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The hydrolysis and transesterification of RNA are catalyzed by a variety of metal ions, metal complexes,
metalloenzymes, and ribozymes. These reactions are of fundamental biochemical importance. However, the role
that metal ions play in RNA hydrolysis is not completely understood. We previously showed that aqueous Cu(II)
terpyridine (Cutrpy) is effective for both transesterification and hydrolysis of RNA, and we harnessed this reactivity
by constructing ribozyme mimics that employ terpyridyl Cu(II) in their active sites. Here we report a detailed
kinetic study of the hydrolysis of adenosine-2′,3′-cyclic monophosphate (cAMP) by Cutrpy. The reaction is
established to be first-order in Cutrpy and first-order in substrate. Catalytic turnover is observed, although product
inhibition occurs. Chloride ion also inhibits the reaction, which indicates the disadvantage of using NaCl as an
ionic strength buffer in related studies. The pH-rate profile is sigmoidal and implicates the hydroxide form of
the catalyst, CutrpyOH+, as the active species. Isotope effects were used to determine whether the metal hydroxide
acts as a nucleophile or a base. The solvent deuterium kinetic isotope effect,kH/kD, was measured to be 1.0( 0.1
after considering equilibrium isotope effects. To assist the mechanistic interpretation of the measured isotope
effects, the fractionation factors for a dianionic phosphorane transition state (methyl phosphate dianion) and
hydroxide were evaluated by ab initio quantum chemical calculations. Considering the calculated results along
with the relevant experimental fractionation factors, isotope effects were predicted for three overall mechanisms:
nucleophilic catalysis, general base catalysis, and specific base/general acid catalysis. We conclude that CutrpyOH+

acts as a nucleophilic catalyst in the hydrolysis of cAMP. This contrasts with the behavior of CutrpyOH+ as a
base catalyst in the transesterification of RNA.

Introduction

Dialkyl phosphate esters form the anionic backbone of the
nucleic acids DNA and RNA, and the hydrolytic breakdown of
these esters is of fundamental chemical and biochemical
importance. Both transesterification and hydrolysis are important
routes for the scission of nucleic acids. Under mild conditions,
DNA is generally inert to hydrolysis in the absence of nuclease
enzymes.1-3 However, some examples of metal-mediated DNA
hydrolysis have been reported.4-13 Hydrolytic RNA cleavage
often occurs by initial transesterification, giving a 5′-OH and a

strained five-membered ring, 2′,3′-cyclic phosphate, which
hydrolyzes in a subsequent step (Figure 1).14 Metal ions play
important roles in many enzyme- and all ribozyme-mediated
examples of these scission reactions.15-19 Both “free metal ions”
and well-defined complexes15,20-26 have been reported to cleave
RNA by this transesterification-hydrolysis route.

Most studies on hydrolytic RNA cleavage have concentrated
on the transesterification reaction, although Kuusela and Lo¨n-
nberg have elegantly described the metal-ion catalyzed hydroly-
sis of RNA and 2′,3′-cyclic phosphates.27,28The Hamilton group
has also recently described the hydrolysis of cAMP by Cutrpy
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analogues.29 However, as Bruice and Dempcy have noted, the
hydrolysis of dialkyl phosphate esters by metal catalysts has
received much less attention than the hydrolysis of mono- and
triesters.30 Furthermore, model aryl phosphate esters such as
bis(p-nitrophenyl)phosphate have received far more attention
than their alkyl counterparts.31-36 The focus on aryl substrates
derives from an interest in detoxifying herbicides37 and chemical
warfare agents,38 but is also driven by the relative ease of
analysis: aryl phosphates tend to cleave much faster than alkyl
phosphates, and the release of aryloxide leaving groups is
amenable to study by UV/vis spectroscopy. However, there are
substantial differences in the hydrolyses of aryl and alkyl
phosphate esters, e.g. theKa values of the leaving groups vary
by as much as 8 units. Activated esters may be poor models
for nucleic acids.39,40 Recently, Kirby and Marriott have
combined the desirable features of alkyl and aryl phosphates
by using an acetal ester of uridine 3′-phosphate.41 This
compound has a specially designed leaving group (with a pKa

near 11) which rapidly decomposes top-nitrophenolate.
Despite the importance of metal-catalyzed hydrolysis of true

DNA and RNA substrates,26 many mechanistic aspects of these
reactions are unresolved. As part of our investigation of
hydrolytic RNA cleavage and the design of functional mimics
of ribozymes,2,15,22,40,42-54 we report here a detailed kinetic study

of the catalytic hydrolysis of adenosine 2′,3′-cyclic-monophos-
phate (cAMP) by Cu(II) terpyridine (Cutrpy). A number of other
groups have also reported functional mimics of ribozymes.2,55-63

Here we provide evidence that a single Cutrpy interacts with
one cAMP substrate in the rate-determining step of hydrolysis,
and that a Cutrpy-bound hydroxide is the reactive catalyst. We
use solvent isotope effects to conclude that the Cutrpy-bound
hydroxide acts as a nucleophile and not as a general base. A
preliminary report of this work has been published.40

Experimental and Computational Procedures

Materials. Adenosine 2′,3′-cyclic monophosphate, 2′- and 3′-
monophosphates, adenosine, adenine,p-toluenesulfonic acid, and KH2-
PO4 were purchased from Sigma and used as received. Copper
terpyridine was prepared by heating a 1:1 mixture of CuCl2 and 2,2′:
6′, 6′′-terpyridine to boiling in water. Slow cooling yielded dark green-
blue crystals whose identity was confirmed by comparison of its solution
UV/vis spectrum to that in the literature,64 as well as by mass
spectrometry. HEPES, EPPS, and CHES buffers were purchased from
Sigma. Fisher HPLC grade water was used for all solutions. Dieth-
ylpyrocarbonate (DEPC) was purchased from Sigma.

HPLC Assay. An analytical method was adapted from that of
Morrow.24 Separation of reactants and products was achieved on either
a Supelcosil LC-18 or Whatman Equivalent C-18 reversed phase
analytical column (4.6 mm× 25 cm) using a solvent delivery system
coupled to a UV/vis detector and an autoinjector. Waters Maxima
software was used to run the instrument and integrate chromatograms.
Mobile phase solvent A (10 mM KH2PO4, pH unadjusted) was mixed
isocratically with solvent B (60% MeOH in H2O) in a ratio of 80/20,
and a flow rate of 1 mL/min was used.p-Toluenesulfonic acid (pTSA)
was used as an internal standard.
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Figure 1. Transesterification (A) of the RNA dimer ApA and
hydrolysis (B) of adenosine-2′,3′-cyclic phosphate.
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All reactions were run in autoclaved 1.5-mL microcentrifuge tubes
at a total volume of 0.5, 1.0, or 1.5 mL. All water was treated with
0.1% DEPC and autoclaved at 121°C for 40 min, and gloves were
worn in all stages of preparation. Stock solutions of all reactants were
prepared in water and stored at∼5 °C. The pH values of the pTSA,
NaClO4, and Cutrpy solutions were adjusted to 7 before use. Reaction
mixtures were prepared from the stock solutions using micro-pipets.
Upon addition of cAMP to the mixtures, the tubes were closed and
shaken, and aliquots taken as time zero points. The tubes were then
incubated at 37°C in a circulating water bath. Aliquots were removed,
quenched with EDTA, and injected into the HPLC. The pH measure-
ments were done at 37°C with a Corning PS30 Check-mite pH sensor
which was calibrated at 37°C. Measurements were made at least twice
during the reactions, and reported pH’s are arithmetic averages of those
measurements. The products of the reaction, 2′-AMP and 3′-AMP, were
verified by comparison of HPLC retention times with authentic
standards. At longer times (>10% reaction) adenosine also appeared
as a product.

Kinetics. Dependence of Rate Constants on [Cutrpy].Because
of product inhibition, analyses were done using initial rates. Reaction
mixtures contained 0.1 mM cAMP, 4 mM pTSA, 50 mM NaClO4 (total
ionic strength: 0.056 M), 5 mM HEPES buffer (pH) 7.4 and 8.2; the
pKa of HEPES is 7.5 at 25°C), and 0.25-2.5 mM Cutrpy. At least
five aliquots of the reaction were quenched with EDTA and analyzed
by HPLC over approximately 30-60% of the reaction to yield a
concentration vs time dependence. The data were fit to exponential
decays (r > 0.99); all reactions were done at least in triplicate andkobs

values are reported as means( 1 sample standard deviation. The error
bars on linear plots ofkobs(Figures 3B, 4, and 6) and initial rate (Figure
5) indicate( 1 sample standard deviation. The first derivatives of the
exponential decays att ) 0 were used to obtain initial rates. Conversions
from HPLC area ratio units to concentration units were accomplished
by using time-zero ratios of cAMP HPLC peak area-to-pTSA HPLC
peak area as calibrations.

Dependence of Rate Constants on pH.Reaction mixtures were
the same as above except that EPPS (pKa ) 8.0 at 25°C) or CHES
(pKa ) 9.3 at 25°C) buffers were also used, the concentration of
NaClO4 was adjusted with changing buffer ratio so as to maintain
constant ionic strength, and the concentration of Cutrpy was fixed at
either 1.0 or 1.5 mM.

Dependence of Initial Rate on [cAMP].Reaction mixtures were
similar to those described above. The concentration of Cutrpy was fixed
at 1.0 mM. The concentration of cAMP was varied from 0.030 to 5.0
mM. The studies were done at pH 7.4 and ionic strength 0.056 M (data
not shown), and pH 8.2 at two ionic strengths: 0.056 and 0.50 M
(Figure 5). The initial rates were corrected for background (buffer)
hydrolysis at higher [cAMP]o using the average observed background
initial rate constant. At very high concentrations of cAMP (>20 mM),
it became difficult to resolve substrate, product and internal standard
HPLC peaks from small impurities in the cAMP.

Isotope Effect.Standard solutions of all reactants and buffers were
prepared in 99.9% D2O, and pH adjusted with NaOH dissolved in D2O
or acetic acid diluted in D2O. These solutions were used to prepare
reaction mixtures which were diluted with D2O under conditions similar
to the [cAMP] dependence studies. The pH of the reaction mixtures
was measured directly, and converted to pD by adding 0.4.65

Curve Fitting. Linear least-squares analysis was performed using
the program EZFIT,66 and speciation distributions using the program
SPE.67 Errors in fits are reported as standard deviations.

Ab Initio Methods. Fractionation factors (Φ)68 for model compounds
were calculated from the gas-phase thermal free energies (G) using
the formula

whereR is the universal gas constant andT ) 298 K. The thermal free
energies were evaluated as a sum of the vibrational, rotational, and
translational contributions to the standard free energy using the ideal
gas, rigid-rotor, and harmonic approximations.69 Harmonic vibrational
frequencies were determined by the HF/6-31G* method at the
geometries that were fully optimized at the same computational level.
Ab initio calculations were carried out using the Gaussian94 program.70

Results/Discussion

The hydrolysis of cAMP is promoted by Cutrpy at biological
pH although Cutrpy does not promote the hydrolysis of bis(p-
nitrophenyl) phosphate, a compound sometimes used as a model
of RNA. The failure to hydrolyze bis(p-nitrophenyl) phosphate
was originally reported by Morrow and Trogler33 and discussed
by Shelton and Morrow.24 We confirmed this result in our own
laboratory by the direct comparison of the rates of bis(p-
nitrophenyl)phosphate hydrolysis in the presence and absence
of Cutrpy.40 In fact, under our conditions, Cutrpyinhibited the
buffer-catalyzed cleavage of bis(p-nitrophenyl)phosphate (the
reaction was reproducibly slower in the presence of Cutrpy than
in its absence).

The dependence of cAMP hydrolysis on both pH and [Cutrpy]
was consistent with the hydroxide form of the Cutrpy, Cutrpy-
OH+, being the active catalyst. The reaction is first-order in
both Cutrpy and cAMP and is second-order overall. The solvent
isotope effect is consistent with the hydroxide bound to Cutrpy
acting as a nucleophile (vide infra).

The hydrolysis of cAMP by Cutrpy yields 2′-AMP and 3′-
AMP as products, and ultimately adenosine (and therefore
inorganic phosphate). Because the cAMP stock solutions are
stable (no detectable decomposition over several months) and
the 2′- and 3′-AMP stock solutions rapidly decompose to
adenosine, the adenosine reaction product is likely derived from
the initial 2′- and 3′-AMP products via a dephosphorylation
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Figure 2. Speciation diagram of Cu(II) terpyridine species in aqueous
solution as a function of pH at ionic strength 0.1 M and [Cutrpy]total )
1.5 mM (calculated from published equilibrium constants).

Φ(AH) ) exp{-
G(H2O) + G(AD) - G(DHO) - G(AH)

RT } (1)
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reaction. Lönnberg and co-workers have reported a similar
process in the hydrolysis of 2′,3′-cUMP by metal ions.27

The hydrolysis of cAMP by Cutrpy was studied in HEPES
and EPPS buffers, but there were two disadvantages to using
HEPES. Slight inhibition of the Cutrpy-catalyzed reaction was
observed with increasing [HEPES] from 5 to 20 mM, while no
such inhibition was observed in EPPS over the same concentra-
tion range. In addition, background (buffer) hydrolysis rates were
higher in HEPES than in EPPS.

The reaction was completely inhibited in 50 mM NaCl. A
similar inhibition was seen in phosphate buffers. We believe
that chloride and phosphate bind to the copper and prevent
substrate binding. This has important implications for the choice
of experimental conditions, and may preclude the use of copper
reagents in vivo. It certainly has important implications for the
choice of pH and ionic strength buffers used in kinetic studies.
No inhibition was observed with NaClO4, so sodium ion was
an innocent spectator, and we used NaClO4 as an ionic strength
buffer. At concentrations of Cutrpy above 2.5 mM, precipitates
formed. At pH 7.4, [cAMP]o ) 0.1 mM, there was no significant
difference in rate between 0.25 mM Cutrpy and 0.25 mM CuCl2

(initial rates were (5.8( 0.2) × 10-11 and (5.56( 0.08) ×
10-11 M/s, respectively). However, it is likely that at this pH,
a large fraction of the “free” Cu2+ was precipitated. Attempts
to study the hydrolysis of cAMP by “free” Cu2+ at concentra-
tions above 0.25 mM and at pH above 7.4 resulted in the
formation of visible copper precipitates. The trpy ligand clearly

allows the inherent hydrolytic activity of Cu(II) to be accessed
over a wide pH range not available to the free metal ion.

Catalytic turnover was demonstrated by the hydrolysis of 2.5
mM cAMP with 1.0 mM Cutrpy. At least 2 turnovers were
observed over 10 days. However, the observed rate decreased
as a function of time, and we investigated the possibility of
inhibition by the reaction products. Inhibition by 0.5 mM
inorganic phosphate was observed, as discussed above. The 3′-
phosphate and 2′-phosphate monoester products did not inhibit
the reaction at or below concentrations of 0.25 mM.

Figure 3. Dependence ofkobs for the hydrolysis of cAMP by Cutrpy on pH. The experiments at 1.0 mM Cutrpy utilized a combination of HEPES
and CHES buffers, while those at 1.5 mM Cutrpy used only EPPS buffer. (A) [Cutrpy]total ) 1.0 mM and 1.5 mM. Rate constants were corrected
for background hydrolysis at pH> 8.2 by subtracting control rate constants from Cutrpy rate constants. Each pH profile contains two distinct linear
regions. These separate regions were fit by linear least squares using the program EZFIT, and the intersections of the lines were determined
mathematically. The intersections, corresponding to the points of kinetic saturation, are at pH 8.2 and 8.3 for data collected at 1.5 and 1.0 mM
Cutrpy, respectively. (B)kobs vs [Cutrpy-OH+] as derived from the (uncorrected) pH profile. [Cutrpy-OH] was calculated as described in the text.
The intercepts of the plots, determined from linear least squares, are (1.9( 0.3) × 10-6 s-1 at [Cutrpy]total ) 1.5 mM, and (1.4( 0.2) × 10-6 s-1

at [Cutrpy]total ) 1.0 mM. This is consistent with a small amount of background (buffer) hydrolysis.

Figure 4. Dependence ofkobs for the hydrolysis of cAMP on [Cutrpy]
at pH 7.4 (filled diamonds) and 8.2 (open diamonds).

Figure 5. Dependence of the initial rate (IR) of cAMP hydrolysis on
[cAMP] in 99.9% D2O. (A) Kinetics at pD) 8.2. (B) Kinetics at pD
) 7.4. The slopes of the lines, which are equivalent tokobs according
to eq 1, are (3.6( 0.2) × 10-6 s-1 at pD 8.2, and (8.3( 0.3) × 10-7

s-1 at pD 7.4. They intercepts are negligible: (1.1( 0.8) × 10-10 M
s-1 at pD 8.2 and (1.1( 0.5) × 10-10 M s-1 at pD 7.4.
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Cu(II) terpyridine consists of four major species in aqueous
solution. These are the aquo-Cutrpy (Cutrpy-OH2

2+), the hy-
droxo species (Cutrpy-OH+), the bis-hydroxo species (Cutrpy-
(OH)2), and the hydroxy-bridged dimer ((Cutrpy-OH)2

2+). These
equilibria have been described by Cali et al.,71 and the speciation
as a function of pH is depicted in Figure 2. Similar speciation
was reported by Morrow and Trogler33 for the related complex,
copper(II) bipyridine.

Rate of Hydrolysis of cAMP by Cutrpy is pH-Dependent.
We used this dependence to help determine the reactive Cutrpy
species. As shown in Figure 3, the initial rate constant increased
as a function of pH, reaching a maximum near pH 8.2. The
data are consistent with the existence of a titratable proton on
the Cutrpy, the curve reaching a maximum at the pH where the
[Cutrpy-OH+] is maximal. Similar profiles were obtained in two
buffer systems and at different total concentrations of Cutrpy.
Our data are also consistent with the reported pKa for Cutrpy-
OH2

2+ of 8.08.71

Examination of Figure 2, however, reveals that the formation
of the dimer also parallels the increase inkobs as a function of
pH. The dependence ofkobs on [Cutrpy] was used to rule out
the dimer, and to confirm Cutrpy-OH+, as the reactive species.
This is described in the following section.

Reaction is First-Order in Cutrpy. The dependence ofkobs

on [Cutrpy] is shown in Figure 4. Plots ofkobs vs [Cutrpy] are
linear at pH 7.4 and 8.2 and are consistent with a first-order
dependence on one of the Cutrpy species in solution. There is
no difference in the apparent order of the reaction with respect
to Cutrpy at these two pH values, and they intercepts are zero,
indicating that hydrolysis due to buffer is negligible. Further
confirmation of this first-order dependence is seen in the plots
of log kobs vs log [Cutrpy], which are linear with slopes of 1.

Interestingly, plots of (logkobs) vs the log[concentration] for
any of the major Cutrpy species give reaction orders (slopes)
which parallel the stoichiometry of the species in equilibrium.
Thus, the log-log plot of kobs vs [Cutrpy-OH2

2+] has a slope
of 1, as do similar plots forkobsvs [Cutrpy-(OH)2] and [Cutrpy-
OH+]. The corresponding log-log plot of kobs vs hydroxide-
bridged dimer concentration shows a half-order dependence.
This was expected, since equilibration between Cu(II) species
is likely to occur faster than the hydrolysis reaction,34 and it is
consistent with the Curtin-Hammett principle.72 Since the
reaction is first-order in [Cutrpy-OH+] and half-order with
respect to the dimer, the Cutrpy-OH+ must be the important
reactive species. We would expect a first-order dependence on
the [dimer] and second-order dependencies on the monomeric
complexes if the dimer were the reactive species. Plottingkobs

vs [Cutrpy-OH+] gives a line with a slope equal to the second-
order rate constant,k2, according to eqs 2 and 3. Thek2 values
at [Cutrpy]total ) 1.0 mM and pH 7.4 and 8.2 are (9.4( 0.6)×
10-3 and (1.4( 0.1) × 10-2 M-1 s-1, respectively.

Dependence of the Rate on [cAMP].These studies were
carried out with total [Cutrpy]) 1.0 mM and ionic strength
0.056 M. The results were linear and consistent with first-order
dependence in [cAMP] (data not shown, but analogous plots

from experiments run in D2O are shown in Figure 5). However,
the corresponding log-log plot (not shown) for initial rate vs
[cAMP] gave lines with slopes of 0.96( 0.03 and 0.85( 0.03
at pH 8.2 and 7.4, respectively. Reaction orders of slightly less
than 1 with respect to substrate have been observed previously
in RNA transesterification chemistry; this may be consistent
with binding of the Cutrpy to nonproductive sites on the cAMP
(the adenosine moiety, for instance).24,52 An additional study
of initial rate vs [cAMP] was done at a much higher ionic
strength (0.5 M). This too showed linear behavior, but a
decreased slope vs the 0.056 M ionic strength data which is
consistent with two oppositely charged species interacting in
the activated complex. The slopes of the least-squares lines for
initial rate vs [cAMP] are equivalent tokobs according to eq 1.
At pH 8.2, the slope is (2.9( 0.1) × 10-6 s-1 at an ionic
strength of 0.056 and (2.1( 0.1)× 10-6 s-1 at an ionic strength
of 0.5. Thus, we conclude that one cAMP moiety reacts with
one Cutrpy moiety to form the activated complex for this
reaction.

Solvent Isotope Effect and Mechanistic Conclusions.The
solvent isotope effect and subsequent mechanistic conclusions
were calculated and developed in a series of steps. These steps
are summarized here, and are detailed in the following sections.
First, we estimated a value of the pKa for Cutrpy-OD2

2+. From
this, we accounted for the equilibrium isotope effect by explicitly
calculating the concentrations of Cu-aquo and hydroxo species
in H2O and D2O, and determined the actual kinetic solvent
isotope effect. Predicted isotope effects were then calculated
for three possible mechanisms using fractionation factor theory.
This process involved determination of fractionation factors for
species in our system, and estimation of the position along the
reaction coordinate at which the transition state occurs. Finally,
comparison of our predicted isotope effects with the measured
effect allowed mechanistic conclusions to be made.

Determination of pKa,D2O and the ratio k2,H2O/k2,D2O. Cutrpy-
OH+ is the reactive Cutrpy species, but it is important to
determine its role as either a general base or a source of
nucleophilic hydroxide. We used the solvent isotope effect to
distinguish between these possibilities. The dependence of the
initial rate on [cAMP] in D2O at pD 7.4 and 8.2 is shown in
Figure 5: the reaction is first order with respect to substrate as
it was in H2O. Figure 6 illustrates the dependence ofkobs on

(71) Cali, R.; Rizzarelli, E.; Sammartano, S.; Siracusa, G.Transition Met.
Chem.1979, 4, 328-332.

(72) Zefirov, N. S.Tetrahedron1977, 33, 2719-2722.

Figure 6. Solvent isotope effect for the hydrolysis of cAMP by Cutrpy.
The slopes of the lines, equivalent tok2, are (1.28( 0.05)× 10-2 and
(1.33 ( 0.08) × 10-2 M-1 s-1 in H2O and D2O respectively. The
resulting isotope effect is 1.0( 0.1. Reaction conditions were identical
(1.5 mM [Cutrpy]total, 5 mM EPPS buffer, ionic strength) 0.056 M
(NaClO4)) except for the solvent being either H2O or D2O. Neither the
H2O nor D2O data were corrected for background hydrolysis: they
intercept of (1.9( 0.3) × 10-6 s-1 from the H2O fit indicates that a
negligible amount of background cleavage occurs. They intercept of
the line through the D2O data is zero within experimental error.

rate)
-d[cAMP]

dt
) kobs [cAMP] (2)

kobs) k2 [Cutrpy-OH+] (3)
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[Cutrpy-OL+] in H2O and D2O, as derived from the pL profiles
(pL being either pH or pD). As with [cAMP], there is no change
in the reaction order with respect to [Cutrpy-OL+] upon
changing to D2O solvent. Precipitates formed at pD> 8.3 and
37 °C. After several weeks at∼5 °C, precipitates formed in
the Cutrpy/D2O stock solution. Reaction mixtures above pD 8.0
showed the formation of precipitates after several days at room
temperature. The decreased solubility that we observed in D2O
hampered attempts to study the reaction over a wide catalyst
concentration range.

Under conditions of equal [Cutrpy] and pL, the reaction is
slowed in D2O. The extent to which the reaction rate is affected
can indicate the nature of the role of the Cutrpy-OH+, so the
ratiok2,H2O/k2,D2O was needed. However, the reaction rate is pH-
dependent, and rate constants must be compared either in a pL-
independent region or at equivalent pL. The pKa values of acids
are usually changed in deuterium oxide solvent, so the reaction
is affected in two ways: anequilibrium isotope effect resulting
in a higher pKa for the Cutrpy-OL2 species in D2O than in H2O,
and akinetic solvent isotope effect. Precipitation of reactants
occurred in our system at pD> 8.3, precluding comparison in
a pL-independent region or a graphical determination of the
pKa of Cutrpy-OD2

2+. The∆pKa (pKa,D2O - pKa,H2O) for weak
acids is typically 0.5.68 The reported value of∆pKa for hydrated
Cu2+ is 0.49.65 Since hydrated Cu2+ and Cutrpy have similar
pKa values (7.7 and 8.1, respectively), we used the reported
∆pKa and estimated the pKa for Cutrpy-OD2

2+ to be 8.6. A
similar analysis was recently reported.73 To determine [Cutrpy-
OD+] as a function of pH, the equilibrium constants in D2O
were estimated by adding 0.5 pKeq units to the equilibrium
constants reported in H2O for any protic equilibria. The other
constants were assumed to be unchanged. Thus, we were able
to account for the equilibrium isotope effect by explicitly
calculating [Cutrpy-OL+] (using the program SPE67) and
calculatingk2 from eqs 2 and 3.

Determination of the second-order rate constants from the
plots in Figure 6 for [Cutrpy]total ) 1.5 mM are (1.33( 0.08)
× 10-2 M-1 s-1 in D2O and (1.28( 0.06)× 10-2 M-1 s-1 in
H2O. These values result in an isotope effect of 1.0( 0.1. We
compare this with the isotope effect predicted using fractionation
factor theory described below.

Fractionation Factors for Relevant Species.Fractionation
factors (symbol:Φ) are equilibrium constants which measure
the preference for deuterium relative to bulk water at a particular
hydrogenic site.74 Fractionation factor theory allows the predic-
tion of secondary (equilibrium) solvent isotope effects by using
eq 4, which results from explicitly expressing the ratio of the
equilibrium constants in H2O and D2O. The equilibrium may

be between reactants and products to calculate a equilibrium
isotope effect, or between reactants and transition state to
calculate a kinetic isotope effect. For a mechanism involving a
proton in flight during the transition state, a large primary kinetic
isotope effect will further increase the solvent isotope effect.

Values of Φ for several hydrated metal ions have been
published. For instance,Φ is nearly unity for aquo Fe(III), Cr-

(III), and Mn(II),74 and varies from 0.73 to 0.90 for Co(II).75

To predict the solvent isotope effect in our system using
fractionation factors, we needed to knowΦ for Cutrpy-OL+,
the metal-bound hydroxide. This value will depend on whether
the proton is in an environment more similar to solvent, L-O-L
(Φ ) 1), or more similar to lyonium, L3O+ (Φ ) 0.69).
Consistent with the reported values ofΦ for Co(II) hydroxides,
which range from 0.72 to 0.77,75 we conclude thatΦ for Cutrpy-
OL+ (ΦCu-OL) is somewhere in the range from 0.69 to 1,
probably near 0.8.

Another important fractionation factor for our system is that
of a phosphorane transition state (ΦP-OL). To estimate the
magnitude ofΦP-OL we carried out ab initio calculations for
the dimethylphosphorane dianion presented in Figure 7. Here,
the left-hand (TSa) and right-hand (TSb) structures represent,
respectively, a transition state and minimum on the gas-phase
HF/6-31G* potential energy surface. However, as can be seen
from the energies presented in Table 1, the TSb structure
approximates more properly the transition state geometry in
aqueous solution. In fact, the (P-Onucleophile, P-Oleaving-group)
section of the potential energy surface of the phosphorane
dianion in aqueous solution is extremely flat.76,77Thus, structures
presented in Figure 7 were used by us to estimate the uncertainty
of the calculated fractionation factor due to the uncertainty in
the transition state geometry in aqueous solution. The calculated
fractionation factors are compared with the fractionation factors
of HPO4

2- and OH- in Table 1. The reason for this comparison
is that, for HPO4

2- and OH-, the experimental fractionation
factors are available. Consequently, we can use our ab initio
calculations for TSa and TSb to determine the relative frac-
tionation factor of the phosphorane-Cutrpy transition state and
HPO4

2-. Such a relative comparison eliminates systematic errors
caused by the limits of the computational protocol (this includes,

(73) Sawata, S.; Komiyama, M.; Taira, K.J. Am. Chem. Soc.1995, 117,
2357-2358.

(74) Kresge, A. J.; More O’Ferrall, R. A.; Powell, M. F. InIsotopes in
Organic Chemistry; Buncel, E., Lee, C. C., Ed.; Elsevier Science
Publishers: New York, 1987; Vol. 7, p 256.

(75) Quinn, D. M.; Sutton, L. D.Enzyme Mechanisms from Isotope Effects;
CRC Press: Ann Arbor, 1991.

(76) Florián, J.; Warshel, A.J. Phys. Chem. B1998, 102, 719-734.
(77) Florián, J.; A° qvist, J.; Warshel, A.J. Am. Chem. Soc.1998, 120,

11524-11525.
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Figure 7. Structures of the dimethylphosphorane dianion that were
used in the theoretical evaluation of the fractionation factor of the
phosphorane-Cutrpy transition state.

Table 1. Comparison of the Calculated and Experimental
Fractionation Factors

Φ

molecule EMP2
a ∆Gsolv

b calcdc exp

TSad -796.165653 -239.0 0.85
TSbd -796.167729 -237.3 1.04
HPO4

2- -641.641641 -246.7 1.03 0.91e

OH- -75.602058 -110.8 0.55 0.41f

a MP2/6-31+G**/HF/6-31G* energy (au).b Solvation free energy
(kcal/mol) calculated using the Langevin dipoles solvation model81

implemented in the program ChemSol 1.0.82 c Equation 1.d Figure 7.
e Reference 74.f Reference 68.
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for example, the incomplete basis set) and the approximate
nature of our model system. In this way we estimate the
fractionation factor of phosphorane-Cutrpy transition state as
ΦP-OL ) 0.82 ( 0.10. This value is somewhat smaller than
the fractionation factor of HPO42- because the OH group is
bound less strongly in the phosphorane transition state than in
HPO4

2-, which results in the shift of its fractionation factor
toward its value in OH-.

Calculation of Isotope Effects. Figure 8 and eqs 5-7
illustrate our predictions, based on fractionation factors, of
solvent isotope effects for mechanisms in which Cutrpy-OH+

acts as a nucleophile (Figure 8A, eq 5), a base (Figure 8B, eq
6), or by general acid/specific base catalysis (Figure 8C, eq 7).

If a nucleophilic mechanism operates (Figure 8A), we predict
a solvent isotope effect near unity (eq 5).

This prediction correlates well with the measured isotope effect.
Alternatively, for a general base mechanism (Figure 8B), the

solvent isotope effect involves contributions from two exchange-
able protons (eq 6).

Here, the primary isotope effect is associated with the proton
being transferred to the general base. Although there is a large
uncertainty in the position of this proton in the TS, it is clear
thatkprimary . 1 for any mechanism involving proton in flight.
Since the secondary isotope effect is near unity, a large positive
solvent isotope effect is predicted for the general base mech-
anism of Figure 8B. Consequently, our measured isotope effect
of 1.0( 0.1 certainly rules out general base catalysis by Cutrpy-
OH+.

Finally, using eq 7, we predict that general acid/specific base
catalysis (Figure 8C) results in a solvent isotope effect of 0.50.

This value would be slightly decreased if the rate-limiting step
combines protonation of the leaving group by Cutrpy-OH2

2+

and decomposition of the phosphorane (this possibility is not
explicitly indicated in Figure 8, but this process and chelation
of the phorphorane by Cu are both possible). Because the
measured isotope effect of 1.0( 0.1 is significantly larger than
the isotope effect predicted using eq 7, we can rule out the
general acid/specific base mechanism of Figure 8C. Another
approach to rule out this mechanism was used by Kuusela and
in their studies on the hydrolysis of 2′,3′-cUMP by metals.78

Their reasoning is summarized as follows: the relative efficien-
cies of different metal ions in promoting the hydrolysis differ
more than would be expected based on the metal-substrate
binding constants. For example, Cu2+ and Pb2+ complexes of
dihydrogen phosphate ion are only 1 order of magnitude more
stable than the corresponding Mg2+ complex, but they promote
the hydrolysis 103 times faster. In addition, the hydrolysis rate
increased with increasing pH up to the pH) pKa for the various
metal aquo complexes. In fact, a linear free energy relationship
was observed between the measured rate constant for the
hydrolysis and the pKa for the metal-aquo species. Thus, while
substrate binding is important for hydrolysis, the acidity of the
metal-bound water is the dominant property in a metal’s ability
to promote the reaction in these cases.

Mechanism of Hydrolysis of cAMP by Cutrpy. A com-
prehensive analysis of our own experiments and the relevant
literature allows us to rule out mechanisms B and C with
confidence and choose mechanism A (Figure 8), which corre-
sponds to nucleophilic catalysis by Cutrpy-OH+. In fact,
nucleophilic attack by a bound copper hydroxide on an activated
phosphate ester has been recently demonstrated by Burstyn and
co-workers, using18O and 15N isotope effects in addition to
solvent isotope effects.34 The ligand on copper in this case was
1,4,7-triazacyclononane, which generates a complex similar to
Cutrpy. The measured solvent isotope effect was 1.14, which
is in good agreement with our method of prediction, assuming
that CuII(1,4,7-triazacyclononane) and Cutrpy have similar pKa

properties. Additionally, a similar hydrolysis involving attack
by cobalt-bound hydroxide on a coordinated activated phosphate
was reported by Sargeson,79 and the measured solvent deuterium
isotope effect was 1.2.

As depicted in Figure 8, we propose that the cAMP substrate
is activated toward nucleophilic attack by association of the
cyclic phosphate with Cutrpy. This is consistent with the
observation that metals are much more efficient at promoting
the hydrolysis than are organic buffers of similar pKa. We
conclude that our measured solvent isotope effect rules out a
general base mechanism by Cutrpy-OH+. The data are most
consistent with a mechanism in which Cutrpy-OH+ behaves as
a nucleophile.

It is important to note that protonation of the 2′- or 3′-oxygen
leaving group is required at the pH values for which we
investigated cAMP hydrolysis. This regenerates metal hydroxide
and completes the catalytic cycle. In fact, a proton transfer from

(78) Kuusela, S.; Lo¨nnberg, H.J. Phys. Org. Chem.1992, 5, 803-811.
(79) Jones, D. R.; Lindoy, L. F.; Sargeson, A. M.J. Am. Chem. Soc.1983,

105, 7327-7336.

Figure 8. Proposed mechanistic steps for the Cutrpy-catalyzed
hydrolysis of cAMP along with predicted solvent isotope effects (see
also eqs 4-6). (A) Nucleophilic catalysis by Cutrpy-OH+. (B) General
base catalysis by Cutrpy-OH+. (C) General acid/specific base catalysis
by Cutrpy-OH2

2+ and OH-. Note that chelation of the phosphorane by
Cutrpy species is not indicated, but is an additional likely means of
stabilizing the rate-determining transition state.
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Cutrpy-OH2
2+ is required for a complete catalytic cycle. We

propose that Cutrpy-OH22+ can act as a Brønsted acid and
protonate the leaving group. A coordinated water molecule that
substitutes for the departing Cu-OH nucleophile may serve this
purpose. Alternatively, the metal center may assist the leaving
oxygen, and facilitate proton transfer via solvent water mol-
ecules.

Conclusions

We previously showed that Cutrpy transesterifies RNA and
generates 2′,3′-cyclic phosphates.22,43,47,48,51-54,78 Here, we
demonstrated that the metal complex Cu(II)terpyridine catalyzes
the hydrolysis of adenosine 2′,3′-cyclic monophosphate. The
proposed mechanism involves prior association of the phosphate
and the metal (most likely simple metal-phosphate coordina-
tion), and nucleophilic catalysis by Cutrpy-OH+. Brønsted acid
catalysis by metal-bound waters has rarely been proposed as a
possible reaction mechanism,27,80 but we suggest that Cutrpy-
OH2

2+ is an effective Brønsted acid in this system which

undergoes proton transfer to regenerate the catalyst, Cutrpy-
OH+. This nucleophilic attack by a metal-bound hydroxide
mechanism bears similarity to the attack by Mg alkoxide
recently reported for a hammerhead ribozyme.73 We recommend
against the use of NaCl as an ionic strength buffer for reactions
of Cu(II) complexes and related metal complexes with RNA.
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