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Hydrolysis of a Model for the 5-Cap of mRNA by Dinuclear Copper(ll) and Zinc(ll)
Complexes. Rapid Hydrolysis by Four Copper(ll) lons
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Two bis(triazacyclononane) ligands, 1,3-bis(1,4,7-triaza-1-cyclongnyi)lene XTD) and 1,3-bis(1,4,7-triaza-
1-cyclononyl)m-xylene (MXTD), form stable dinuclear Cu(ll) complexes (&£). At pH 7.3, the predominant
species are bis(hydroxide) complexes AGOMH),?™) as determined by equilibrium modeling of pigotentiometric
measurements. Several dinuclear and mononuclear Cu(ll) complexes and a dinuclear Zn(Il) complex promote the
hydrolysis of GpppG, a model for the-8ap of MRNA. At 0.125 mM complex, both @pXTD) and Cy(mXTD)
promote hydrolysis of GpppG approximately 100-fold more rapidly than does the monomeric Cu(TACN) complex
(0.250 mM) at pH 7.3 and 37C (TACN = 1,4,7-triazacyclononane). The dependence of the rate constant on
dinuclear Cu(ll) complex concentration suggests tha{(i©(rD) promotes hydrolysis through both a 1:1 complex
(CwL—GpppG) and a 2:1 complex ((eL),—GpppG). The 2:1 complex is 20-fold more reactive than the 1:1
complex; a first-order rate constant of x110~4 s~ is determined for hydrolysis of the 2:1 complex.GoXTD)
effectively promotes the hydrolysis of GpppG only through a 2:1 complex which hydrolyzes with a first-order
rate constant of 4.3 10 ~° s71. Cw(pXTD) binds as a 1:1 complex to 1 @pppG with a binding constant of

27 000 M1 as determined by use of fluorescence spectroscopy. TwarXTD) complexes bind stepwise to
m’GpppG with binding constants of 5300 and 12 000Nbr the first complex and second complex, respectively.

Introduction antisense oligonucleotides. Encouraged by these results, we have

Message RNAs synthesized by RNA polymerase Il contain initiated studies on dinuclear metal ion complexes in the interest

a structure which is referred to as tHecap. The 5cap contains of developing effective hydrolysis catalysts for thécap

a N7-methylated guanosine and a triphosphate which is con-Structure. _ - . ]
nected to the 'Sterminus of the mMRNA. This structure plays a Many hydrolases in nature utilize two metal ions in catalyzing
important role in RNA processing events including translation Substitution reactions at phosphorus(V) substrat@omimetic

and stabilization of the mRNA. Destruction of thecap may  Systems containing dinuclear Cu(®);° Zn(ll),***2Co(lll),*34
inactivate a mRNA transcript, and this may be used as part of or La(lll)*> complexes have been shown to enhance the rate of
a strategy to selectively inhibit gene expression at the mRNA phosphate ester cleavage over that of mononuclear complexes.
level ! Baker demonstrated that a Cu(ll) phenanthroline complex Nucleoside triphosphate hydrolysis has been shown to proceed
promoted the hydrolysis of the-6ap of a mRNA transcrigt. more rapidly in the presence of two metal i&h3® as well.
Cu(ll) complexes hydrolyze the'%ap structure when the  Our initial studies with lanthanide complexg@sand Cu(ll)
complexes are attached to an oligonucleotide which contains a
sequence complementary to that of the mRNA (antisense (s) wilcox, D. Chem. Re. 1996 96, 2435-2458.

oligonucleotide} Inert lanthanide(lll) complexes are even more  (7) Str"ae(rj, NE L:plsggmgévgb l;l\rr P;Iggznde, T.; Krebs, Bngew. Chem.,
effective at promoting cleavage of the-cap both as free ., I\?Quﬁg: Mo Ch?n, JJ. Am. Chem. S0d.995 117, 10577-10578.
complexes and when tethered to oligonucleotitke$he 3- (9) Liu, S.: Luo, Z.; Hamilton, AAngew. Chem.. Int. Ed. EngL997
cap cleavage reaction by Eu(lll) complexes occurs through an 36, 2678-2680.

alcohol group of the macrocyclic compléxthis results ina  (10) aﬂ;fﬁgfé?, S’-Ngnngf%ehﬂé mJ-S%d%-éanggr%%ge_Hé:nS?pek, AL
cro§s-llnklng reaction when the complexes.are attaqhed to (11) Chapman, W. J.; Breslow, R. Am. Chem. Sod995 117, 5462
antisense oligonucleotidé&u(lll) macrocycle-oligonucleotide 5469.

conjugates are more effective in mediating the selective inhibi- (12) Yashiro, M.; Ishikubo, A.; Komiyama, MChem. Commuri997 83—

: i ; e 84.
tion of protein expression than the analogous unmodified (13) Vance, D. H.. Czarnik, A. WJ. Am. Chem. S0d993 115, 12165~
12166.
TPhone: (716) 645-6800 (2152). Fax: (716) 645-6963. E-mail: (14) Williams, N. H.; Cheung, W.; Chin, J. Am. Chem. S0d.99§ 120,
jmorrow@acsu.buffalo.edu. 8079-8087.
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LeBlue, B., Eds.; CRC Press: Boca Raton, FL, 1993; pp53. 1996 35, 1219-1221.
(2) Baker, B. FJ. Am. Chem. S0d.993 115 3378-3379. (16) Sigel, H.; Hofstetter, F.; Martin, R. B.; Milburn, R. M.; Scheller-
(3) Baker, B. F.; Ramasamy, K.; Kiely, Bioorg. Med. Chem. Lett996 Krattiger, V.; Scheller, K. HJ. Am. Chem. Sod984 106, 7935~
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complexe¥’ show that two metal ions effectively hydrolyze 5
cap models. To study the two metal ion mechanism, we have
examined dinuclear Cu(ll) and Zn(ll) complexes as hydrolysis
catalysts for 5cap analogues, GpppG and@ppp. Dinuclear N N mXTD
7y )
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ligands based on triazacyclononane were chosen since their }|I }ll
Cu(ll) complexes are very stable and their aqueous chemistry CN’> (N’>
has been extensively studigt?? In addition, mononuclear N N{ N O
Cu(ll) triazacyclononane complexes are good hydrolysis cata- HO\ | H HO
lysts for phosphate estet%This combination of well-defined
aqueous chemistry and catalytic properties led us to examine TACN DAMON
these complexes as catalysts foic&p hydrolysis. Figure 1. Ligands used in this study.

Our previous work suggests that the mechanism of hydrolysis
of GpppG by dinuclear Cu(ll) complexes is dependent on the were titrated by using a literature meth¥d.,4,7-Trisp-tolylsulfonyl)-
linker connecting the macrocyclic ligan#fdn studies presented ~ 1,4,7-triazacyclononane, 1,4,7-triazacyclononane, and 1-oxa-4,7-tri-
here, the kinetics of hydrolysis of d-Bap model substrate, ~azacyclononane (DAMON) were synthesized according to a reported
GpppG, by two Cu(ll) dinuclear complexes containing triaza- protocoI?SGpp‘pG and rfG_pppG were purchased from Pharmacia and
cyclononane macrocycles (€mXTD) and Cu(pXTD); Figure th(flcon(i?ntratlo? determined by UV albso[[)ltlon at 250am 18 4QO
1) is studied in order to elucidate differences in reaction order M™% cm * for m'GpppG or 19 100 M' cm * for GpppG). 1,3-Bis-

. . (1,4,7-triaza-1-cyclononyl)propane (PTD), 1,5-bis(1,4,7-triaza-1-cy-
of the two different Cu(ll) complexes. Here gudesignates clononylym-xylene MXTD), and 1,6-bis(L,4,7-triaza-1-cyclononyl)-

all species present in a solution containing a 2:1 ratio of p-xylene EXTD) were prepared as described previog&#26 and
Cu(NGs), to ligand and CuL designates all species present for isolated as HBr salts. A Hewlett-Packard 5420 diode array-uig
mononuclear complexes. pHbotentiometric measurements are  spectrophotometer equipped with a thermostated cell was used for UV
used to determine metaligand binding constants and metal vis measurements.

water hydrolysis constants for these dinuclear Cu(ll) complexes. pH—Potentiometric Titrations. All pH measurements were made
The kinetics of hydrolysis of GpppG by two additional v_vith an Orion_digi_tal pH meter equipped with a temperature compensa-
mononuclear Cu(ll) complexes and one dinuclear Zn(ll) com- tion probe. Titrations were carried out under a blanket of argon gas,
plex are studied for comparison. The fluorescent properties of and the solution temperature was maintained at@throughout the

7 . S : titration by use of a constant-tempertature bath. Solutions of ligand
m‘GpppG are used to monitor binding of dinuclear Cu(ll) were prepared from the hydrobromide salts, and the concentration of
complexes to Bcap analogues.

ligand was determined by titrating the solutions with standardized

. ) NaOH. Solutions of Cu(Ng), were titrated as reported previousfy.

Experimental Section Solutions contained 0.100 M KN@Qwith a ligand concentration of 5.0

x 104 M. Cu(NGs), concentrations ranged from:6 104 to 1.0 x

1073 M. Attainment of equilibrium was slow; data points were taken

after the change in pH was less than 0.010 pH unit over 15 min.
Equilibrium Calculations. Analysis of the pH-potentiometric data

was done using the computer prograpi@sandBESTA?” Speciation

Hepes bufferl{-(2-hydroxyethyl)piperazin®¥-ethanesulfonic acid),
Mes buffer (2-morpholinoethanesulfonic acid), Epps buffer (3-[4-(2-
hydroxyethyl)-1-piperazinyllethanesulfonic acid), CHES buffer (2-
(cyclohexylamino)ethanesulfonic acid), 1,3-dibromopropangy’-
dibromom-xylene, ora,o'-dibromop-xylene were of reagent grade
and purchased from Sigma Chemicals or Aldrich. Solutions of Cg;NO

(24) Titrimetric Analysis.Vogel's Textbook of Quantitat Inorganic
Analysis Bassett, J., Denney, R. C., Jeffery, G. H., Mendham, J., Eds.;

(20) McCue, K. M.; Voss, D. A.; Marks, C. J.; Morrow, J. B. Chem. John Wiley & Sons: New York, 1978.

Soc., Dalton Trans1998 2961-2963. (25) Atkins, T. J.; Richman, J. E.; Oettle, W. Brg. Synth.1978, 58,
(21) Zhang, X.; Hsieh, W.-Y.; Margulis, T. N.; Zompa, L.ldorg. Chem. 86—90.

1995 34, 2883-2888. (26) Sessler, J. L.; Silbert, J.; Burrell, A. K.; Lynch, Morg. Chem1993
(22) Haidar, R.; Ipek, M.; DasGupta, B.; Yousaf, M.; Zompa, Lnarg. 32, 4277-4283.

Chem.1997, 36, 3125-3132. (27) Martell, A. E.; Motekaitis, R. JDetermination and Use of Stability

(23) Deal, K. A.; Burstyn, J. Nlnorg. Chem.1996 35, 2792-2798. Constants VCH Publishers: New York, 1992.
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Table 1. Acid Dissociation Constants for Protonated Forms of Table 3. Equilibrium Constants for the Hydrolysis of Cu(ll)
mXTD and pXTD at 21 °C in 0.10 M KNO# Complexes ofnXTD and pXTD at 21°C in 0.10 M KNG
log 8 log Ka
reaction mXTD pXTD reaction mxXTD pXTD

L+H<LH" 11.26(5) 11.18(6) Ka(Cwl)

L + 2H" < HoL2t 21.36(4) 21.27(2) CloL %" < CupLOH3" + H* -5.8 -75

L + 3H" < HaL3" 28.12(5) 27.78(4)

- K4Cu,LOH)
L + 4H" < H L4t 33.93(5) 33.6(1) CWLOH3* <> ClL(OH),2 + H 51 6.2

2 Standard deviation in parentheses. o
created from the equilibrium model and Iggvalues. At pH

Table 2. Formation Constants for Cu(ll) ComplexesmXTD and 7.3 where kinetic studies were carried out, the(C)(OH),2"
pXTD at 21°C, in 0.10 M KNO? species is the major species for 0uxXTD) (>95%) and for
log 8 Cw(pXTD) (80%).
reaction mXTD pXTD Binding of Cuz(mXT_D) and CLQ(F)XTD) to m’GpppG was
CE T Lo cuz 25.42(1) 2297(3) examined by monitoring changes in the fluorescence emission
C* + H* + L < CuHL3* 27.25(2) 27.73(4) intensity of the substrate upon addition of Cu(II_) complex.
CW* + 2H* L < CuHL%+ 33.06(4) 32.24(1) Conditions for fluorescence spectroscopy experiments were
2CW*T + L < Cupl** 29.30(6) 29.78(2) chosen so that no hydrolysis of' @pppG was observed over
2CW¢* + L < CuLOH3* + H* 23.6(1) 22.3(1) the course of the experiments (10 and pH 7.3). The method
2CW" + L = Clel (OH)** 18.5(1) 16.1(1) of continuous variations was used to examine the stoichiometry
a Standard deviation in parentheses. of dinuclear Cu(ll) complex binding to fBpppG at 10°C and

pH 7.3. The Job’s plot for GgpXTD) binding has a sharp
diagrams were created using the programs Spe and Spe plot. Statisticalntersection aj = 0.5 suggesting that, under these conditions,
data for equilibrium modeling of the dinuclear Cu(ll) complexes and the 1:1 Cy(pXTD)—m’GpppG complex predominates (Sup-
for the ligands alone were within acceptable values. porting Information Figure 3). GYMXTD) binds M'GpppG
Fluorescence StudiesFluorescence spectra were measured using more weakly than doesG@XTD), and the Job’s plot for this
a SLM-aminco model 8100 spectrofluorimeter with @ MC200 mono-  system failed to provide information about the stoichiometry
chromator used for emission and MC400 monochromator for excitation. 5 e complex with fGpppG.

The samples were placed in a constant-temperture cell holder, and a . . . o
Brinkman Lauda water bath was used to control the temperature. The. Shown in Figure 2 is a plot of the fluorescence emission

excitation wavelength was 287 nm, and the emission was recorded atlntenSIty as a functlpn of Cu(TACN), Q(PXTD)’ and
358 nm. Experiments were run at least in triplicate; solutions contained C_'“'Z(mXT_D) Concentrat!on. Data for Q(,pXTD)_ is fit to a_ 11
mM’GpppG (1«M) and 40 mM buffer for all fluorimetry experiments. ~ binding isotherm as given in eq 2 whekgl, is the ratio of
Standard deviations for binding constants were 10% or less. No

hydrolysis was observed under the conditions of the fluorescence 7 ,L_l
experiments as confirmed by HPLC analysis ofGpppG solutions Clpl + mGpppG= GpppG-Cuyl (1)
under similar conditions. Solutions for the Job plot experiments (method 1+ (f/fJK,[Cu,L]
of continuous variations) were prepared with the restriction that([Gu I/1,= 2)
+ [M’GpppG] = 14 uM and y (mole fraction) values of the two 1+ Ky[Cu,l]
components were varied. .

Kinetic Data. Rate constants were determined by monitoring the m7GpppG—CL12L +Cul Y m7GpppG—(Cu2L)2 3)

disappearance of GpppG by use of a Waters 600E HPLC equipped
with a 490 UV~vis detector. The dinucleotide ApU was used as an 2
internal standard. Reaction solutions were analyzed on a C18 column — 1+ (/IJKCUL] + (f/FJK,KACU,L]
(250 mmx 4.6 mm) and _eluted with a 50:50 mixture of solvents A o 1+ K [Cu,l] + Kle[CUZL]Z

and B. Solvent A contained 50 mM KRO, and 5.0 mM tert-

butylammonium phosphate at pH 5.0, and solvent B contained 5.0 mM - . - .
tert-butylammonium phosphate in a 50:50 watarethanol mixturé. fluorescence intensity with and without added Cu(ll) complex,

Reaction solutions were incubated at 32 and contained 3gM f1 andfs are the fluorescence proporti_onalit.y constants _of bound
GpppG and 40 mM Hepes buffer at pH 7.3. Hydrolysis of GpppG in m’GpppG and free GpppG, respectivel,is the molarity of

the presence of a 10-fold excess of dinuclear Cu(ll) and Zn(ll) complex Mmetal complex, andcK; is the binding constant. A binding
was first order in GpppG; data plotted -at(A/A) vs time were linear constant of 27 000 M with anfy/fs of 0.070 and a coefficient

for greater than 3 half-lives. Reaction rate constants were determinedof determination (COD) of 0.999 was determined. For Cu(TACN)
by averaging data from three to seven experiments. Standard deviationsonly a weak linear decrease in fluorescence excitation was
for rate constants were 10% or less except for mononuclear complexesgphserved and a binding constant could not be obtained. Data
which hydrolyzed GpppG very slowly where the standard deviation fq, Cu(mXTD) binding to MTGpppG were fit to an expression
was as large as 20%. which included stepwise binding of two Cu(ll) dinuclear
complexes (egs 3 and 4). In eq#4,andf;, are fluorescence
proportionality constants for the 1:1 complex and the 2:1
Data from pH-potentiometric titrations of ligand and solu- complex, respectively. Note that the lower the valud, 6§ or
tions containing different ratios of Cu(N{® to ligand were fit f./fs, the more efficient the quenching and the lower the intensity
using the computer progranpiKasandBesta?” log 8 and log of fluorescence. The value &ffs is obtained from the limiting
K values tabulated for Cu(ll) complexes and ligands in Tables fluorescence emission intensity where the 2:1 species predomi-
1-3 are similar to those reported previously for dinuclear Cu(ll) nates. In additionfy/fs is less tharfi/fs since quenching by two
complexes of triazacyclononane containing alkyl chain link- Cu(ll) complexes is likely more effective than quenching by
ers2h22 Species distribution diagrams for €mXTD) and one complex. With these assumptiofigfs was fixed at 0.10,
Cu(pXTD) (Supporting Information Figures 1 and 2) were fi/fswas changed in increments of 0.05 from 0.10 to 0.50, and

Results
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Figure 2. Quenching of fluorescence emission intensity at 358 nm
(excitation at 287 nm) of AGpppG upon addition of Cu(ll) com-
plexes: * = CUu(TACN); x = Cw(mXTD); ¢ = Cu(pXTD).
Solutions were maintained at 2C, pH 7.3, and 40 mM Hepes with
10 uM m’GpppG.l4/l, is the ratio of fluorescence intensity with and
without added Cu(ll) complex. Data for gmXTD) are fit to eq 4,
and data for Cy(pXTD) are fit to eq 2 as described in the text.

Table 4. Pseudo-First-Order Rate Constants for the Hydrolysis of
GpppG by Cu(ll) and Zn(ll) Complexes at 3C and pH 7.3

complexes 1%, (s79) complexes 1%, (s79)
Cu(mXTD) (1254M)  3.6(0.4) Cu(PTD) 1.7(0.2)
Cw(pXTD) (125uM)  2.2(0.2) Cu(HPTD) 1.8(0.2)
Cu(TACN) (250uM)  0.023(0.08) Za(HPTD) 0.53(0.05)
Cl(mXTD) 3.9(0.2) Cu(DAMON)  0.16(0.04)
Cup(pXTD) 5.6(0.4) Cu(TACN) 0.12(0.02)

@ Reactions were in 40 mM Hepes buffer with 0.500 mM complex
for dinuclear species or 1.00 mM complex for mononuclear species
unless otherwise noted. Standard deviations are in parentheses.

K1 andK; were allowed to vary. Fitting of the data to (4) gives
an fy/fs ratio of 0.38,K; of 5300, andK; of 12000 (COD=
0.999, MSC = 7.64)2® Note that MSC (model selection

criterion) values are an appropriate goodness-of-fit statistic when

comparing models with different numbers of variabigéshe
larger the MSC, the better the fit to the model. Other possibilities

Inorganic Chemistry, Vol. 38, No. 26, 199%139
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Figure 3. Dependence of pseudo-first-order rate constant on the
concentration of CmXTD) at 37°C, pH 7.3, 40 mM Hepes, and 30
uM GpppG.
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Figure 4. Dependence of pseudo-first-order rate constant on the
concentration of CipXTD) at 37 °C, pH 7.3, 40 mM Hepes, and 30

include simultaneous binding of a tetranuclear Cu(ll) complex M GpppG.

to m’GpppG or binding of a single GIMXTD) to m’GpppG

(eq 2). Fits to either of these models gave much poorer had similar rate constants. In the absence of catalyst, only 3%

goodness-of-fit statistics (Supporting Information Figure 4).
Hydrolysis of GpppG by mononuclear and dinuclear metal

of the GpppG was hydrolyzed over a period of 5 days.
Further kinetic studies were conducted to study the mecha-

ion complexes was examined. Disappearance of GpppG washism of hydrolysis of GpppG by two of the more promising

monitored by use of an HPLC assagnd the sole products

dinuclear complexes. We previoudlyeported that hydrolysis

detected were GMP and GDP as determined by co-injection of GPppG by Cu(pXTD) is first order in complex in the
with authentic standards. Pseudo-first-order rate constants forconcentration range 0.16@.500 mM with an apparent second-
mononuclear and dinuclear Cu(ll) complexes and a dinuclear order rate constant of 0.10Ms™*. Hydrolysis by Ca(mXTD)

Zn(Il) complex are listed in Table 4 for complexes at pH 7.3
and 37°C, with 40 mM HEPES buffer. All dinuclear Cu(ll)
complexes hydrolyzed GpppG more rapidly than the mono-
nuclear Cu(TACN). At the lower concentrations given in Table
4, hydrolysis of GpppG by dinuclear Cu(ll) complexes{TD
andpXTD is approximately 100-fold more rapid per Cu(ll) ion
than it is for the monomeric Cu(TACN) complex under similar
conditions. The Cu(ll) and Zn(ll) dinuclear complexes of HPTD
were less effective than the Cu(ll) complexes containing xylyl
linkers. Hydrolysis of GpppG by Cu(DAMON) or by Cu(TACN)

(28) Akaike, H.Math. Sci.1976 1, 5-9.

was second order in complex for concentrations ranging from
0.0300 mM to 0.210 mM with an apparent third-order rate
constant of 730 M2 s™1. The dependence of GpppG hydrolysis
on concentration of GpXTD) and Cy(mXTD) was studied
further (Figures 3 and 4). Both complexes exhibited saturation
kinetics at higher concentrations of complex.

Kinetic data for hydrolysis by GYmXTD) are modeled by
assuming that a 2:1 complex forms (egs7#, consistent with
m’GpppG binding stoichiometry and with previous kinetic
data?® In eq 7,k, is the observed rate constant agdandkg
are first-order rate constants for the hydrolysis of the 1:1 and
2:1 CuL—GpppG complexes, respectively. A steep slope is
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GpppG+ CuL g GpPPG-Cul Yo P clononane connected by alkyl linkers. They proposed that the

enhanced stability of a Cu(ll) complex with a propyl linker
®) hanced stability of a Cu(il) lex with | link
Koo Ky (Cu(PTD)) was due to formation of a species with oné'Cu
GpppG-Cu,L == GpppG-(Cu,L), —P (6) ion bound to both triazacyclononane rings in the same ligand
) (intramolecular bis-complex). Longer linkers favor coordination
_ kaml[CUZL] + qulemZ[CuzL] ) of two triazacyclononane rings from different ligands to give

an intermolecular bis-complex. Formation constant values here
suggest that CafXTD) may form the stable intramolecular bis-
complex. Modeling studies suggest that theylyl linker
prevents the two Cu(ll) from forming the intramolecular bis-

1+ K ,[Cul] + KK [Cu,L]?

observed with an abrupt leveling of the rate constant at about

0.25 mM, consistent with cooperative binding wheg, > complex; however, we cannot rule out the formation of an
Km1.2° The rate constark, must be much less thdg since a compiex, -
intermolecular bis-complex.

second-order dependence on metal ion complex is observed for .
the concentration range prior to saturationkjfis zero, the _The hydrolysis constants for gpXTD) and Cy(mXTD) are
similar to those of Cy(PTD)2526 For all three complexes, the

data are fit to (7), antlyis 4.3 x 107°s71, K1 is 400, andKma ar e
is 110 000 (COD= 0.974, MSC= 2.63). It is possible thak, ~ Ka Of CleL*" to form CuL(OH)>" is smaller than the, of
CwL(OH)3* to form CwL(OH),2". This indicates that Gii-

is not zero; however, the small magnitude of the first binding o 34 "
constant Kp1) makes it impossible to determitkg accurately.  (OH)2"" is more stable than GL(OH)™". In addition, both Ka
values of the metal-bound waters for the Cu(ll) dinuclear

The data in Figure 3 also fit to a model with two dinuclear ]

complexes forming a tetranuclear complex prior to binding to COMPlex ofmXTD are nearly one pH unit lower than those of

GpppG (egs 810). In this case the product & and K is the d|nuclea.r compllex @XTD. We attnbutg this discrepancy
to the formation of different types of hydroxide complexes,-Cu

Ky (MXTD)(OH),?" contains two hydroxide ligands which bridge
2CuL = (Cu,l),

(8) in an intramolecular sense for the complex in the solid state.
K K, Molecular mechanics calculations confirm that the two Cu(ll)
(Cul), + GpppG—m3» (Cu,L),—GpppG— P 9) _centers_ in C;_z(mXT_D) support ﬂ-hydro_xy bridges without
increasing the strain energy of the liga#® In contrast,
KeKaKmal CUsL] [GpppG] modeling studies aided by molecular mechanics calculations
= (10) suggest that intramolecular hydroxide bridges cannot form

2
1+ KgKmalCuL ] between the two Cu(ll) centers in gpXTD) without a large

) increase in ligand strain energyPrevious studies have shown

4.2 x 10" andk, remains 4.3x 10°°s (COD = 0.946, MSC  that the deprotonation of water ligands to foprrhydroxide
= 2.64). Thus the only constant which can be determined jigands leads to ¢, values that are lower than those of similar
reliably from this analysis ik, the rate constant for hydrolysis  \yater ligands that cannot form intramolecular hydroxide bridges
of the 2:1 complex. _ ~upon deprotonatioft-32 While Cu(pXTD)(OH),2* cannot

The dependence of GpppG hydrolysis on the concentration contain intramolecular bridging hydroxides, it is possible that
of Cuy(pXTD) (Figure 4) is characterized by a first-order complexes containing intermolecular bridging hydroxides may
dependence in the low concentration range followed by & pe present in solution. If intermolecular bridging hydroxide
decrease in slope without complete kinetic saturation at h'ghercomplexes are present in significant amounts, there should be
concentrations. Due to this feature at high concentrations of 3 dependence of thekp values for Cu(ll) water ligands on
complex, the data did not fit to a kinetic equation for preequi- concentration of dinuclear complex. Unfortunately, titrations at

librium binding of a single Cu(ll) dinuclear complex to GpppG.
Equation 7 which includes terms for binding to and hydrolysis
of GpppG by a second dinuclear Cu(ll) complex fit the data
much better. Fitting to eq 7 with the assumption tKaf is
greater tharKmz gavek, = 6 x 1076573, ky=1.1x 104571,

Km1 = 7300, andKy,, = 1500 (COD= 0.982).

Discussion

Both mXTD and pXTD strongly bind two Cu(ll) ions. The
predominant species at a 2:1 ratio of Cu@iQo ligand at pH
5 is a dinuclear complex (G(L)*") while at neutral pH the
predominant species is a bis(hydroxide) dinuclear Cu(ll)
complex (CuL(OH)2%"). Both mXTD and pXTD also form
extremely stable 1:1 (CuL) complexes (I645.42 and 22.97).
Cu(mXTD) is more stable than CpXTD) by over 2 orders of
magnitude. The consequence of this difference in stability is a
difference in speciation at low pH values for the two complexes.
At pH 4.5, Cu(NQ) solutions withmXTD in a 2:1 ratio contain
30% LM and 60% LM complexes, whereas, f@XTD, the
LM species is nearly 100%. The difference in stability between
ML complexes is reminiscent of that observed by Zofipga
and co-workers for dinuclear Cu(ll) complexes of triazacy-

(29) Conners, KBinding ConstantsJohn Wiley and Sons: New York,
1987.

higher concentrations of complex (1.00 npXTD, 2.00 mM
Cu(NGy),) lead to the formation of precipitates at neutral pH
values, and this limited our investigation of the formation of
higher order complexes.

Binding of the two dinuclear complexes &mXTD) and
Clp(pXTD) to m’GpppG was studied by monitoring’@pppG
fluorescence quenching in the presence of the Cu(ll) com-
plexes’6-38 The fluorescent properties of @pppG have been
utilized previously to examine its solution chemis#y®
including the effect of protons and metal cations such as Mg-
(I1) on cap structure. The purpose of these studies was to gain
information about the stoichiometry and strength of binding of
dinuclear complexes to thé-Bap. However the expectation was

(30) Farrugia, L. J.; Lovatt, P. A.; Peacock, R. D.Chem. Soc., Dalton
Trans.1997 911-912.

(31) Fujioka, H.; Koike, T.; Yamada, N.; Kimura, Eeterocycles 996
42, 775-780.

(32) Koike, T.; Takashige, M.; Kimura, E.; Fujioka, H.; Shiro, @hem.
Eur. J.1996 2, 617-623.

(33) Wieczorek, Z.; Stepinski, J.; Jankowski, M.; Lonnberg JQPhoto-
chem. Photobiol. B.995 28, 57—-63.

(34) Nishimura, Y.; Takahashi, S,; Yamamoto, T.; Tsubo, M.; Halitori,
M.; Miura, K.; Yamaguchi, K.; Ohtani, S.; Hata, Nucleic Acids
Res.198Q 8, 1106-1109.

(35) Darzynkiewicz, E.; Labidi, I.; Haber, D.; Burger, K.; Lonnberg, H.
Acta Chem. Scand. B988 42, 86-92.
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that binding constants obtained from fluorescence data would catalysts appears to be very impor&?In any case, the large

differ from those obtained from kinetic data given that a different
cap model is used for hydrolysis kinetics (GpppG) than for
binding studies (fGpppG) and different temperatures were used
in order to inhibit cleavage during binding studies.

Both dinuclear complexes bind to’@pppG more strongly
than does the Cu(TACN) complex, a result which was antici-

stability constants of macrocyclic complexes facilitate mecha-
nistic studies compared to more weakly binding ligands such
as phenanthroline.

All dinuclear Cu(ll) complexes have larger apparent pseudo-
first-order rate constants than any of the mononuclear Cu(ll)
complexes under similar conditions. Only relatively small

pated on the basis of charge considerations. Binding constantdifferences in rate constants are observed for the four different

and stoichiometry of binding differ for the two dinuclear

dinuclear Cu(ll) complexes. On the basis of similar solution

complexes. The most reasonable explanation for this lies in the pKa valueg'-?2and modeling studies, GPTD)(OH)*" is likely

different structures of the two bis(hydroxide) Cu(ll) complexes.
The Cuy(pXTD)(OH),2* complex contains no intramolecular
bridging hydroxides and should readily bind td@pppG by

to have two intramolecularly bridging hydroxide ligands and
might be expected to have catalytic properties similar to those
of Cuy(mXTD). Addition of an alcohol group which may bridge

displacement of water ligands. Molecular mechanics calculations two Cu(ll) ions in the dinuclear ligand HPTD does not lead to

suggest that GiipXTD)(OH),2" may bind to GpppG through

two different phosphate groups; binding of a bridging phosphate

group is not possibl& Cu,(pXTD) forms a stable 1:1 complex
with m’GpppG as determined by analysis of a Job’s plot and
fitting of the binding isotherm. It is possible that a second
Cuy(pXTD) binds to nffGpppG, but it must bind more weakly
than the first. In contrast, G(mXTD)(OH)?" contains in-

a better Cu(ll) catalyst.

The Zny(HPTD) complex is surprisingly reactive in com-
parison to the Cu(ll) dinuclear complexes. Zn(TACN) com-
plexes are generally not as effective as Cu(TACN) complexes
as hydrolysis catalystsand we anticipated that the dinuclear
complexes would be less active as well. Ourgbbtentiometric
datd? suggest that in solutions with a 2:1 ratio of Zn(j&xo

tramolecular hydroxide bridges in the solid state and probably HPTD at pH 7.3, the Zn(ll) complexes (AHPTDY*) do not

in solution3® To bind to MGpppG, one of the:-hydroxide
ligands must be lost if the Cu(ll) centers are to remain
5-coordinate. Binding of GmXTD)*" to m’GpppG thus would
compete with formation of the big{hydroxide) species. This
would lower the effective binding constant for GpppG under
conditions where formation of the bisfiydroxide) complex is
favorable. Consistent with this hypothesis, the first binding
constant for Cy(mXTD) to m’GpppG is lower than that of Gu
(pXTD). Curiously, binding of a second @nXTD) is stronger
than binding of the first complex. One model for this cooperative
binding involves facilitation of a conformational change of

contain hydroxide ligands. Since the Zn(Il) hydroxide complex
is not present in substantial concentrations at pH 7.3 and a metal
ion hydroxide complex is likely to be the catalytically active
species (see below), neutral pH is probably not optimal for these
complexes as catalysts.

Both dinuclear Cu(ll) complexes accelerate GpppG hydrolysis
through formation of a 2:1 complex ((@lY),—GpppG). For
Cu(pXTD), the 2:1 complex hydrolyzes 20-fold more rapidly
than does the 1:1 complex. Rate constants for the hydrolysis of
GpppG in the 2:1 complexkg) differ little for the two
complexes;k, is 2.5-fold higher for Cp(pXTD) than for

GpppG by the first dinuclear complex which induces the second Clx(mXTD). It is the differences in the binding constants that
dinuclear species to bind more strongly. Alternately, there may gives rise to the very different shapes of the kinetic saturation

be an interaction between the two bound Cu(ll) dinuclear

curves for the two dinuclear complexes. Our original interpreta-

complexes, perhaps through formation of an intermolecular tion?® of the data from subsaturating concentrations of metal

bridging hydroxide. In this model, the negatively charged
GpppG catalyzes the interaction of twouXTD) molecules.

ion complex was that GYmXTD) hydrolyzed GpppG through
a 2:1 complex whereas @pXTD) hydrolyzed GpppG through

Binding data obtained by fluorescence spectroscopy are not fita 1:1 complex. The kinetic data presented here suggest that both

satisfactorily by a model whereby the two £LuXTD) com-
plexes dimerize prior to binding to @pppG (Supporting
Information Figure 4), suggesting that binding is stepwise.

Two different Cu(ll) complexes of tridentate macrocyclic

ligands promote GpppG hydrolysis. The pseudo-first-order rate

constant for Cu(DAMON) is similar to that of the Cu(TACN)
complex. The K, values for Cu(ll) water ligands in the
complexes (7.2 for Cu(TACN) and 7.3 for CuDAMORpre

close, suggesting that these complexes have similar Lewis

acidity and might be expected to have similar catalytic activity.

complexes hydrolyze GpppG more efficiently through a 2:1
complex. Both kinetic data and fluorescence binding data
suggest that the second £uXTD) binds more weakly than
does the first. In contrast, both kinetic data and fluorescence
binding data suggest that a second,@XTD) binds more
strongly than does the first. From the kinetic data, we cannot
distinquish between stepwise binding of the two,(@WXTD)

and simultaneous binding of two gmXTD). However, the
fluorescence binding data suggest that stepwise binding occurs,
and we favor a similar model for GgmXTD) binding to GpppG.

It is interesting to note that pseudo-first-order rate constants A Mechanism consistent with kinetic data for {pXTD)
for these monomeric macrocyclic complexes are approximately involves binding of a dinuclear metal ion complex to GpppG
10-fold lower than that of Cu(ll)-promoted hydrolysis of GpppG followed by delivery of a Cu(ll)-bound nucleophile to promote

in the presence of phenanthroline under similar conditfons.

hydrolysis. In analogy to the mechanism of hydrolysis of

There are numerous factors that are important in hydrolysis Phosphate estefsand phosphoric anhydridés, e the nucleo-

catalyst efficiency other than Lewis acidity. For example, the
extent formation of dinuclear complexes which are inactive as

(36) Masuhara, H.; Shioyama, H.; Saito, T.; Hamada, K.; Yasoshima, S.;
Mataga, N.J. Phys. Chem1984 88, 5868-5873.

(37) Varnes, A. W.; Dodson, R. B.; Wehry, E. .Am. Chem. Sod972
94, 946-950.

(38) Kelmo, J. A.; Shephard, T. MChem. Phys. Letll977 47, 158-162.

(39) Martell, A. E.; Smith, R. MCritical Stability ConstantsPlenum: New
York, 1982; Vol. 5.

philic species here is likely to be a metal ion bound hydroxide.
Active catalysts for phosphate ester hydrolysis contain a site
for binding the ester and an hydroxide nucleophile in a cis
orientation. For phosphate diester hydrolysis, comparison of the

(40) Hegg, E. L.; Burstyn, J. NCoord. Chem. Re 1998 173 133-165.

(41) Koike, T.; Kimura, EJ. Am. Chem. S0d.991 113 8935-8941.

(42) McCue, K. P.; Elmer, T.; Morrow, J. R. Manuscript in preparation.

(43) Hendry, P.; Sargeson, A. M. Am. Chem. Sod989 111, 2521~
2517.



6142 Inorganic Chemistry, Vol. 38, No. 26, 1999 McCue and Morrow

kinetic pH rate profile and pHpotentiometric studies of the ions at two different phosphate groups similar to the mechanism
complex in solution has lent support to the hypothesis that a proposed for nucleoside triphosphate hydrolysis by two metal
metal ion hydroxide is the nucleophiléln contrast to phosphate  ions16-18In this scheme, one metal ion delivers the nucleophile
diesters, GpppG is a highly charged ligand which modifies the and the second metal ion binds to the GDP leaving group
Lewis acidity of the metal ion center and thE value of the through one or both phosphates. QaXTD) may promote
metal ion water ligands upon binding. Kinetic pH rate profiles hydrolysis through such a pathway since hydrolysis occurs
for metal ion promoted hydrolysis of GpppG do not correlate through a 1:1 complex. For both dinuclear Cu(ll) complexes,
with pK, values of the free metal ion complexes since binding however, rapid hydrolysis occurs in a 2:1 complex; thus four
of GpppG suppresses deprotonation of the metal ion boundmetal ions are involved. One reason that two dinuclear
water!® A similar observation has been made for metal ion complexes are involved may be that the two Cu(ll) centers in
bound nucleoside triphosphate complexes. For nucleoside tri-the dinuclear complexes are not oriented optimally for binding
phosphate hydrolysis, kinetic rate constants are compared toboth to the leaving group and the phosphate ester undergoing
species distribution diagrams for metal ion complex and attack. Binding of a second dinuclear complex then would
substrate to unravel the mechanism of hydroly%i$? Unfor- further accelerate hydrolysis. The focus of future studies will
tunately, pH-potentiometric studies of metal ion complexes in be to design multinuclear metal ion complexes that hydrolyze
the presence of GpppG could not be carried out here as largeGpppG through a 1:1 complex in order to facilitate studies with
guantities of GpppG are very expensive. metal ion macrocycteoligonucleotide conjugates.
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