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The transesterification of the 2-(4-nitrophenyl phosphate) ester of propylene glycol (1) was promoted by La3+, Nd3+, Eu3+, Gd3+, 
Tb3+, Yb-'+, Lu3+, Pb2+, Zn2+, Cu2+, Ni2+, Co2+,  Mn2+, Mg2+, and Ca2+ at 37 OC in 0.01 M Hepes buffer (N-(2-hydroxy- 
ethy1)piperazine-N'-ethanesulfonic acid), pH 6.85. The ability of metal ions to promote transesterification of 1, as measured by 
apparent-second-order rate constants, followed the order Tb3+ > Gd3+ > Yb3+ > Eu3+ > Nd3+ > Pb2+ > Lu3+ > La3+ >> Cu2+ 
> Zn?+ >> Co" > Mn" > Ni2+ >> Mg2+ > Ca2+. The transesterification of 1 by La3+, Pb2+, Zn2+, Cu2+, Ni2+, Co2+, or Mn2+ 
exhibited saturation kinetics, consistent with the formation of a reactive metal ion complex with 1. Metal ion association constants 
( K )  for formation of the metal-1 complex and a first-order catalytic rate constant (kea,) for decomposition of the metal-I complex 
were determined for metal ions that showed saturation kinetics. K varied by only a factor of 5, whereas k,,, varied by a factor 
of 29. Transesterification of 1 bound to Pb2+, La3+, Cu2+, Zn2+, Co2+, Mn2+, or Ni2+ occurred 2.1 X lo4, 1.4 X IO4, 4.6 x io3, 
3.6 X IO3, 9.2 X I O 2 ,  7.7 X IO2, or 7.7 X lo2 times more rapidly, respectively, than the transesterification of free 1. Properties 
of metal ions that may affect their ability to promote transesterification of phosphate esters are discussed; these include the Lewis 
acidity of the metal ion, the formation of metal hydroxide complexes, metal ion radius, and stabilization of a hypervalent 
phosphorus(V) intermediate. These metal ion model studies are put in context with metal ion requirements in self-cleaving RNAs. 

Introduction 
Many of the enzymes that catalyze nucleophilic displacement 

reactions a t  phosphorus(V) require metal ions for activity.' 
Investigation of metal ion model systems has helped to elucidate 
the role of metal ions in t'lese reactions which include ATP hy- 
drolysis,2 phosphate diester3 and phosphate monoester hydrolysis: 
and phosphoryl t r a n ~ f e r . ~  Metal ion catalyzed displacement 
reactions at phosphorus(V) are also involved in reactions catalyzed 
by RNA enzymes and self-splicing and self-cleaving RNAs;~  
hydrolysis, intermolecular transesterification, or intramolecular 
transesterification of phosphate diesters are the types of reactions 
that  are catalyzed by these biomacromolecules. Several studies 
have focused on metal ion requirements in self-splicing or self- 
cleaving and it appears that  at least in some systems 
several different divalent metal ions may promote ~leavage.~ The 
site-specific cleavage of phenylalanine t-RNA, a reaction that 
resembles that of self-cleaving RNAs, is promoted by several metal 

and Mg2+.I5 For certain catalytic RNAs, metal ions involved 
ions, including pb2f l 0 , I l  EU3f 12 La3f 13 Zn2f 12 Fez+ 14 Cu2f 13 , , 
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in catalytic roles and those involved in structural roles have been 
ide~~tified.~ As with metal ion models of reactions of protein 
catalysts, metal ion model studies of RNA transesterification or 
hydrolysis reactions would aid in the assessment of the catalytic 
role of various metal ions and clarify the mechanism of metal ion 
catalysis. 

Many metal ions promote the transesterification of RNA, 
including La3f,16 Bi3+ 17 A13f 17 Pb2+ 10,11.18 Eu3+ 12 Zn2f 12.17.19-21 

C ~ 2 f  1%21 Ni2f 19.21 C02f 21 Mn2f,21922 and MgH.15 However, many , , 9 , 

of these systems, especially those containing Pb2+ or La3+, are 
not amenable to mechanistic study because of the ready precip- 
itation of metal hydroxides or metal nucleotide complexes. As 
a complement to  studies of metal ion promoted RNA cleavage, 
we have undertaken a kinetic study of transesterification of the 
4-nitrophenyl phosphate ester of propylene glycol by several di- 
valent and trivalent metal ions in order to gain insight into metal 
ion catalysis of transesterification reactions at phosphate esters. 
This phosphate ester has been used previously as an RNA model 
compound to examine the effect of base,23 zinc(I1) comple~es,2~,~~ 
or imidazoleZ5 on phosphate ester transesterification. Previous 
model studies26 of metal ion promoted reactions that involve 
intramolecular nucleophilic attack on a phosphate diester suggested 
the importance of metal ion radius and invoked the formation of 
a metal-bound hypervalent phosphorus(V) intermediate. These 
and other metal ion properties that are pertinent to metal ion 
catalysis of phosphate ester transesterification are analyzed. 
Experimental Section 

The 4-nitrophenyl phosphate ester of propylene glycol (1) was syn- 
thesized according to literature A single "P resonance was 
observed at -4.07 ppm in D 2 0 .  Solutions of 1 were analyzed by spec- 
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metal to avoid precipitation of metal ions; the method of initial rates was 
used in these experiments. All experiments were run in duplicate or 
triplicate, and tabulated data represent the average of these experiments. 
Rate constants were reproducible to &lo%. Control experiments con- 
taining 1 and buffer, pH 6.85 and p = 0.100 M, were run alongside 
experiments with metal ion catalysts; rates of transesterification in the 
absence of metal ions were subtracted from rates of catalytic trans- 
esterification where transesterification of the control was not negligible. 
The rate of transesterification of the control for solutions 1.10 X to 
5.00 X lo-) M in 1 at pH 6.85; p = 0.100 M (NaN03), 0.01 M Hepes, 
measured by initial rates as described above, was 1.3 X 

Results 
The kinetics of transesterificaton of the 4-nitrophenyl phosphate 

ester of propylene glycol (1) a t  37 OC, pH 6.85, by metal ions 
(eq 1) was monitored by following the production of the 4- 

s-I. 
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nitrophenolate anion by use of UV-vis spectroscopy. For all metal 
ion promoted reactions the cyclic phosphate (2) was the major 
phosphorus-containing product. Metal ion concentrations and 
other experimental conditions are summarized in Table I. Re- 
actions were recorded a t  pH 6.85 as  a compromise between 
performing experiments a t  near-neutral pH to mimic physiological 
conditions and preventing precipitation of metal hydroxide species 
that  occurred a t  more basic pHs. Apparent-second-order-rate 
constants in Table I were calculated from plots of pseudo-first- 
order rate constants (kobs) versus metal ion concentration. A kobs 
of 1.3 X lO-'s-I a t  pH 6.85, 0.01 M Hepes, 1.1 = 0.100 M, was 
determined for the transesterification of 1 in the absence of metal 
ion catalysts by the method of initial rates as described in the 
Experimental Section. 

Most studies were performed in solutions 0.01 M in Hepes 
buffer a t  pH 6.85, but a few studies were done to assess the effect 
of buffer concentration and buffer type. In general, the trans- 
esterifxation of 1 by transition metals and Zn2+ proceeded more 
rapidly as  the concentration of buffer was lowered. The pseu- 
do-first-order rate constants for transesterification of 1 by Cu2+, 
Zn2+, Co2+, Mn2+, or Ni2+ in 0.0015 M Hepes buffer, pH 6.85, 
were a t  least 2-fold greater than those in 0.01 M Hepes. Pseu- 
do-first-order rate constants for transesterification of 1 by Pb2+ 
or La3+ did not vary substantially in 0.0015 M Hepes buffer from 
values recorded in 0.01 M Hepes buffer. Tris buffer is also 
commonly used in studies of R N A  cleavage involving metal ions, 
and a few kinetic studies were performed in 0.01 M Tris a t  pH 
6.85 to determine the effect of this buffer. In Tris buffer, none 
of the transition metals when used in the highest concentrations 
listed in Table I promoted transesterification of 1,  and the rate 
of transesterification of 1 by 1 mM Zn2+ was reduced 5-fold 
compared to that in 0.01 M Hepes buffer. In contrast, Tris buffer 
did not have as dramatic an effect on La3+- or Pb2+-promoted 
transesterification of 1; the rate of transesterification by these metal 
ions was approximately 2-fold less in 0.01 M Tris buffer than in 
0.01 M Hepes buffer. Similarly, Tris buffer in 10-fold excess (2.0 
M)  over Ca2+ or Mg2+ reduced the rate of transesterification of 
1 by these metal ions 3-fold and 2-fold, respectively, over that 
recorded in 2.0 M Hepes buffer. Kinetic experiments without 
buffer proved impractical with our methods because of the sen- 
sitivity of the reaction to pH and because of the ready formation 
of precipitates with some metal ions without buffer. 

The observed kinetics for transesterification of 1 by La3+, Pb2+, 
Cu2+, Zn2+, Ni2+, Mn2+, or Co2+ can be described by the pre- 
equilibrium formation of a reactive complex (eq 2). Trans- 

M"+ + 1 & M(l)("-l)+ -% M"+ + 2 + 4-nitrophenol (2) 
k 

k-1 

Table I. Apparent-Second-Order Rate Constants for the 
Transesterification of 1 in Water at 37 'C [DH 6.85) bv Metal Ions 

metal' k2,b M-' s-' metal" k2,b M-' s d  

La3+ 1.3 X lo-' Pb2+ 2.0 x 10-1 
Nd3+ 2.6 X 10-1 cu2+ 4.0 X 
Eu3+ 3.2 X 10-i Zn2+ 1.8 X 
Gd3+ 5.4 x 10-1 co2+ 2.6 x 10-3 
Tb3+ 5.7 x 10-1 Mn2+ 2.4 x 10-3 
Yb3+ 4.0 X 10-I Ni2+ 1.6 x 10-3 
LU3+ 1.7 X 10-l Mg2+ 7.4 x 10-5 

Ca2+ 4.8 x 10-5 

'Nitrate salts of metal ions were used except for the case of Ca2+ or 
the lanthanide ions, where chloride salts were used. 0.01 M Hepes 
buffer, p = 0.100 M, from five or more metal concentrations ranging 
from 1.00 X M for Pb2+, La3+, Nd", Eu3+, Gd3+, 
Tb3+, Yb3+, and Lu3+, 6.00 X M for Zn2+, 1.00 X 
lo-) to 4.00 X 
M for Cu2+, and 0.1 to 0.6 M for Ca2+ and Mg2+. 

trophotometric measurement of the amount of 4-nitrophenolate produced 
upon complete base hydrolysis. A single phosphorus-containing product 
was observed at the end of kinetic runs by 3'P NMR spectroscopy (18.60 
ppm, D20). It was identified as the cyclic phosphate ester (2) by com- 
parison of its 31P NMR spectrum to that of an authentic sample.27 "P 
NMR spectra were obtained at 169 MHz by use of a Varian 400 XL 
spectrometer. The external reference was 85% phosphoric acid, and 
chemical shifts downfield of the standard are positive. Solutions were 
treated either with cation-exchange resin or with sodium oxalate (for 
lanthanides) to remove paramagnetic metal ions prior to NMR studies. 

TbC13, EuC13, YbC13, LuCI3, GdCI?, NdC13, LaC13, ZII(NO~)~, Cu- 
(NO,),, Pb(N03)2, Mn(NO3)2, Ni(N03)2, Co(N03)2, Mg(NOd2, and 
CaCI, were reagent grade. The concentration of metal ions was deter- 
mined by titration with EDTA with either Eriochrome Black T, Fast 
Sulphon Black F, or Xylenol Orange as indicator.28 Hepes buffer 
(N-(2-hydroxyethyl)piperzine-N'-ethanesulfonic acid) and Tris buffer 
(tris(hydroxymethy1)aminomethane) were reagent grade and were pur- 
chased from Sigma Chemicals. All solutions were made with Milli-Q 
water. Solution pHs were measured at 37 'C by use of an Orion digital 
pH meter equipped with temperature compensation probe. Either Hepes 
or Tris buffer was used to maintain solution pH at 6.85, and reaction 
solutions were tested at the end of kinetic runs to ensure that the pH had 
remained constant (fO.O1 pH unit). Although Tris buffer has a rela- 
tively low buffering ability at pH 6.85, a large excess of Tris over 1 or 
use of initial rates allowed us to perform studies at constant pH over the 
kinetic run. 

The rates of transesterification of 1 by metal ions were measured 
spectrophotometrically by following the increase in absorbance at 400 nm 
due to the production of 4-nitrophenolate. A Hewlett-Packard 5420 
diode array UV-vis spectrophotometer equipped with a thermostated cell 
was used for measurements. Typically, the reaction was initiated by 
injection of 30 pL of a eoncentrated solution of 1 into 5 mL of a buffered 
reaction solution of pH 6.85 and j~ = 0.100 M (NaNO,) maintained at 
37 OC. Reactions with trivalent lanthanide catalysis or Pb2+ showed good 
pseudo-first-order kinetics for greater than 4 half-lives. Pseudo-first-order 
rate constants were calculated by using an iterative curve fit (Hewlett- 
Packard Kinetics software package) to the following equation: A = A ,  + K(e-"&'). Because reactions were slow and high metal concentrations 
caused the formation of precipitates, first-order rate constants for tran- 
sesterification of 1 by all other metal ions were determined by the method 
of initial rates. Plots of absorbance versus time were converted to con- 
centration units (c = 18 500) and divided by the concentration of 1 to 
obtain first-order rate constants. The pK, of 4-nitrophenol at 37 OC was 
determined by titration to be 6.90; this value was used to correct for the 
degree of 4-nitrophenol ionized at pH 6.85. Transesterification of 1 by 
metal ions showed a first-order dependence on 1 for concentrations of 1 
from 1.00 X to 1.00 X lo-) M. Transesterification of 1 showed a 
first-order dependence on metal concentration for the concentration 
ranges listed in Table I except for the lanthanides where reaction order 
was somewhat less than 1 (La3+, 0.869; Gd3+, 0.824; Tb'+, 0.825; Yb3+, 
0.82 1; Lu3+, 0.750; Eu3+, 0.702; Nd3+, 0.771). Apparent-second-order 
rate constants were obtained from plots of kobs versus metal concentration 
(correlation coefficients >0.990). Saturation experiments were per- 
formed with excess 1 instead of working under conditions with excess 

to 5.00 X 
to 1.40 X 

M for Co2+, Ni2+, and Mn2+, 5 X to 3 X 
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Figure 1. Dependence of the rate of transesterification of 1 by 3.00 X 
M Cu!+ on the concentration of 1 at 37 "C, pH 6.85. 

Table 11. Rate Constants for the Transesterification of 1 in Water at 
37 OC (pH 6.85) by Metal Ions" 

catalyst K, M-' k,,,, s-I catalyst K, M-I k,,,, s" 
Pb" 76 2.7 X Mn2+ 25 1.0 X 
La3+ 73 1.8 x Co2+ 22 1.2 x 
Cu?+ 6 4  6.0 X 10.' Ni'+ 16 1.0 X 
Zn?+ 38 4.7 X 

"0.01 M HEPES buffer, p = 0.100 M .  Concentration of 1 ranged 
from 5.00 X to 5.00 X lo-> M ,  [Pb2+] = 2.50 X M, [La3+] = 
5.12 x M ,  [Cu2+] = 3.03 X M, [Zn2+] = 1.00 X M ,  
[Mn"] = 2.00 X M ,  [Co2+] = 2.00 X lo-) M, and [Ni2'] = 3.00 

esterification of 1 by these seven metal ions, initially first-order 
in 1, begins to saturate a t  high concentrations of 1. A typical 
example of this behavior is shown in Figure 1 for the Cu2+ catalyst. 
Kinetic data can be expressed by eq 3 where [M"+] is the total 

x 10-3 M. 

rate = (k,,,K[l][M"f])/(l + K[l]) K = k l / k - ,  (3) 

concentration of metal ion, K is the metal ion association constant, 
and k,,, is the first-order catalytic rate constant. Data were fit 
to a linear form of eq 3 ( I / ra te  versus 1/[1], correlation coef- 
ficients >0.995) to determine values for K and k,,, (Figure 2). 
Values for K and k,,, are listed in Table 11. From comparison 
of k,,, to kobs for transesterification of 1 in the absence of metal 
ions (1.3 X lo-' s-I), rate accelerations of 21 000, 14000, 4600, 
3600,110,920, and 710 are calculated for Pb2+, La3+, Cu2+, Zn", 
Mn2+, Co2+ and Ni2+, respectively. 
Discussion 

All trivalent and divalent metal ions studied here promoted 
transesterification of the phosphate ester 1. Apparent-second- 
order-rate constants vary by a factor of lo4, with Mg2+ and Ca2+ 
the least effective and the trivalent lanthanides and Pb2+ the most 
effective metal ions. Metal ion promoted transesterification of 
1 is highly sensitive to the type of buffer, as are many metal ion 
promoted phosphorus(V) substitution reactions.29 Kinetic studies 
without buffer were not possible here; however, two commonly 
used biological buffers, Hepes and Tris, gave very different rates 
of transesterification by metal ions. Complexation of metal ions 
by buffer might be expected to slow catalytic transesterification 
by competing for available coordination sites on the metal ion. 
That Tris buffer in excess over metal ion completely inhibited 
catalysis by transition metals is not surprising because Tris as a 
primary amine is probably a relatively good ligand for transi- 
tion-metal ions. Despite this ability of Tris buffer to inhibit 
catalysis by transition metals, Tris buffer is commonly used in 
studies of metal ion requirements of self-cleaving RNAs.'+' What 

(29) (a) Gellman, S .  H.; Petter, R.; Breslow, R.  J. Am. Chem. SOC. 1986, 
108, 2388-2394. (b) Sigel, H.; Amsler. P. J. Am. Chem. SOC. 1976, 
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Figure 2. Plot of data from Figure 1 as l /rate = l/(k,,,KICuz+][l]) + 
1 / (~, , , [C~*+I) .  

is the basis for the observed ordering of metal ions in the trans- 
esterification of l ?  Differences in rates of ligand exchange have 
been invoked to explain differences in rates of metal ion promoted 
R N A  transesterification.*Ia However, metal ions used here un- 
dergo relatively fast dissociation of simple anionic  ligand^^^.^' 
compared to transesterification of 1 (kI >> kat); thus it is unlikely 
that ligand exchange is the rate-limiting step. Furthermore, there 
is no correlation between the relative rates of metal ion catalyzed 
R N A  cleavage and rates of ligand exchange for the metal ions 
here.32 Thus, properties other than ligand-exchange kinetics of 
metal ions determine their ability to promote transesterification 
of phosphate esters; some of these are discussed below. 

Transesterification of phosphate esters is catalyzed by H+ as 
well as by a large number of divalent and trivalent metal ions. 
Similar to protons, metal ions may act as electrophilic catalysts 
to activate phosphorus(V) to nucleophilic attack by coordination 
to the phosphate ester or by binding to the leaving group to aid 
leaving-group departure. Neutralization of the charge on the 
phosphate ester by metal ion binding may overcome an electro- 
static barrier if the attacking hydroxyl group is deprotonated. 
Factors such as the overall charge of the metal ion and its ability 
to polarize an oxygen-phosphorus bond (Lewis acidity) may be 
important. In reactions where metal ions act as Lewis acids33 with 
esters of carbon34 as substrates or with phosphorus(V) compounds 
as ~ u b s t r a t e s , ~ , ~ ~ , ~ ~ , ~ ~  Cu2+ is generally the best divalent transi- 
tion-metal ion, probably at  least in part because of the relatively 
high formation constants of Cu2+ complexes and the superior 
ability of Cu2+ to act as a Lewis acid. For similar reasons, the 
transition-metal cations and Zn2+ are generally better at promoting 
reactions involving Lewis acid catalysis than are Mg2+ and Ca2+. 
There are few examples where the trivalent lanthanide ions have 
been compared to transition-metal ions as catalysts; however, the 
ability of La3+ to hydrolyze phosphate esters36 and the rapid 
cleavage of transfer RNA'* by Eu3+ are examples of the enormous 
potential of these metal cations to catalyze phosphorus(V) nu- 
cleophilic displacement reactions. An overall charge of 3+ on 

Burgess, J .  Metal Ions in Solution; Wiley and Sons: New York, 1978; 
see also references within. 
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3030-3037. 
(a) Butcher, W .  W.; Westheimer, F. H .  J. Am. Chem. SOC. 1955, 77,  
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the lanthanide ion may be beneficial for catalysis; however, a t  
neutral pH a water ligand may be deprotonated to reduce the 
overall charge of the lanthanide complex. Unfortunately, there 
is a large range of pKa values reported in the literature3' for the 
trivalent lanthanides; values for La3+ range from 9.3 to 7.4 and 
for Lu3+ range from 8.2 to 3.5 with intermediate pKa values for 
the remaining lanthanides. (A smooth decrease in pKa from La3+ 
to Lu3+ is generally observed.) Alternatively, a metal ion may 
catalyze transesterification of 1 by a pathway not possible for H+: 
a metal hydroxide may act as a general base to deprotonate the 
incoming nucleophile. Pb2+, Cu2+, and possibly the lanthanides 
may be especially effective catalysts because they are present in 
hydroxide form at  neutral pH. This possibility is discussed further 
below. 

For several metal complexes that promote R N A  cleavage, a 
metal hydroxide is the most active catalytic speCie~;'~-~'>~~ similarly, 
a metal hydroxide may be the active catalyst for some metal ions 
in the transesterification of 1. A metal hydroxide in trans- 
esterification is relegated to the role of general base in depro- 
tonating the 2'-hydroxyl group of R N A  rather than acting as a 
nucleophile as often occurs in phosphate ester hydrolysis. However, 
because metal hydroxide complexes promote transesterification 
much more rapidly than do organic bases with similar pK,'s, it 
is unlikely that metal hydroxide complexes act simply as general 
bases to deprotonate the incoming nucleophile, but instead promote 
transesterification by a combination of Lewis acid/general base 
c a t a l y ~ i s . ~ ~ - ~ *  In support of this postulate, a metal hydroxide 
complex with no available coordination sites, CO(NH&(OH)~+ 
( 5  mM, pH 6.85, 37 "C), does not promote transesterification 
of 1. At neutral pH, the only metal hydroxides that are present 
in substantial quantity3' are those of Cu2+ (pKa = 6.5) and Pb2+ 
(pKa = 7.2) and perhaps some of the trivalent lanthanide ions (see 
discussion above). It may be significant that these metal ions are 
among the best catalysts. However Zn2+, the remaining transi- 
tion-metal ions, Mg2+, and Ca2+ do not contain hydroxide ligands 
yet promote transesterification. Hence, the presence of a metal 
hydroxide ligand may be an important but not essential property 
of an efficient phosphate ester transesterification catalyst. Many 
of the metal ions used here in the concentrations given in Table 
I precipitated from solution at  pHs where their metal hydroxide 
would be the predominant species in solution.30 Hence kinetic 
experiments to obtain a pH-rate profile that ordinarily might 
provide evidence to support a metal hydroxide as the active catalyst 
were not performed. 

The efficiency of a metal ion in promoting nucleophilic dis- 
placement reactions at  phosphate diesters has been shown to 
correlate to ionic radius.26b Correlation of metal ion size to reaction 
rate constants has been observed where precise geometrical con- 
straints are dictated by the formation of a bidentate complex as 
reaction intermediate. In phosphate diester transesterification, 
bidentate chelation might occur in the complexation of a hy- 
pervalent phosphorus(V) intermediate (3). Alternately, the metal 

(37) Shelton, V .  M.; Morrow, J .  R.  Inorg. Chem., in press. 
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Figure 3. Dependence of apparent-second-order rate constant (k2) on 
metal ion radius for trivalent lanthanide ions. 

ion may coordinate through an equatorial oxygen and the leav- 
ing-group oxygen.26 The lanthanides are an ideal series for the 
study of the effect of ionic radius on catalysis because of the 
regular decrease in radius39 from La3+ (1 16 pm) to Lu3+ (97.7 
pm). A small variation in apparent-second-order rate constants 
(k2)  is observed for transesterification of 1 by lanthanide ions. 
The lanthanides at the extreme ends of the series, La3+ and L 3 + ,  
have the smallest k2 values with a maximum k2 at  Tb3+ (Figure 
3); the optimal radius appears to be 104.0 pm. Thus, there may 
be a minor dependence of the transesterification of 1 on ionic 
radius for the lanthanide series. What is most striking, however, 
is the small magnitude of the variation in rate constants in 
traversing the lanthanide series. Physical properties such as the 
pKa of a metal-bound water molecule, coordination number, and 
ionic radius change dramatically through the series?9 and we had 
expected that these would have had more of an effect on the 
efficiency of various lanthanide ions in promoting the trans- 
esterification of 1. 

Kinetic data from saturation studies resolved apparent-sec- 
ond-order rate constants into a metal ion association constant ( K )  
and a catalytic rate constant (kat) for the formation and de- 
composition of the metal-phosphate ester complex, respectively 
(Table 11). These data allow further analysis of the ability of 
different metal ions to catalyze transesterification. First, we 
consider the formation constants obtained here. A relatively large 
metal ion association constant contributes to a greater appar- 
ent-second-order rate constant of metal ion promoted trans- 
esterification (eq 3). From Table 11, the four best catalysts that 
exhibited saturation kinetics, La3+, Pb2+, Cu2+, and Zn2+, have 
the four highest formation constants; however, the variation in 
K is less than a factor of 5 .  Note that the Irving-Williams order 
is not followed for Ni2+, Co2+, and Mn2+, but formation constants 
for these metal ions are not very different. Generally, association 
constants between these metal ions and monodentate anionic 
oxygen ligands vary little. For example, formation constants4' 
for binding of Mn2+, Co2+, and Ni2+ to acetate a t  25 O C  are 25, 
29, and 27 M-I, respectively. Few formation constants for 
phosphate diesters and metal ions have been reported probably 
because phosphate diesters are such weak ligands; however, the 
formation constants here are comparable to those of other 
phosphate diester complexes with Cu2+ (20 M-')3a or with Mn2+ 
(11 or 20 M-').26 

The catalytic rate constant, k,, largely determines the ordering 
of the metal ions as catalysts; k,,, varies by a factor of 29. A 
correlation between formation constant of metal substrate complex 
and the rate of reaction would suggest that the metal substrate 
complex bears some resemblance to the transition state of the 
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reaction.33 As K increases, so does k,,, for metal ions in Table 
11, but no linear correlation is observed, in particular, the catalytic 
rate constants of La3+ and Pb2+ are larger than one would expect 
from the trend set by the transition metals and Zn*+. Thus, as 
one might expect, the transition state does not resemble the initial 
complex formed between metal ion and 1. It has been proposed 
that stabilization of hypervalent phosphorus(V) transition states 
or intermediates by metal ions may be important in metal ion 
catalysis of phosphorus(V) substitution reactions,26 and perhaps 
it is the ability of the metal ion to bind strongly to a hypervalent 
phosphorus(V) species that governs its ability to catalyze trans- 
esterification of 1. Studies on metal complexes of hypervalent 
phosphorus(V) species may shed light on this question.41 Other 
explanations for the superior ability of the trivalent lanthanides 
and Pb2+ to catalyze transesterification might involve the large 
number of coordination sites of these metal ions30 (8 or 9) and 
their relatively loose geometrical constraints compared to those 
of the transition-metal ions. 

RNA Cleavage. Many metal salts studied here have been shown 
to promote R N A  cleavage by transesterification. Comparison 
of the relative abilities of metal ions to cleave RNA is complicated 
by the heterogeneous nature of many of the cleavage reactions. 
In addition, metal ion promoted RNA cleavage is dependent on 
the nitrogenous base sequence of RNA,20aq21b although the 
base-sequence selectivity of cleavage is not high. Kinetic data 
for metal ion promoted RNA cleavage, although not as complete 
as here, show similar trends in the relative abilities of metal ions 
as catalysts. For example, first-order rate constants for cleavage 
of UpUp(3') at 62.1 OC in solutions 5 X M in Zn2+, Cu2+, 
Co2+, and Ni2+ are 207, 107, 7.2, and 4.6 h-l, In 
addition, the extent cleavage of polyadenylic acid by Mn2+ at  64 
OC is similar2Ia to that of Ni2+ or Co2+, and the extent cleavage 
at  37 "C of oligoribonucleotides by metal ions follows the order 
Zn2+ > Cu2+ >> Ni2+.I9 The difference in the observed order for 
Cu2+-promoted RNA cleavage compared to Cu2+-promoted 
cleavage of 1 may occur because of the insolubility of many Cu2+ 
polynucleotide complexes or copper(I1) hydroxide species; low 
concentrations of Cu2+ were used with 1 to avoid the formation 
of precipitates. All of the trivalent lanthanides, with the exception 
of Pm3+, which was not examined, and Pb2+ cleave dinucleotides 
of RNA at 37 OC much more rapidlf2 than does Zn2+. Similarly, 
phenylalanine transfer RNA (t-RNAphe) is cleaved more rapidlyi2 
a t  50 O C  by Pb2+, Eu3+, or La3+ than by Zn2+ or Cu2+,13 and 
cleavage of t-RNAphe by Mg2+ occurs only at  alkaline pH.IS 

Most R N A  enzymes and self-cleaving or self-splicing RNAs 
have a requirement for metal  cation^;^-^ intermolecular or in- 
tramolecular transesterification of a phosphate ester as well as 
hydrolysis of a phosphate ester may be involved. Several types 

Morrow et  al. 
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of small RNAs derived from plant viral satellite RNAs undergo 
site-specific self-cleavage; cleavage occurs by intramolecular attack 
of the 2'-hydroxyl group of ribose to form a 2',3'-cyclic phosphate 
diester in a reaction similar to the one described in this paper. 
In these self-cleaving RNAs, metal ions may perform structural 
roles or participate in activesite chemistry. Metal ions in catalytic 
roles presumably bind to a pocket formed by several nucleotide 
residues in a site proximal to the phosphate ester undergoing 
nucleophilic attack. Mg2+, Ca2+, Mn2+, Zn2+, and Pb2+ meet 
metal ion requirements in the self-cleavage of small satellite 
RNAs? In other self-cleaving RNAs? metal ions other than Mg2+ 
or Mn2+, such as Zn2+, do not form functional self-cleaving RNAs. 
Correct binding and orientation of the metal ion in the active site 
are crucial to these RNA self-cleavage reactions, and the coor- 
dination properties of Zn2+ may not meet requirements in the latter 
case. In this context, it is interesting that the site-specific cleavage 
of t-RNAphe by metal ions, a reaction that bears a resemblance 
to the self-cleavage of RNAs, is promoted by a large number of 
metal ions including Mg2+,I5 Pb2+,I0*" La3+,I3 Eu3+,12 Zn2+,12 
Fe2+,I4 and C U ~ + . ' ~  In t-RNA cleavage, a metal-binding pocket 
adjacent to the nucleotide being cleaved may be important or, 
alternatively, the conformational flexibility of the region of RNA 
being cleaved may be an important factor in the observed spe- 
cificity of cleavage. The relative rates of t-RNA cleavage with 
metal ions ( E d +  > Pb2+ >> Zn2+ >> Mg2+) mirror those of our 
model studies here, and similar mechanistic considerations may 
be appropriate. Once the metal is bound in the active site, it may 
promote cleavage by electrophilic mechanisms, and those metals 
that are good Lewis acids should promote most rapid cleavage. 
As in the transesterification of 1, a hypervalent phosphorus in- 
termediate may be stabilized by complexation to the metal ion, 
perhaps in a bidentate fashion. Stabilization of this intermediate 
and the facilitation of its breakdown to products may accelerate 
R N A  cleavage. Alternatively, if a metal hydroxide is available, 
it may act as a general base to deprotonate the 2'-hydroxyl; this 
has been proposed to occurlo in t-RNA cleavage by Pb2+. As we 
have noted, Pb2+ and Cu2+ are probably the only divalent metals 
that will be present in hydroxide form at  neutral pH, although 
nucleotide ligands bound to the metal ion may certainly influence 
the pKa of remaining water ligands. 

Acknowledgment. We are grateful for support from the Na- 
tional Science Foundation (Grant CHE-8908295) and from the 
donors of the Petroleum Research Fund, administered by the 
American Chemical Society. We thank Rudy van Eldick for a 
helpful discussion. 
Registry No. 1,87174-80-9; TbC13, 10042-88-3; EuCl,, 10025-76-0; 

10024-93-8; LaC13, 10099-58-8; ZII(NO,)~, 7779-88-6; C U ( N O ~ ) ~ ,  
3251-23-8; Pb(NO,),, 10099-74-8; Mn(N0J2, 10377-66-9; Ni(N0J2, 
13138-45-9; C O ( N O ~ ) ~ ,  10141-05-6; Mg(NO,),, 10377-60-3; CaCI?, 

YbCI3, 10361-91-8; LuC13, 10099-66-8; GdCI,, 10138-52-0; NdCI,, 

10043-52-4. 


