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Metal ions are critical for catalysis by many RNA and protein
enzymes. To understand how these enzymes use metal ions for
catalysis, it is crucial to determine how many metal ions are
positioned at the active site. We report here an approach, com-
bining atomic mutagenesis with quantitative determination of
metal ion affinities, that allows individual metal ions to be distin-
guished. Using this approach, we show that at the active site of the
Tetrahymena group | ribozyme the previously identified metal ion
interactions with three substrate atoms, the 3’-oxygen of the
oligonucleotide substrate and the 3’- and 2’-moieties of the
guanosine nucleophile, are mediated by three distinct metal ions.
This approach provides a general tool for distinguishing active site
metal ions and allows the properties and roles of individual metal
ions to be probed, even within the sea of metal ions bound to RNA.

ivalent metal ions play a critical role in catalysis by many

RNA and protein enzymes (e.g., see refs. 1-10). Determin-
ing the number of metal ions in an enzymatic active site and
delineating their catalytic roles are crucial for elucidating the
catalytic mechanisms of these enzymes (e.g., refs. 1-3, 5, 9, and
11-34). This presents a formidable challenge, especially for RNA
enzymes, as the metal ions that directly participate in the
chemical transformation are bound within a sea of metal ions
that coat the charged RNA backbone and facilitate RNA folding
(Fig. 1; e.g., see refs. 32-39).

The Tetrahymena group I ribozyme (E) derived from a self-
splicing group I intron catalyzes a reaction that mimics the first
step of splicing, in which an exogenous guanosine nucleophile
(G) cleaves a specific phosphodiester bond of an oligonucleotide
substrate (S; Eq. 1; refs. 40-42).
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E
CCCUCUpA + Goy— CCCUCUgy + GpA  [1]

Three metal ion interactions contribute to catalysis by this
ribozyme (Fig. 2). These interactions were previously identified
by modification of specific substrate atoms that alter metal ion
specificity; reactions with sulfur- or nitrogen-substituted sub-
strates were severely compromised in Mg?* but were stimulated
by addition of softer metal ions such as Mn?* (3, 5, 7, 9). A
fundamental question that remains unanswered, however, is
whether these interactions are mediated by the same or by
distinct metal ions.

We report here the development of an approach that com-
bines atomic-level substrate modifications with quantitative
analyses to determine the affinity of individual metal ions for an
enzymatic active site. These affinities provide a fingerprint for
each metal ion, allowing distinct metal ions to be distinguished.
Using this approach, we have provided evidence for three
distinct metal ions within the active site of the Tetrahymena
ribozyme. The results and the approach described herein will
allow us to further probe the functional consequences of specific
metal ion interactions and the catalytic role of individual metal
ions, even within the sea of metal ions bound to RNA.

Materials and Methods

Materials. Ribozyme was prepared by in vitro transcription with
T7 RNA polymerase as described (43). Oligonucleotides with
3’-thio modifications were prepared by using a published pro-
cedure (44). Oligonucleotide substrates were 5’-end-labeled with
[y-3*P]ATP and purified as described previously (43, 45).

General Kinetic Methods. All reactions were single-turnover, with
ribozyme in excess of labeled oligonucleotide substrate, and were
carried out at 30°C in 50 mM buffer and 10 mM MgCl, unless
otherwise specified (7, 40, 41, 46). The buffers used were NaMes
(pH 6.3-7.0) and NaEPPS (pH 7.1-8.5) [EPPS is N-(2-
hydroxyethyl)piperazine-N'-(3-propanesulfonic acid)]. Reac-
tions were followed by polyacrylamide gel electrophoresis and
were analyzed as described (40, 45).

Determination of Rate and Equilibrium Constants. (k./K.,)Cx is the
second-order rate constant for the reaction E-S + Gx — products
(Gx = G or Gnp,), and was determined for the oligonucleotide
substrates Sys and Sz (see Scheme 1 in Results). Values of
(ko/Kim)®x were determined at pH 7.9, with E saturating with respect
to S (50-200 nM E, K3 ~ 1 nM) and with subsaturating Gx (10-50
uM Gx, K§ = 360 uM; K§¥2 = 110 pM).

(ko/Km)©3xY is the second-order rate constant for the reverse
reaction: E-P + G3xU — E-S + Ga'xu (X = S or O). Values of
(ko/Km)9¥xY were determined at pH 6.3, with trace amounts of
5'-labeled G3xU (<0.1 nM) and E-P subsaturating with respect
to G3xU [0.2-10 uM E-P; K§PY = 300 uM (47)].

Equilibrium dissociation constants of S3s and P were deter-
mined by pulse—chase experiments and inhibition methods,
respectively, as described (7, 40, 48).

Data Analysis. The Mn?" concentration dependences for rescue of
the reaction of the individual modified substrates were analyzed
according to the model of Fig. 34 described in Results. The data
were fit to Eq. 3, derived from Fig. 34, to obtain the affinity of
the Mn?" ion responsible for rescuing the reaction of the
individual modified substrates (see Results).

The Mn?" concentration dependence of the reaction of Syg
with Gy, was fit to Eq. 2,

KMa + g[Mn?*] (
KMnA + [Mn2+]

KMo 4 b[Mn2+]>
2 2]

k;?sd = kf)a(l + + KMnc [Mn2+]

Abbreviations: E refers to the Tetrahymena ribozyme; S and P refer to the oligonucleotide
substrate and product with the sequence CCCUCUA and CCCUCU, respectively, without
specification of the substitutions. Sz's and S3'o refer to oligonucleotide substrates with a
3’-sulfur and 3'-oxygen leaving group, respectively, as defined in the text; G and Gnw, refer
to the guanosine nucleophiles with a 2’-OH and 2'-NH; group, respectively; G3sU and Gz'oU
refer to GpU dinucleotides with a 3’-sulfur and 3’-oxygen at the G residue, respectively. P1
is the duplex formed between S or P and the internal guide sequence (IGS) of E. (ES)o and
(E-S)c refer to the open and closed ribozyme-substrate complexes, respectively (see
Scheme 2).
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Fig. 1. Catalytic metal ions are bound within a sea of metal ions that coat
RNA. A three-dimensional model for the Tetrahymena ribozyme complexed
with the oligonucleotide substrate is depicted, with the oligonucleotide
substrate (S) shown in green, the internal guide sequence (IGS) of the ri-
bozyme in yellow, and the rest of the ribozyme in light gray. P1 is the duplex
formed between S or P and the IGS. The blue dots depict the numerous metal
ions that coat the RNA backbone; this ribozyme, which contains ~400 nucle-
otides, is expected to bind 100-200 divalent metal ions (33, 68-70). The red
dots depict specific active site metal ions that directly participate in the
chemical reaction, which are the focus of this investigation. Adapted from an
original drawing by L. Jaeger.

in which KMna and KMne are the affinities of Mni™ and MnZ',
respectively, and were fixed at values determined from indepen-
dent experiments with single modifications (0.8 mM and 0.3 mM,
respectively). The rate enhancemenlt proxlfided by the rescuing
Mny" is specified by a (a = kypn/knig, k™' = kS5/kS0).
Analogously, b is the rate enhancement provided by the rescuing
MnZ", with b = kf\ilnc/kf\f[lgc and k™! = kOvn/kG, Values of a and
b were fixed ata = 100 and b = 20, determined in independent
experiments with single modifications (S3's or Gnm,)-

Egs. 2 and 3 assume that the Mn?" rescuing the modified
substrate is independent of the Mn?* affecting the reactivity of
the unmodified substrate and has no effect on the reactivity of
the unmodified substrate. These assumptions are supported by
independent experiments (see text and legend of Figs. 4 and 6).
The good fits of the data in Figs. 4B, 5B, and 6B to Egs. 2 and
3 are also consistent with these assumptions.

Results and Discussion

We first describe the general approach for determining metal ion
affinities, highlighting critical features of the experimental design.
The subsequent sections then apply this approach to determine and
distinguish between active site metal ions in the Tetrahymena
ribozyme. The same approach can be used to distinguish active site
metal ions in other RNA and protein enzymes.

General Approach to Obtain Affinities of Active Site Metal lons. Quan-
titative analysis of the effect of Mn?* on the reactivity of a modified
substrate allows determination of the affinity of a rescuing Mn?*.
This affinity can then be compared to the affinities of Mn?* ions
that rescue substrates with modifications at different positions. The
finding of identical Mn?* affinities would be consistent with rescue
by a common metal ion, whereas different affinities would dem-
onstrate rescue by distinct metal ions.

Fig. 3 illustrates this approach for the example of Ss's, in which
the 3’-bridging oxygen of the oligonucleotide substrate is replaced
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o] Fig. 2. Metal ion interactions in the transition
S state of the Tetrahymena ribozyme reaction (3,5, 7,
c 9). The dashed lines depict the partial bonds be-

o u tween the 3’-oxygen of S and the 3’-oxygen of G to

3 2 the reactive phosphorus. 5— depicts the partial
@,,,9& OH negative charge on the 3’-oxyanions of Sand G and
: on the nonbridging oxygens of the reactive phos-

o phoryl group. The thin outline represents the metal
A'O_Ko& ion binding site formed by the ribozyme. M, is the

metal ion interacting with the 3’-atom of S (3), Mg
is the metal ion interacting with the 3’-moiety of G
(9), and Mc is the metal ion interacting with the
2’-moiety of G (5, 7). The results presented herein
suggest that these ligands interact with three dis-
G tinct metal ions.

by sulfur. With Mg?* bound at metal site A, the reaction rate of Sy's
is slow relative to the unmodified substrate Ss o (k]r\‘il ), but this
relative reactivity is stimulated when Mn?* replaces Mg”* at site A
(k). Thus, kY, is greater than {\fllg in Fig. 34. Fig. 3B shows the
expected dependence of the observed relative rate constant, J
on the concentration of added Mn?*. k5!, depends on the fraction
of ribozyme with bound Mn?* (M"E), as described by Eq. 3a. As the
fraction of M"E is a function of KM, the affinity of Mn?* for the
free ribozyme, the value of KM" can be determined from the
dependence of k™S ; on Mn?* concentration, as described by Eq. 3b.
The Mn?™ affinity provides a distinct physical constant that can be

used to distinguish this rescuing metal ion from other metal ions.
ki = kizy X {fraction M¢E} + kji, X {fraction M"E} [3a]

KMn . krel [Mn2+:|

1 1
kgebsd = kyn Mn X [Mn2+] + KMn .

Me X [Mn?] + K0 [3P]

Two features are crucial for the determination and compar-
ison of Mn2* affinities. First, in addition to the effect of the
specific Mn?* that rescues reaction of the modified substrate,
Mn?" can also have nonspecific effects by binding to other metal
ion sites; this is illustrated by the Mn?* occupancy of metal sites
B and C in Fig. 34. To minimize Mn?* occupancy at other sites
as well as to ensure folding of the ribozyme, a constant back-
ground of 10 mM Mg?* was used in the experiments described
herein. Even with this precaution, it remains necessary to use the
relative rate constants, k', to control for nonspecific Mn?*
effects and to isolate the effect of the specific rescuing Mn?* (see
ref. 7 for detailed description). Second, to compare the Mn?*
affinities obtained from different substrate modifications, it is
critical to obtain an affinity of the rescuing Mn?* that is not
perturbed by the modification. Therefore, the rescue is carried
out under conditions such that the substrate bearing the mod-
ification is not bound within the active site in the starting ground
state. If the starting ground state is the free ribozyme as in Fig.
34 (MeE and M"E), then the KM obtained reflects the Mn?*
affinity for the free ribozyme. This affinity is independent of the
substrate modification because in this ground state, the substrate
is not bound in the active site such that the metal ion does not
interact with the modified group. Rescue occurs through the
interaction of Mn?* with the modified group in the transition
state (Fig. 34, [MeES]F and [MPEG]). As the transition state is
formed only transiently, this metal ion interaction does not affect
the observed Mn?* affinity. In some experiments below, it is
more convenient to determine the Mn?" affinities with bound
substrates; the affinity of Mn?* for free E can be obtained from
these Mn?™" affinities and the independently determined Mn?*
effect on substrate binding affinities according to simple ther-
modynamic cycles (see below).

Shan et al.
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Determination of the Affinity of the Mn2* That Interacts with the
3’-Leaving Group of S. The metal ion interaction with the 3'-
oxygen of S (Fig. 2, M) was probed by replacing this oxygen with
sulfur (Fig. 34 and Scheme 1, S3s). Previous work showed that
the oligonucleotide substrate binds the ribozyme in two steps
(Scheme 2). First, the open complex, (E-S),, forms, in which S
binds solely by base-pairing interactions with the IGS of the
ribozyme to form the P1 duplex (49-52). Second, the P1 duplex
docks into the active site via tertiary interactions to form the
closed complex, (E-S). (45, 49, and 51-57). To obtain a Mn?*
affinity for metal site A that is unperturbed by the modified
substrate, the (E-S), complex can be used as the starting ground
state because S does not interact with active site residues and
bound metal ions in the open complex (Scheme 2).|
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Scheme 2.

The affinity of S35 and additional observations indicate that Ss-g
binds E in predominantly the (E-S), complex (i.e., Kgock < 1 for
Ss's; 30°C, 2-100 mM Mg?* and 0-20 mM Mn?*/10 mM Mg?";
unpublished results). In contrast, the standard unmodified sub-
strate binds E to form a stable (E-S). complex. We therefore
introduced a 2’-methoxy (OMe) group at the U(—3) residue of
S50 (Scheme 1), a modification that causes S;o to also bind
predominantly in the open complex, analogous to Ss's, but has
no effect on other reaction steps (49, 51-54). This allows the
effects of Mn?* on the same reaction steps, that of (E-S), + G
— products [(k/Km)©, Fig. 4], to be monitored for both S35 and
S3/0. This is also critical for interpretation of rescue experiments.

Mn?2* increases the rate of reaction of S35 10*-fold, whereas
the effect on the reactivity of S3.¢ is only 40-fold (Fig. 44, closed
vs. open circles). As the effects of Mn?* on the reactivity of Szo
and Sz are similar above 1 mM Mn?2", the rescue is achieved at
lower Mn?* concentrations, suggesting that the reaction of Sys
is rescued by a Mn?" ion(s) distinct from the Mn?* affecting the
reactivity of S3.o. The effect of Mn?* specific to Szs was isolated
by plotting the reactivity of Sy relative to Sy, k™! (Fig. 4B,
closed circles). This Mn?* concentration dependence of k™

72'-OMe groups were introduced into the —4 to —6 residues of S3's (Scheme 1); the sole
effect of this modification is to prevent miscleavage of S3ss, allowing more accurate
determination of reaction rates (49, 52, 54).

IThe (ES)o complex, rather than free E, was used as the starting ground state to obtain
reaction rates fast enough to be accurately determined. The Mn2* affinity obtained for
(E-S)o is expected to be equal to that for free E, as S does not interact with the active site
in the open complex (see text). This expectation was confirmed by the absence of a Mn2+
effect on formation of the open complex described later in the text.

Shan et al.
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Fig.3. Schematic description of the method for determining the affinities of
rescuing metal ions. (A) Equilibrium for binding of Mn2* (red) to metal site A

in the free ribozyme (KM"), and reaction of S3's and S3.0 with Mg2* and Mn2+

bound atsite A, with relative rate constants of k,'\ﬁg and ksh, respectively (k™' =

k53'/k530). The ribozyme active site is schematically represented by the thin
outline, with the IGS of the ribozyme shown by shaded letters. Addition of
Mn2* would lead to partial occupancy of all metal ion sites, depending on the
metal ion concentration and the Mn2* affinity of each site. This is represented
by the Mn2* occupancy of metal sites B and C in the M"E and [MME]* species.
(B) The Mn2* concentration dependence of the observed reactivity of Ssis
relative to Szo (k$.y) predicted from the model of A. Analysis of the Mn2+
concentration dependence gives the Mn2* affinity for metal site A in the free
ribozyme, as described in the text.

suggests that a single rescuing Mn?* binds to the (E-S), complex
with a dissociation constant of KM = 0.8 = 0.2 mM (Fig. 4B and
Eq. 3b).

Additional experiments indicated that the affinity of Sy is the
same, within error, in the presence or absence of added Mn?*
(dissociation constants for Sys of 0.6 = 0.1, 0.4 = 0.1, and 0.6 = 0.1
nM were obtained with 0, 5, and 20 mM Mn?*; 30°C, 10 mM Mg?>;
unpublished results). The absence of a Mn?" effect on the affinity
of S35 indicates that the affinity of bound Mn?* is not affected by
bound Sss either, according to the thermodynamic cycle of Eq. 4
(K, JKE" = Kgfﬁn/Kgfﬁg = 1). This is consistent with the expec-
tation described above that Mn?>* would bind to free E with the
same affinity as it binds to the (E-S), complex because of the
absence of interactions of S with the active site in the open complex
(Scheme 2). The value of KMa thus represents the unperturbed
affinity of Mn?* for metal site A in the free ribozyme. This provides
a quantitative physical constant that can be used to identify Ma, the
metal ion that interacts with the 3’-atom of S.

PNAS | October 26,1999 | vol.96 | no.22 | 12301
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The 2’-Moiety of G and the 3’-Leaving Group of S Interact with Two
Distinct Metal lons. To determine whether M, is the same or
distinct from other active site metal ions, we compared the
affinity of Mn%" with those of the Mn2* ion(s) that interact with
the other ligands (Fig. 2; refs. 5, 7, and 9). A metal ion interaction
with the 2’-moiety of G (Fig. 2, M¢) was identified in group I
introns by using 2'-aminoguanosine (Gn,; refs. 5 and 7), and the
affinity of the Mn?™" that interacts with Gy, was determined by
experiments analogous to those described above (7). These
studies indicated that MnZ" binds to free E with a dissociation
constant of KMnc = (.28 + 0.06 mM (Fig. 4B, open symbols, 10
mM Mg?*; ref. 7). As described above, this affinity (K™M1¢) is
unperturbed by modification on the 2'-moiety of G, because the
G site is unoccupied in the free rrbozyme (Fig. 34). Thus, the
stronger binding of MnZ" than Mni' to the free ribozyme
suggests that the 3'-atom of S and the 2'-moiety of G interact
with two distinct metal ions (Fig. 4B, opet vs. closed symbols)

As the difference in the affinities of MnZ" and Mn%" is small,
we tested this conclusion by determining the number of metal
ions required to rescue the reaction of Sz3's with Gnp,. Mn2+
increases the rate of reaction of Gnu, with S35 more than the
reaction of G with Szs (Fig. 54, closed squares vs. circles). To
isolate the effects of Mn?" specific to modifications on S35 and
Gnn,, the rate of reaction of Sz with Gy, relative to the
reaction of Syo with G was plotted (Fig. 5B; k™). The Mn?*
concentration dependence of k™! is steeper than predicted for a
single rescuing Mn?* (Fig. 5B, data points vs. dashed curve). The
solid line in Fig. 5B shows the Mn?* concentration dependence
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4] 0.2 0.3 10 20
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Fig. 4. Mn2* rescues the reactivity of Szs. (A) Effect of Mn2* on the rate of
reaction (E:S), + G — products [(k/Km)®] with S35 (@) and S3.0 (O), determined
as described in Materials and Methods. The effect of Mn2* on the reaction of
S3:0 arises from a Mn2* interacting with the A(+ 1) residue that is distinct from
the Mn?* that specifically rescues S3's (unpublished results). (B) The effect of
Mn2+ on the reactivity of Sy relative to Sz o [®, k" = (kc/Km)gs,S/(kc/Km)?s,o].
The line is a fit of the Mn2* concentration dependence of k™ values to Eq. 3b,
derived from the model of Fig. 3A, and gives KMPA = 0.8 = 0.2 mM. The Mn2*
concentration dependence of the relative reactivity of Gnu, (O) is from ref. 7
and is shown for comparison.
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predicted for rescue by Mni" and MnZ" with affinities of 0.8 and
0.3 mM and rate enhancements of 100- and 20-fold, respectively
(Eq. 2), the Mn?™" affinities and rate enhancements observed in
the aforementioned experiments with single substitutions (Fig. 4
and ref. 7). The good fit of the predicted concentration depen-
dence to the observed data provides strong independent support
for the conclusion that M and Mc are distinct.

The 3’-Moiety of G Interacts with a Third Metal lon. Finally, we
measured the affinity of the Mn?" that interacts with the
3’-moiety of G (Fig. 2, Mg; ref. 9). The 3’-oxygen of the
guanosine of GpU was replaced with sulfur (G3.oU — G3sU),
and the reverse reaction was followed, in which the oligonucle-
otide product (P) attacks GpU to regenerate S and G (CCCU-
CUOH + GpU — CCCUCUpU + Gop). To obtain the affinity
of Mn3" for the E-P complex, the experiment was carried out
with E P subsaturating with respect to G3'sU or Gz oU to follow
the reaction: E‘P + G3xU — E-S + Gz'xu [(kJK )GxxU X =0
or S; Fig. 64]. As the G site is unoccupred in the E-P complex,
the obtained Mn" affinity (KM®8) is not perturbed by the
modification on the 3’-moiety of G (cf. Fig. 34).

The rate of reaction of G3sU increases 2000-fold, whereas the
rate of reaction of G3oU increases only 60-fold (10 mM Mg2";
Fig. 6A4). Following the approach described above, the Mn?*
effect specific to Gz3'sU was analyzed from the relative reactivity
(Fig. 6B, k™'). The Mn?" concentration dependence of ke
suggests that a single rescuing Mn2* (Mn3") binds to the E-P
complex with a dissociation constant of KMne =7 + 1 mM (Fig.
6B, solid line; Eq. 3b). In contrast, Mn&", which interacts with the
2'-moiety of G binds to E-P 40-fold stronger, with KMPc = (.19 +
0.04 mM (Frg 6B, dashed line; ref. 7). As described above, the
affinity of MnZ" for E-P is not perturbed by the modlflcatron on
the 2'-moiety of G. The distinct affinities of Mng" and MnZ" for
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c
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= 3
o 3

oF >,
xg P

0
K} :

0.‘01 0:! 1 1‘0
[Mn?*] (mM)
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OA;N o:l 1 |‘0
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Fig. 5. Two MnZ* ions are required to rescue the reaction of S3s with GNH,-
(A) Effect of MnZ* on the reaction E-S + Gx — products [(k/Km)®%; Gx = G or
Gn,] With Sz0 and G (O), S3's and G (@), and Sz's and Gyh, (w). Determined as
in Fig. 4 with subsaturating Gx. The data for reactions of S3.o with G and of Sz's
with G are from Fig. 4A and are shown for comparison. (B) The effect of Mn2*
on the rate of reaction of S3's with Gy, relative to that of S3.o0 with G [kre!l =
(k/Km)s NHZ/(kc/Km)%o]. Thesolid line is the Mn2* concentration dependence of
the relative reactivity predicted from a model in which two Mn2* ions, Mn%"
and Mn%*, independently rescue the reaction of Sz3's and Gyn,, respectively (see
Eqg. 2). The dashed line is the best fit of data to a model in which a single Mn2+
ion rescues the reaction of S3's with Gy,.
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Fig.6. MnZ* rescues the reactivity of Gz:sU. (A) Effect of Mn2* on the rate of
the reverse reaction E-P + G3xU — E-S + G3xp [(k/Km)®3%XY] with G3'sU (@) and
G30U (O), determined as described in Materials and Methods. The effect of
Mn2* on the reaction of G3oU arises from a Mn2* distinct from the Mn2* ions
investigated herein (unpublished results). (B) The effect of Mn?* on the
reactivity of GzsU relative to GzoU [k = (kd/Ki)93'sY/(k/Km)@30Y]. The solid
line is a fit of the data to Eq. 3b, derived from the model of Fig. 34, and gives
KMne = 7 + 1 mM. The dashed line is a hypothetical MnZ* concentration
dependence of kel expected if MnZ*, which binds to E-P with a dissociation
constant of 0.19 mM (7), were responsible for rescue of GzsU.

E-P thus strongly suggest that the 2’- and 3'-moieties of G
interact with two distinct metal ions.

Independent experiments showed that Mn?* at concentra-
tions up to 10 mM has less than a 2-fold effect on binding of P
to E (10 mM Mg?"). This observation and thermodynamic
analysis analogous to that described above in Eq. 4 indicate that
Mn3" binds to free E with KM = 7 mM, the same as that
determined for E-P above. Thus, the binding affinities of Mn3%"
and Mn3" for free E differ by 10-fold, strongly suggesting that
they are distinct.

The effect of Mg?* on the binding of Mn?* to each metal site
provided additional evidence that Mng" is distinct from Mn%" and
Mng". The affinity of each Mn2* for free E was determined at a
series of Mg?* concentrations in experiments analo§0us to those
described above. The dissociation constants of Mn3~ and MnZ"
increase linearly with increasing Mg?* above 2 mM Mg?* (Table 1),
suggesting that Mn?* competes with a Mg?* at sites A and C. In
contrast, the affinity of Mnj" remains the same at 2 and 10 mM
Mg?* and weakens only above 10 mM Mg?*. These results provide
further evidence that Mg is distinct from M, and Mc.

The 2'-OH of U(—1), which precedes the cleavage site (Eq. 1),
contributes 10°-fold in the chemical step (45, 58) and has been

Table 1. Effect of Mg?* on the affinity of rescuing Mn2+ ions

KMn,app’* mM

[Mg2+], mM Mni* Mn3*+ Mn2*
2 0.16 5 0.058
10 0.82 7 0.28
50 — 13 1.3
100 6.3 — —

*The observed dissociation constant of Mn2* from free E at each Mg2*
concentration was determined in experiments analogous to those described
inthe text with 10 mM Mg2*. The dissociation constants of MnZ* are from ref.
7. As described in the text, the measurements were made with (E-S), or E-P,
and the absence of a Mn2* effect on formation of (E-S), and E-P suggests that
the same Mn?2* affinities hold for free E. This was directly verified in several
instances (ref. 7 and unpublished results). The dissociation constants for
Mn3" and MnZ" were determined at pH 7.9, and those for Mn3"™ were
determined at pH 6.3 (see text and refs. 7 and 66). The Mn2* dissociation
constants obtained have been shown to be unaffected by the following
changes in pH: MnZ", pH 7.0-7.9; Mn2*, pH 6.3-7.1; MnZ", pH 5.0-7.9 (refs.
7 and 66 and unpublished results), as expected because RNA functional
groups typically have pK, values =9 or =4. The error associated with each
KMn.app yalue is less than =30%, and specific error limits for the apparent
Mn2* affinities at 10 mM Mg?2* are in the text.
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Fig. 7. Model for transition state interactions within the active site of the
Tetrahymena ribozyme. The dashed lines (- —-) depict the partial bonds
between the reactive phosphorus and the 3’-oxygens of G and U(—1), and 6—
depict the partial negative charges on the 3’-oxyanions of S and G, as de-
scribed in the legend to Fig. 2. Experimental observations from this and
previous work have provided evidence for the active site interactions depicted
by eee and il as described in the text. The results described herein strongly
suggest the presence of at least three distinct metal ions at the ribozyme active
site (Ma, Mg, and Mc; refs. 3, 5, 7, and 9 and this work).

suggested to interact with a metal ion (5, 59). However, results with
this 2'-OH replaced by an amino group suggest that there is no
direct metal ion coordination with this group (60). Instead, the
2'-OH of U(—1) appears to hydrogen bond to the 3'-oxygen of S
to help stabilize the oxyanion in the transition state (Fig. 7; refs. 54,
58, 60, and 61). The absence of a metal ion interaction with the
U(—1) 2’-OH presumably explains why substituting a 2'-H for the
2’-OH of G has a larger deleterious effect than for the 2’-OH of
U(—1) (>10°-vs. 10*-fold; refs. 58, 62, and 63 and S. Shan and D.H.,
unpublished results), as placing a hydrogen atom adjacent to a
metal ion is likely to be energetically very costly.

Conclusions and Implications

The results of this study provide strong evidence that the Tetrahy-
mena ribozyme active site contains three distinct metal ions that
interact with the 3'-atom of S, the 3'-moiety of G, and the 2'-moiety
of G, respectively, in an asymmetric transition state (Figs. 2 and 7).
The metal ion interaction with the leaving group of S could
contribute to catalysis by stabilizing the developing negative charge
on the leaving group and may also contribute by ground state
electrostatic destabilization (Fig. 7, M; refs. 3 and 64 and unpub-
lished results). This 3'-oxyanion is further stabilized by a hydrogen
bond from the neighboring 2’-OH of U(—1) (Fig. 7; ref. 58 and
unpublished results), and this 2’-OH may be situated within a
network of active site interactions that involves the 2'-OH of A207
and the exocyclic amine of the G-U wobble pair that specifies the
cleavage site (Fig. 7; refs. 54, 60, 61, 65, and 66). The metal ion
interaction with the 3’-moiety of G is expected to help deprotonate
the 3’-OH of G at physiological pH, thereby activating the nucleo-
phile (Fig. 7, Mp; ref. 9). The metal ion that interacts with the
2'-moiety of G may also coordinate to the 3'-OH of G to further
aid deprotonation of the 3’-OH (Fig. 7, Mc; refs. 5 and 7); this metal
ion may in addition be used to align the reactive phosphoryl group
of S and G with respect to one another within the active site, thereby
accelerating the reaction (Fig. 7; ref. 7).

The number of catalytic metal ions at RNA and protein
active sites has been the subject of much discussion and
speculation (e.g., refs. 1, 2, 5, 9, 11-29, 33, and 34). As
demonstrated herein, quantitative analysis with modified sub-
strates to obtain thermodynamic fingerprints for specific metal
ions provides a powerful tool for identifying and distinguishing
active site metal ions. The ability to distinguish between
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distinct metal ion sites will help address the number of active
site metal ions, the identity of their ligands, and the roles of
these metal ions in catalysis by RNA and protein enzymes.
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