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The determination of how enzymes achieve their catalytic power requires an understanding of
how structural motifs are used to position functional groups of enzymes and substrates within
active sites. The recent explosion of RNA crystal structures provides an extraordinary
opportunity to delve deeply into the relationship between ribozyme structure and function. The
Tetrahymena group I ribozyme provides an attractive system for such studies because of the
wealth of structural information, with ten crystal structures of group I introns solved in the past
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five years,[1–5] and extensive functional information[6] that enables incisive analysis of the
energetics of catalysis.
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The Tetrahymena group I ribozyme catalyzes a phosphoryl-transfer reaction that mimics the
first step of self-splicing of group I introns (Scheme 1).[6,7] This reaction involves two
substrates, an oligonucleotide (S) and an exogenous guanosine molecule. S binds to the
ribozyme first by base pairing[8] to form the “open complex” (subscript “o” in Scheme 1), and
then docks into the active site of the ribozyme[9,10] to form tertiary interactions in the “closed
complex” (subscript “c” in Scheme 1). Guanosine also binds to the ribozyme in a dedicated,
highly conserved site,[1–3,11] and the substrates can bind in either order. Within the bound
complex, the 3′-OH group of guanosine is deprotonated and attacks S at a specific phosphoryl
group, thereby transferring the phosphoryl group and the A tail. Functional and structural
studies have elucidated an intricate network of active-site interactions involving metal ions and
hydrogen bonds, and have partially dissected their contributions to catalysis (Scheme 1b).[6]
With this wealth of information about direct catalytic interactions, this system is poised for
investigation of how these active-site interactions are established.
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We focus on an interaction involving the 2′-OH group of the most conserved residue in group
I introns, A261 (Tetrahymena ribozyme numbering; Figure 1).[11] Previous functional data
have shown that the replacement of the 2′-OH group at position A261 with other groups is
deleterious.[12–14] Consistent with its importance in catalysis, the 2′-OH group of A261 lies
near N3 of guanosine in the structural model derived from crystals of the Twort group I
ribozyme (Figure 1, lighter residues).[2] On the basis of this model, a ribose zipper interaction
involving the donation of a hydrogen bond from the 2′-OH group of the guanosine nucleophile
to the 2′-OH group of A261 (Figure 1, dashed light-green line), which in turn donates a
hydrogen bond to N3 of guanosine (Figure 1, dashed light-blue line), has been proposed.[2,
15] A261 is part of one of the three base triples in the guanosine-binding site,[2] and hydrogen
bonds between the 2′-OH group of A261 and the guanosine nucleophile may structurally
connect two of these layers, presumably fortifying the interactions needed for transition-state
stabilization. Because these proposed interactions involve conserved residues in the catalytic
core, they have been suggested to be important for all the group I ribozymes.[2,15] This
proposed network of interactions involving the 2′-OH group of A261 is also consistent with
functional data obtained subsequently that strongly imply a hydrogen-bond-donor role for the
2′-OH group of guanosine (Figure 1, dashed light-green line)[16] in addition to its wellestablished role as a ligand for a catalytic metal ion (Scheme 1 b).[17,18]
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Nevertheless, the environment surrounding the 2′-OH group of A261 varies somewhat in
structural models of different group I ribozymes. In particular, recent models of the
Azoarcus group I ribozyme[4] suggest a different network of interactions (Figure 1, darker
residues), involving a contact between the 2′-OH group of A261 and the exocyclic amino group
of guanosine (dashed blue line). This amino group has also been shown to be important for
catalysis: guanosine binding is about 200 times as strong as the binding of inosine, which has
a hydrogen atom instead of an amino group at this position.[19,20]
The structural models that lead to these two different proposals show identical positioning of
the base triple that involves the guanosine nucleophile (C311–G264–G)[11] and of the adenine
ring of A261 above this base triple. However, the models differ in the positioning of the 2′OH group of A261 as a result of different sugar puckering (Figure 1). Nevertheless, the structure
factors from the structural models of Twort and Azoarcus ribozymes at a resolution of 3.6 and
3.3 Å, respectively, are consistent with either sugar pucker (see Figure 1 in the Supporting
Information); thus, they do not resolve the functional interactions of the 2′-OH group of A261.
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We used double-mutant cycles[21,22] to determine which of these interactions contributes to
catalysis by the Tetrahymena group I ribozyme. Relative to proteins, RNA molecules are
readily amenable to conservative substitutions;[23] double-mutant cycles can often be
constructed with atomic-level substitutions. Specifically, we asked whether replacement of the
2′-OH group at A261 with a group no longer capable of making the proposed interaction has
the same functional effect, or a diminished effect, in reactions with guanosine and with a
guanosine analogue lacking the proposed partner of the 2′-OH group at A261. A diminished
effect would indicate a functional interdependence and would suggest, given the structural
information, a direct interaction.
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To test the proposed hydrogen-bond donation from the 2′-OH group of A261 to the N3 atom
of guanosine, as suggested by the Twort structural model,[2,15] we used a ribozyme containing
a 2′-OMe group in the residue at position A261 (A261OMe). This construct is not capable of
donating a hydrogen bond through the substituent at the 2′-position. It was used in combination
with 3-deazaguanosine (3dNG), a guanosine analogue that lacks the nitrogen atom proposed
to accept a hydrogen bond from the 2′-OH group of A261. To test the possible hydrogen-bond
donation from the exocyclic amine group of guanosine to the 2′-OH group of A261, as
suggested by the Azoarcus structural model,[4] we used a ribozyme containing a 2′-H atom,
which is neither capable of accepting nor capable of donating a hydrogen bond, in the residue
at position A261 (A261H), and inosine (I), a guanosine analogue that lacks the exocyclic amino
group proposed to donate a hydrogen bond to A261. In the following, we use xG to refer to
guanosine or guanosine analogues and G to refer solely to the cognate guanosine nucleophile.
Figure 2 summarizes our test of the proposed interaction between the 2′-OH group of A261
and N3 of G.We measured (kcat/KM)xG (the second-order rate constants for the reaction
(E·S)o+xG→products, Scheme 1) for two ribozymes, the wild-type (wt) ribozyme and the
A261OMe ribozyme; xG represents either G or 3dNG. In the wt ribozyme, the reaction rates
with G and 3dNG differ by less than a factor of four (Figure 2a; (kcat/KM)G=3100 M−1min−1;
(kcat/KM)3dNG=900 M−1min−1). This difference corresponds to
(Figure 2b). This small effect is evidence against a critical
functional role of the N3 atom. G reacts 24 times more slowly with the A261OMe ribozyme
than with the wt ribozyme (
). This result is consistent with
hydrogen-bond donation from the 2′-OH group of A261, in agreement with prior functional
experiments,[12,13] and with the proposal that an important contact is mediated by this 2′-OH
group.[2,15,16]
We found that 3dGN reacts 2.5 times more slowly than G with the A261OMe ribozyme (Figure
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2a), a difference which corresponds to
(Figure 2 b). This
effect is the same as that measured with the wt ribozyme (3.4- and 2.5-fold rate decreases,
Figure 2a; ΔΔG = 0.7 and 0.6 kcal mol−1, Figure 2b). Thus, despite the significant deleterious
effect of the 2′-OMe substitution at position A261, no coupling to the effect of the removal of
the N3 atom from the guanosine nucleophile was observed (ΔΔΔGint = 0.1 kcal mol−1, Figure
2b). This result strongly suggests that the 2′-OH group of A261 and the N3 atom of G do not
interact.
We next tested the possible interaction between the exocyclic amine group of G and the 2′-OH
group of A261 (Figure 3). In this case, we measured (kcat/KM)xG (Scheme 1) for G and I, within
the context of the wt and A261H ribozymes. To minimize a G-independent reaction, which
proceeds faster than the G-dependent reaction at low G concentrations in the A261H ribozyme,
we used AUCG and AUCI instead of G and I. The extra residues form additional base pairs
with the ribozyme and strengthen binding without changing the reaction details.[24,25] In
agreement with previous results obtained with the wt ribozyme,[19,20] the reaction of AUCI
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was about 230 times slower than that of AUCG (
,Figure
3a). This result alone is not sufficient to identify the cause of such a decrease in reactivity.
Indeed, the exocyclic amine group can potentially donate two hydrogen bonds; a hydrogen
bond between the exocyclic amine group and the N7 atom of G264 has been proposed[11] and
is supported by all structural models of the group I ribozymes (Figure 1 and Figure 3b).[1–5]
The double-mutant cycle shown in Figure 3b is crucial for determining whether there is an
additional interaction.
If the deleterious effect measured when AUCI was used in place of AUCG for the reaction of
the wt ribozyme were entirely due to interactions that do not involve the 2′-OH group of A261,
we would expect this effect to remain the same in the A261H ribozyme, as observed for 3dNG
in the wt and A261OMe ribozymes. However, in the A261H ribozyme, AUCI reacts only seven
times more slowly than AUCG, instead of 230 times more slowly as observed for the wt
ribozyme (Figure 3a). This effect corresponds to
3b), a value much smaller than that for the wt ribozyme

(Figure
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(
). The large value of ΔΔΔGint=2.1 kcal mol−1 indicates
thermodynamic coupling between the 2′-OH group of A261 and the exocyclic amine group of
G. The simplest model to explain this observation is that these two residues interact directly,
as shown in dark blue in Figure 1.[4] As noted above, the exocyclic amine group of G is
proposed to be involved in an additional interaction with residue G264 (Figure 1, Figure 2, and
Figure 3),[11] and the residual sevenfold difference in reactivity between AUCG and AUCI
in the A261H ribozyme is consistent with the loss of such an additional interaction.[19]
However, the existence of hydrogen-bond donation from the exocyclic amine group of the
guanosine nucleophile to the 2′-OH group of A261 indicates that a possible hydrogen bond
from the 2′-OH group of G to the 2′-OH group of A261[2, 15, 16] is unlikely, given the
conformational and packing constraints at this site.
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In conclusion, we have used functional data based on site-specific chemical modifications to
distinguish between different models derived from structural data. In doing so, we have
provided evidence for an important hydrogen-bond interaction between the 2′-OH group of
A261 and the exocyclic amine group of the guanosine nucleophile in the reaction catalyzed by
the group I ribozyme. Although we have not investigated whether A261 adopts different
conformations in different ribozymes, the high level of conservation in this site suggests that
the interaction observed in this study will be universal. Nevertheless, the close arrangement of
multiple hydrogen-bond donors and acceptors within this compact, highly structured RNA
suggests that alternative structures that involve subtle rearrangements may be accessible for
this and other RNA molecules. Indeed, RNA is prone to misfolding and often adopts alternative
structures.[25] This ability, although it has the potential to limit structural homogeneity, may
have helped ribozymes evolve rapidly and acquire the chemical complexity needed for the
development of life, in spite of their rather simple array of functional groups, and may help
RNA molecules involved in complex, multistep processes in current-day biology.
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Figure 1.
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Superposition of structural models of the Twort[2] (lighter colors, PDB ID: 1Y0Q) and
Azoarcus[4] (darker colors, PDB ID: 3BO3) group I ribozymes. The G–C base pair involved
in a base-triple interaction is depicted in gray; A261 is in blue; the guanosine nucleophile (G)
is in green. Hydrogen bonds in the base triple are indicated in gray. Interactions involving the
2′-OH group of A261 are indicated in light blue and light green (Twort) or dark blue
(Azoarcus). The residues are numbered according to the Tetrahymena group I ribozyme. The
figure was generated with PyMOL (W. L. DeLano, The PyMOL Molecular Graphics System
(2002) on World Wide Web http://www.pymol.org).
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Figure 2.

Testing the proposed contact between the 2′-OH group of A261 and N3 of guanosine. a) Values
of kcat/KM for the reaction of the oligonucleotide substrate d(CCCUC)UdA5 with G (black) or
3dNG (gray) for the wt and A261OMe ribozymes (see the Supporting Information for
experimental details). b) A double-mutant cycle suggests no functional interaction between the
2′-OH group of A261 and the N3 atom of guanosine. The contact tested is highlighted by a red
box and corresponds to the light-blue dashed line in Figure 1. Horizontal arrows: difference in
reactivity between G and 3dNG for the wt ribozyme (top) and the A261OMe ribozyme
(bottom). Vertical arrows: difference in reactivity between the wt and A261OMe ribozymes
when G (left) or 3dNG (right) was used as the nucleophile. Values of ΔΔG were calculated
Angew Chem Int Ed Engl. Author manuscript; available in PMC 2010 May 4.
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from the relationship ΔΔG=RTln(ratio (kcat/KM)), with ratio (kcat/KM) defined as the ratio
between the kcat/KM value of the species at the beginning of the arrow and that of the species
at the end of the arrow; the values were rounded to a single decimal figure to take into account
the experimental errors (see errors bars in (a)).
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Figure 3.

Testing the possible contact between the 2′-OH group of A261 and the exocyclic amine group
of guanosine. a) Values of kcat/KM for the reaction of the oligonucleotide substrate d(CCCUC)
UdA5 with AUCG (black) or AUCI (gray) for the wt and A261H ribozymes (see the Supporting
Information for experimental details). b) A double-mutant cycle suggests a functional
interaction between the 2′-OH group of A261 and the exocyclic amine group of guanosine.
The contact tested is highlighted by a red box and corresponds to the dark-blue dashed line in
Figure 1. Horizontal arrows: difference in reactivity between AUCG and AUCI for the wt
ribozyme (top) and the A261H ribozyme (bottom). Vertical arrows: difference in reactivity
between the wt and A261H ribozymes when AUCG (left) or AUCI (right) was used as the
Angew Chem Int Ed Engl. Author manuscript; available in PMC 2010 May 4.
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nucleophile. ΔΔG is defined as in Figure 2. ΔΔG values were rounded to a single decimal figure
to take into account the experimental errors (see errors bars in (a)).
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Scheme 1.

The reaction catalyzed by the Tetrahymena ribozyme (E). a) Simplified reaction scheme, in
which xG represents guanosine or a guanosine analogue. The subscripts “o” and “c” refer to
the open and closed complex, respectively. The chemical step and product release are indicated
as a single step. b) Representation of the transition state of the reaction.[6] The oligonucleotide
substrate S is shown on top; the guanosine nucleophile is at the bottom. The metal ion
interacting with the deprotonated 3′-OH group of the guanosine nucleophile (MB, gray) is
shown as a separate metal ion from that interacting with the 2′-OH group of the same residue,
as inferred from functional data;[26,27] structural data suggest that the 3′-OH and 2′-OH groups
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of the guanosine nucleophile interact with the same metal ion, MC (interaction indicated by
the gray dotted line to the oxygen atom at the 3′-position of guanosine).[1,5]
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