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Catalytic Hydrolysis of Adenosine 2,3-Cyclic Monophosphate by Cd' Terpyridine

Introduction

Dialkyl phosphate esters form the anionic backbone of the .
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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(ll)
terpyridine (Cutrpy) is effective for both transesterification and hydrolysis of RNA, and we harnessed this reactivity
by constructing ribozyme mimics that employ terpyridyl Cu(ll) in their active sites. Here we report a detailed
kinetic study of the hydrolysis of adenosing3>cyclic monophosphate (cCAMP) 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 -pkhte 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 kifkstwas measured to be 1400.1

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 CutrpgO#

base catalyst in the transesterification of RNA.

strained five-membered ring,’,2-cyclic phosphate, which
hydrolyzes in a subsequent step (Figuré“lyletal ions play
important roles in many enzyme- and all ribozyme-mediated

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:3 However, some examples of metal-mediated DNA
hydrolysis have been reportéd-® Hydrolytic RNA cleavage
often occurs by initial transesterification, giving aGH and a

* Corresponding authors. Tel.: (314) 935-4801. Fax: (314) 935-4481.

E-mail: bashkin@wuchem.wustl.edu.

T Washington University.
* University of Southern California.
(1) Westheimer, F. HSciencel987, 235 1173-1178.
(2) Trawick, B. N.; Daniher, A. T.; Bashkin, J. KChem. Re. 1998 98,
939-960.
(3) Bashkin, J. KChem. Re. 1998 98(3), 937.
(4) Basile, L. A.; Raphael, A. L.; Barton, J. K. Am. Chem. S0d.987,
109, 7550.
(5) Hegg, E. L.; Burstyn, J. Nnorg. Chem.1996 35, 7474-7481.
(6) Takasaki, B. K.; Chin, JJ. Am. Chem. S0d.993 115 9337-9338.
(7) Takasaki, B. K.; Chin, JJ. Am. Chem. S0d.994 116, 1121-1122.
(8) Takasaki, B. K.; Chin, JJ. Am. Chem. Sod.995 117, 8582-8585.
(9) Chin, J.Curr. Opin. Chem. Biol1997, 1, 514-521.

(10) Komiyama, M.; Kodama, T.; Takeda, N.; Sumaoka, J.; Shiiba, T.;
Matsumoto, Y.; Yashiro, MJ. Biochem1994 115 809-810.

(11) Komiyama, M.; Takeda, N.; Takahashi, Y.; Uchida, H.; Shiiba, T;
Kodama, T.; Yasiro, MJ. Chem. Soc., Perkin Trans.1®95 269
274.

(12) Schnaith, L. M. T.; Hanson, R. S.; Que, L.Rroc. Natl. Acad. Sci.
U.S.A.1994 91, 569-573.

(13) Kimball, A. S.; Lee, J.; Jayaram, M.; Tullius, T. Biochemistry1993
32, 4698-4701.

|examples of these scission reactiéns? Both “free metal ions”

and well-defined complexé82°-26 have been reported to cleave
RNA by this transesterificationhydrolysis route.

Most studies on hydrolytic RNA cleavage have concentrated
on the transesterification reaction, although Kuusela afd Lo
nberg have elegantly described the metal-ion catalyzed hydroly-
sis of RNA and 23-cyclic phosphate$’26The Hamilton group
has also recently described the hydrolysis of cAMP by Cutrpy
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NH, NH, of the catalytic hydrolysis of adenosing2-cyclic-monophos-
</Nj|\)§N «NfN phate (cCAMP) by Cu(ll) terpyridi_ne (Cut_rpy). A nl_meer of other
HO N N/) HO N N/J NH, groups have also reported functional mimics of ribozyAR8s53
—ki\z ‘kiz/ eNfN Here we provide evidence that a single Cutrpy interacts with
oo NH, A o HO- N N/) one cAMP substrate in the rate-gletgrmining step of hydrolysis,
0=R-0' eNfJN - (g},pfo + k—f and that a Cutrpy-bound hydroxide is the reactive catalyst. We
o o N HO'  oH use solvent isotope effects to conclude that the Cutrpy-bound
hydroxide acts as a nucleophile and not as a general base. A
o on H,0|B preliminary report of this work has been publistéd.
NH, Experimental and Computational Procedures
NS Materials. Adenosine 23-cyclic monophosphate, '2 and 3-
HO N | N,) monophosphates, adenosine, a}derprteluenesulfonic acid,_and KH
—kiz PO, were purchased from Sigma and used as received. Copper
terpyridine was prepared by heating a 1:1 mixture of Gu@d 2,2:
¢ OH 6', 6'-terpyridine to boiling in water. Slow cooling yielded dark green-
O=R-O + adenosine-2lphosphate blue grystals whose identity was confirmed by comparison of its solution
OH UV/vis spectrum to that in the literatufé,as well as by mass

Figure 1. Transesterification (A) of the RNA dimer ApA and
hydrolysis (B) of adenosine~3'-cyclic phosphate.

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.
analogue$? However, as Bruice and Dempcy have noted, the ~ HPLC Assay. An analytical method was adapted from that of
hydrolysis of dialkyl phosphate esters by metal catalysts has Morrow.2* Separation of reactants and products was achieved on either
received much less attention than the hydrolysis of mono- anda Supelcosil LC-18 or Whatman Equivalent C-18 reversed phase
triesters®® Furthermore, model aryl phosphate esters such asanalytical column (4.6 mmx 25 cm) using a solvent delivery system
bis(p-nitrophenyl)phosphate have received far more attention coupled to a UV/vis detector and an autow_uector. Waters Maxima
than their alkyl counterparfd-3¢ The focus on aryl substrates :/(I)ftl?/larer\]/vas ”STd tott:? 1tge 'rﬁt&?&m a”d '”g’tgr?tz)d‘romat.ogéams'
. : - o .~ : obile phase solven m . pH unadjusted) was mixe
derives from an mtere.St n detox[fylng herblcui’éano_l chemical isocratically with solvent B (60% MeOH in 4D) in a ratio of 80/20,
Warfarg agents? but is also driven by the relative ease of and a flow rate of 1 mL/min was usepkToluenesulfonic acid (pTSA)
analysis: aryl phosphates tend to cleave much faster than alkylyas used as an internal standard.
phosphates, and the release of aryloxide leaving groups is

amenable to study by UV/vis spectroscopy. However, there are (44) Bashkin, J. K.; McBeath, R. J.; Modak, A. S.; Sample, K. R.: Wise,

substantial differences in the hydrolyses of aryl and alkyl
phosphate esters, e.g. thgvalues of the leaving groups vary

by as much as 8 units. Activated esters may be poor models

for nucleic acids?4° Recently, Kirby and Marriott have

combined the desirable features of alkyl and aryl phosphates

by using an acetal ester of uriding-ghosphaté! This
compound has a specially designed leaving group (witKa p
near 11) which rapidly decomposespmitrophenolate.

Despite the importance of metal-catalyzed hydrolysis of true

DNA and RNA substrate®, many mechanistic aspects of these

reactions are unresolved. As part of our investigation of

hydrolytic RNA cleavage and the design of functional mimics
of ribozymes1522404254 e report here a detailed kinetic study
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Hydrolysis of Adenosine '2Z'-Cyclic Monophosphate
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Figure 2. Speciation diagram of Cu(ll) terpyridine species in aqueous
solution as a function of pH at ionic strength 0.1 M and [Cutipy¥
1.5 mM (calculated from published equilibrium constants).

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 12C for 40 min, and gloves were
worn in all stages of preparation. Stock solutions of all reactants were
prepared in water and stored-ab °C. The pH values of the pTSA,
NaClQ,, and Cutrpy solutions were adjusted to 7 before use. Reaction
mixtures were prepared from the stock solutions using micro-pipets.
Upon addition of cCAMP to the mixtures, the tubes were closed and
shaken, and aliquots taken as time zero points. The tubes were the
incubated at 37C in a circulating water bath. Aliquots were removed,
qguenched with EDTA, and injected into the HPLC. The pH measure-
ments were done at 3T with a Corning PS30 Check-mite pH sensor

n
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Isotope Effect.Standard solutions of all reactants and buffers were
prepared in 99.9% D, and pH adjusted with NaOH dissolved in@®
or acetic acid diluted in BD. These solutions were used to prepare
reaction mixtures which were diluted with© under conditions similar
to the [cCAMP] dependence studies. The pH of the reaction mixtures
was measured directly, and converted to pD by adding®0.4.

Curve Fitting. Linear least-squares analysis was performed using
the program EZFITP? and speciation distributions using the program
SPE® Errors in fits are reported as standard deviations.

Ab Initio Methods. Fractionation factors®)% for model compounds
were calculated from the gas-phase thermal free ener@pesiging
the formula

} 1)

whereR s the universal gas constant ahe= 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 approximatidigiarmonic 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 progtam.

G(H,0) + G(AD) — G(DHO) — G(AH)
RT

D(AH) = exp{

Results/Discussion

The hydrolysis of cAMP is promoted by Cutrpy at biological
pH although Cutrpy does not promote the hydrolysis offbis(
nitrophenyl) phosphate, a compound sometimes used as a model
of RNA. The failure to hydrolyze bigtnitrophenyl) phosphate
was originally reported by Morrow and Trogtéand discussed
by Shelton and Morrow* We confirmed this result in our own

which was calibrated at 3. Measurements were made at least twice 1aboratory by the direct comparison of the rates of mis(
during the reactions, and reported pH’s are arithmetic averages of thosenitrophenyl)phosphate hydrolysis in the presence and absence
measurements. The products of the reactiGlMP and 3-AMP, were of Cutrpy?° In fact, under our conditions, Cutrpghibited the
verified by comparison of HPLC retention times with authentic buffer-catalyzed cleavage of bisfitrophenyl)phosphate (the
standards. At longer times-(L0% reaction) adenosine also appeared reaction was reproducibly slower in the presence of Cutrpy than

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 NaGl@otal
ionic strength: 0.056 M), 5 MM HEPES buffer (pH 7.4 and 8.2; the
pK, of HEPES is 7.5 at 25C), and 0.25-2.5 mM Cutrpy. At least
five aliquots of the reaction were quenched with EDTA and analyzed
by HPLC over approximately 3060% of the reaction to yield a
concentration vs time dependence. The data were fit to exponential
decays (> 0.99); all reactions were done at least in triplicate kg
values are reported as meahd sample standard deviation. The error
bars on linear plots dé,s (Figures 3B, 4, and 6) and initial rate (Figure
5) indicate+ 1 sample standard deviation. The first derivatives of the
exponential decays at= 0 were used to obtain initial rates. Conversions
from HPLC area ratio units to concentration units were accomplished
by using time-zero ratios of cCAMP HPLC peak area-to-pTSA HPLC
peak area as calibrations.

Dependence of Rate Constants on pHReaction mixtures were
the same as above except that EPPI&, (g 8.0 at 25°C) or CHES
(pKa = 9.3 at 25°C) bhuffers were also used, the concentration of
NaClO, 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 [cCAMP].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 [CAMR]using the average observed background
initial rate constant. At very high concentrations of CAMP20 mM),
it became difficult to resolve substrate, product and internal standard
HPLC peaks from small impurities in the cAMP.

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 cCAMP by Cutrpy yields'2AMP 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 3. Dependence df,ps for the hydrolysis of cCAMP by Cutrpy on pH. The experiments at 1.0 mM Cutrpy utilized a combination of HEPES

and CHES bulffers, while those at 1.5 mM Cutrpy used only EPPS buffer. (A) [Cutspy] 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. (Bkops 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: L3 x 106 s™* at [Cutrpyloa = 1.5 mM, and (1.4+ 0.2) x 10 6s?

at [Cutrpylos = 1.0 mM. This is consistent with a small amount of background (buffer) hydrolysis.
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Figure 4. Dependence dfypsfor the hydrolysis of CAMP on [Cutrpy]

at pH 7.4 (filled diamonds) and 8.2 (open diamonds).

0.0008

o

reaction. Lenberg and co-workers have reported a similar
process in the hydrolysis of ,2-cUMP by metal iong’

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 0 | , , . , , ,
higher in HEPES than in EPPS. M T

The reaction was completely inhibited in 50 mM NaCl. A [cAMP] (M)
similar inhibition was seen in phosphate buffers. We believe Figure 5. Dependence of the initial rate (IR) of CAMP hydrolysis on
that chloride and phosphate bind to the copper and prevent[CAMP] in 99.9% DO. (A) Kinetics at pD= 8.2. (B) Kinetics at pD

- . . . . . = 7.4. The slopes of the lines, which are equivalenkdgaccording
substrate binding. This has important implications for the choice toeq 1, are (3.6 0.2) x 105s 1 at pD 8.2, and (8.3 0.3) x 10~

of experimental conditions, and may preclude the use of COppers-1 4t pb 7.4. They intercepts are negligible: (14 0.8) x 1010 M
reagents in vivo. It certainly has important implications for the s at pD 8.2 and (1.1t 0.5) x 10%° M s~* at pD 7.4.

choice of pH and ionic strength buffers used in kinetic studies.
No inhibition was observed with NaClDso sodium ion was
an innocent spectator, and we used NaGl®an ionic strength

Rate (M/s x 10°)

allows the inherent hydrolytic activity of Cu(ll) to be accessed

buffer. At concentrations of Cutrpy above 2.5 mM, precipitates
formed. At pH 7.4, [CAMP] = 0.1 mM, there was no significant
difference in rate between 0.25 mM Cutrpy and 0.25 mM GucCl
(initial rates were (5.8 0.2) x 107! and (5.56+ 0.08) x
10711 M/s, respectively). However, it is likely that at this pH,
a large fraction of the “free” Cii was precipitated. Attempts
to study the hydrolysis of cAMP by “free” Cti at concentra-

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

tions above 0.25 mM and at pH above 7.4 resulted in the phosphate and hosphate monoester products did not inhibit

formation of visible copper precipitates. The trpy ligand clearly

the reaction at or below concentrations of 0.25 mM.
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Cu(ll) terpyridine consists of four major species in aqueous
solution. These are the aquo-Cutrpy (Cutrpy-&H, the hy-
droxo species (Cutrpy-OH, the bis-hydroxo species (Cutrpy-
(OHY),), and the hydroxy-bridged dimer ((Cutrpy-Oft)). These
equilibria have been described by Cali et’adbnd the speciation
as a function of pH is depicted in Figure 2. Similar speciation
was reported by Morrow and Trogférfor the related complex,
copper(ll) 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 reportéd for Cutrpy-
OH*" of 8.0871

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

Reaction is First-Order in Cutrpy. The dependence éfps
on [Cutrpy] is shown in Figure 4. Plots &f,svs [Cutrpy] are
linear at pH 7.4 and 8.2 and are consistent with a first-order
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Figure 6. Solvent isotope effect for the hydrolysis of cAMP by Cutrpy.
The slopes of the lines, equivalentkg are (1.28+ 0.05) x 1072 and
(1.334 0.08) x 102 Mt stin H,O and BO respectively. The
resulting isotope effect is 18 0.1. Reaction conditions were identical
(1.5 mM [Cutrpyloay, 5 mM EPPS buffer, ionic strength 0.056 M
(NaClQy)) except for the solvent being eithep®l or D,O. Neither the
H.O nor D,O data were corrected for background hydrolysis: yhe
intercept of (1.94+ 0.3) x 107 s* from the HO fit indicates that a
negligible amount of background cleavage occurs. ¥i&ercept of
the line through the BD data is zero within experimental error.

from experiments run in BD are shown in Figure 5). However,
the corresponding loglog plot (not shown) for initial rate vs
[cAMP] gave lines with slopes of 0.96 0.03 and 0.85+ 0.03

dependence on one of the Cutrpy species in solution. There isat pH 8.2 and 7.4, respectively. Reaction orders of slightly less

no difference in the apparent order of the reaction with respect
to Cutrpy at these two pH values, and thimtercepts are zero,
indicating that hydrolysis due to buffer is negligible. Further
confirmation of this first-order dependence is seen in the plots
of log kops Vs log [Cutrpy], which are linear with slopes of 1.
Interestingly, plots of (lod9 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 kyps Vs [Cutrpy-OH2] has a slope
of 1, as do similar plots fokops Vs [Cutrpy-(OH}Y] and [Cutrpy-
OH*]. The corresponding loglog plot of kops Vs hydroxide-
bridged dimer concentration shows a half-order dependence.
This was expected, since equilibration between Cu(ll) species
is likely to occur faster than the hydrolysis reactfdmnd it is
consistent with the CurtinHammett principl€? Since the
reaction is first-order in [Cutrpy-OH and half-order with
respect to the dimer, the Cutrpy-OHnust be the important
reactive species. We would expect a first-order dependence o

)

n

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 instan@ép2 An additional study
of initial rate vs [cCAMP] 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 tkyps according to eq 1.
At pH 8.2, the slope is (2.9 0.1) x 106 s! at an ionic
strength of 0.056 and (24 0.1) x 10-%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 ConclusionsThe
solvent isotope effect and subsequent mechanistic conclusions
were calculated and developed in a series of steps. These steps

the [dimer] and second-order dependencies on the monomeric2’® summarized here, and are detailed in the following sections.

complexes if the dimer were the reactive species. Plokipg
vs [Cutrpy-OH'] gives a line with a slope equal to the second-
order rate constank,, according to egs 2 and 3. Thegvalues

at [Cutrpylotar = 1.0 MM and pH 7.4 and 8.2 are (440.6) x
102 and (1.4 0.1) x 102 M1 s1, respectively.

rate= w = K, [CAMP] @)
Kos = K, [Cutrpy-OH'] (3)

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

(71) Cali, R.; Rizzarelli, E.; Sammartano, S.; Siracusal fnsition Met.
Chem.1979 4, 328-332.
(72) Zefirov, N. S.Tetrahedron1977, 33, 2719-2722.

First, we estimated a value of th&pfor Cutrpy-OD?". From
this, we accounted for the equilibrium isotope effect by explicitly
calculating the concentrations of Cu-aquo and hydroxo species
in H,O and DO, 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 pK, p,0 and the ratio kz n,0/k2 p,0. 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 DO 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 HO. Figure 6 illustrates the dependencekgfs on
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[Cutrpy-OL*] in H,0 and DO, 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-§Lupon
changing to RO solvent. Precipitates formed at pb8.3 and
37 °C. After several weeks at5 °C, precipitates formed in
the Cutrpy/DO 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@ D
hampered attempts to study the reaction over a wide catalyst
concentration range. TSa TSh

Unde.r conditions of equal [Qutrpy] and PL' the rgactlon IS Figure 7. Structures of the dimethylphosphorane dianion that were
slowed in BO. The extent to which the reaction rate is affected ysed in the theoretical evaluation of the fractionation factor of the
can indicate the nature of the role of the Cutrpy-Qldo the phosphoraneCutrpy transition state.
ratio kz n,0/k2 p,0 was needed. However, the reaction rate is pH-
dependent, and rate constants must be compared eitherinap
independent region or at equivalent pL. TH&palues of acids

| Table 1. Comparison of the Calculated and Experimental
Fractionation Factors

are usually changed in deuterium oxide solvent, so the reaction @

is affected in two ways: aaquilibriumisotope effect resulting molecule Emp? AGson? calcd exp

in a higher K, for the Cutrpy-OL species in RO than in HO, Tsd —796.165653 ~239.0 0.85

and akinetic solvent isotope effect. Precipitation of reactants  Tgy —796.167729 —237.3 1.04

occurred in our system at pB 8.3, precluding comparison in HPO?~ —641.641641  —246.7 1.03 0.91

a pL-independent region or a graphical determination of the OH" —75.602058  —110.8 0.55 0.41
pKa of Cutrpy-OD**. The ApKa (PKa,p,0 — PKa o) for weak a MP2/6-3H-G**/HF/6-31G* energy (au)® Solvation free energy

acids is typically 0.58 The reported value ofpKj, for hydrated (kcal/mol) calculated using the Langevin dipoles solvation nfddel
CW?" is 0.49%5 Since hydrated Cd and Cutrpy have similar  implemented in the program ChemSol $20¢ Equation 1.9 Figure 7.
pKa values (7.7 and 8.1, respectively), we used the reported ® Reference 74(Reference 68.
ApK, and estimated theKg for Cutrpy-OD2* to be 8.6. A )
similar analysis was recently report&dTo determine [Cutrpy-  (III) and Mn(ll),”* and varies from 0.73 to 0.90 for Co(lfj.
OD*] as a function of pH, the equilibrium constants iR To pred@t the solvent isotope effect in our system using
were estimated by adding 0.5g, units to the equilibrium  fractionation factors, we needed to knaiv for Cutrpy-OL",
constants reported in# for any protic equilibria. The other ~ the metal-bound hydroxide. This value will depend on whether
constants were assumed to be unchanged. Thus, we were abl§e proton is in an environment more similar to solvent, L-O-L
to account for the equilibrium isotope effect by explicity (P = 1), or more similar to lyonium, {0 (® = 0.69).
calculating [Cutrpy-OLt] (using the program SPB and Co_nS|stent with the reported values®ffor Co(ll) hydroxides,
Ca|cu|atingk2 from eqs 2 and 3. which range from 0.72to 077F,We conclude thad for Cutrpy-
Determination of the second-order rate constants from the OL* (®cu-o) is somewhere in the range from 0.69 to 1,
plots in Figure 6 for [Cutrpy}w = 1.5 mM are (1.33+ 0.08) probably near 0.8.

x 102M~1s1in D,O and (1.28+ 0.06)x 102M~1sin Another important fractionation factor for our system is that
H.O. These values result in an isotope effect of +.0.1. We of a phosphorane transition stat®e o). To estimate the
compare this with the isotope effect predicted using fractionation Magnitude of®p_o_ we carried out ab initio calculations for
factor theory described below. the dimethylphosphorane dianion presented in Figure 7. Here,

Fractionation Factors for Relevant SpeciesFractionation ~ the left-hand (TSa) and right-hand (TSb) structures represent,
factors (symbol:®) are equilibrium constants which measure 'espectively, a transition state and minimum on the gas-phase
the preference for deuterium relative to bulk water at a particular HF/6-31G* potential energy surface. However, as can be seen
hydrogenic sité* Fractionation factor theory allows the predic- from the energies presented in Table 1, the TSb structure
tion of secondary (equilibrium) solvent isotope effects by using @Pproximates more properly the transition state geometry in
eq 4, which results from explicitly expressing the ratio of the @queous solution. In fact, the (Paeophie P-Qeaving-group

dianion in agueous solution is extremely fl&f’ Thus, structures

KHO 1o presented in Figure 7 were used by us to estimate the uncertainty
aD 5= reactants (4) of the calculated fractionation factor due to the uncertainty in
Ka * NPy oducts the transition state geometry in aqueous solution. The calculated

fractionation factors are compared with the fractionation factors
be between reactants and products to calculate a equilibriumof HPQ,2~ and OH- in Table 1. The reason for this comparison
isotope effect, or between reactants and transition state tois that, for HPQ?~ and OH", the experimental fractionation
calculate a kinetic isotope effect. For a mechanism involving a factors are available. Consequently, we can use our ab initio
proton in flight during the transition state, a large primary kinetic calculations for TSa and TSb to determine the relative frac-
isotope effect will further increase the solvent isotope effect. tionation factor of the phosphoran€utrpy transition state and
Values of ® for several hydrated metal ions have been HPQ2 . Such a relative comparison eliminates systematic errors
published. For instanc& is nearly unity for aquo Fe(lll), Cr- caused by the limits of the computational protocol (this includes,

(73) Sawata, S.; Komiyama, M.; Taira, K. Am. Chem. S0d.995 117, (75) Quinn, D. M.; Sutton, L. DEnzyme Mechanisms from Isotope Effects
2357-2358. CRC Press: Ann Arbor, 1991.

(74) Kresge, A. J.; More O'Ferrall, R. A.; Powell, M. F. Isotopes in (76) Florien, J.; Warshel, AJ. Phys. Chem. B998 102 719-734.
Organic Chemistry Buncel, E., Lee, C. C., Ed.; Elsevier Science (77) Florian, J.; Aqvist, J.; Warshel, AJ. Am. Chem. Socl998 120,
Publishers: New York, 1987; Vol. 7, p 256. 11524-11525.
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A. Nucleophilic Catalysis by Cutrpy-QH* Finally, using eq 7, we predict that general acid/specific base
catalysis (Figure 8C) results in a solvent isotope effect of 0.50.
_— Cutrpy
CZ}Of’CuHPy O/]fLO/ kHzO_ Doy __ 041 _ 05401 7)

kDZO Py 5 0.821+0.1
B. General Base Catalysis by Cutrpy-OH*

This value would be slightly decreased if the rate-limiting step

HO-H o H, H combines protqnation of the leaving group by Cu;rpy-ﬁém
) —_— ¢ and decomposition of the phosphorane (this possibility is not

0 Cunpy explicitly indicated in Figure 8, but this process and chelation
Cutrpy of the phorphorane by Cu are both possible). Because the
measured isotope effect of 1400.1 is significantly larger than
C. General Acid/Specific Base Catalysis by Cut —OHf*M'@ the isotope effect predicted using eq 7, we can rule out the
general acid/specific base mechanism of Figure 8C. Another
cé:;\) oy K Q approach to rule out this mechanism was used by Kuusela and
o A ol in their studies on the hydrolysis of,2-cUMP by metalg8
d Q Their reasoning is summarized as follows: the relative efficien-
Futl’Py * (cutrpy cies of different metal ions in promoting the hydrolysis differ
OH, OH, more than would be expected based on the metal-substrate

Figure 8. Proposed mechanistic steps for the Cutrpy-catalyzed binding constants. For example, €uand PB™ complexes of
hydrolysis of cAMP along with predicted solvent isotope effects (see dihydrogen phosphate ion are only 1 order of magnitude more
also egs 46). (A) Nucleophilic catalysis by Cutrpy-OH (B) General  stable than the corresponding Rtgcomplex, but they promote
base catalysis by Cutrpy-OH(C) General acid/specific base catalysis e hyqdrolysis 18times faster. In addition, the hydrolysis rate
by Cutrpy-OH?* and OH . Note that chelation of the phosphorane by . L . ' .
Cutrpy species is not indicated, but is an additional likely means of increased with increasing pH up tq the pHoK, for the various
stabilizing the rate-determining transition state. metal aquo complexes. In fact, a linear free energy relationship
was observed between the measured rate constant for the

for example, the incomplete basis set) and the approximatehydrolysis and the I, for the metal-aquo species. Thus, while
nature of our model system. In this way we estimate the substrate binding is important for hydrolysis, the acidity of the
fractionation factor of phosphoran€utrpy transition state as  metal-bound water is the dominant property in a metal’s ability
®p_o. = 0.82 £ 0.10. This value is somewhat smaller than to promote the reaction in these cases.
the fractionation factor of HP£&~ because the OH group is Mechanism of Hydrolysis of cCAMP by Cutrpy. A com-
bound less strongly in the phosphorane transition state than inprehensive analysis of our own experiments and the relevant
HPOy?~, which results in the shift of its fractionation factor literature allows us to rule out mechanisms B and C with
toward its value in OH. confidence and choose mechanism A (Figure 8), which corre-

Calculation of Isotope Effects. Figure 8 and eqgs 57 sponds to nucleophilic catalysis by Cutrpy-OHIn fact,
illustrate our predictions, based on fractionation factors, of nucleophilic attack by a bound copper hydroxide on an activated
solvent isotope effects for mechanisms in which CutrpyfOH phosphate ester has been recently demonstrated by Burstyn and
acts as a nucleophile (Figure 8A, eq 5), a base (Figure 8B, eqco-workers, using®0 and!®N isotope effects in addition to
6), or by general acid/specific base catalysis (Figure 8C, eq 7). solvent isotope effect. The ligand on copper in this case was

If a nucleophilic mechanism operates (Figure 8A), we predict 1,4,7-triazacyclononane, which generates a complex similar to

a solvent isotope effect near unity (eq 5). Cutrpy. The measured solvent isotope effect was 1.14, which
is in good agreement with our method of prediction, assuming
Ki,0 _ PeyoL 0.8+0.1 that CY'(1,4,7-triazacyclononane) and Cutrpy have similés p

=1.0+02 (®) properties. Additionally, a similar hydrolysis involving attack

by cobalt-bound hydroxide on a coordinated activated phosphate
was reported by Sargeséhand the measured solvent deuterium
isotope effect was 1.2.

As depicted in Figure 8, we propose that the cCAMP substrate
is activated toward nucleophilic attack by association of the
cyclic phosphate with Cutrpy. This is consistent with the

koo Ppo. 082+0.1

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).

kH @, o observation that metals are much more efficient at promoting
kprlmaryx ksecondary (4.5+ 2.5) =6+4 the hydrolysis than are organic buffers of simila,p We
kD Do, conclude that our measured solvent isotope effect rules out a
(6) general base mechanism by Cutrpy-OFhe data are most

Here, the primary isotope effect is associated with the proton Zo:j ésléirgh\;\lneth a mechanism in which Cutrpy-Obehaves as

being tr_ansf_erred to th_e_ general_ base. Alt.hOUQh ther_e sa large Itis important to note that protonation of the @r 3-oxygen
uncertainty in the position of this proton in the TS, it is clear . . . :
leaving group is required at the pH values for which we

that Kyrimary > 1 for any mechanism involving proton in flight. . : . . .
Since the secondary isotope effect is near unity, a large positivemvestlgated cAMP hydroly3|s. This regenerates metal hydroxide
and completes the catalytic cycle. In fact, a proton transfer from

solvent isotope effect is predicted for the general base mech-
anism of Figure 8B. Consequently, our measured isotope effect(78) Kuusela, S.. [onberg, H.J. Phys. Org. Chem992 5, 803-811.

of 1.0+ 0.1 certainly rules out general base catalysis by Cutrpy- (79) jones, D. R’; Lindoy, L. F.; Sargeson, A. M Am. Chem. S0d983
OH™, 105, 7327-7336.
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Cutrpy-OH?* is required for a complete catalytic cycle. We undergoes proton transfer to regenerate the catalyst, Cutrpy-
propose that Cutrpy-OfA" can act as a Brgnsted acid and OH™. This nucleophilic attack by a metal-bound hydroxide
protonate the leaving group. A coordinated water molecule that mechanism bears similarity to the attack by Mg alkoxide
substitutes for the departing Cu-OH nucleophile may serve this recently reported for a hammerhead ribozyffié/e recommend
purpose. Alternatively, the metal center may assist the leaving against the use of NaCl as an ionic strength buffer for reactions
oxygen, and facilitate proton transfer via solvent water mol- of Cu(ll) complexes and related metal complexes with RNA.

ecules. Acknowledgment. L.A.J. was a Dean’s Fellow for 1994-

) 95. This work was supported in part by NSF Grants CHE-
Conclusions 9318581 and CHE-9802660 to J.K.B. and NSF Grant MCB-
d 9808638 to A.W. Acknowledgment is made to the donors of

the Petroleum Research Fund, administered by the American

s Chemical Society, for partial support of this research in the
demonstrated that the metal complex Cu(ll)terpyridine catalyzesJ.KlB' group. We thank Professor Wesley Harris for helpful

the hydrolysis of _adenosmé,z-c_ycllc mo.no.phosphate. The discussions on speciation behavior and the SPE program.
proposed mechanism involves prior association of the phosphate

and the metal (most likely simple metgbthosphate coordina-  IC990228R
tion), and nucleophilic catalysis by Cutrpy-OHBrgnsted acid

Ivsi metal- nd waters has rarel nor 0) Suh, JAcc. Chem. Red 992 25, 273-279.
catalysis by metal-bound waters has rarely been proposed as 81) Florian, J.; Warshel, AJ. Phys. Chem. B997 101, 5583-5595.

possible reaction mechanisif}?but we suggest that Cutrpy-  (g2) Fiorian, J.; Warshel, AChemSalVersion 1.0; University of Southern
OH2" is an effective Bransted acid in this system which California: Los Angeles, 1997.

We previously showed that Cutrpy transesterifies RNA an
generates 'Z3'-cyclic phosphate®43.47.48515478 Here, we




