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Hammerhead ribozyméare small catalytic domains found in ©s
some viral satelite RNAs and are involved in RNA self- B °© o
cleavage* The reaction catalyzed by hammerhead ribozymes Q Q + H
is a phosphate ester hydrolysis that is thought to proceed via o OH —_— 0 o-
activation of a specific 20H group by proton abstraction. The o=,l_0
resultant 2-alkoxide acts as a nucleophile, attacking the electro-
positive phosphorus in an intramolecular fashion and displacing HyC”
the B-oxygen of the cleaved nucleotide (Figure 1). Hammerhead
ribozymes are metalloenzyn¥éswith an absolute requirement  Figure 1. (A) Schematic of the proposed mechanism for the first step
for d|VaIent metal |Ons for Catalys|s Of the Cleavage readlon of phOSphate ester hydrOIyS|S in the hammerhead I’ibozy'me (d|Va|ent
Magnesium ions are the natural cofactors for the hammerheadmetals not shown). (B) Model phosphorylated ribose used in this study.
ribozyme, but other divalent cations can replace magnesium. They . ) ) . .
include Mr*, Cc?*, and C@&*, which actually catalyze the cally importantresidues in enzymes, is not a straightforward task.
reaction at higher rates than Ffgunder the same conditions, ~Kinetic assignments off;, values can be complicated by uncer-
and C&", which catalyzes the reaction at a slower rate; a recent t@inties in interpreting the pH dependence of the measured param-
study reports that very high concentrations of ldns can replace  €ters-* Moreover, different values are often obtained with different

the M@ ions® Cleavage rates are correlated with tté pf the techniques?® An estimaté®*’ of the (K, of the 2-OH group of a
solvated metal ion, with the rate increasing as thg pf the nucleotide is based on a value of 12.5 for the nucleosidmay-
solvated ion decreases. This has traditionally been intergreted dro-1-a-p-xylofuranosyluracil. However, the presence of the phos-
as indicating that a metal-coordinated hydroxide acts as the generaPhateé group could modify theka value. Usher et al. have
base in the reaction. An alternative interpretation of the'ata eported® a value of 13.9 for the g, of the 2-OH group incis-
suggests that the mechanism involves two metal ions but that atétrahydrofuran-4-ol 3-phenyl phosphate, while Guthrie estima-
metal hydroxide ion is not the base in the reaction. The exact €d” the K of the 2-OH group of nucleotides to be approxi-
number of metal ions involved in the reaction and the nature of Mately 16 based on thermodynamic arguments. Kinétio/plues
their interaction with the hammerhead ribozyme remains an area®f 13 (at 333 K) have also been reported for dinucleotifies.

of discussiori A knowledge of the [, values of ionizable groups ~ Since the value for thetf of the 2-OH group of a nucleotide

at the active site of the ribozyme may aid in indicating possible 1S not well established, a theoretical estimate of thg f the

mechanistic pathways and in inferring the nature of the chemically 2-OH at the active site of hammerhead ribozymes is presented
active specie&13 here based on quantum chemistry calculations of a phosphorylated

Since deprotonation of the-Rydroxyl group is involved in _ribose (Figure 1). Thelg, of a giv_en acid HA in agueous solution
generating the attacking nucleophile in the hammerhead ribozymelS related to the standard Gibbs free energy change of the

reaction, it is important to know thekp of this group. The ionization reaction by the thermodynamic relationship
experimental determination ofp values in complex systems,
particularly the direct measurement of titrating groups of catalyti- K loa K AGaqo 1
= — 0 = = X
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Table 1. Solvation Free Energy Changes Involved in the nucleoside (see abov&)!"2° This is not surprising since the
lonization of MeOH and EPO;? conjugate base of that nucleoside is expected to be stabilized by
AGaq a hydrogen bond between the adjaceRO81 group and the

deprotonated '20~. The K, of a nucleoside that has no such

MeOH MeG HsPQ,  HPO- stabilization of the conjugate base should have a higlker p

experiment®=7 —-5.08 —-9500 —26.0 —76.00 Additionally, the molecule studied here has a negatively charged
B3LYP/6-31+G*  —550  —93.03 -208 —79.83 phosphate group in close proximity to the@H group which
a All values in kcal/mol. should make it thermodynamically less favorable for th©g
group to ionize than for the same group in the unphosphorylated
Table 2. Electronic and Solvation Energies for the Ribose (RH) molecule. Thus, the upward shift by nearly XKjpunits is
and Phosphorylated Ribose (pRH) and Their Conjugate Bases (R reasonable.
and pR) Calculated at the B3LYP/6-31G** Level® The large value for the iy, of the 2-OH group found here
Eciec ZPE G°(g) AGs G°(s) PKa (pKa = 14.9) has implications for the mechanism of hammerhead

RH 39107 01250 —smaler 00013 —smpazra 131 prhn SRENSC O e SRES Y e e on atomic
R™  —382.3388 0.1107 —382.2584 —0.1205 —382.3789 : :

pRH —989.4385 0.16718—989.3113 —0.1089 —989.4202 14.9 substitution of thepro—R andpro—S oxygens by sulfurs (the thio-

pR- —988.7286 0.15209—988.6156 —0.3423 —988.9579 effec€®) and by spectroscopic studigsthat a metal ion coordi-
- nates directly with th@ro-R oxygen of the phosphate at the active
“Units are hartrees. site3! Kinetic studies of hammerhead cleavage have found that

there is an inverse relationship between tkg\yalues of solvated

lated using the PoisserBoltzmann method as implemented in  metal ions and the rate of the cleavage reactidhis has been
the Jaguar prograft?* The value of the solvation free energy interpreted to indicate that a metal hydroxide ion acts as the
of the proton was set equal t6262.23 kcal/mol. general base in the reaction since the concentration of metal

Since K, calculations depend strongly on solvation free hydroxide ions increases as th&jpof the hydrated metal ion
energies, accurate values for them are required. To address thislecreases. However, increasing the acidity of the hydrated metal
issue, certain of the parameters used in the standard Jaguafiodelion lowers the basicity of the metal hydroxide. This is expected
were optimized for systems related to the one of interest here. Into lower its ability to deprotonate thé-®H group at the active
particular, it is known that anions often pose problems for the site of the hammerhead. Th&pcalculated here for a’2OH
determination of accurate solvation energies with continuum group in a nucleotide model is several units higher than e p
method<526 The values of solvation energies obtained by using of several metal ions (e.qg., P7.7), Zr£™(9.0), and Mg"(11.4§9
a continuum dielectric method depend on the van der Waals radii that readily catalyze the reaction. It therefore seems unlikely that
employed in the calculation. Several studies have used adjustednetal hydroxide ions act as the general base in the reation.
van der Waals radii to obtain agreement with experinienig. Since a metal ion is known to bind directly to the adjagenotR
To determine the optimal set of radii for the molecules being oxygen of the phosphate, it is conceivable that it promotes the
studied here, in particular the radii for the-@koxide oxygen reaction by stabilizing the transition state. It is also possible that
and thepro-R andpro-S oxygens of the phosphate group, the it could bridge the 2oxygen andpro-R oxygen, which is
solvation free energies of methanol angPi@y, and their conjugate  consistent with the. two metal ion model proposed for a number
bases were determined and compared with experimental data. Thef phosphoryl transfer reactiols®3*If so, it is expected that
calculated thermodynamic values are given in Table 1. It was the hydroxide bond at'2DH would be polarized and that the
found that values of 1.42 and 1.26 A for the phosphate oxygens pK, of the group would be reduced. The magnitude of the
and methoxide oxygen, respectively, gave good agreement withpolarization of the bond would be directly related to the identity
the available experimental data; the default radii in Jaguar for of the metal ion.
these atoms are somewhat larger (1.60 and 1.45 A, respectively). Since other ribozymésind ribonucleas&semploy mechanisms
The adjusted radii were used for the solvation calculations on that involve deprotonation of d-©H at the active site, the result
the model nucleotides. presented here has implications for phosphate hydrolysis reactions

As a test of the method we have calculated tKg @f the 2- in many biological systems.
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