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Ribozyme Mechanism Revisited: Evidence against frequently been used to probe the rate-limiting step of ribozyme-

Direct Coordination of a Mg2* lon with the pro-R catalyzed reactions and to identify the coordination site of a
Oxygen of the Scissile Phosphate in the Transition metal ion with a phosphoryl oxyger?~ 1202 In the latter case,
State of a Hammerhead Ribozyme-Catalyzed the experimental approach relies on the previous measurements
Reaction of the affinity of divalent ions for ATBS, since the Mg" ion

is coordinated 30000-fold more strongly to oxygen than to sulfur
while the Mr?* ion is coordinated to both oxygen and sulfur
more or less equall{?#2® Thus, the discrimination by Mt
ions in binding to either an oxygen or a sulfur atom is poor,
National Institute of Bioscience and while the poor binding of the M ion to sulfur results in a

Human Technology, Agency of Industrial Science & VerY large thio effect. .
Technology, MITI, Tsukuba Science City 305, Japan Extensive examinations of thio effects have been performed

Beijing Medical Uniersity, Beijing 100083, China [N the case of reactions catalyzed by hammerhead ribozyrhes.
Institute of Applied Biochemistry ~ The products of the magnesium-dependent cleavage reactions
University of Tsukuba, Tennoudai 1-1-1 catalyzed by hammerhead ribozyr#e$® are 8-hydroxyl and
Tsukuba Science City 305, Japan 2',3-cyclic phosphate termini, and each reaction proceeds with
inversion of the configuration at the phosphorus atéf. Thus,
Receied May 24, 1996  the cleavage reaction occurs hgns-esterification, with the
oxygen atom of the "zhydroxyl group attacking the scissile
phosphate by am-line S\2 mechanism. Nucleophilic attack
by the 2-oxygen on the phosphorus yields either a pentacoor-
dinated transition state or a short-lived intermediate. This
transition state/intermediate should be stabilized by direct
coordination of a metal ion to the negatively charged nonbridg-
ing phosphoryl oxygen (electrophilic catalysis; Figure &Bhe
direct evidence for binding of a metal ion to the-Rp oxygen
is derived from a MA™ “rescue” experimerit-11 Thio substitu-
tion at thepro-Rp oxygen at the cleavage site of the substrate
(RpS) for a hammerhead ribozyme resulted in a large thio effect
that was relieved by replacement of ffgoy Mn?*, which has
a higher affinity for sulfur than does M§°2~*! This observation
led to the general conclusion that a Mgion is directly
Toordinated with th@ro-Ro oxygen® In this arrangement, the
bound metal ion can act as an electrophilic catalyst, and thus,
the proposed mechanism is very attractive as an explaination
of the catalytic activity of metalloenzymes.
In an attempt to quantitate the rescue capability ofMons,
we re-examined the thio effects for two epimeric thio substrates,
RpS andSpsS, in which thepro-Rp and thepro- oxygen at
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Over the last a few years, ribozymes have been recognized
as metalloenzymés!! In current research, much emphasis is
being placed on the identification of both the metal-binding site
and the number of catalytic metal ions involved in the reaction.
In studies of enzymatic processes, sulfur-containing analogs of
biological phosphoric esters are often used as substrate
analogsi?~1* Substitution of sulfur for one of the diastereotopic
oxygens of a phosphate moiety can be conveniently achieved
by automated solid-phase synthesis with standard phosphora:
midite building blocks. The normal iodine-promoted oxidation
is replaced by a sulfur-transfer st&mand the reaction generates
the epimerRpS andPS, wherein eithepro-Rp or pro-FP of
a nonbridging phosphoryl oxygen is replaced by sulfur. The
reaction products can be easily separated by reverse-phas
HPLC!! These compounds, which exhibit varying degrees of
stereoselectivity in their interactions with enzymes, especially
when the chiral phosphorothioate group is located at the reaction
center, have been widely used in efforts to obtain details of the
stereochemical configuratioA%.18 The effect on the rate of
the reaction of the substitution of oxygen by sulfur is commonly

referred o as tth:;\ th'otl effe;:t d.("e" fthtlr? etf{]get l;?h"sfh#‘ the cleavage site had been replaced, respectively, by sulfur. The
Kphosphorothioats ecently, studies of the thio eflect have  sequences of a 32-mer hammerhead ribozyme (R32) and its 11-
* To whom correspondence and reprint requests should be addressedmer substrate (R110) are shown in Figure 1a. In this system,
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A B Table 1. Kinetic Parameters for Cleavage of Substrates by
Ribozyme in the Presence of Ffgor Mn?* lons and the
- 2 Corresponding Thio Effects in the Presence of?Mpns and the
] f o o Ci Rescue Values Obtained in the Presence of'Mans
Cx*xG
G« ¢ R110 , rescue
Stem 1l g: ¢ Cleavage site o (0H ' ribozyme  substrate R Kkeeav(MinTY) thio effect value
LR AN AT O R32 R110 Mg 8.6x 102
AA GGCC Gﬁ 13 €CCC6 — 3 f/ o ' Sso RpS ,\/lgzJr 1.6 x 104 540
N LLEEE— o d proS Mn#*  39x 1073 24
GCCGGAé cs o Cu S Mg™ 3.0x 1073 28
Stem 11 67AG§JA Stem 1 Mn2t  6.9x 102 23
o oH R37 R130
Hammerhead ribozyme % RpS '\/Ig’ZJr 62
2+
Figure 1. (a) Sequence and secondary structure of the hammerhead S '\&ZH 1.9 43
ribozyme (R32) and substrate (R110) complex used in this study, with Mn2+ ' 3.8
all Watson-Crick base pairs indicated by asterisks. (b) Previously P .
proposed transition state or intermediate structumherein a M§" R3 ngO I\I\;Ilg+ 2'1710_3 34
ion is coordinated directly to thero-Rp oxygen atom at the cleavage Rp MRzt 9 i 102 18
site, such that it can act as an electrophilic catdlyst. Ps M+
. Mn2+
g SpS/Mn?* tetrahymena 30 Mg?™  8.9x10™*
g %] 3s Mg 9x107 1000
= RpS/Mn** Mn2t 6 x 10 667
g T
o % aThe thio effects and rescue values were estimated from the time
° SpS/Mg?+ ,.° course and the half-life on the basis of the results in refKinetic
= o .
2 30 A parameters were estimated from a graph of the cleavageeates
g oo, concentration of the metal ions in ref 9 at the point where the
= J° concentration of metal ions was 25 mKMResults taken from ref 1.
® 45
£ 15 14
2 it RuS/Mg?* ribozyme-catalyzed reaction. The higher catalytic power of
l’ pS/Mg y y g ytic p
" P B it : . . Mn2+ than of M@ ions at a specific pH is most probably a
reflection of a lower K, of the hydrate of the forme® etc.
0 80 160 240 320 400 and is not a result of rescue by Kfnions
Time (min) Although examination of cleavage BpS andpS substrates
g g
Figure 2. Time courses of hammerhead ribozyme-catalyzed reactions. demonstrated tha®pS is much less reactive th&S?** the
Reactions were performed in the presence of eithet'MgMn?* ions, difference in reactivity does not appear to originate from the
with the RpS or theSpS substrate, in which either theo-Rp or the direct coordination of a metal ion to a specific nonbridging

pro-$ oxygen at the cleavage site had been replaced by sulfur (the oxygen. Substitution by sulfur of one of the diastereotopic
autoradiograms for ribozyme-mediated cleavage of reactions used inoxygen atoms at the cleavage site could, in principle, perturb
Figure 2 are available as supporting informatigh). the active site because an atom of sulfur is larger than an atom

of oxygen, because of a longerB bond (the PS bond is
about 20-folc? and about 24-fold (Figure 2 and Table 1). These 1.9 A long, whereas the-FO bond is 1.4 A long) and because
rescue values are much smaller than the 660-fold recovery thatof localization of a negative charge on the sulfur that is singly
was observed in the reactions catalyzed by Teérahymena bonded to phosphori#g. This kind of perturbation (asymmetric
ribozyme when the'3ridging oxygen was replaced by a sulfur  reaction center) might be responsible, at least in part, for the
atom? higher reactivity of$pS than ofRpS.

It is noteworthy, however, that, although a small thio effect ~ Although examination of thio effects is a valuable tool for
was observed witl8S in the presence of Mg (about 1.9- attempts at the elucidation of the mechanism of action of various
fold!! and 28-fold), the reaction could be enhanced to nearly €nzymes, including ribozymes, care must be taken in interpreting
the same extent as observed wRpS by the addition of M#F the rescue of a reaction by Mhions. We demonstrated in
ion (about 3.8-fol¢ and 23-fold; see Table 1). In addition to  this report that the generally accepted mechanism of action of
the observation of a rescue effect of the same magnitude byribozymes (Figure 1b), wherein a Ktgion is directly coordi-
Mn2* ions with theRpS andSpS substrates, a similar phenom- nated with thepro-Rp oxygen such that the bound metal ion
enon can also be observed with the unmodified natural substratecan act as an electrophilic catalyst, is unlikely to be operative.
(the rate of the ribozyme-mediated hydrolysis of R110 was ] ] ] ) ]
about 20-fold higher in the presence of ¥rions than in the Supporting Information Available: Autoradiograms for ribozyme-
presence of M& ions2’ most probably because thé&pof mediated cleﬁvage of refactlor(;s used |r(1j Figure 2 (2 pages). See any
Mn2+-bound water molecules was one unit lower than tK@ p current masthead page for ordering an Internet access instructions.
of Mg%™-bound water moleculéd. Since Mr#+-mediated JA961756U
cleavage occurs about 20-fold more ra}pldly thartMnediated (29) Frey, P. A.: Sammons, R, Bciencel985 228 541545,
cleavage wittRpS andpS and also with the natural substrate,  (30)RpS andpS substrates were prepared by automated solid-phase
it seems unlikely that the previously observed rescue effddts  synthesi&® and separated by reverse-phase HPEChe separatedRpS
support the proposed direct and specific coordination of a metal substrate was incubated with a 2-fold excess of ribozyme and 25 mi Mg

. . . at 37°C for 1 h, and then it was purified by HPLC again to remove the
ion to thepro-Rp oxygen in the transition state of a hammerhead gma)1 amount of contaminating normal agS substrates. All reactions

were carried out under single-turnover conditions, in a solution that contained
(27) Sawata, S.; Shimayama, T.; Komiyama, M.; Kumar, P. K. R.; 10uM ribozyme, 1uM substrate, and 25 mM Mgebr MnCl, in 50 mM
Nishikawa, S.; Taira, KNucleic Acids Resl993 5656-5660. MES buffer (pH 6.0) at 25C. In the pH range of 68, ket represents the
(28) Pan, T.; Long, D. V.; Uhlenbeck O. C. Ifhe RNA World rate of chemical cleavagéa).” Reactions were initiated by addition of
Gesteland, R. F., Atkins, J. F., Eds.; Cold Spring Harbor Laboratory Press: metal ions to a solution that contained both ribozyme and substrate, and
Cold Spring Harbor, NY, 1993; pp 271302. products were quantitated as described previolihy.




