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Zn(ll) complexes of 1-oxa-4,7,10-triazacyclododecane (12[ane]N30), 1,5,9-triazacyclododecane (12[ane]N3), and
1-hydroxyethyl-1,4,7-triazacyclononane (9[ane]N3OH) promote cleavage of the RNA analogue, 2-hydroxypropyl-
4-nitrophenyl phosphate (HpPNP) at pH 8.0, / = 0.10 M (NaCl), 25 °C with second-order rate constants of 8.9 x
1073, 9.0 x 1073, and 3.3 x 10~ M~! s71, respectively. Cleavage of HpPNP hy these catalysts is inhibited by
uridine with inhibition constants (K;) of 1.2, 0.46, and 45 mM, respectively, under these conditions. Binding constants
derived from these inhibition constants are 2—200-fold larger than those for binding of related Zn(ll) complexes to
phosphate diesters under similar conditions, suggesting that uridine sequences in RNA will inhibit Zn(1l)-catalyzed
cleavage by competing with phosphate diester binding sites. Further studies are carried out that utilize
pH—potentiometric titrations to monitor uridine binding to five Zn(ll) macrocyclic complexes in aqueous solution at
25 °C, I = 0.10 M (NacCl). The data are consistent with binding of the Zn(ll) complexes to the N3-deprotonated
form of uridine to give log Ky values of 5.29, 4.57, 4.56, 3.47, and 2.65 for the Zn(ll) complexes of 12[ane]N3,
12[ane]N4, 12[ane]N30, 15[ane]N302, and 9[ane]N30H, respectively (12[ane]N4 = 1,4,7,10-tetraazacyclododecane,
15[ane]N302 = 1,4-dioxa-7,10,13-triazacyclopentadecane). For the five Zn(ll) complexes studied, there is a linear
relationship between uridine anion binding constants and hydroxide binding constants.

Introduction row transition metal ions. Renewed interest in metal ion

Metal ion complexes catalyze the hydrolytic cleavage of Pinding sites in structurally complex RNA molecules has
RNA and RNA analogues by promoting transesterification led to recent addmongl _advance; in this _a7rea.contrast, _
at the phosphate diester to give 432cyclic phosphate there are few quantitative solution studies of nucleoside

diester and concomitant cleavage of the RNA strand. In the Pinding to first row transition metal ion or Zn(Ifpacrocyclic
first step of catalysis, the metal ion complex binds to the complexesThis is surprising given that metal ion complexes

phosphate diestérThis interaction is very weak; binding 2'¢ émployed as RNA cleavage catalysts and nucleobase

constants of simple phosphate diesters to mononuclear Zn(11)Pinding to these complexes has a pronounced effect on the
catalysts are typically on the order of 10-M Sites that efficiency of RNA cleavage. For example, interaction of

bind metal ions more strongly than this will divert the metal CU(I) and Zn(lf) complex catalysts with the nucleobases of

ion catalyst from binding to the phosphate diester backbone RNA leads to b_ase-sequence;selecnve cleavage even in
and will inhibit catalytic cleavage. simple dinucleoside substrates:

Nucleobases of RNA are the most common competing (4) Knobloch, B.; Da Costa, C. P.; Linert, W.; Sigel, Horg. Chem.

indi i itati i i indi Commun2003 6, 90—3.
binding site. Quantltatlvg studies of metal ion bmdmg to the (5) Da Costa. C. P.. Sigel Hnorg. Chem2003 42, 3475-82.
nucleobases in nucleosides have been repoftdar first- (6) Sigel, H.Pure Appl. Chem2004 76, 1869-86.
(7) Knobloch, B.; Sigel, R. K. O.; Lippert, B.; Sigel, Angew. Chem.,
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(1) Morrow, J. R.Metal lons in Biological SystemBekker: New York, Anslyn, E. V.Angew. Chem., Int. ER002 41, 4014-6.
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Our interest in Zn(ll) catalysts for RNA cleavage has lead

us to consider nucleobase binding by these catalysts. Reporti

by Kimura and co-workers on Zn(ll) tetraazamacrocyclic

complexes as nucleoside receptors serve as a guide for ou

work. Kimura’s Zn(ll) complexes bind strongly and specif-
ically to uridine or thymidine nucleosides or dinucleosides
in agueous solutio? % To rationalize the specificity of
Zn(ll) tetraazamacrocyclic complex binding to uridine or
thymidine, a three-point recognition model is proposed.
This model accommodates the fact tEa(12[ane]N4)and
related macrocyclic complexes bind exclusively to the N3
deprotonated form (N3)of uridine or thymidine (Schemes
1 and 2). In this model, the important interactions are Zn(ll)
coordination to (N3) and hydrogen-bond formation between
two of the amine groups of the macrocycle and the carbonyl
groups of the uridine. A study of compounds that contain
an N-deprotonated imide group similar to that of uridine
shows a linear correlation between the Zn(Il) complex
substrate binding and theKp of the conjugate acid of the
imide group!” The observation thatn(12[ane]N4)does not
interact strongly with other nucleosides is attributed to the
lack of a basic imide site (adenosine or cytidine) or to
repulsion between the Zn(ll) macrocyclic ring and the amino
C(2) group (guanosine) which prevents strong binding of
the metal complex to (NI)

The mononuclear Zn(ll) azamacrocyclic complexes we
have studied as catalysts for RNA cleava§é®are structur-

(12) Aoki, S.; Kimura, EJ. Am. Chem. So200Q 122 4542-8.

(13) Kikuta, E.; Murata, M.; Katsube, N.; Koike, T.; Kimura, E. Am.
Chem. Soc1999 121, 5426-36.

(14) Kikuta, E.; Aoki, S.; Kimura, EJBIC, J. Biol. Inorg. Chem2002 7,
473-82.

(15) Kimura, E.; Kikuchi, M.; Kitamura, H.; Koike, TChem. Eur. J1999
5, 3113-23.

(16) Kimura, E.; Kitamura, H.; Ohtani, K.; Koike, T. Am. Chem. Soc.
200Q 122, 4668-77.

(17) Shionoya, M.; Kimura, E.; Shiro, Ml. Am. Chem. S0d.993 115
6730-7.

(18) Shelton, V. M.; Morrow, J. Rlnorg. Chem.1991, 30, 4295-9.

(19) Iranzo, O.; Elmer, T.; Richard, J. P.; Morrow, J.IRorg. Chem2003
42, 7737-46.
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ally related toZn(12[ane]N4) and thus are anticipated to
bind to uridine. However, our best catalysts contain macro-
cycle donor groups that include alcohols and ethers (Scheme
3) in addition to amine donors. These groups will modulate
the strength of the interaction with uridine by modifying the
ewis acidity and accessibility of the Zn(ll) center. In
addition, macrocyclic complexes containing both nitrogen
And oxygen donors will have different hydrogen-bonding
interactions with uridine, and according to Kimura's three
point recognition model, this may modulate the strength of
the interaction.

Here we present our studies on the recognition of uridine
by the series of Zn(ll) macrocyclic complexes shown in
Scheme 3. We show that there is a linear relationship
between the uridine anion binding constant and the hydroxide
binding constant for these complexes. This highlights the
importance of the anion affinity of the Zn(ll) center in uridine
binding and suggests that structural differences in the Zn(ll)
complexes that influence interactions of the macrocyclic ring
with uridine are of secondary importance. Implications for
the design of RNA cleavage catalysts are discussed.

Experimental Section

Materials, General Procedures, and Instrumentation. All
reagents and solvents were of reagent grade and used without further
purification unless otherwise noted. Aqueous solutions for-pH
potentiometric titrations were prepared with freshly boiled Millipore
MILLI-Q purified water cooled under an argon stream. Agqueous
stock solutions (50.0 mM) of the ligands were prepared from their
respective salts, and the concentrations were determined by use of
IH NMR usingp-toluene sulfonic acid as an internal standatd.

NMR spectra were recorded on a Varian Inova 500 (500 MHz)
spectrometer or Varian Inova 400 (400 MHz). Solutions of ZnCl
were calibrated against a standardized solution of ethylenediamine-
tetraacetic acid (EDTA) with Eriochrome Black T as the indicator.
12[ane]N3was purchased from Aldrich as the HBr salt and purified
by extraction into chloroform followed by precipitation out of
ethanol as the HCI salt.2[ane]N4was purchased from Strem as
the free base and was used as recei9fhe]N30OH was prepared
as previously reportetiN,N',N"'-tris(p-tolylsulfonyl)diethylene tri-
amine?° 1,5-bisp-tolylsulfonyloxy)-3-oxapentan#, and 1,8-bis-
(p-tolylsulfonyloxy)-3,6-dioxaoctart@ were prepared as reported.



Uridine Binding by Zn(Il) Macrocyclic Complexes

The syntheses af2[ane]N30 and 15[ane]N302were modified The reactions catalyzed by Zn(Il) complexes at concentrations
from published procedur&s?* as described below. of 1.00 mM or greater were monitored for three half-lives and
Potentiometric pH Titrations. Potentiometric pH titrations were ~ pseudo-first-order rate constariis,ss were determined as the slopes
conducted on a Brinkmann Metrohm 702 SM Titrino autotitrator Of the semilogarithmic plots of reaction progress against time. For
using an Orion Research Ross Combination pH Electrode 8115BN. samples with low concentrations of catalyst or with high concentra-
The glass electrode was calibrated as a hydrogen concentratiorfions of uridine, the cleavage ¢1pPNP was monitored for the
probe by titrating known amounts of HCI, standardized with sodium disappearance of the first-8.0% of the substrate, and the reaction
tetraborate, with C@free NaOH prepared from dilution of a J. T.  was heated to 68C until the endpoint was reached. Valuekgkq
Baker dilute-it ampule and standardized using potassium hydrogen(s™?) were determined akhsa = vil[So, Where v is the initial
phthalate. The program GLEE was used to determine the standardeaction velocity and §, is the initial substrate concentration.
electrode potential and the carbonate content of the NaOH solution.Second-order rate constantkz,( (M~ s7%) for the reactions
The pH-potentiometric titrations were carried out with= 0.10 catalyzed by the different Zn(ll) complexes were determined as
M (NaCl) at 25°C, and at least two independent titrations were the slope of linear plots dpsqagainst Zn(ll) complex concentration
performed. Equilibrium binding constants were reproducible to (correlation coefficients~ 0.997). For uridine inhibition experi-
+20%. The Zn(ll) complexes of the macrocycles were prepared in ments, the pseudo-first-order rate constants in the presence of
aqueous solution by mixing Zngand the corresponding HCl salt  uridine are normalized by dividing them by the pseudo-first-order
of the ligand in a 1:1.05 molar ratio. Aqueous solutions (50 mL) rate constant in the absence of uridikg) (correlation coefficients
of the Zn(ll) macrocyclic complexes in the presence and absence > 0.995, standard deviations from the curve fit &r£0%). Rate
of 1.00 mM uridine were titrated with carbonate-free 0.10 M constants were reproducible #7%. The pseudo-first-order rate
NaOH. The protonation constants of the macrocyclic ligands in- constants for the transesterification l9pPNP in the absence of
cluding 12[ane]N3 12[ane]N4 12[ane]N3Q 15[ane]N302 and the catalystkyncat (S°%) were determined by the method of initial
9[ane]N3OH were taken from the literature (Supporting Informa- rates (5% conversion). At pH 8.0, the background rate constant
tion, Table S1), as was the protonation constant for urighigne was 1.5x 1077 s, and this value was subtracted from the pseudo-
Kw = ([H*][OH"]) value used under our experimental conditions first-order rate constankonss (s™%) for inhibition studies where
was 1.660x 1074 The program Hyperquad 2000 was used to background cleavage was not negligible.
obtain equilibrium constants. The pH sigma values defined in the  Synthesis of 4,7,10-Trig¢-tolylsulfonyl)-1-oxa-4,7,10-triaza-
program are smaller than 2 for all data fits of these-pH cyclododecaneN,N',N"-tris(p-tolylysulfonyl)diethylene triamine
potentiometric titrations. Speciation diagrams, plotted as percent (10 mmol, 5.61 g), cesium carbonate (25 mmol, 8.15 g), and 150
formation against pH, were obtained by use of the program HYSS mL of N,N-dimethylformamide were stirred fd. h under argon.
available at http://www.hyperquad.co.uk/. 1,5-Bis(p-tolylsulfonyloxy)-3-oxapentane (10 mmol, 4.14 g) in 50
Kinetics of Transesterification of HoPNP (2-Hydroxypropyl- mL of N,N-dimethylformamide was then added dropwise over a
4-nitrophenyl Phosphate).The concentration of the Zn(ll) com-  period d 5 h by means of a syringe pump. The reaction was stirred
plexes examined in these experiments ranged from 0.500 to 4.00for an additional 3 days. The solution was poured into an
mM. Stock solutions of the Zn(ll) complexes were prepared in Erlenmeyer flask, and ice was added slowly with stirring to form
aqueous solution by mixing Zngand the corresponding standard- @ precipitate. When all the ice was almost melted, the solution was
ized solution of the ligand in 1:1.1 molar ratio and adjusting the Placed in the refrigerator overnight. The resulting precipitate was
pH to 6.5-7.0. In a typical experiment, a solution of the zn(ll) ~filtered and recrystallized from a hot solution of 8086N-
complex in 20.0 mM EPPS buffer at= 0.10 M (NaCl) was dimethylformamide in water. Yield: 6.36 g (88%H NMR (400
adjusted to pH 8.0, transferred to a cuvette, and equilibrated at 25MHz, CDCk): ¢ 7.81 (d,%J = 8 Hz, 2 H, Ar), 7.62 (d3J = 8 Hz,
°C in a thermostated spectrophotometer. In these experiments, thet H, Ar), 7.34 (d,3) = 8 Hz, 2 H, Ar), 7.30 (d3J = 8 Hz, 4 H,
electrode was calibrated for protativity (a+; pH = —log an) Ar), 3.65 (t)=4.2,4 H, CH), 3.51 (1) = 6.4, 4 H, CH), 3.19
by using standard buffers. Our pH values in these experiments are(m, 8H, Ch), 2.45 (s, 3 H, CH), 2.43 (s, 6 H, CH). ESIm/z
0.1 units lower than those in pHpotentiometric measurements ~ (relative intensity): 658.2 (MNg 31%), 1292.7 (MNa", 100%).
where the electrode was calibrated for proton concentration]([H The protected macrocycle 4,7,10-tris(p-tolylsulfonyl)-1-oxa-
p[H*] = pH + log yn whereyy is 0.78 for our electrode). For  4,7,10-triazacyclododecane (15.34 mmol, 9.75 g) and 340 mL of
inhibition experiments, the concentration of uridine was varied from 30% HBr in acetic acid were refluxed under argon for 48 h. The
1.00 to 40.0 mM in solutions containing 1.00 mM Zn(ll) complex, reaction volume was reduced to 20% by vacuum distillation, and
with all other conditions the same as above. The reaction was absolute ethanol was added to give a white solid that was filtered
initiated by injection of a stock solution ¢fpPNP to give a final and dried. The white solid was dissolved in 50 mL of water, the
concentration of 20uM. Transesterification ofHpPNP was pH was adjusted te-13 with sodium hydroxide, and the solution
monitored by following the increase in absorbance at 400 nm due was extracted five times with chloroform. The organic layer was
to the release of 4-nitrophenolate. The pH of these solutions wasevaporated to produce a white solid. The solid was dissolved in
measured at the end of each experiment and was within 0.03 pHethanol and filtered; precipitation was induced by addition of
units of the initial value. hydrobromic acid to give the pure HBr salt. Yield: 4.79 g (75%).
H NMR (400 MHz, D:O): 6 3.77 (t,3) = 4.8, 4 H, CH), 3.32
(20) Chen, D.; Motekaitis, R. J.; Murase, 1.; Martell, A. Eetrahedron (m, 8 H, CH), 3.20 (m, 4 H, CH). ESI vz (relative intensity):
1995 51, 77-88. _ 174.2 (MH", 100%).
(21) McAuley, A.; Norman, P. R.; Olubuyide, @norg. Chem.1984 23, Synthesis of 7,10,13-Trig¢-tolylsulfonyl)-1,4-dioxa-7,10,13-

1938-43. . . . .
(22) Chen, D.; Motekaitis, R. J.; Murase, |.; Martell, A. Eetrahedron triazacyclopentadecaneN,N',N"-tris(p-tolylsulfonyl)diethylene tri-
1995 51, 77-88. ] ] amine (10 mmol, 5.61 g), cesium carbonate (25 mmol, 8.15 g),
@3) 'T-;’:r%’gnﬂggé’\‘iféffff’; S. S.; Filonova, L.KChem. Soc., Perkin - 34 150 mL ofN,N-dimethylformamide were stirred under argon
(24) Thom, V. J.; Sha’ikjee, M..S.; Hancock, R.IRorg. Chem1986 25, for 1 h. 1,8-Bisp—to|ylsuIfonyloxy)-3,6-dioxaoctane (10 mmol, 4,58
2992-3000. g) in 50 mL of N,N-dimethylformamide was then added dropwise
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over a period 65 h by means of a syringe pump. The reaction
mixture was stirred for an additional 3 days. The solution was
poured into an Erlymeyer flask, and ice was added slowly with
stirring to form a precipitate. When almost all the ice was melted,
the solution was placed in the refrigerator overnight. The precipitate
was filtered and recrystallized from a hot solution of 80¢\-
dimethylformamide in water. Yield 5.59 g (83%H NMR (400
MHz, CDCL): ¢ 7.80 (d,23J =8 Hz, 2 H, Ar), 7.70 (d3J = 8 Hz,
4 H. Ar), 7.30(d,2J = 8 Hz, 6 H, Ar), 3.55 (t3]J = 4, 4 H, CH),
3.47 (s, 4 H, CH), 3.38 (m, 4H, CH), 3.26 (m, 8H, CH), 2.41
(m, 9 H, CHy). ESInvz (relative intensity): 702.3 (MNg 98%),
1380.8 (MNa', 100%).

The protected macrocycle 7,10,13-tp46ylsulfonyl)-1,4-dioxa-
7,10,13-triazacyclopentadecane (1.1 mmol, 0.746 g), disodium
phosphate (2.2 g), 3% sodium amalgam (46.2 g), and methanol

4 6

2
Equivalents NaOH

were refluxed under argon for 48 h. Upon completion, the resulting Figure 1. pH—potentiometric titration diagram faZn(12[ane]N30) in
solution was decanted from the amalgam. The amalgam was washed¢ presence and absence of uridine, (5 | = 0.10 M (NaCl)).

with water, and the solutions were combined. The solvent was Zn(12[ane]N30) (solid line), Zn(12[ane]N30)-uridine (dashed line).

removed under reduced pressure to form a white solid. The solid Taple 1. Equilibrium Constants for Complexation, Water Ligand
was dissolved in 50 mL of water, the pH was adjusted to 13, and lonization, and Uridine Binding
the solution was extracted five times with chloroform. The

X macrocycle logKzn? log KorP pK£ log Ky-¢
chloroform layer was retained, and solvent was removed under T2[aneIN30 108300) 5.60(3) 818 2.56(6)
rgduced pressure_t(_) give a solid. The solid was dlssplveq in thanoI, 12[ane]N4 15:74(2) 5:50(4) 828 4:57(1)
filtered, and precipitated by addition of hydrochloric acid. Yield: 12[ane]N3 9.41(1) 5.90(1) 7.88 5.29(2)
0.248 g (69%)*H NMR (500 MHz, CDC}): 6 3.70 (t,3J =5, 4 15[ane]N302 8.91(3) 4.93(5) 8.85 3.47(2)
H, CH,), 3.61 (s, 4 H, CH), 3.22 (t3J = 5, 4 H, CH), 3.19 (t3J 9[ane]N30OH 11.54(2) 4.53(1) 9.25 2.65(6)

=5.8,4H, CH), 3.01 (m, 4 H, CH). ESIm/z (relative intensity):

aKzn = [ZNLY(ZN]IL]). ®Kon = [ZNL(OH)J/([ZNLI[OH ]). © pKa =
218.2 (MH, 100%).

log Kw — log Kop. 9 Ky- = [ZnL(U)J/([ZnL][U 7]), | = 0.10 M (NaCl),T

= 25°C.

Results L )

9.25 (Table 1). This ionization is assigned as a Zn(ll)-bound

water ligand that converts to a Zn(ll)-bound hydroxide. This
assignment also holds for thén(9[ane]N3OH) complex

SynthesesAll N-tosylated macrocycles were prepared by
employing a modification of the Richmamtkins proce-

duré® by using cesium carbondfeto deprotonate the  gince it has been shown that the water ligand ionizes prior
tosylamines (Figure S1). For the preparatioisfane]N302 to the alcohol group of the macrocy@élhe K, values
removal of the tosyl protecting groups with 3% sodium yeported here are approximately 8.4 units higher than
amalgam in methanol gave an improved yield compared to those reported previously under similar conditions in solu-
the more traditional HBr/acetic acid deprotection metotf.  {ions of the same ionic strength but with weakly coordinating
The macrocycles prepared here, isolated as either hydrogemnions such as nitrate and perchlof#&223 The higher
bromide or hydrogen chloride salts, are typically a mixture zn(||y water K, values here are consistent with competition
of salts because the diprotonated, as well as triprotonatedof the chloride anion for binding to the Zn(ll) center. Such
macrocycles precipitate from solution. It was thus necessarychloride competition produces a smaller effective binding
to standardize aqueous solutions of the macrocycles by usegnstant for the hydroxide ligand and, correspondingly, a

of 'H NMR spectroscopy prior to preparation of the Zn(ll)
macrocyclic complexes.

Plots of the pH-potentiometric titrations of macrocycles
15[ane]N302 12[ane]N3Q 12[ane]N4 12[ane]N3 and
9[ane]N30OH in the presence of 1 equiv of ZnC(l = 0.10
M (NaCl), 25°C) reveal two inflection points corresponding
to the formation of the Zn(ll) complex and the loss of a
proton from the Zn(ll) complex as shown in Figure 1 for
Zn(12[ane]N30). Fitting of these data gives equilibrium
binding constants for complexation of the Zn(ll) ion to the
neutral macrocyclic ligand (L) and ionization constants for
the Zn(Il) complexes (82) (Table 1; Supporting Information,
Table 1 and Seqs-114).

All macrocycles bind Zn(ll) strongly, and all complexes
have an ionizable group with a&p ranging from 7.88 to

(25) Richman, J. E.; Atkins, T. J. Am. Chem. Sod.974 96, 2268-70.
(26) Vriesema, B. K.; Buter, J.; Kellogg, R. M. Org. Chem1984 49,
110-3.
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higher Zn(Il) water K, value.

Analysis of pH-potentiometric data suggests that uridine
binds to all Zn(Il) macrocyclic complexes. An example of a
titration with an equivalent of uridine is shown in Figure 1
for Zn(12[ane]N30) and in Figures S2S6 for the other
macrocyclic complexes. The data are fit to a model that has
binding of the Zn(ll) complexes exclusively to the N3
deprotonated uridine and not to neutral uridine (Scheme 4).
Uridine anion binding constants are listed in Table 1.
Speciation diagrams generated from these data have three
major Zn(ll) species, including Zn(L), Zn(L)(Q and
Zn(L)(OH"). A typical speciation diagram is given in Figure
2 for Zn(12[ane]N30), and diagrams for other complexes
are in the Supporting Information (Figures-S311). Ex-
amination of the speciation diagrams shows that the amount
of bound uridine initially increases with pH, consistent with
binding to the deprotonated (N-3jorm of uridine. At higher
pH values, hydroxide competes with uridine for binding to
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Scheme 4 1.0
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Figure 3. Uridine inhibition of the macrocyclic Zn(ll) complex catalyzed
cleavage oHpPNP at 25°C, | = 0.10 M (NaCl), pH 8.0 with 1.00 mM
ZnLU EPPS buffer Zn(ll) complex®, Zn(12[ane]N30); O, Zn(9[ane]N3OH);

v, Zn(12[ane]N3)

the Zn(Il) macrocycle complex. The consequence of this petitive inhibition of HoPNP cleavage at pH 8.0) & 0.10

competition is that there is an optimal pH for each complex \ (NaCl), 25°C). Normalized plots of the rate constants at

to bind to uridine. varying concentrations of uridine are shown in Figure 3. The
Zn(12[ane]N30), Zn(12[ane]N3), andZn(9[ane]N30OH) data were fit to eq 1,

were studied as catalysts for the cleavage of an RNA

analogue. The transesterification of 2-hydroxypropyl-4- kobsd_

nitrophenyl phosphatéjpPNP, catalyzed by the three Zn(ll) K -

complexes was monitored by following the increase in )

absorbance at 400 nm due to the release of 4-nitrophenolatef[zn] — [U] — K, + +/1ZnJ? + [UJ? + K2 — 2Zn][U] + 2[Zn]K, + 2Ki[UJ)

The cyclic phosphate diester was identified®y NMR as 2[zn]

the sole phosphorus-containing product for all metal-ion Q)

catalyzed reactions, consistent with cleavage occurring by

phosphate diester transesterification. Second-order rate conderived from Scheme 5. In these studies, binding to uridine

stants Kz, M~ s7%) at pH 8.0, 20 mM buffer, 28C, | = is sufficiently strong such that the concentration of free

0.10 M (NaCl) for the cleavage ¢ipPNP catalyzed by the  Uridine cannot be approximated by the concentration of added

Zn(l) complexes, determined as the slopes of the plots of Uridine, leading to the use of ec?1A nonlinear least-squares

kobsa @gainst catalyst concentration are %01073, 8.9 x fit of the data to eq 1 for competitive inhibition yields values

1073, and 3.3x 103 M1 s7* for Zn(12[ane]N3), Zn(12- of Ki = 1.2, 0.46, and 45 mM forZn(12[ane]N30O)

[ane]N30), andZn(9[ane]N30OH), respectively. Zn(_l?_[ane]NS), andZn(9[a_1ne]N3OH), respectively. Thesg
For the catalystZn(12[ane]N30), Zn(12[ane]N3), and inhibition constants are inversely related to the effective

Zn(9[ane]N30OH), uridine binding was monitored by com-  Pinding constants of uridine to the macrocyclic complexes
under these conditions and correspond to uridine binding

o 100 constants obtained by ptpotentiometry as discussed below.
S Discussion
§ 80 - Phosphate Diester CleavageMononuclear Zn(ll) com-
5 plexes have been studied as catalysts for the cleavage of RNA
S - and RNA analogues in our laboratéf§°and in several
g other groups$:*2-3® Among the most active of these mono-
= nuclear Zn(ll) catalysts argn(12[ane]N30), Zn(9[ane]-
g 401 N3OH), and Zn(12[ane]N3). As shown here, all three
o complexes promote cleavage of the RNA analogipR? NP,
g 20 -
§ (27) Koike, T.; Kajitani, S.; Nakamura, I.; Kimura, E.; Shiro, Nl. Am.
) Chem. Soc1995 117, 1210-9.
A 0 S (28) Kimura, E.; Shiota, T.; Koike, T.; Shiro, M.; Kodama, 1.Am. Chem.

3 5 7 9 1 S0c.199Q 112, 5805-11.

(29) Bazzicalupi, C.; Bencini, A.; Bencini, A.; Bianchi, A.; Corana, F.;

pH Fusi, V.; Giorgi, C.; Paoli, P.; Paoletti, P.; Valtancoli, B.; Zanchini,

Figure 2. Speciation diagram faZn(12[ane]N30)binding to uridine as
a function of pH, (25°C, | = 0.10 M (NacCl), 1.0 mMZn(NO3),, 1.0 mM
12[ane]N3Q and 1.0 mM uridine). (AZn2*, (B) [Zn(12[ane]N30O)E,
(C) [Zn(12[ane]N30)(U)] ", (D) [Zn(12[ane]N3O)(OH)] .

C. Inorg. Chem.1996 35, 5540-8.

(30) Amorim, M. T. S.; Chaves, S.; Delgado, R.; Frausto da Silva, J. J. R.
J. Chem. Soc., Dalton Tran£991, 3065-72.

(31) Williams, J. W.; Morrison, J. PMethods Enzymoll979 63, 437—
67.
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at 25°C, pH 8.0. Under these conditions, second-order rate two sets of values are in reasonable agreement given the

constants range from 9.2 10%to0 3.3 x 10 M1 s

experimental errors in these measurements and differences

Two of these complexes catalyze the cleavage of RNA asin experimental conditions. For example, kinetic experiments

well. Zn(12[ane]N30) promotes cleavage of the oligoribo-
nucleotide A at 37 °C#° Both Zn(12[ane]N3) and a
Zn(12[ane]N3) conjugate of an antisense oligonucleotide
promote the cleavage of RN#&:344

Prior to conducting further studies with different RNA

contain buffer that may bind to catalyst to give lower
formation constants compared to piotentiometric experi-
ments which do not contain buffer. Other factors contributing
to differences in the two values include pidotentiometric
binding constants (reproducible #520%), inhibition con-

substrates, we decided to investigate uridine binding by our stants (reproducible tac10%), and measurement of pH

Zn(ll) catalysts. There are several reports of related Zn(ll)
macrocyclic complexes that bind to uridiffe¢?#4 suggesting
that this is a common property of these complexes. zZn(ll)

values 0.1 pH unit) due to differences in electrode
calibration for the two methods (see Experimental Section).
These inhibition studies suggest that all three Zn(ll) cata-

catalyst binding to uridine sequences would affect the rate lysts bind uridine despite their differences in structure. To

and sequence specificity of RNA cleavage and would
ultimately influence our choice of substrate. For example,

more fully explore this relationship, pHpotentiometric
studies were used to quantify binding of the three catalysts in

uridine-containing sequences are not cleaved effectively by addition to two other Zn(ll) macrocyclic complexes to uridine.

a Zn(11) macrocyclic catalyst and it is suspected that uridine
binding to the Zn(ll) catalyst is involved.
Cleavage ofHpPNP by all three Zn(ll) catalysts is

Uridine and Hydroxide Binding Studies. Five Zn(ll)
macrocyclic complexes were studied with the goal of
assessing the effect of water liganidand the number and

inhibited by uridine. The inhibition constants obtained in orientation of the amine donor groups on binding to uridine.
these studies are useful as estimates of the effective bindindDespite differences in macrocycle ring size and different
constants for uridine to the Zn(ll) macrocyclic complexes donor atoms, these Zn(Il) complexes have certain similarities

at pH 8.0. The reciprocal of the inhibition constaki &
0.46, 1.2, and 45 mM) gives effective binding constak} (
of 2200, 830, and 22 Mt for Zn(12[ane]N3), Zn(12[ane]-
N30), andZn(9[ane]N30OH), respectively. Note that these

in coordination sphere and in solution properties. The solid-
state structures of four of the complexes in Scheme 3 have
five-coordinate Zn(ll) centers with four sites occupied by

macrocycle donor groups and one site by an anionic ligand

inhibition constants are pH dependent because they are auch as bromide or carbonét#.°4647The only exception

function of the concentration of Zn(ll) aqua complex
(Zn(L)(OHy)), as well as uridine anion in solution. This is
true because the aqua species is the active ceffadysd it

is also the major Zn(Il) complex species that binds to uridine.
Similarly, binding constants from pHpotentiometric titra-
tions derive from a model with the Zn(ll) aqua species
binding to uridine anion. Effective binding constants for
uridine at pH 8.0 as obtained by phbotentiometric mea-

to this is thel2[ane]N3ligand, which can accommodate both
four- and five-coordinate Zn(Il) centet$*® However, the
coordinative flexibility of Zn(Il) makes it difficult to ascertain
the coordination number and geometry of the complexes in
solution on the basis of crystal structure data. For example,
a related dinuclear Zn(ll) complex of a ligand with two
linked, symmetrical9[ane]N3 derivatives has one five-
coordinate and one six-coordinate Zn(ll) in the solid state.

surements, calculated as described (Supporting Information,Nonetheless, each Zn(ll) macrocyclic complex binds to

Seq 15), are 4900, 1400, and 25 Mor Zn(12[ane]N3),
Zn(12[ane]N30) andZn(9[ane]N30OH), respectively. These

(32) Breslow, R.; Berger, D.; Huang, D. I. Am. Chem. S04.99Q 112,
3686-7.

(33) Kaukinen, U.; Bielecki, L.; Mikkola, S.; Adamiak, R. W.; Lonnberg,
H. J. Chem. Soc., Perkin Trans.2b01, 1024-31.

(34) zagorowska, |.; Kuusela, S.; Lonnberg, Rucleic Acids Resl998
26, 3392-6.

(35) Stern, M. K.; Bashkin, J. K.; Sall, E. 3. Am. Chem. Sod99Q
112 5357-9.

(36) Putnam, W. C.; Bashkin, J. kChem. Commur200Q 767-8.

(37) Chu, F.; Smith, J.; Lynch, V. M.; Anslyn, E. \fnorg. Chem.1995
34, 5689-90.

(38) Bonfa, L.; Gatos, M.; Mancin, F.; Tecilla, P.; Tonellato, ldorg.
Chem.2003 42, 3943-9.

(39) Rossi, P.; Tecilla, P.; Baltzer, L.; Scrimin, ®hem. Eur. J2004 10,
4163-70.

(40) Elmer, T. M. A. Thesis, University at Buffalo, State University of
New York, Buffalo, 2000.

(41) Niittymaki, T.; Lonnberg, HBioconjugate Chenm2004 15, 1275
80

(42) Bazzicalupi, C.; Bencini, A.; Berni, E.; Ciattini, S.; Bianchi, A.; Giorgi,
C.; Paoletti, P.; Valtancoli, Bnorg. Chim. Acta2001, 317,259-67.
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(45) Yang, M.-Y.; Iranzo, O.; Richard, J. P.; Morrow, J. RAm. Chem.
Soc.2005 127, 1064-5.
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hydroxide in solution, consistent with each complex having
at least one site available for binding an anion. Binding of
anionic ligands such as uridine to the Zn(ll) complexes
competes with hydroxide binding, suggesting that there is a
single strong anion binding site in these complexes.

Water ligand K, values for the five Zn(ll) macrocyclic
complexes vary by about on&punit. There is no correlation
between Zn(L) binding constant (Table 1) and water ligand
pKa as has been reported previou$lyguggesting that other
factors are important. The most likely factor is a change in
coordination number within the series of Zn(ll) aqua
complexes. Although the coordination number of each of
these aqua complexes is not known, there are trends within
the series that can be deduced from crystal structures. For
example, Zn(Il) complexes df2[ane]N3generally have low
coordination numbers of four or five, whereas 2zn(ll)

(46) Schaber, P. M.; Fettinger, J. C.; Churchill, M. R.; Nalewajek, D.; Fries,
K. Inorg. Chem.1988 27, 1641-6.

(47) Schrodt, A.; Neubrand, A.; van Eldik, Raorg. Chem.1997 36,
4579-84.

(48) Kimura, E.; Nakamura, |.; Koike, T.; Shionoya, M.; Kodama, Y.; Ikeda,
T.; Shiro, M.J. Am. Chem. S0d.994 116,4764-71.

(49) Chiu, Y.-H.; Canary, J. Winorg. Chem 2003 42, 5107-16.
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6 to be important3 Zn(12[ane]N3)is a softer Lewis acid than
Zn(12[ane]N4),as determined by its ligand binding proper-
ties>* Softer Zn(ll) centers with increased covalent interac-
tions may interact more strongly with the softer uridine (N3)
MD anion compared to higher-coordinate, harder zZn(ll) centers
oo 4 such as those i@n(12[ane]N4) or Zn(9[ane]N30OH)).

_3 Also included in the plot shown in Figure 4 is a data point
for free Zn(ll) ion from work recently published by Sigel.

37 Although there is a larger error associated with the deter-
o mination of the K, value for free Zn(ll) iof® compared to
) : : : : the K, of our Zn(ll) macrocyclic complexes, this data point
4.4 4.8 52 5.6 6.0 falls within the linear correlation reasonably well and
Log KOH supports the notion that anion binding strength, not macro-

i 4 Correlation between Zn(l lex binding to hvdroxide and cycle—uridine interactions, is the most important feature in
Flgue 1, Coreaton beween Z0(1) compiex binding to MAre4de 0 uriine binding. This suggests that the primary effect of the
point with the open circle is for free Zn(ll) ion. macrocycle is to increase the Lewis acidity of the Zn(ll)
center in part through a decrease in coordination number,
complexes oB[ane]N3derivatives have higher coordination and this leads to stronger binding of anions such as hydroxide
numbers of five or siX:® Zn(ll) complexes with lower  or deprotonated uridine.
coordination numbers typically have higher hydroxide ion  Implications for the Design of RNA Cleavage Catalysts.
affinity and correspondingly lower water ligan&pvalues The properties that make Zn(ll) complexes effective catalysts
than those with higher coordination numbe¥%: consistent for RNA cleavage include an accessible coordination sphere
with the data presented here. for binding substrate and strong interactions between the
The uridine anion binding affinity varies by nearly 3 orders positively charged catalyst and the anionic phosphorane
of magnitude for the five Zn(ll) macrocycles studied here. transition staté:*> Recent solvent deuterium isotope studies
There is no straightforward correlation between binding on the cleavage of an RNA analogue suggest that it is the
strength and the types of donor groups, the number of amineZn(ll) aqua complex (i.e., ZnL(kD)) that stabilizes the
groups, nor the size of the macrocycle ring as might be phosphorane transition state in the rate-limiting step for
expected if the three-point recognition model of Kimura were cleavage of RNA analogues with good leaving grothhis
important. Instead, there is a good correlation between uridineresult highlights the importance of strong electrostatic
anion binding constants and hydroxide binding constants interactions of cationic catalyst with the anionic phosphorane
(Figure 4) for these Zn(ll) complexes. As the binding for good RNA cleavage catalysts. Related to this observation
constant for hydroxide anion (corresponding to a lower water is a correlation between increasing catalytic rate constants
ligand K,) increases, so does the binding constant for the for HoPNP cleavage and increasing hydroxide ligand affinity
uridine anion. This is consistent with the dominant interaction (or decreasing water ligandg) in structurally similar Zn(ll)
being that of the Zn(ll) center with the uridine anion. The macrocyclic complexe¥.Effective RNA cleavage catalysts
correlation does not support a substantial binding contribution interact strongly with anionic oxygen donor ligands.
from hydrogen-bonding interactions of the amine donors with  For the Zn(ll) azamacrocyclic complexes, strong hydroxide
the carbonyl groups. If the macrocyclic ligands were involved binding correlates to strong uridine anion binding, giving
directly in binding (Scheme 1), each Zn(ll) complex would these complexes dual properties as uridine recognition agents
have different hydrogen-bonding interactions due to structural and as phosphate diester cleavage catalysts. The effective
variations, leading to a nonlinear plot. constants for uridine binding byn(12[ane]N30) or
Zn(I1) complexes are more discriminating toward binding Zn(12[ane]N3)or Zn(9[ane]N30OH) at pH 8.0, ranging from
of uridine than hydroxide, as demonstrated by the slope of 22 to 2200 M'* in kinetic inhibition experiments, are larger
1.9 in Figure 4. This may be due to the greater steric than typical binding constants for phosphate diesters to
requirements of uridine anion compared to hydroxide and mononuclear Zn(ll) complexes-0 M~ for diethyl phos-
the increased steric crowding in complexes with reduced log Phate): Uridine bases are thus potential sites for competitive
Kon. For example, the lower coordinate complexes formed binding, and their presence will inhibit catalytic cleavage of
by Zn(12[ane]N3) have a more open coordination sphere RNA if they interfere with interaction of the catalyst with
to allow stronger uridine anion binding whereas the higher- the phosphate diester.
coordinate complexes formed Ey(9[ane]N30OH]) have a Competitive binding of catalyst to uridine in RNA
more crowded coordination sphere and the weakest bindingseduences has two major consequences. First, binding of
constant for uridine. In addition, electronic effects are likely

(53) Hancock, R. D.; Martell, A. EAdv. Inorg. Chem1995 42, 89—146.
(54) Salter, M. H., Jr.; Reibenspies, J. H.; Jones, S. B.; Hancock, R. D.

(50) Silver, G. C.; Gantzel, P.; Trogler, W. @org. Chem.1995 34, Inorg. Chem.2005 44, 2791-7.

2487-9. (55) Burgess, JMetal lons in SolutionEllis Horwood Ltd: New York,
(51) Bertini, I.; Luchinat, C.; Rosi, M.; Sgamellotti, A.; Tarantelli,|Rorg. 1978.

Chem.199Q 29, 1460-3. (56) Mathews, R. A.; Rossiter, C. S.; Richard, J. P.; Morrow, J. R,
(52) Vahrenkamp, HAcc. Chem. Red.999 32, 589-96. manuscript in preparation.
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uridine may decrease catalytic cleavage rates throughagent tethered to a metal ion complex catalyst to effect
nonproductive interactions such as that observed for cleavagesequence-specific cleavage of RR&E 61 A flexible tether,
of UpU by multinuclear Cu(ll) or Zn(ll) complexes’ however, does not deliver the complex catalyst precisely to
Similarly, aZzn(12[ane]N3)-oligonucleotide conjugate pro- the phosphate diester backbone and uridine sequences in the
motes cleavage of a RNA bulge lacking uridine but cannot neighborhood of the catalyst may still inhibit cleavdge.
cleave a bulge containing a uridine sequeticdhese However, this approach may succeed if the RNA sequences
examples are consistent with competitive inhibition of to be cleaved do not contain uridine in close proximity to
phosphate diester interactions by the uridine nucleobase.the catalyst or if the structure of the tether is optimized to
Second, binding of Zn(ll) azamacrocycles to RNA-containing facilitate specific interactions with the RNA substrate.
uridine perturbs RNA structure by disrupting double-stranded  Alternately, there are other classes of metal ion complex
regions of the RNA*%8Such strong nucleobase binding will  catalysts that do not bind to uridine as strongly as the
make it more challenging to employ this class of cleaving complexes studied here. A dinuclear Zn(ll) catalyst binds
agent for the site- and structure-specific cleavage of RNA. uridine groups more weakly than would be anticipated from
Our work here suggests that uridine binding is a property its hydroxide anion binding constant, most likely because
that is common to mononuclear Zn(ll) azamacrocyclic com- the accessibility of each Zn(ll) center is decreased by the
plexes. While it will be difficult to redesign these macrocyclic presence of a bridging alkoxide group and a second Zt(ll).
complexes such that they do not bind uridine but retain Another alternative is to use more oxophilic metal ion
catalytic activity for RNA cleavage, it may be possible to complex catalysts that do not bind strongly to nitrogen donor
alter substrate binding modes by elaboration of these cata-atoms in the pyrimidines, such as lanthanide ion complexes.
lysts. Enzymes are effective catalysts in part because theFinally, it may be feasible to exploit Zn(Il) macrocyclic
substrate is oriented within the active site, optimizing inter- complex interactions with uridine groups to increase the
actions with respect to the enzyme catalytic groups. While interaction of a tethered metal ion catalyst with RNA and to
such binding specificity is challenging to engineer into small orient the catalyst with respect to the phosphate diester. This
molecule catalysts, there are a few examples of metal ionapproach is currently being studied in our laboratory.
catalysts being tethered to an RNA recognition unit in order

to increase substrate binding and to direct the catalyst toward #\Cknowledgment. We thank the National Science Foun-
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