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The role of the cleavage site 2′-hydroxyl in the Tetrahymena
group I ribozyme reaction
Aiichiro Yoshida1*, Shu-ou Shan2*, Daniel Herschlag2 and Joseph A Piccirilli1

Background: The 2′-hydroxyl of U preceding the cleavage site, U(–1), in the
Tetrahymena ribozyme reaction contributes 103-fold to catalysis relative to a
2′-hydrogen atom. Previously proposed models for the catalytic role of this
2′-OH involve coordination of a catalytic metal ion and hydrogen-bond donation
to the 3′-bridging oxygen. An additional model, hydrogen-bond donation by the
2′-OH to a nonbridging reactive phosphoryl oxygen, is also consistent with
previous results. We have tested these models using atomic-level substrate
modifications and kinetic and thermodynamic analyses. 

Results: Replacing the 2′-OH with -NH3
+ increases the reaction rate ~60-fold,

despite the absence of lone-pair electrons on the 2′-NH3
+ group to coordinate a

metal ion. Binding and reaction of a modified oligonucleotide substrate with
2′-NH2 at U(–1) are unaffected by soft-metal ions. These results suggest that
the 2′-OH of U(–1) does not interact with a metal ion. The contribution of the
2′-moiety of U(–1) is unperturbed by thio substitution at either of the
nonbridging oxygens of the reactive phosphoryl group, providing no indication
of a hydrogen bond between the 2′-OH and the nonbridging phosphoryl
oxygens. In contrast, the 103-fold catalytic advantage of 2′-OH relative to 2′-H
is eliminated when the 3′-bridging oxygen is replaced by sulfur. As sulfur is a
weaker hydrogen-bond acceptor than oxygen, this effect suggests a hydrogen-
bonding interaction between the 2′-OH and the 3′-bridging oxygen. 

Conclusions: These results provide the first experimental support for the model
in which the 2′-OH of U(–1) donates a hydrogen bond to the neighboring
3′-bridging oxygen, thereby stabilizing the developing negative charge on the
3′-oxygen in the transition state.

Introduction
The Tetrahymena ribozyme (E) derived from a self-splicing
group I intron catalyzes a transesterification reaction:

(1)

in which an exogenous guanosine nucleophile (G) cleaves
a specific phosphodiester bond of an oligonucleotide sub-
strate (S; Table 1; see [1] and references therein). The
2′-OH of U preceding the scissile bond [U(–1)] facilitates
the chemical step ~103-fold relative to 2′-H, but does not
affect binding of S [2]. This corresponds to a contribution
of ~4 kcal/mol specifically to transition-state stabilization.
Linear free energy analysis with oligonucleotide sub-
strates bearing a series of 2′-substituents at U(–1) sug-
gested that the rate effect of the 2′-OH is more than that
expected from simple inductive effects [2]. Specific inter-
actions of the 2′-OH may therefore contribute to catalysis. 

How does this 2′-OH facilitate the reaction? Three models
can be postulated that are consistent with results from

previous biochemical studies and reasonable from geo-
metric and chemical considerations: first, the 2′-OH inter-
acts with an active-site metal ion that is crucial for
catalysis (Figure 1a); second, the 2′-OH donates a hydro-
gen bond to the 3′-bridging oxygen (Figure 1b); and
third, the 2′-OH donates a hydrogen bond to one of the
nonbridging oxygens of the reactive phosphoryl group
(Figure 1c). The first two models have been much dis-
cussed (Figure 1a,b; see below) [2–7], whereas the inter-
action with the reactive phosphoryl oxygen (Figure 1c)
has not been considered previously. Nevertheless, the
interactions postulated in these models have yet to be
tested directly.

A metal-ion interaction with the 2′-OH (Figure 1a) was
initially proposed on the basis of the observation that reac-
tion of a CU (or CT) dinucleotide with a circular form of
the Tetrahymena intron has different Mg2+ concentration
dependencies with 2′-OH and 2′-H at U(–1) [3,8]. Similar
observations and proposals have been made with the RNA
component of RNase P [9]. In addition, the 2′-OH of the
guanosine nucleophile interacts with an active-site metal
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ion (Figure 1, MC) [7,10], rendering an analogous metal-
ion interaction with the 2′-OH of U(–1) an appealing
model. There are multiple metal ions within the active
site of the Tetrahymena ribozyme (Figure 1, MA, MB and
MC) [7,11–14]. The 2′-OH could, with reasonable geome-
try, coordinate the metal ion interacting with the 3′-bridg-
ing oxygen (Figure 1a, MA) [11], a metal ion interacting
with the pro-SP oxygen of the reactive phosphoryl group
[14], or an unidentified active-site metal ion. The previous

experimental results [3,8] do not distinguish, however,
between direct coordination of a metal ion by this 2′-OH
or indirect contribution of this 2′-OH to Mg2+ binding
through intervening active-site groups, nor is it known
whether the same reaction steps were followed with the
substrates bearing a 2′-OH and 2′-H. 

A hydrogen bond between the 2′-OH and the 3′-bridging
oxygen (Figure 1b) was subsequently proposed [2]. The
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Table 1

List of oligonucleotide substrates.

Abbreviation Oligonucleotide substrate

–5 –3 –1 +1 +3 +5
I rSOH rC rC rC rU rC rU-OpO-rA rA rA rA rA
II rSH rC rC rC rU rC dT-OpO-rA rA rA rA rA
III rSN rC rC rC rU rC nU-OpO-rA
IV dSOH dC dC dC dU dC rU-OpO-dA dA dA dA dA
V dSH dC dC dC dU dC dT-OpO-dA dA dA dA dA
VI dSN dC dC dC dU dC nU-OpO-dA dA dA dA dA
VII rSOH,3′–S mC mC mC rU rC rU-SpO-rA
VIII rSH,3′–S mC mC mC rU rC dU-SpO-rA
IX rSOH,P–S mC mC mC rU rC rU-OpS-rA
X rSH,P–S mC mC mC rU rC dU-OpS-rA
XI rSN,P–S rC rC rC rU rC nU-OpS-rA

S refers to the oligonucleotide substrate CCCUCUA5 or CCCUCUA,
without specification of the sugar identity. The presence of additional A
residues at the (+2) to (+5) position of S does not affect binding or the
reaction rate (R. Russell & D.H., unpublished observations). r refers to
2′-OH; d refers to 2′-H; m refers to 2′-OCH3; n refers to 2′-amino,
without specification of the protonation state. In the text, rSNH3

+ and
rSNH2 refer to the oligonucleotide rSN with the 2′-amino group
protonated and deprotonated, respectively. 3'-S refers to the presence
of a thio substitution at the 3′-bridging oxygen of U(–1); P-S refers to
the presence of a thio substitution at the pro-SP oxygen of the reactive

phosphoryl group. 2′-OCH3 groups were introduced into the (–4) to
(–6) residues of 3′-S or P-S containing substrates; the sole effect of
this modification is to prevent miscleavage of these substrates, allowing
more accurate determination of reaction rates [28,59]. The chemical
composition of the reactive phosphoryl group is specified as follows: 

Figure 1

Models for the catalytic role of the 2′-OH of
U(–1) within the Tetrahymena group I
ribozyme active site. The large bold letters
represent nucleotide bases on the
oligonucleotide substrate and the guanosine
nucleophile, the dashed lines (---) depict the
partial bond from the reactive phosphorus to
the 3′-OH of G and the 3′-oxygen of the
U(–1) residue of S, and ‘δ-’ depicts the partial
negative charges on the 3′-oxygens of U(–1),
the 3′-oxygen of G, and the nonbridging
oxygens of the reactive phosphoryl group in
the reaction’s transition state. MA is the metal
ion interacting with the 3′-bridging oxygen of
U (–1) [11], MB is the metal ion interacting
with the 3′-moiety of G [12], and MC is the
metal ion interacting with the 2′-moiety of G
[7,10]. (a) The 2′-OH of U(–1) interacts with
a catalytic metal ion. An interaction with MA is
depicted as an example of potential metal ion
interaction(s) with this 2′-OH; an alternative

interaction with another active-site metal ion is
also possible. (b) The 2′-OH donates a
hydrogen bond to the neighboring 3′-bridging

oxygen. (c) The 2′-OH donates a hydrogen
bond to one of the nonbridging oxygens of the
reactive phosphoryl group. 
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rate of the chemical step for the substrate with 2′-OH is
~ tenfold faster than that for the substrate with a 2′-fluoro
group at U(–1), despite the weaker electron-withdrawing
ability of 2′-OH than 2′-F [2]. As a 2′-fluoro group contains
lone-pair electrons that can accept hydrogen bonds but
cannot donate hydrogen bonds, the higher reactivity of the
substrate with 2′-OH than 2′-F at U(–1) suggests that
hydrogen-bond donation from the 2′-OH of U(–1) might
be important. A hydrogen bond from this 2′-OH to the
neighboring 3′-oxygen is the simplest model that accounts
for the specific transition-state stabilization provided by
the 2′-OH, as negative charge develops on the 3′-bridging
oxygen in the course of the reaction and could be stabi-
lized by such a hydrogen bond [2,15–17]. This model has
been widely accepted, and extensions of this model have
been proposed (see below). Nevertheless, the model has
not been tested. Even if the 2′-OH of U(–1) acts as a
hydrogen-bond donor, the hydrogen bond could alterna-
tively be donated to one of the nonbridging oxygens of the
reactive phosphoryl group, which may develop additional
negative charge in the transition state (Figure 1c). To our
knowledge, this interaction has not been discussed previ-
ously but is reasonable from geometrical considerations
and is consistent with all of the previous data.

Besides the interactions depicted in the models shown in
Figure 1, additional active-site interactions with the 2′-OH
of U(–1) have been suggested. The rate advantage pro-
vided by this 2′-OH relative to 2′-H is reduced ~fivefold
when the G•U wobble pair is replaced by a G•C pair [4],
and ≥ 30-fold when the 2′-OH of A207 is replaced by a
2′-H or 2′-F [6]. A crystal structure of an RNA duplex con-
taining a G•U pair revealed an ordered water molecule
bridging the 2′-OH of U and the exocyclic amine of G
[18,19]. The biochemical data, in conjunction with the
crystallographic observations, led to the proposal of a
hydrogen-bonding network in which a hydroxyl group,
later identified as the 2′-OH of A207, donates a hydrogen
bond to the 2′-OH of U(–1) and accepts a hydrogen bond
from the exocyclic amine of G22, thereby bridging the
cleavage site 2′-OH and the G•U wobble pair [4,6,18].
Building on the earlier proposal [2], this network was sug-
gested to orient the 2′-OH of U(–1) to favor its interaction
with the 3′-bridging oxygen (Figure 1b) [4,6]. Neverthe-
less, the results of these studies are also consistent with
the other models: the 2′-OH could alternatively be aligned
to interact with one of the nonbridging phosphoryl
oxygens (Figure 1c), or one of the lone-pair electrons of
this 2′-OH could accept a hydrogen bond from A207,
while the other electron pair interacts with an active-site
metal ion (Figure 1a).

In this work, each of the catalytic models depicted in
Figure 1 has been tested by atomic-level modifications of
the substrate combined with quantitative kinetic and
thermodynamic analysis. The results provide no indication

of a metal-ion interaction with the 2′-OH or a hydrogen
bond between this 2′-OH and a nonbridging reactive phos-
phoryl oxygen. In contrast, the results support the model
of Figure 1b, in which the 2′-OH of U(–1) donates a hydro-
gen bond to the 3′-bridging oxygen. 

Results and discussion
We first describe experiments that test for metal-ion
interactions with the 2′-OH of U(–1) (Figure 1a). Two
independent approaches were used: replacing the 2′-OH
with 2′-NH3

+ and investigating its effect on reactivity;
and replacing the 2′-OH with 2′-NH2 and exploiting the
preference of the -NH2 group to interact with metal ions
softer than Mg2+. The next section describes experi-
ments that test hydrogen-bonding interactions of the
2′-OH with the nonbridging reactive phosphoryl oxygens
and with the 3′-bridging oxygen (Figure 1b and c,
respectively). These experiments support a hydrogen
bond between the 2′-OH and the 3′-bridging oxygen
(Figure 1b) and suggest that the other proposed interac-
tions are not made (Figure 1a,c).

A metal-ion interaction with the 2′-OH of U(–1)?
To test whether a metal-ion interaction with the 2′-OH of
U(–1) is important for catalysis (Figure 1a), we investigated
the reactivity of the oligonucleotide substrate rSNH3

+, in
which the 2′-OH is replaced by -NH3

+ (Table 1). The –NH3
+

group has no lone pair electrons and therefore cannot inter-
act with a metal ion. The rSNH3

+ reaction would therefore
be expected to be severely compromised if the 2′-OH coor-
dinates a metal ion important for catalysis (e.g. [10]).

To determine the reactivity of rSNH3
+, it was necessary to

establish the reaction conditions under which the 2′-amino
group of rSN (Table 1) is protonated and under which the
chemical step is rate limiting. We therefore first deter-
mined the effect of pH on the reaction of rSN and probed
whether the chemical step is rate limiting, as described
below. The pH dependence of the rSN reaction could
then be compared with those of rSOH and rSH to deter-
mine the effect of the 2′-NH3

+ substitution on reactivity.

To follow the reaction of protonated rSNH3
+, a pH value

below the pKa of the 2′-amino group must be used. (A
2′-NH3

+ group deprotonates with a pKa of ~6.2 in aqueous
solution [20]; the pKa of this group is even lower with rSN
bound to the ribozyme, as described below.) Preliminary
experiments indicated that ribozyme activity is severely
compromised below pH 5 with the standard Mg2+ concen-
tration of 10 mM, possibly due to disruption of ribozyme
structure at low pH ([21]; D.S. Knitt and D.H., unpublished
results). This deleterious effect of low pH can be overcome
at Mg2+ concentrations above 50 mM, as expected from sta-
bilization of the active ribozyme structure by Mg2+ [22–24].
A Mg2+ concentration of 100 mM was therefore used in the
following experiments. 
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The rate of the reaction E•rSN + G → products [(kc/Km)G;
Table 2] was determined as a function of pH (Figure 2a,
filled circles). (kc/Km)G for rSN increases with increasing
pH below pH 5.0 but begins to level off at higher pH. To
isolate the effect that arises specifically from deprotonation
of the –NH3

+ group, the pH dependence for the reaction of
the wild-type substrate rSOH was determined in parallel. As
observed previously at 10 mM Mg2+ [25], (kc/Km)G for rSOH
increases log-linearly with pH below pH 7.1 but levels off
at higher pH (Figure 2a, open circles). Comparison of the
pH dependencies for the rSN and rSOH reactions is compli-
cated, however, as the apparent leveling off of (kc/Km)G for
rSOH at high pH results from a change in rate-limiting step
from chemical cleavage to a conformational step ([25] and
M. Khosla and D.H., unpublished observations). Indeed,
(kc/Km)G for rSH, for which the chemical step is ~103-fold
slower than rSOH and is rate limiting over the entire pH
range [25,26], has a log-linear pH dependence up to pH 8.5
(Figure 2a, open squares). The apparent leveling off of

(kc/Km)G for the rSN reaction above pH 5.0 could arise from
different reactivities of rSNH3

+ and rSNH2, a change in rate-
limiting step analogous to the rSOH reaction, or a combina-
tion of these effects.

To differentiate between these possibilities, we exam-
ined the effect of thio substitution at the pro-RP oxygen
of the reactive phosphoryl group on the observed reaction
rate. The sole effect of this substitution is to slow down
the rate of the chemical step 2–3-fold for reaction of this
ribozyme, similar to effects observed with model com-
pounds [25,27]. The thio modification slows the rate of

88 Chemistry & Biology 2000, Vol 7 No 2

Figure 2

rSNH3
+ is more reactive than rSOH. (a) The pH dependencies of the rate

constant of reaction E•S + G → products [(kc / Km)G] with rSN (●),
rSOH (●●) and rSH ( ■■ ), determined as described in the Materials and
methods section (100 mM Mg2+). (b) The pH dependence of the effect
of thio-substitution at the pro-RP oxygen of the reactive phosphoryl group
on (kc / Km)G for rSN [thio effect = (kc / Km)oxy

G / (kc / Km)thio
G ]. The thio

effect at each pH represents the average of at least two independent
experiments, in which observed rate constants for substrates with and
without thio substitution were determined side-by-side in triplicate
((a) and data not shown). The dotted line shows the predicted pH
dependence of the thio effect if the rate-limiting step for the rSN
reaction above pH 5.0 changes to a step with a thio effect of 1.
(c) The pH dependence of the reactivity of rSN relative to rSOH
[(kc / Km)G,rel = (kc / Km)rSN

G / (kc / Km)rSOH
G ]. Values of (kc / Km)G for each

substrate were from part (a). The line is a fit of the data to equation 3,
derived from equation 2 in the Results and discussion section (see the
Materials and methods section), and gives (kc / Km)G,rel

rSNH+
3
= 58 ± 5 and

pKa
E•rSN = 5.0 ± 0.2. The relative reactivity of rSNH2, (kc / Km)G,rel

rSNH2
, could

not be determined, because the pH dependence of (kc / Km)G,rel would
need to be extended above pH 7.1, whereas interpretation of
(kc / Km)G,rel values above pH 7.1 is complicated by the change in rate-
limiting step for the rSN reaction suggested by the decreased thio effect
((b); see text).  Values of (kc / Km)G,rel were therefore plotted only from
pH 4.4 to 7.1. The arrow on the data point at pH 7.1 depicts that the
observed (kc / Km)G,rel is an upper limit for the relative reactivity of rSN in
the chemical step. This is because the chemical step is rate limiting for
(kc / Km)G of rSN at pH 7.1, whereas there is a change in the rate-limiting
step for (kc / Km)G of rSOH at this pH, as described in the text. 

Table 2

Nomenclature for rate constants.

Rate constant Reaction

kc
G E•S•G → products

(kc / Km)G E•S + G → products
(kc/Km)S E•G + S → products
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the rSN reaction by a constant amount, 1.9 ± 0.3-fold,
from pH 4.4 to 6.6 (Figure 2b). If the apparent leveling
off of (kc/Km)G for the rSN reaction represented a change
in the rate-limiting step, then the thio effect would be
expected to decrease above pH 5.0 (Figure 2b, dashed
line), where (kc/Km)G for rSN levels off (Figure 2a). The
thio effect therefore suggests that the chemical step is
rate limiting for reaction of rSN above pH 5.0. Above
pH 7, the thio effect begins to decrease (Figure 2b), pos-
sibly reflecting a change in rate-limiting step for the rSN
reaction at the highest pH values, analogous to rSOH.
Reactions at these high pH values were therefore not
analyzed here. 

As the chemical step is rate limiting for both the rSN and
rSOH reaction below pH 7.1, the effect on reactivity of rSN
that arises specifically from deprotonation of the –NH3

+

group can be isolated by plotting the values of (kc/Km)G for
rSN relative to that for rSOH as a function of pH
[(kc / Km)G,rel = (kc/Km)rSN

G / (kc / Km)rSOH
G ; Figure 2c]. At the

lowest pH values (4.4–4.7), rSN reacts 44-fold faster than
rSOH. (kc/Km)G,rel decreases with increasing pH above
pH 5.0 (Figure 2c), suggesting that rSNH2 is less reactive
than rSNH3

+:

(2)

A fit of the pH dependence of (kc/Km)G,rel in Figure 2c to
the model of equation 2 gives (kc/Km)G,rel

rSNH+
3

= 58 ± 5 for the
reactivity of rSNH3

+ relative to rSOH, and pKa
E•rSN = 5.0 ± 0.2

for deprotonation of the 2′-NH3
+ group in the E•rSN

complex. This pKa value is lower than the solution pKa
value of 6.2 for the 2′-amino group [20], presumably
because of perturbation of the pKa when rSN is bound to
the ribozyme (see the Materials and methods section and
[20,28] for details). As (kc/Km)G,rel continues to decrease
from pH 5.0 to 7.1, the reaction observed over this pH
range arises from a small fraction of the more reactive
species rSNH3

+, whereas rSNH2 makes a negligible contribu-
tion to the observed reaction rate.

The higher reactivity of rSNH3
+ than rSOH, despite the

absence of lone-pair electrons on the 2′-NH3
+ group to

interact with a metal ion, suggests that a metal-ion inter-
action with the 2′-OH of U(–1) is not important for cataly-
sis by the Tetrahymena ribozyme. An alternative model, in
which a metal-ion interaction with the 2′-OH in the wild-
type reaction is replaced by the positively charged –NH3

+

group, remains possible but not likely, because replacing a

catalytic interaction with a fortuitous interaction would not
be expected to increase reactivity. 

To probe independently for a metal ion coordinated by the
2′-moiety of U(–1), we examined the effect of soft-metal
ions on the reactivity of the oligonucleotide substrate with
a 2′-NH2 group at U(–1). These experiments are based on
the observation that nitrogen ligands typically prefer to
interact with soft-metal ions than with Mg2+, whereas
oxygen ligands do not exhibit such preferences [10,29,30].
This approach has previously been used to identify a
metal-ion interaction with the 2′-OH of the guanosine
nucleophile in this ribozyme (Figure 1, MC) [7,10]. Analo-
gous metal-ion rescue of the reaction of modified oligonu-
cleotide substrates with 2′-NH2 at U(–1) might be
expected if a metal-ion interaction with the 2′-moiety of G
is crucial for catalysis.

To provide a most sensitive probe for a potential metal-ion
interaction with the 2′-NH2 of U(–1), the reaction
E•G + S → products [(kc/Km)S; Table 2] was followed. In
this reaction, S is not bound to the ribozyme in the starting
ground state, so that any interactions with active-site metal
ions would be formed in the course of the reaction, allow-
ing the observed reaction rate to provide a probe for such
an interaction. To ensure that the chemical step was rate
limiting, the oligonucleotide substrate dSN (Table 1) was
used. Replacing the 2′-OH groups of S with 2′-H at
residues other than U(–1) weakens binding of S, but does
not affect the rate of the chemical step once S is bound
within the ribozyme active site [31]. The pH dependence
of (kc/Km)S and additional observations strongly suggest
that the chemical step is rate limiting for the dSN reaction
and, furthermore, that the reaction of dSNH2 can be fol-
lowed at pH 7.5, without significant contribution from reac-
tion of the small fraction of dSNH3

+ present at this pH (0.05;
pKa ~ 6.2 [20]; see the Materials and methods section).

The effect of soft-metal ions on the rate constant of the reac-
tion E•G + dSNH2 → products was determined in a back-
ground of 10 mM Mg2+. Addition of Mn2+, up to 10 mM, had
the same effect on the reaction E•G + S → products with
dSNH2 as with dSH (Figure 3a,b; 10 mM Mg2+). Mn2+ does
not, therefore, provide a specific stimulation of the reac-
tion of dSNH2 (relative to dSH). Similarly, addition of
several other soft-metal ions, Zn2+, Cd2+ and Co2+, did not
provide a specific stimulation for reaction of dSNH2 rela-
tive to dSH at concentrations up to 0.5, 0.5 and 5 mM,
respectively (data not shown).

To allow Mn2+ to compete more effectively with Mg2+ at
the potential metal site, we lowered the concentration of
Mg2+ to 0.1 mM and used even higher Mn2+ concentra-
tions. Nevertheless, addition of up to 50 mM Mn2+ did
not provide a specific stimulation for reaction of dSNH2
relative to dSH [Figure 3c,d; analogous results were
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obtained in reactions with a background of 2 mM Mg2+

(data not shown)]. Thus, if a Mn2+ could interact with the
2′-NH2 group more strongly than Mg2+ relative to 2′-OH,
this Mn2+ would need to bind much more weakly than
Mg2+ to this metal-ion site in the E•G complex. For
example, if replacing the Mg2+ at the potential metal site
with Mn2+ provides a tenfold stimulation for the dSNH2
reaction relative to dSH, then this metal site would bind
Mg2+ 5000-fold more strongly than Mn2+ [Mg2+ speci-
ficity = ([Mn2+] / [Mg2+]) × rate enhancement = (50/0.1) ×
10 = 5000]. An even greater Mg2+ specificity would be
required if the rate enhancement provided by the poten-
tial Mn2+ ion were larger.

The absence of metal-ion rescue of the dSNH2 reaction is in
marked contrast to the ability of Mn2+ and Zn2+ to rescue
the reaction of GNH2, in which the 2′-OH of G is replaced
by -NH2, in the Tetrahymena ribozyme and other group I
ribozymes (20-fold and ≥ 60-fold rescue of the GNH2 reac-
tion by Mn2+ and Zn2+, respectively) [7,10]. In solution,
compounds containing nitrogen ligands typically interact
10–102-fold more strongly with Mn2+ and 102–103-fold more

strongly with Zn2+, Co2+ and Cd2+ than with Mg2+, whereas
compounds containing exclusively oxygen ligands do not
typically exhibit such strong preferences [29,30]. Finally,
substantially stronger binding of Mg2+ than Mn2+ to the
potential metal-ion site is contrary to previous studies of
metal-ion–RNA interactions, in which similar or stronger
binding of Mn2+ than Mg2+ was observed (e.g. [10,32–34]).
Although a metal-ion interaction with the 2′-OH cannot be
ruled out on the basis of negative results, these results are
most simply accounted for by the absence of a metal-ion
interaction with the 2′-moiety of U(–1).

In summary, the higher reactivity of the substrate with a
2′-NH3

+ group than a 2′-OH group at U(–1) and the
absence of metal-ion rescue of reaction of the substrate
with 2′-NH2 suggest that the 2′-OH of U(–1) does not
interact with an active-site metal ion. This and previous
results [13] suggest an asymmetry in transition-state inter-
actions at the Tetrahymena ribozyme active site, with a
metal ion interacting with the 2′-OH of the guanosine
nucleophile but not with the 2′-OH of U(–1). The absence
of a metal-ion interaction with the 2′-OH of U(–1) also

90 Chemistry & Biology 2000, Vol 7 No 2

Figure 3

Mn2+ does not stimulate the reaction of
dSNH2. (a) Effect of Mn2+ on the rate constant
of the reaction E•G + S → products
[(kc / Km)S] with dSN (●), dSOH (■) and dSH
(●●). The second-order rate constant (kc / Km)S

was determined at pH 7.5 with 10 mM Mg2+

background, as described in the Materials and
methods section. The dashed line denotes
that (kc / Km)S for dSOH above 1 mM Mn2+ is
limited by the binding of the substrate instead
of the chemical step (S.S. and D.H.,
unpublished observations). (b) Effect of Mn2+

on the reactivity of dSNH2 relative to dSH in
the reaction: E•G + S → products
[(kc / Km)S,rel = (kc / Km)dSN

S / (kc / Km)dSN
S ].

Values of (kc / Km)S were from part (a). The
straight line with a slope of zero denotes the
absence of an effect of Mn2+ on (kc / Km)S,rel.
(c) Same as in (a) except that a background
of 0.1 mM Mg2+ was used instead of 10 mM.
(d) Same as in (b) except that a 0.1 mM Mg2+

background was used. Values of (kc / Km)S

were from (c). The straight line with a slope of
zero denotes the absence of an effect of Mn2+

on (kc / Km)S,rel. 
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provides an explanation for the substantially larger delete-
rious effect of removing the 2′-OH of the guanosine nucle-
ophile than the 2′-OH of U(–1) (>106-fold compared with
103-fold reduction in the rate of the chemical step; [35,36],
and S. S. and D.H., unpublished observations), as placing
a hydrogen atom adjacent to a metal ion is likely to have
major energetic consequences. 

Hydrogen-bond donation from the 2′′-OH of U(–1)?
The faster chemical step for oligonucleotide substrates
with 2′-OH than with 2′-F at U(–1) suggested that hydro-
gen-bond donation from the 2′-OH of U(–1) contributes
to catalysis (see above) [2]. As described in the Introduc-
tion section, however, there are three substrate atoms
that could potentially accept a hydrogen bond from this
2′-OH: the neighboring 3′-bridging oxygen, or the pro-RP
or pro-SP oxygen of the reactive phosphoryl group
(Figure 1b and c, respectively). In this section, each of
these potential hydrogen-bonding interactions was tested
by replacing the oxygen with sulfur. As sulfur is a weaker
hydrogen-bond acceptor than oxygen ([37–42] and refer-
ences therein), thio substitution would be expected to
diminish the catalytic advantage provided by a hydrogen
bond from the 2′-OH.

Several previous observations suggest that there are no cat-
alytically important active-site interactions with the pro-RP
oxygen of the reactive phosphoryl group. Thio substitu-
tion of the pro-RP oxygen reduces the rate of the chemical
step only 2–3-fold, consistent with the effects observed in
reactions of model compounds ([25,27]; see also above). In
addition, similar thio effects at the pro-RP oxygen were
observed with substrates containing 2′-OH or 2′-H at
U(–1) ([25] and data not shown), suggesting that there is
no interaction between the 2′-OH and the pro-RP oxygen.

Thio substitution at the pro-SP oxygen reduces the rate of
the chemical step ~103-fold ([27] and see below), strongly
suggesting the presence of active-site interactions with the
pro-SP oxygen (e.g. [14]). To probe a potential hydrogen
bond between the pro-SP oxygen and the 2′-OH of U(–1),
the effect of thio substitution at this oxygen was investi-
gated with substrates bearing a series of 2′-substituents
(Table 1, substrates I–III compared with IX–XI). Reactions
were carried out under conditions such that the chemical
step is rate limiting for each substrate (Table 3). To facili-
tate accurate determination of rate constants, we used satu-
rating ribozyme concentrations with respect to S, such that
the reactions E•S + G → products and E•S•G → products
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Table 3

Thio-effects at the pro-Sp oxygen of the reactive phosphoryl group with different 2′′-substituents at U(–1).*

2′-X† pH (kc / Km)G (M–1min–1) Thio effect§ pH kc
G (min–1) Thio effect§

P–O P–S P–O P–S
OH 5.5 1.3 × 104 2.0 6.5 × 103 4.4 0.13 6.5 × 10–5 2.0 × 103

6.2 1.1 × 105 17 6.5 × 103 4.4‡ 0.29 1.9 × 10–4 1.5 × 103

5.0 0.45 4.6 × 10–4 0.98 × 103

5.0‡ 1.05 9.1 × 10–4 1.2 × 103

H — — — 7.9 0.25 2.3 × 10–4 1.1 × 103

7.5 0.16 9.7 × 10–5 1.6 × 103

7.0 0.034 2.6 × 10–5 1.3 × 103

NH3
+ 4.4‡ 1.6 × 104 2.4 6.7 × 103 – – —

4.7‡ 7.7 × 104 12 6.4 × 103

NH2 7.5 2.3 × 105 64 3.6 × 103 — – —

*Rate constants (kc/Km)G and kc
G were determined with substrates

containing oxygen or sulfur at the pro-SP position of the reactive
phosphoryl group (P–O and P–S, respectively; Table 1, I–III and IX–XI)
in side-by-side experiments under conditions such that the chemical
step is rate limiting, as described in the Materials and methods section,
and were measured at 10 mM Mg2+ unless otherwise specified. Each
rate constant represents the average of at least two independent
determinations that vary by < 20%. Addition of up to 1 mM DTT or
EDTA had no significant effect on the observed rate constants
(< 20%). —, not determined. †2′-X refers to the 2′-substituent at U(–1).
‡Determined at 100 mM Mg2+. §The thio effect is 4–5-fold larger for
(kc/Km)G than for kc

G. This is presumably because the P–O and P–S
containing substrates bind the ribozyme in different conformations.

The ribozyme binds oligonucleotide substrates in two steps: formation
of an open complex, in which S is held solely by base-pairing
interactions with the internal guide sequence of E to form the P1
duplex, followed by docking of P1 into the ribozyme core via tertiary
interactions to form the closed complex ([59–61] and references
therein). The P–O-containing substrates bind the ribozyme to form
closed complexes, whereas the P–S-containing substrates bind the
ribozyme to form open complexes (data not shown). The guanosine
nucleophile binds ~fivefold more strongly to the closed complex than
to the open complex [58]. Thus, binding of G to the E•S complexes
formed by the P–O-containing substrates is expected to be ~fivefold
stronger than those formed by the P–S-containing substrates. This has
been verified for several substrates (data not shown).
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were followed [(kc/Km)G and kc
G, respectively; Table 2].

Thio substitution of the pro-SP oxygen (P–O → P–S) has a
similar effect on the rate constants of each substrate, regard-
less of whether a 2′-OH, 2′-H, 2′-NH3

+ or 2′-NH2 is present
at U(–1) (Table 3). The observed thio effects are indepen-
dent of pH and Mg2+ concentration (Table 3). The constant
thio effect observed with different 2′-substituents at U(–1)
suggests that the catalytic contribution of the 2′-substituent
at U(–1) is independent of the presence of sulfur or oxygen
at the pro-SP position of the reactive phosphoryl group.
There is therefore no indication of a direct hydrogen bond
between the 2′-OH and the pro-SP oxygen.

Finally, we probed the hydrogen bond between the
2′-OH and the 3′-oxygen of U(–1) (Figure 1b) by replac-
ing this 3′-oxygen with sulfur. The rate of the reaction
E•S•G → products (kc

G) was determined for 3′-thio substi-
tuted substrates with either 2′-OH or 2′-H at U(–1)
[rSOH,3′-S and rSH,3′-S, respectively (Table 1)]. In the pres-
ence of 10 mM Mg2+, the rate constant of the chemical
step for the thio-substituted substrates is similar with
2′-OH or 2′-H at the cleavage site (within twofold;
Table 4). The experiment was repeated with added Mn2+,
as the presence of 3′-bridging sulfur severely compro-
mises reactivity in Mg2+ alone, whereas reaction of 3′-thio
substituted substrates can be rescued by replacing the
Mg2+ at site A with Mn2+ (Figure 1b, MA; [11] and data
not shown). Mn2+ binds to metal site A with an apparent
dissociation constant of KMn,app = 0.8 mM (10 mM Mg2+;
[13]), so that 10 mM Mn2+ allows Mn2+ to fully replace
Mg2+ at site A. With metal site A occupied by Mn2+, rate
constants for reaction of 3′-thio-substituted substrates are
similar with 2′-OH or 2′-H at U(–1) (Table 4). Thus, the
2′-OH at U(–1) does not make a significant contribution
to the chemical step with substrates containing a 3′-sulfur
leaving group, whether Mg2+ or Mn2+ is bound at metal
site A. This is in marked contrast to the 103-fold faster
reaction with 2′-OH than 2′-H for substrates with an
oxygen at the 3′-bridging position (Table 3) [2]. The

removal of the catalytic advantage of the 2′-OH of U(–1)
by the 3′-thio substitution is most simply interpreted in
terms of a direct hydrogen bond between the 2′-OH and
the 3′-bridging oxygen (Figure 1b). 

In summary, the results presented in this section provide
no indication of a hydrogen bond between the 2′-OH of
U(–1) and the nonbridging oxygens of the reactive phos-
phoryl group (Figure 1c). In contrast, the results provide
experimental support for the catalytic model previously
proposed, in which the 2′-OH of U(–1) donates a hydro-
gen bond to one of the lone-pair electrons on the 3′-bridg-
ing oxygen in the transition state (Figures 1b and 4)
[2,4,6]. The 3′-leaving group oxygen is partially anionic in
the transition state, favoring formation of such a hydrogen
bond; in contrast, this oxygen is electron-deficient in the
ground state, rendering this hydrogen-bonding interaction
less favorable [2,43,44]. Donation of a hydrogen bond
from the neighboring 2′-OH to the 3′-bridging oxygen
presumably provides a specific stabilization of the transi-
tion state relative to the ground state, thereby facilitating
the chemical step. The developing negative charge on the
leaving oxygen atom is apparently further stabilized by a
metal ion, which interacts with the other lone pair of elec-
trons on this oxygen (Figures 1b and 4, MA; [11]; A.Y.
et al., unpublished observations). It appears that the
Tetrahymena ribozyme focuses many of its active-site inter-
actions on this 3′-leaving-group oxygen to provide rate
acceleration. This is sensible as this atom presumably
undergoes the largest amount of charge rearrangement in
the course of the reaction.

Alignment of the 2′′-OH by the ribozyme active site?
Although the 2′-OH of U(–1) appears to stabilize the devel-
oping negative charge on the 3′-bridging oxygen in the
Tetrahymena ribozyme reaction, the 2′-OH has only a
modest effect on the pKa value of the 3′-OH group in
aqueous solution (the pKa values of the 3′-OH of ribose and
2′-deoxyribose are 12.1 and 12.6, respectively [45,46]). This
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Table 4

Contribution of the 2′-OH at U(–1), relative to 2′-H, on the rate of the chemical step (kc
G) with a 3′-sulfur or 3′-oxygen leaving group.*

MA
† 3′-O 3′-S

kc
G (min–1) krel ‡ kc

G (min–1) krel ‡

2′-OH 2′-H 2′-OH 2′-H
Mg2+ 0.84 9.7 × 10–4 870 2.5 × 10–5 1.4 × 10–5 1.8
Mn2+ – – – 7.0 × 10–2 7.8 × 10–2 0.9

*The rate constant kc
G was determined with oligonucleotide substrates

containing oxygen or sulfur at the 3′-leaving group (3′-O and 3′-S,
respectively; Table 1, I–II and VII–VIII) in side-by-side experiments under
conditions such that the chemical step is rate-limiting, as described in
the Materials and methods section. The rate constants reported for
substrates with 3′-O were determined at pH 5.2, and those with 3′-S
were determined at pH 7.0. Varying the pH from 5.0 to 8.1 did not

significantly change the krel values for the 3′-S containing substrate
(10 mM Mn2+ / 10 mM Mg2+; data not shown). †MA refers to the metal
ion (Mg2+ or Mn2+) bound at metal site A (Figure 1, MA). Values of kc

G

with Mg2+ bound at site A were determined at 10 mM Mg2+, and those
with Mn2+ bound were determined at 10 mM Mn2+ / 10 mM Mg2+ (see
text). ‡krel = (kc

G,2′-OH)/(kc
G,2′-H) is the rate constant for reaction of the

substrate with 2′-OH at U(–1) relative to that with 2′-H.
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suggests that the 2′-OH does not significantly stabilize the
adjacent 3′-oxyanion in aqueous solution. Why, then, is the
ribozyme reaction 103-fold faster with a 2′-OH than a 2′-H
at U(–1)? As described in the Introduction section, the cat-
alytic contribution of the 2′-OH of U(–1) is reduced upon
mutating the G•U wobble pair or upon modifying the
2′-OH of A207 [4,6]. These results, in conjunction with
crystallographic observations (see the Introduction section)
[18,19], suggest a network of interactions surrounding the
2′-OH of U(–1) within the ribozyme active site that is not
present in aqueous solution. As proposed previously [6],
the 2′-OH of A207 may donate a hydrogen bond to the
2′-OH of U(–1) and bridge between this 2′-OH and the
exocyclic amine of the G•U wobble pair (Figure 4). 

Nevertheless, it is difficult to ascribe catalytic contribu-
tions to individual active-site groups; the difficulty is more
pronounced for the groups discussed here as they are inter-
connected to form a network. Two extreme models can be
presented that are both consistent with the previous data.
As suggested previously, interactions with A207 and the
G•U pair may be used to orient the 2′-hydroxyl proton of
U(–1), thereby favoring formation of the hydrogen bond to
the 3′-oxygen in the ribozyme reaction [4,6]. Alternatively,
the network of interactions surrounding the 2′-OH may
limit rearrangement within the active site relative to
aqueous solution, such that replacing the 2′-OH by 2′-H is
particularly deleterious for the ribozyme reaction. That is,
in aqueous solution, the hydroxyl groups from water can
stabilize the 3′-oxyanion when the 2′-OH is removed, such
that this modification has no significant effect on the pKa
value of the 3′-OH. In contrast, in the ribozyme active site,
access to water may be limited because the pocket created
by removal of the 2′-OH may not be sufficient to readily
accommodate a water molecule and because there would
be a substantial energetic penalty for rearranging the
active-site network surrounding the 2′-OH. 

The network of interactions between the 2′-OH of U(–1),
the 2′-OH of A207 and the exocyclic amine of G22 have
been referred to as a ‘catalytic triad’ [6]. The energetic
behavior of this network appears to be distinct, however,
from the highly cooperative interactions found within the
catalytic triad of serine proteases, in which mutation of any
of the sidechains essentially removes the catalytic contribu-
tion of other groups within the triad [47]. In contrast,
although an energetic interaction between the 2′-OH of
U(–1) and the G•U wobble pair was suggested from the
fivefold reduction in the contribution of the 2′-OH upon
changing the G•U wobble to a G•C pair (Figure 4) [4], a
catalytic contribution of 102-fold from this 2′-OH (relative
to 2′-H) remains even with a G•C pair at the cleavage site.
Furthermore, after removal of the exocyclic amine of G22,
the effect of removing the 2′-OH of U(–1) remains within
twofold of that of the wild-type ribozyme [5], and replacing
the 2′-OH of A207 with 2′-H or 2′-F still has a deleterious

effect on ribozyme function [6]. These observations
suggest that the exocyclic amine of G22 is not required for
the 2′-OH of U(–1) or the 2′-OH of A207 to make its inter-
actions. In addition, these energetic effects suggest the
presence of a more extensive network of interactions
within this RNA active site that restricts positioning even
in the absence of the exocylic amine of G22. In contrast,
the observation that the chemical step for rSNH3

+ is faster
than rSOH (Figure 2 and equation 2), despite the absence of
lone-pair electrons on the 2′-NH3

+ group to accept a hydro-
gen bond from A207, suggests that there is some ability to
rearrange active-site groups within this network. It will be
fascinating to explore further the energetic behavior of this
active-site network within the Tetrahymena ribozyme, to
unravel the structural basis for its behavior, and to compare
its behavior with those of other RNA and protein enzymes. 

Catalytic role of the cleavage site 2′′-OH in other RNA
enzymes
The 2′-OH at the cleavage site of group II introns makes
only a small contribution to catalysis; replacing this 2′-OH
by 2′-H reduces the observed reaction rate by less than
30-fold [48]. This suggests that the cleavage site 2′-OH is
not used by group II introns for catalysis. The ability of
group II introns to utilize DNA substrates could facilitate
their integration into new genomic positions and is presum-
ably important for the mobility of some group II introns
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Figure 4

Model of transition state interactions within the Tetrahymena ribozyme
active site. The dashed lines (---) depict the partial bond from the
reactive phosphorus to the 3′-OH of G and the 3′-oxygen of the U(–1)
residue of S, and ‘δ-’ depict the partial negative charges on the 3′-
oxygens of U(–1) and G, as described in Figure 1. MA, MB and MC are
the three active-site metal ions that interact with the 3′-bridging oxygen
of U (–1) and the 3′- and 2′-OH of G, as described in the legend to
Figure 1 [7,10–12]. The results described here provide experimental
evidence for a hydrogen bond from the 2′-OH of U(–1) to the
3′-bridging oxygen, as was previously proposed [2]. Previous work
suggests that this 2′-OH may also participate in a hydrogen-bonding
network that involves the 2′-OH of A207 and the G•U wobble pair that
precedes the cleavage site [4,6,18].
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(e.g. [49–52] and references therein). The small effect of
removing the cleavage site 2′-OH in group II introns con-
trasts with the 103-fold effect observed in the Tetrahymena
group I ribozyme, and provides further support for the
presence of a network of active-site interactions within the
Tetrahymena RNA active site that accentuates the energetic
cost for removal of this 2′-OH. 

Large catalytic contributions of the 2′-OH preceding the
scissile bond have also been observed with several other
RNA enzymes that carry out reactions similar to that cata-
lyzed by the Tetrahymena group I ribozyme. Replacing the
2′-OH by a 2′-H results in a ~2000-fold reduction in reaction
rate for the Anabaena group I ribozyme [53], and a 3400-fold
rate reduction for the RNA component of RNase P [9].
Mechanistic models such as stabilization of the neighboring
3′-leaving-group oxygen and stabilization of bound active-
site metal ion(s) have been proposed (e.g. [9]) but remain to
be tested. Experiments analogous to those described here
might be useful in delineating the catalytic role of the cleav-
age site 2′-OH groups in these ribozyme reactions.

Significance
The discovery of RNA catalysis has generated much
biochemical and mechanistic interest. Delineating the
catalytic interactions utilized by an RNA enzyme and
dissecting the properties of its active site are central to
understanding how RNA enzymes are able to act as
efficient biological catalysts. In this work, site-specific
substrate modifications combined with quantitative
analysis have been used to test several catalytic models
proposed for the 2′-OH of U(–1) in the Tetrahymena
group I ribozyme reaction. The results provide experi-
mental support for a previously proposed model in
which the 2′-OH donates a hydrogen bond to the neigh-
boring 3′-bridging oxygen, thereby stabilizing the devel-
oping negative charge on the leaving group oxygen in the
transition state. These results demonstrate the utility of
chemical modification combined with in-depth mecha-
nistic analysis as a tool for delineating the catalytic roles
of individual active-site groups. Analogous approaches
can be used to dissect catalytic interactions in the active
sites of other RNA and protein enzymes (e.g. [54]).

The large deleterious effect of removing the 2′-OH of
U(–1) suggests that this 2′-OH is situated within a
network of active-site interactions. A model has been
proposed in which the 2′-OH of U(–1), the 2′-OH of
A207 and the exocylic amine of G22 forms a hydrogen-
bonding network. Nevertheless, the energetic behavior
of this network is complex, suggesting that the contribu-
tion of the individual groups within this network cannot
be simply dissected. The presence of additional func-
tional groups involved and the structural bases for the
energetic behavior of this network remain important
questions for future investigations.

Materials and methods
Materials
Ribozyme was prepared by in vitro transcription with T7 RNA polymerase
as described previously [55]. Oligonucleotides were made by solid-phase
synthesis and supplied by the Protein and Nucleic Acid Facility at Stan-
ford University or were gifts from L. Beigelman (Ribozyme Pharmaceuti-
cals Inc.) or F. Eckstein. Oligonucleotides containing a bridging sulfur at
the 3′-moiety of U(–1) were synthesized by published procedures [56].
Oligonucleotide substrates were 5′-end-labeled using [γ-32P]ATP and T4
polynucleotide kinase and purified by electrophoresis on 24% nondena-
turing polyacrylamide gels, as described previously [31,55].

General kinetic methods
All reactions were single turnover, with ribozyme in excess of labeled
oligonucleotide substrate (S*) and were carried out at 30°C in 50 mM
buffer. The buffers used were: sodium acetate, pH 4.4–5.6; NaMES,
pH 5.4–7.0, NaMOPS, pH 6.4–7.1, NaHEPES, 6.8–7.5, NaEPPS,
pH 7.5–8.5 (pH values determined at 30°C). Reactions were followed
and analyzed essentially as described previously [57,58]. Briefly,
ribozyme was preincubated in 10 mM MgCl2 and 50 mM buffer at 50°C,
cooled to 30°C, and Mg2+, Mn2+, Zn2+, Cd2+ or Co2+ was added to
obtain the desired metal ion concentrations prior to initiating the reaction
by addition of S* (< 0.1 nM). For reactions with 0.1 mM Mg2+ back-
ground, ribozyme was folded in 2 mM MgCl2 at 50°C, cooled to 30°C,
and adjusted to desired metal ion concentrations. For reactions carried
out above pH 8.0, the preincubation was carried out at pH 7.5 to avoid
degradation and diluted tenfold into the appropriate buffer at 30°C [21].
Six aliquots of 2 µl reaction mixture were removed from 20 µl reactions at
specified times, and further reaction was quenched by addition of 4 µl of
stop solution [90% formamide with EDTA in ≥ twofold excess of total
divalent metal ion (20–200 mM), 0.005% xylene cyanole, 0.01% bro-
mophenol blue and 1 mM Tris, pH 7.5]. Oligonucleotide substrates and
products were separated by electrophoresis on 20% polyacrylamide/7 M
urea gels, and their ratio at each time point was quantitated with a Mol-
ecular Dynamics Phosphorimager.

Reactions were followed for ≥ 3t1/2 except for very slow reactions.
Good first-order fits to the data, with endpoints of ≥ 90%, were
obtained (KaleidaGraph). The slow reactions were typically linear for up
to 20 h, and an endpoint of 95% was assumed to obtain observed rate
constants from the initial rates.

Kinetic constants
The nomenclature used for rate constants is defined in Table 2. kc

G, the
first-order rate constant, was determined for oligonucleotide substrates I,
II and VII–X (Table 1) with E saturating with respect to S (50–1000 nM
E; Kd

S ≤ 8 nM; data not shown) and with saturating G (2 mM; Kd
G ≤

500 µM). The second-order rate constant (kc/Km)G was determined for
oligonucleotide substrates I–III and IX–XI (Table 1) with E saturating with
respect to S as above, but with G subsaturating (≥ three concentrations,
each > fivefold below Kd

G). The second-order rate constant (kc/Km)S was
determined for oligonucleotide substrates IV–VI (Table 1) with saturating
G (2 mM) but with E subsaturating with respect to S (10–50 nM E; Kd

S ≥
150 nM; data not shown). 

Following the chemical step for reaction of dSNH2
To determine the effect of metal ions on the reactivity of dSNH2, it is
crucial that the chemical step is rate limiting and that the reaction of
deprotonated dSNH2, rather than dSNH3

+, was followed. The following
suggest that the chemical step is rate limiting for the reaction:
E•G + dSN → products over the range of pH (4.4–7.9) and metal ion
concentrations investigated; there is a constant thio-effect of
2.1 ± 0.2-fold at the pro-RP oxygen (see text; data not shown); (kc/Km)S

for dSN is at least fivefold slower than for dSOH under all the conditions
tested (Figure 3a and data not shown); (kc/Km)S for dSN is log-linear
with pH and parallels the pH dependence of dSH (10 mM Mg2+, 10 mM
Mn2+ / 0.1 mM Mg2+ and 10 mM Mn2+ / 2 mM Mg2+; data not shown).
The observation that the pH dependence of (kc/Km)S for dSN parallels
that for dSH further suggests that deprotonation of the 2′-NH3

+ group to
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give dSNH2 does not affect the rate constant of the reaction:
E•G + S → products. If dSNH2 were substantially less reactive than
dSNH3

+, (kc/Km)S for dSN would be expected to level off as the 2′-NH3
+

group deprotonates above pH 6 [20,26], analogous to the leveling-off of
the rate constant for the reaction: E•rSN + G → products (Figure 2). The
absence of a rate effect from deprotonation of the 2′-group in the reac-
tion: E•G + S → products, despite the faster rate of the chemical step
from the E•S complex for substrates with 2-NH3

+ than with 2′-NH2 at
U(–1) (Figure 2), is presumably due to the weaker binding of substrates
with 2-NH3

+ than 2′-NH2 at U(–1). Compared to 2′-OH or 2′-NH2, the 2′-
NH3

+ group weakens the stability of the P1 duplex formed between S
and the internal guide sequence of E by at least 30-fold ([20,28] and
S.S. & D.H., unpublished results). Thus, the reaction of dSNH2 can be
followed at pH 7.5, without significant contribution from reaction of the
small fraction of dSNH3

+ present at this pH (0.05; pKa ~6.2 [20]).

Determination of the pKa of the 2′-NH3
+ group in the E•rSN

complex
The different reactivities of rSNH3

+ in the reaction: E•S + G → products
[(kc / Km)G] provide a signal for deprotonation of the -NH3

+ group in the
E•rSN complex (Figure 2). The value of pKa

E•rSN, the negative logarithm
of the observed equilibrium constant for deprotonation of the -NH3

+

group in E•rSN, was obtained from the pH dependence of (kc / Km)G for
rSN relative to rSOH, (kc / Km)G,rel. The data were fit to equation 3, which
was derived from equation 2: 

(3)

(kc / Km)obsd
G,rel is the observed second-order rate constant for reaction of

rSN relative to rSOH at a particular pH, and (kc / Km)rSNH3
+

G,Rel and (kc / Km)rSNH2
G,rel

are the pH-independent rate constants for reaction of rSNH3
+ and rSNH2,

respectively, relative to rSOH. The pKa of 5.0 obtained for the 2′-amino
group in E•rSN is lower than the solution pKa of this group of 6.2 [20].
This is presumably due to the ~30-fold weaker affinity of the oligonu-
cleotide substrate with 2′-NH3

+ than with 2′-NH2 at U(–1) (see previous
section), as illustrated in the thermodynamic cycle of equation 4:

(4)

In equation 4, the affinities of rSNH3
+ and rSNH2 are expressed as equi-

librium association constants relative to rSOH (Kass,rel) in order to
correct for a small pH effect on substrate affinity that is not specific to
the 2′-amino group (2–3-fold). The thermodynamic relationship in equa-
tion 4 predicts that the equilibrium for deprotonation of the 2-NH3

+

group (Ka) would be 30-fold more favorable on the ribozyme than in
aqueous solution: 

(5)

pKa
E•rSN = pKa

rSN – log30 = 6.2 – 1.47 = 4.7. The predicted pKa of 4.7
for the U(–1) 2′-amino group in the E•rSN complex is the same, within
error, as the value of pKa

E•rSN = 5.0 determined experimentally (Figure 2).
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