 8.5, then remaining relatively insensitive to
pH 10.5 before increasing once again at higher pH values
(Figure 1). This feature is quite different from that of [Gd(2)]
whose R, is essentially independent of pH between 2 and 8
before increasing at higher pH values.’l Similarly, the R, of
[Gd(dotp)]>~ (dotp is the tetraphosphonate analogue of dota)
is independent of pH over an extended pH range (3-13)."

12 4
10 4
T 8 1
Ry/mm~1s™1

4

2 T T T T T v ]

o} 2 4 6 g8 10 12 14

pH ———»

Figure 1. The pH dependence of the water proton relaxivity of [Gd(1)] at
20 MHz, 25°C. The solid line is included to guide the eye and does not
represent a fit of these data to theory.

To provide further insight into the unusual relaxation
behavior of [Gd(1)], we examined the solution structures of
various [Ln(1)] complexes by NMR spectroscopy. 3'P NMR
spectra of all [Ln(1)] complexes (except Gd™) had single
resonances with chemical shifts not dramatically different
from that of the free ligand. In comparison with the highly
shifted 3'P resonances in the analogous [Ln(dotp)]’~ com-
plexes,®! this indicated that the four phosphonate groups of
[Ln(1)] are situated relatively far from the paramagnetic
center, likely not coordinated to the central ion. 'H and
BC NMR spectra of [Ln(1)] were all consistent with one main
molecular species having high stereochemical rigidity. The
hyperfine shifts of the macrocyclic protons of [Yb(1)] mir-
rored those of [Yb(dotp)]’-,®! [Yb(dota)] ¥ and
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