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ABSTRACT: In the first step of self-splicing, group I introns utilize an exogenous guanosine nucleophile to
attack the 5′-splice site. Removal of the 2′-hydroxyl of this guanosine results in a 106-fold loss in activity,
indicating that this functional group plays a critical role in catalysis. Biochemical and structural data have
shown that this hydroxyl group provides a ligand for one of the catalytic metal ions at the active site.
However, whether this hydroxyl group also engages in hydrogen-bonding interactions remains unclear,
as attempts to elaborate its function further usually disrupt the interactions with the catalytic metal ion.
To address the possibility that this 2′-hydroxyl contributes to catalysis by donating a hydrogen bond, we
have used an atomic mutation cycle to probe the functional importance of the guanosine 2′-hydroxyl
hydrogen atom. This analysis indicates that, beyond its role as a ligand for a catalytic metal ion, the
guanosine 2′-hydroxyl group donates a hydrogen bond in both the ground state and the transition state,
thereby contributing to cofactor recognition and catalysis by the intron. Our findings continue an emerging
theme in group I intron catalysis: the oxygen atoms at the reaction center form multidentate interactions
that function as a cooperative network. The ability to delineate such networks represents a key step in
dissecting the complex relationship between RNA structure and catalysis.

The Tetrahymena ribozyme, derived from a naturally
occurring self-splicing group I intron, has served as a model
system for studying biological catalysis of phosphoryl
transfer. This ribozyme catalyzes nucleotidyl transfer between
an oligonucleotide substrate and guanosine in a reaction that
mimics self-splicing (8, 9). Extensive biochemical analysis
has defined the kinetic pathway for the ribozyme-catalyzed
reaction, leading to models for intron/ribozyme structure and
catalytic mechanism (reviewed in ref 6). Crystallographic
analysis (10–13) of three different group I introns (Azoarcus,
Tetrahymena, and Twort) has provided structures from which
to infer the catalytic mechanism and evaluate functional
linkages suggested by biochemical data (14, 15). The
biochemical and structural data generally agree, although
some discrepancy remains regarding the number of metal
ions present at the active site. Biochemical studies of the

Tetrahymena ribozyme support a model in which three active
site metal ions mediate catalysis (Figure 1A) (16–21),
whereas crystallographic data obtained from the Azoarcus
ribozyme suggest a model involving two metal ions at the
active site (Figure 1B) (10, 12).

The discovery of the self-splicing reaction immediately
prompted questions about the manner in which the ribozyme
recognizes the guanosine cofactor and activates it for
nucleophilic attack. In perhaps the first structure-function
analysis of an RNA enzyme, Bass and Cech identified
functional groups of the guanosine cofactor required for
splicing activity (22). Later, mutational analysis of the
putative guanosine binding site guided by phylogenetic
comparisons led Michel and co-workers to identify nucle-
otides in the intron’s P7 helix that interact with the guanine
nucleobase (23). Kinetic and thermodynamic analyses of
guanosine binding established that the cofactor binds to the
ribozyme in two steps (24) and, once bound, enhances
docking of the oligonucleotide substrate into the ribozyme
core (25). The recent crystal structures reveal a common
architecture for the guanosine binding site composed of three
consecutive layers of stacked base-triple interactions, termed
the triple base sandwich (10–13). In the central layer of the
sandwich, the conserved 3′-terminal guanosine of the intron
(ωG) forms a base triple with the G264-C311 base-pair as
predicted by Michel et al. (23). This base triple engenders
specificity for the guanosine nucleobase while helping to
position its ribose moiety within the active site.

The interactions between the guanosine cofactor and the
active site of the ribozyme hold important clues to the
catalytic mechanism. The guanosine 2′-hydroxyl was among
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the first functional groups shown to have importance for
catalytic activity; neither 2′-deoxyguanosine nor 2′-meth-
oxyguanosine (GOCH3

1) could support intron self-splicing (26).
Subsequent metal rescue experiments using 2′-aminogua-
nosine (GNH2) identified the guanosine 2′-hydroxyl group as
a ligand for a metal ion within the active site of the
Tetrahymena ribozyme (18, 27). The crystal structures
provide further evidence that an active site metal ion interacts
withthe2′-hydroxylgroupoftheguanosinenucleophile(10–13).
The absence of this ligand in 2′-deoxyguanosine may explain
why 2′-deoxyguanosine cannot support splicing activity.
Likewise, the presence of the bulky, hydrophobic methyl
group on 2′-methoxyguanosine may disrupt metal ion
coordination or have other deleterious steric effects.

While these findings strongly support metal ion coordina-
tion by the guanosine 2′-hydroxyl group, they do not preclude
the possibility that the hydroxyl group also engages in
multiple catalytic interactions. 2′-Deoxyguanosine and GOCH3

both lack the ability to donate 2′-hydroxyl-mediated hydrogen
bonds. Consequently, the 106-fold loss in activity observed
for 2′-deoxyguanosine and GOCH3 may also reflect the loss
of hydrogen-bonding interactions. However, determining
whether the 2′-hydroxyl group participates in hydrogen
bonding interactions presents a difficult experimental chal-
lenge because common modifications that would alter
hydrogen bonding would also likely perturb the interaction
with the catalytic metal ion (MC) (26, 28).

To explore whether the guanosine nucleophile 2′-hydroxyl
group donates a functionally significant hydrogen bond, we
probed the effects of removing hydrogen bond donation
ability from this group using an atomic mutation cycle
(AMC, Figure 2) (29–31). The cycle describes the energetic
effects from three atomic mutations (2′-OCH3, 2′-NH2, and
2′-NHCH3) relative to the ribonucleotide (2′-OH). Mutation
of the 2′-hydroxyl to a 2′-methoxy group (left vertical)
replaces the hydrogen atom of the hydroxyl group with a
methyl group. A 2′-methoxynucleotide may affect activity
through removal of the hydrogen atom (∆GH removal) and/or
introduction of the bulky methyl group (∆GCH3 installation),
which could cause steric clashes, loss of metal coordination,
or other deleterious effects. To resolve the effect of hydrogen
atom removal from that of methyl group installation, we used
the 2′-amino to 2′-methylamino mutation (right vertical) in
which a methyl group replaces one of the hydrogen atoms
on an amino group. The 2′-methylaminonucleotide imposes
the consequences of the bulky methyl group but, unlike the
2′-methoxynucleotide, also retains a heteroatom-bound hy-
drogen atom. Therefore, the energetic cost of the 2′-
methylamino mutation relative to the 2′-amino mutation
provides an independent measure of the effect of methyl
group installation (∆GCH3 installation). Energetic differences
between the vertical perturbations provide an operational
estimate for ∆GH removal, and thereby may implicate the 2′-
hydroxyl as an important hydrogen bond donor. This analysis
has been previously applied with success to the cleavage site
uridine in the Tetrahymena ribozyme reaction and the
cleavage site cytidine of a group II intron reaction (29, 30).

1 Abbreviations: GOH, guanosine; GNH2, 2′-aminoguanosine; GOCH3,
2′-methoxyguanosine; GNHCH3, 2′-methylaminoguanosine; AMC, atomic
mutation cycle; NaEPPS, sodium N-(2-hydroxyethyl)piperazine-N-(3-
propanesulfonate); T1, T1 ribonuclease; NHS, sulfosuccinimidyl-6-
(biotinamido)hexanoate; TBAF, tetrabutyl ammonium fluoride; E, L-21
ScaI Tetrahymena group I ribozyme; S, substrate; P, product; MALDI-
TOF, time-of-flight matrix-assisted laser desorption ionization.

FIGURE 1: Transition-state models for nucleotidyl transfer catalyzed
by the Tetrahymena group I ribozyme. (A) Model based upon
biochemical studies. MA, MB, and MC represent the known catalytic
metal ions in the active site. The red rectangle highlights the 2′-
hydroxyl group of the guanosine nucleophile under investigation.
Hatched lines indicate putative hydrogen bonds, and dots symbolize
metal ion coordination. Adapted from ref 21. (B) Model based upon
structural studies. M1 and M2 represent the two active-site metal
ions observed in the crystal structure of the Azoarcus group I intron.
Notations are the same as described in A. Adapted from ref 12.

FIGURE 2: Atomic mutation cycle for analysis of the guanosine
nucleophile 2′-hydroxyl group.
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We herein present evidence that the guanosine cofactor’s
2′-hydroxyl group donates a hydrogen bond in both the
ground and transition states of the Tetrahymena ribozyme
reaction. Our findings further define the features that
contribute to group I intron substrate recognition and catalysis
and may lead to new constraints for structural models of the
Tetrahymena ribozyme active site.

MATERIALS AND METHODS

Materials. L-21 ScaI ribozyme (E) was transcribed as
previously described (9). 2′-Methoxyguanosine (GOCH3) was
purchased from ChemGenes and was HPLC purified as
detailed below. 2′-Aminoguanosine (GNH2) was prepared as
previously described (32). 2′-Methylaminoguanosine (GN-

HCH3) and 2′-dimethylaminoguanosine (GN(CH3)2) were syn-
thesized as described below. Oligonucleotide substrates
without GNH2, GNHCH3, and GN(CH3)2 were purchased from
Dharmacon (Lafayette, CO) and deprotected according to
the manufacturer’s protocol.

Synthesis of 2′-Aminoguanosine (GNH2) Phosphoramidite
and CUCGNH2A. The phosphoramidite of GNH2 was synthe-
sized and incorporated into an oligonucleotide as previously
reported (32).

Synthesis of 2′-Methylaminoguanosine (GNHCH3) and 2′-
Dimethylaminoguanosine (GN(CH3)2) and Their Incorporation
into Oligonucleotides. We synthesized 2′-methylaminogua-
nosine (GNHCH3, (5)) and 2′-dimethylaminoguanosine
(GN(CH3)2, (4)) in which the 2′-nitrogen atom carries one and
two methyl groups, respectively (Scheme 1). Briefly, a 2′-
triflate derivative (1) was treated with dimethylamine or
methylamine to give 2 or 3, respectively. Following TBAF
treatment to remove the 2′,5′-silyl protecting group, 2 and 3
were transformed to the corresponding phosphoramidites, 6

and 7, and incorporated into the oligonucleotide sequence
CUCGA. The identities of the modified oligonucleotides
were confirmed through MALDI-TOF mass spectrometry.
A more detailed synthetic description will be published
elsewhere (Dai, Q., Deb, S. K., Sengupta, R. N., and
Piccirilli, J.A., unpublished experiments).

HPLC Purification of GOCH3 and GNHCH3. GOCH3 and GNHCH3

were HPLC purified on a C18 reverse phase semipreparative
column (Dionex 201SP510) using a gradient of acetonitrile
in 0.1 M triethylammonium acetate buffer (0-20% aceto-
nitrile over 30 min). Buffers at pH 7 and 5.9 were used for
GOCH3 and GNHCH3 purification, respectively. Buffer was
removed from HPLC purified samples by repeated drying
and aqueous resuspension cycles in the Speedvac. Upon
dissolution in water, nucleoside concentrations were quan-
titated by UV absorbance at 260 nm using the extinction
coefficient for guanosine (ε260 ) 11.7 × 103 M-1 cm-1).

Substrate Preparation. Crude oligonucleotide substrates
were either 5′-32P-radiolabeled using [γ-32P]ATP (Perkin-
Elmer) and T4 polynucleotide kinase (New England Biolabs)
or 3′-labeled using [R-32P]CoTP (Perkin-Elmer) and poly-A
polymerase (US Biochemicals) according to manufacturer’s
protocols and subsequently purified on a 20% nondenaturing
polyacrylamide gel. The band corresponding to the full-length
substrate was visualized by autoradiography, excised, and
eluted at 4 °C overnight into water. Substrates were either
used directly with no further purification or ethanol precipi-
tated following elution. Both methods had no effect on the
rate of reaction (7).

Initial CleaVage ActiVity Assay and Product Analysis.
Guanosine analogues (2 mM) were incubated with 3′-labeled
rSA5 substrate (Table 1) in the presence of saturating E
[20-50 nM, K d

S < 1 nM], 10 mM MgCl2, and 50 mM
NaEPPS at pH 8 at 30 °C for 1 h. For T1 cleavage, T1

Scheme 1: Synthesis of 2′-Methylaminoguanosine (GNHCH3) and 2′-Dimethylaminoguanosine (GN(CH3)2) and the Corresponding
Phosphoramidites

Table 1: Oligonucleotide Substrates Used Hereina

abbreviation position Oligonucleotide substrate

-6 -5 -4 -3 -2 -1 +1 +2 +3 +4 +5
rSA5 rC rC rC rU rC rU rA rA rA rA rA
-1d,rSA5 rC rC rC rU rC dU rA rA rA rA rA
rP rC rC rC rU rC rU
-1d,rP rC rC rC rU rC dT
CUCGOHA rC rU rC GOH rA
CUCGOCH3A rC rU rC GOCH3 rA
CUCGNH2A rC rU rC GNH2 rA
CUCGNHCH3A rC rU rC GNHCH3 rA
CUCG N(CH3)2A rC rU rC GN(CH3)2 rA
a r ) 2′-OH; d ) 2′-H.
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ribonuclease (10 units) was added to the reaction mixture
after 1 h, and the resulting reaction mixture was then
incubated at 37 °C for 20 min. For acylation of free 2′-amino
groups by sulfosuccinimidyl-6-(biotinamido)hexanoate (NHS),
modification was performed under previously reported
conditions (32, 33). Reaction products were analyzed by 20%
denaturing PAGE and visualized by using a Phosphorimager
(Molecular Dynamics).

General Reaction Conditions for Forward CleaVage
Reactions. All forward cleavage reactions, unless noted
otherwise, were performed at 30 °C in 50 mM NaEPPS
buffer, pH 8.0, 10 mM MgCl2, and 20-50 nM E. All
reactions without MnCl2 present included 0.1 mM EDTA.
Reaction mixtures (without radiolabeled substrate) were
preincubated at 50 °C for 30 min to renature the ribozyme.
The mixtures were then incubated at 30 °C for 5 min,
followed by initiation of reaction by addition of substrate.
Aliquots (6 × 1 µL) were taken at specified time points and
were quenched by the addition of 4 equivalents of stop
solution (7 M urea, 50 mM EDTA, 0.3% bromophenol blue,
0.3% xylene cyanol, 0.5 × TBE). Substrate and product were
separated by 20% denaturing PAGE. The relative concentra-
tions of substrate and product at each time point were
quantitated by using a Phosphorimager (Molecular Dynam-
ics). Good first-order fits to the data were obtained (Kaleida-
graph). All reported reaction rates, rate constants, and
equilibrium constants are the average of at least three
independent determinations; reported errors are one standard
deviation from the mean.

General Reaction Conditions for the ReVerse CleaVage
Reaction. All reverse reactions, unless noted otherwise, were
performed at 30 °C in 50 mM NaEPPS buffer, pH 8.0, 50
mM MgCl2, 0.1 mM EDTA, 1 µM E, and 2 µM rP or -1d,rP
(Table 1). Reverse reactions were performed and analyzed
similarly to the forward cleavage reactions (see above).

ActiVity Titrations with Guanosine Analogues. Cleavage
of the -1d,rSA5 substrate (Table 1) was monitored under
(E ·S)C reaction conditions at pH 8 as described above. As
chemistry is rate-limiting with the -1d,rSA5 substrate (34),
dissociation constants and (kc/Km)G(2′X) values for GOH and
GNH2 were obtained from standard Michaelis-Menten fits
to plots of observed rates versus guanosine analogue
concentration. The measured dissociation constants were in
agreement with literature values (18). In titrations with
GNHCH3, a linear fit of observed rate versus GNHCH3 concentra-
tions was employed at low GNHCH3 concentrations to obtain
a value for (kc/Km)G(2′NHCH3). Over the full range of GNHCH3

concentrations tested, the data were fit to a model describing
both GNHCH3 cleavage and substrate inhibition, as described
in Supporting Information.

Inhibition Assays with GOCH3 and GNHCH3. GOCH3 inhibition
of -1d,rSA5 substrate cleavage by GOH was measured under
(kc/Km)G(2′X) conditions [saturating E (20-50 nM, K d

S < 1
nM), 12 µM G (K d

G) 77 ( 3 µM)]. The normalized reaction
rate (knorm, defined as the observed cleavage rate in the
presence of a given GOCH3 concentration divided by the
observed cleavage rate in the absence of GOCH3) was then
used to calculate Ki as shown in eq 1.

Ki )
(knorm · [GOCH3

])

(1- knorm)
(1)

GNHCH3 inhibition of -1d,rSA5 substrate cleavage by
guanosine was also measured under (kc/Km)G(2′X) conditions
[saturating E (20-50 nM, K d

S < 1 nM), 12 µM G (K d
G ) 77

( 3 µM)]. The observed reaction rate was plotted as a
function of GNHCH3 concentration, and the resulting inhibition
profile was fit to eq 2, derived from a model describing both
competitive inhibition and substrate inhibition as described
in Supporting Information.

kobs ) k0(1- ( [GNHCH3
]

Ki,1 + [GNHCH3
]))(1- ( [GNHCH3

]n

(Ki,2)
n + [GNHCH3

]n)) (2)

RESULTS

2′-Methylaminoguanosine (GNHCH3) Acts as a Nucleophile
in the Tetrahymena Ribozyme-Catalyzed CleaVage Reaction.
For atomic mutation cycle analysis of the guanosine 2′-
hydroxyl group to be informative, GNHCH3 must both bind to
the ribozyme and serve as a competent nucleophile. In initial
assays, we treated the products of the ribozyme reaction with
T1 ribonuclease (T1) to distinguish cleavage activity by 2′-
methoxyguanosine (GOCH3) and GNHCH3 from cleavage due
to contaminating GOH. T1 exclusively cleaves after guanosine
residues bearing 2′-hydroxyl groups. Similarly, to distinguish
cleavage activity by GNHCH3 from contaminating GNH2, we
used N-hydroxysuccinimidobiotin (NHS), which biotinylates
primary amino groups only. In ribozyme reactions, GNHCH3

efficiently cleaved an all-ribose substrate (rSA5, Table 1)
under conditions where GOCH3 exhibited no detectable
cleavage activity (i.e., failed to produce a T1 ribonuclease
resistant cleavage product) (Figure 3). The 3′-radiolabeled
cleavage product formed upon incubation with GNHCH3

resisted modification by both T1 ribonuclease and NHS,
consistent with the presence of a 2′-methylaminonucleotide
(32, 33). As independent confirmation that GNHCH3 can act
as a cofactor, we synthesized a substrate analogue,
CUCGNHCH3A, bearing GNHCH3 at the cleavage site and
showed that it undergoes ribozyme-catalyzed (reverse) reac-
tion with CCCUCU (see below). As the 2′-OCH3 and 2′-
NHCH3 groups have similar steric volume and hydropho-
bicity (29), the slower reactivity of GOCH3 compared to that
of GNHCH3 presumably arises from other factors such as
disruption of the interaction with MC or the inability of the
2′-OCH3 group to donate a hydrogen bond.

Manganese Rescues ReactiVity of GNHCH3. To test whether
the presence of the methyl group disrupts MC coordination
to the guanosine 2′-hydroxyl, we measured Mn2+ stimulation
of GNHCH3 and GNH2 reactivity relative to guanosine (GOH)
under (kc/Km)G(2′X) conditions using metal rescue assays
described previously (18). In a background of 10 mM Mg2+,
the addition of Mn2+ specifically stimulates substrate cleav-
age by both GNH2 and GNHCH3 (Figure 4), consistent with a
transition-state interaction between a Mn2+ ion and the 2′-
nitrogen atom of GNH2 and GNHCH3. The Mn2+ stimulation of
GNH2 and GNHCH3 occurs with the same Mn2+ concentration
dependence (K d,app

Mn, E ·S ) 0.38 and 0.46 mM, respectively;
Figure 4), suggesting that the rescuing metal ion binds to
the same binding site on the ribozyme (the Mc site). We
conclude that, despite the presence of the methyl group,
GNHCH3 uses its 2′-nitrogen atom to interact with MC in the
transition state in the same manner as that shown previously
for GNH2 (18). On the basis of this conclusion, we infer that
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the presence of the methyl group on GOCH3 does not interfere
with metal ion coordination. Therefore, the greatly dimin-
ished reactivity of GOCH3 presumably arises from factors other
than the loss of metal coordination.2,3

Atomic Mutation Cycle Analysis of Guanosine Binding.
Effects from methyl group incorporation and hydrogen atom
removal at the guanosine 2′-position can manifest in both
the ground state and transition state of the ribozyme reaction.
To investigate the ground-state effects from the AMC
modifications of the guanosine 2′-hydroxyl, we assayed
binding of the four guanosine analogues to the (E ·S)C

complex.4 GOH and GNH2 binding were measured by monitor-
ing the cleavage activity of the (E ·S)C complex as a function
of GOH or GNH2 concentration, which yielded dissociation
constants consistent with literature values (Table 2 and data
not shown) (18). Because of the absence of cleavage activity
with GOCH3, the dissociation constant for this analogue was
measured by a competitive inhibition assay, in which reaction
of the (E ·S)C complex in the presence of subsaturating GOH

[(E ·S)C + GOHf (E ·S ·GOH)C
q ] was measured as a function

of increasing GOCH3 concentration (Figure 5A). GOCH3 inhib-
ited the reaction with a Ki value of 26 mM, approximately
340-fold larger than the Kd for GOH (77 µM), indicating that
replacement of the 2′-hydroxyl group with a methoxy group
destabilizes binding to the ground-state (E ·S)C complex by
3.5 kcal/mol (∆∆GOHfOCH3

binding ; Figure 6B). Comparison of the
binding affinities for oligonucleotides CUCGOH and
CUCGOCH3, wherein the lengthening of the guanosine nu-
cleophile to CUCG2′X enhances binding relative to G2′X alone
(28), yields similar results (see Supporting Information).

To delineate the contributions of methyl group incorpora-
tion and hydrogen atom removal to the loss in binding affinity
observed upon 2′-methoxy substitution, we compared the
binding affinity of GNHCH3 to that of GNH2. This comparison
provides an estimate for the effect of the methyl group on
binding of the guanosine analogue in the context of a
heteroatom-bound hydrogen atom. We first attempted to
measure the binding affinity of GNHCH3 to the (E ·S)C complex
through an activity titration of substrate cleavage, but
substrate inhibition at high GNHCH3 concentrations precluded
an accurate Kd determination (Figure 5B).5 However, as
substrate cleavage by GNHCH3 occurs much slower than does

2 The absence of activity with GOCH3 could also reflect weakened
ligand-donor properties of the methyl ether relative to the hydroxyl
group. However, experiments have shown that, at least in the gas phase,
the methyl ether acts as a stronger ligand donor than does the
corresponding alcohol (1, 2).

3 The addition of Mn2+ also stimulates GOCH3 reactivity (see
Supporting Information). However, since Mn2+ is known to induce
nonspecific effects ( (3) and Frederiksen, J. K., Herschlag, D., and
Piccirilli, J. A., unpublished experiments), we chose to focus on AMC
analysis of the guanosine 2′-hydroxyl group in a Mg2+ background.

4 The substrate, S, binds to E by forming Watson-Crick base pairs
with the ribozyme’s internal guide sequence to form the P1 helix; this
complex is referred to as the “open complex” or (E ·S)O (4, 5). Tertiary
interactions allow the P1 helix to dock into the ribozyme and form the
closed complex or (E ·S)C (see ref 6 and references therein). In these
experiments, only substrates that bind primarily in the closed complex
were used (7).

5 We have observed similar substrate inhibition at high concentrations
of GNH2 (Hougland, J. L., and Piccirilli, J. A., unpublished data). The
physical basis for this inhibition is unknown.

FIGURE 3: Ribozyme-catalyzed nucleotidyl transfer to guanosine
analogues. (A) Product analysis by T1 ribonuclease digestion. The
digestion of the cleaved product band in the GOCH3 lanes by T1
(GOHA5 f A5) indicates that this cleavage is due to reaction with
a small amount of contaminating guanosine, as a product containing
GOCH3 would be resistant to T1 digestion. (B) Product analysis by
NHS-biotin modification. The resistance of the GNHCH3 induced
product to both T1 digestion and NHS-biotin modification shows
that the product arises from the reaction of GNHCH3 itself rather from
any contaminating GOH or GNH2. Guanosine analogues (2 mM) were
incubated with 3′-labeled rSA5 substrate in the presence of saturating
E [20-50 nM, Kd

S < 1 nM], 10 mM MgCl2, and 50 mM NaEPPS
at pH 8 at 30 °C for 1 h.

FIGURE 4: Mn2+ rescues substrate cleavage by GNHCH3. Plot of (kc/
Km)rel [(kc/Km)G(2′X)/(kc/Km)G(2′OH)] versus Mn2+ concentration for
GNH2 (O) and GNHCH3 (b). The data are fit to a model for specific
stimulation of GNH2 and GNHCH3 reactivity by a single Mn2+ ion, as
described in the Supporting Information. The rescuing Mn2+ ion
binds to the ribozyme with K d,app

Mn, E ·S ) 0.46 ( 0.06 mM and
K d,app

Mn, E ·S ) 0.38 ( 0.10 mM as assayed by reaction with GNHCH3

and GNH2, respectively, consistent with Mn2+ occupancy at the MC
binding site (19).

Table 2: Binding Affinities of Guanosine Analoguesa

analogue K d
G(2′X)(µM) K d

G(2′X)/K d
G(2′OH)

GOH 77 ( 3 1
GOCH3 26,000 ( 1,000 340
GNH2 276 ( 8 3.6
GNHCH3 2700 ( 300 35

a Binding affinities for GOH and GNH2 were measured by titration of
ribozyme cleavage activity; binding affinities for GOCH3 and GNHCH3 were
measured by inhibition of ribozyme cleavage activity in the presence of
subsaturating guanosine, as detailed in Materials and Methods.
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cleavage by GOH, we monitored GNHCH3 binding by inhibition
of the reaction, (E ·S)C + GOH f (E ·S ·GOH)C

q . We fit the
observed inhibition by GNHCH3 to a model allowing for both

competitive inhibition and noncompetitive substrate inhibi-
tion (Figure 5C and Supporting Information). The Ki for
competitive inhibition by GNHCH3 is 2700 µM, approximately
10-fold larger than the dissociation constant for GNH2 (276
µM, Table 2), suggesting that the methyl group destabilizes
binding to the (E ·S)C complex by ∼ 1.4 kcal/mol
(∆∆GNH2fNHCH3

binding , Figure 6B). The difference in the energetic
penalties for the 2′-OH to 2′-OCH3 mutation and the 2′-NH2

to 2′-NHCH3 mutation yields a ∆GH removal
binding of 2.1 kcal/mol,

suggesting that GOCH3 destabilizes guanosine binding through
the absence of the hydrogen atom (Figure 6B). On the basis
of this analysis, we infer that the hydrogen atom of the
guanosine 2′-hydroxyl plays a functionally important role
in guanosine binding, presumably by donating a hydrogen
bond.

Atomic Mutation Cycle Analysis of Guanosine ReactiVity.
To evaluate the transition-state effects for hydrogen atom
removal (∆GH removal

chemistry ) at the guanosine nucleophile 2′-
hydroxyl, we measured the reactivity of the guanosine
analogues under subsaturating [(kc/Km)G(2′X)] conditions. In
the presence of saturating ribozyme and an oligonucleotide
substrate that binds to the ribozyme primarily in the closed
complex (-1d,rSA5, Table 1), (kc/Km)G(2′X) values monitor
the overall free energy change in going from the ground state,
(E ·S)C + G2′X, to the chemical transition state, (E ·S ·G2′X)q

(eq 3) (4, 35, 36). Under these conditions, ∆G H removal
(kc/Km)G(2′X)

reflects both guanosine binding (∆GH removal
binding ) and the subse-

quent phosphoryl transfer reaction (∆GH removal
chemistry ) (eq 4).

∆GH removal
(kc ⁄Km)G(2′X)

)∆GH removal
binding +∆GH removal

chemistry (4)

Cleavage reactions with GNHCH3 were performed at con-
centrations (0-0.8 mM) well below the onset of the substrate
inhibition (>4 mM) caused by this analogue (inset, Figure
5B). Under (kc/Km)G(2′X) conditions, GNHCH3 reacts approxi-
mately 560-fold slower than GNH2. After accounting for the
10-fold effect on binding as described above (∆∆G NH2fNHCH3

binding

) 1.4 kcal/mol, Figure 6B), we find that the methyl group
of GNHCH3 slows the reaction of the ternary complex by
approximately 60-fold relative to the reaction of the GNH2

ternary complex (∆∆GNH2fNHCH3
chemistry ) 2.4 kcal/mol). Thus, there

is an additional energetic penalty from the 2′-NH2 to
2′-NHCH3 mutation in the transition state relative to the
penalty associated with ground-state binding. As the
(E ·S ·G2′X)C complex approaches the transition state, the
nucleophilic oxygen atom moves within covalent bonding
distance of the scissile phosphate, and the phosphorus atom
presumably rehybridizes from a tetrahedral to a trigonal
bipyramidal geometry. Additionally, negative charge ac-
cumulates on the phosphate oxygens in the transition state.
These spatial and electronic changes alone could render the
active site less able to accommodate the bulky, nonpolar
methyl group in the transition state relative to the ground
state. The greater energetic penalty for the methyl group also
could reflect a local conformational change within the active
site as the ternary complex approaches the chemical transition
state.

FIGURE 5: GOCH3 and GNHCH3 bind weakly to the enzyme-substrate closed
complex. (A) GOCH3 binding affinity to (E ·S)C as measured by inhibition.
GOCH3 inhibition of -1d,rSA5 substrate cleavage was measured and
analyzed as described in Materials and Methods to yield a Ki for GOCH3

of 26 ( 1 mM. (B) Activity titration with GNHCH3 reveals substrate
inhibition. Activity titration of -1d,rSA5 substrate cleavage with GNHCH3

exhibits both stimulatory and inhibitory regimes, with severe inhibition
observed at high concentrations of GNHCH3. In the stimulatory regime of
the GNHCH3 activity titration, a linear fit yields (kc/Km)G(2′NHCH3) ) 0.44 (
0.05 M-1 min-1 (inset). (C) GNHCH3 binding affinity to (E ·S)C measured
by inhibition of guanosine-mediated substrate cleavage. GNHCH3 inhibition
of -1d,rSA5 substrate cleavage was measured as described in Materials
and Methods. The data are fit to a model for both competitive inhibition
and cooperative substrate inhibition by GNHCH3 (see Supporting Informa-
tion). Specific inhibition occurs with a Ki ) 2700( 300 µM, and substrate
inhibition occurs with Ki ) 6830 ( 50 µM and n ) 3.
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Because we do not observe substrate cleavage by GOCH3,
we may only calculate a lower limit for the effect of the
2′-OH to 2′-OCH3 modification on the transition state
(∆∆GOHfOCH3

chemistry ). Assuming that GOCH3 reacts at least 10-fold
slower than does GNHCH3, (kc/Km)G(2′OCH3) must be at least
68,000-fold smaller than (kc/Km)G(2′OH) (Table 3). After
accounting for the 340-fold weaker binding of GOCH3

compared to that of GOH (∆∆GOHfOCH3
binding ) 3.5 kcal/mol,

Figure 6B), we calculate that the methoxy group imparts at
least a 200-fold deleterious effect on the reaction of the
(E ·S ·GOCH3)C ternary complex relative to the reaction of the
(E ·S ·GOH)C ternary complex (∆∆GOHfOCH3

chemistry g 3.2 kcal/mol).
From the difference in (kc/Km)G(2′X) values resulting
from the 2′-OH to 2′-OCH3 mutation (∆∆GOHf OCH3

(kc/Km)G(2′X)
g 6.7

kcal/mol) and the 2′-NH2 to 2′-NHCH3 mutation

(∆∆GNH2f NHCH3
(kc/Km)G(2′X) ) 3.8 kcal/mol), we calculate ∆GH removal

(kc/Km)G(2′X)

asg 2.9 kcal/mol (Figure 6C). Theg 0.8 kcal/mol difference
between ∆GH removal

(kc/Km)G(2′X) and ∆GH removal
binding (g2.9 kcal/mol - 2.1

kcal/mol ) g 0.8 kcal/mol) suggests that a hydrogen bond
donated by the guanosine 2′-hydroxyl group in the ground-
state ternary complex may become stronger in the transition
state (∆GH removal

chemistry g 0.8 kcal/mol).
Atomic Mutation Cycle Analysis of Guanosine ReactiVity

in the ReVerse CleaVage Reaction. To obtain a more precise
estimate for the energetic contribution of the hydrogen atom
upon going from the ground-state ternary complex to the
chemical transition state, we employed a reaction that mimics
the second step of group I intron self-splicing, wherein an
oligonucleotide product analogue (P, CCCUCU) attacks a
radiolabeled 3′-splice site analogue (*CUCG2′XA) (eq.
5) (37–42).

Radiolabeling of the substrates containing the guanosine
analogues allows a more sensitive measure of their reactivity
in the ribozyme reactions. To keep the chemical step rate-
limiting in reactions with CUCGOHA and CUCGNH2A, we
used a product analogue containing 2′-deoxythymidine at the

FIGURE 6: Atomic mutation cycle analysis of guanosine binding and reactivity in the forward and reverse ribozyme reactions. (A) Reaction
schemes highlighting the reaction steps probed by atomic mutation cycle analysis: guanosine binding, the transition state for the forward
cleavage reaction under (kc/Km)G(2′X) conditions, and the transition state for the reverse cleavage reaction under (kc/Km)CUCG(2′X)A conditions.
(B) The guanosine 2′-hydroxyl donates a hydrogen bond in the ground state within the (E ·S•G)C ternary complex. ∆∆GXfY

binding values reflect
differences in binding affinities to the (E ·S)C complex for G2′X relative to G2′Y; ∆∆GXfY

binding ) RT ln(K d
G(2′X)/K d

G(2′Y)), where K d
G(2′X) and

K d
G(2′Y) are the observed binding affinities for guanosine analogues with X and Y groups at the 2′-position, respectively, as reported in

Table 2. All affinities were measured at 30 °C. (C) A hydrogen bond donated by the guanosine 2′-hydroxyl group contributes to transition-
state stabilization. ∆∆GXfY

(kc/Km)G(2′X)
values reflect differences in reactivity for G2′X relative to G2′Y under (kc/Km)G(2′X) conditions; ∆∆GXfY

(kc/Km)G(2′X)

) RT ln[(kc/Km)G(2′X)/(kc/Km)G(2′Y)], where (kc/Km)G(2′X) and (kc/Km)G(2′Y) are the observed reactivities for guanosine analogues with X and Y
groups at the 2′-position, respectively, as reported in Table 3. All (kc/Km)G(2′X) values were measured at 30 °C. (D) A hydrogen bond
donated by the guanosine 2′-hydroxyl group contributes to transition-state stabilization in the reverse reaction. ∆∆GXfY

(kc/Km)CUCG(2′X)A
values

reflect differences in reactivity for CUCG2′XA relative to CUCG2′YA under (kc/Km)CUCG(2′X)A conditions; ∆∆GXfY
(kc/Km)CUCG(2′X)A ) RT ln[(kc/

Km)CUCG(2′X)A/(kc/Km)CUCG(2′Y)A], where (kc/Km)CUCG(2′X)A and (kc/Km)CUCG(2′Y)A are the observed reactivities for substrates with guanosine
analogues with X and Y groups at the 2′-position, respectively, as reported in Table 4. All (kc/Km)CUCG(2′X)A values were measured at 30 °C.

Table 3: Second Order Rate Constants [(kc/Km)G(2′X)] for the Reaction of
Guanosine Analogues

analogue (kc/Km)G(2′X) (M-1 min-1) (kc/Km)G(2′X)/(kc/Km)G(2′OH)

GOH 2700 ( 400 (1)
GOCH3 e0.04a e1.5 × 10-5

GNH2 246 ( 7 9 × 10-2

GNHCH3 0.44 ( 0.05b 1.6 × 10-4

a (kc/Km)G(2′X) for GOCH3 is an upper limit, as described in the text.
b (kc/Km)G(2′X) for GNHCH3 was measured at low concentrations of
GNHCH3, below the onset of substrate inhibition at high GNHCH3

concentrations.
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-1 position (-1d,rP, Table 1); this modification slows the
chemical step ∼1200-fold without affecting other reaction
steps (43). In reactions with -1d,rP, both CUCGOHA and
CUCGNH2A exhibit log-linear pH dependencies up to pH 8,
consistent with chemistry being the rate-limiting step (data
not shown) (34, 44). However, as CUCGOCH3A or
CUCGNHCH3A show no detectable cleavage in the presence
of -1d,rP, we used the faster reacting all-ribose product
analogue (rP, Table 1) to monitor the reactivity of these
substrates. Under these conditions, both CUCGNHCH3A and
CUCGOCH3A are cleaved by rP (Figure 7). The resulting (kc/
Km)CUCG(2′X)A values were divided by the reported differential
in reactivity between rP and -1d,rP (43) to allow comparison
to rates measured for CUCGOHA and CUCGNH2A in reactions
with -1d,rP (Table 4).6 The normalized rate constants
indicate that CUCGOCH3A reacts approximately 1.4 × 106-
fold more slowly than does CUCGOHA, reflecting an
energetic cost of 8.5 kcal/mol upon installation of the methyl
group (∆∆GOHfOCH3

(kc/Km)CUCG(2′X)A, Figure 6D). In contrast,

CUCGNHCH3A reacts only 4400-fold more slowly than
CUCGNH2A, reflecting an energetic cost of 5.0 kcal/mol upon
methyl group incorporation (∆∆GNH2fNHCH3

(kc/Km)CUCG(2′X)A, Figure 6D).
The difference in these energetic penalties yields a value for
∆GH removal

(kc/Km)CUCG(2′X)A of 3.5 kcal/mol under (kc/Km)CUCG(2′X)A condi-
tions (Figure 6D), consistent with the limit set for
∆GH removal

(kc/Km)G(2′X)in the forward reaction, g2.9 kcal/mol, under
(kc/Km)G(2′X) conditions.

As a final control, we assayed the reactivity of a 3′-splice
site analogue incorporating 2′-dimethylaminoguanosine at the
cleavage site (CUCGN(CH3)2A, Table 1). If the greater reactiv-
ity of CUCGNHCH3A relative to CUCGOCH3A arises from an
energetic contribution by the heteroatom bound hydrogen,
then CUCGN(CH3)2A, which lacks this hydrogen atom, should
react slower than CUCGNHCH3A. Under reaction conditions
where both CUCGNHCH3A and CUCGOCH3A react to a
significant extent, CUCGN(CH3)2A does not react (Figure 7).
Although we cannot eliminate the possibility that the slower
reactivity of CUCGN(CH3)2A relative to CUCGNHCH3A reflects
steric clash from the larger dimethylamino group, the
observation is consistent with a model in which the hetero-
atom-bound hydrogen atom contributes to transition-state
stabilization.

DISCUSSION

Both protein and RNA-based enzymes use networks of
noncovalent interactions to bind substrates and catalyze
chemical transformations. Dissecting the character, location,
and specific role of these interactions represents a key step
in developing an atomic-level understanding of biological
catalysis. Toward developing this understanding for the
Tetrahymena ribozyme, we have used an atomic mutation
cycle to explore whether the 2′-hydroxyl group of the
guanosine nucleophile donates a hydrogen bond. The cycle
attributes the energetic differences between the 2′-OH to 2′-
OCH3 mutation and the 2′-NH2 to 2′-NHCH3 mutation to
the removal of a heteroatom-bound hydrogen atom (∆GH

removal). We find that the 2′-OH to 2′-OCH3 mutation weakens
guanosine binding by 2.1 kcal/mol more than does the 2′-
NH2 to 2′-NHCH3 mutation, suggesting that the guanosine
2′-hydroxyl group donates a hydrogen bond when bound to
the ribozyme. This hydrogen bond remains as the ground-
state (E ·S ·G2′OH)C complex proceeds to the transition state
and may become stronger, as suggested by ∆GH removal

(kc/Km)G(2′X) in
the forward reaction and ∆GH removal

(kc/Km)CUCG(2′X)A in the reverse
reaction being at least 0.8 kcal/mol greater than ∆GH removal

binding .
These findings extend our understanding of cofactor recogni-
tion and catalysis by the group I intron and provide an
additional feature by which to evaluate the relationship
between crystal structures and the structure of the transition
state.

While this work strongly suggests that the 2′-hydroxyl of
the guanosine cofactor donates a functionally important
hydrogen bond, the values of ∆G H removal

binding and ∆G H removal
chemistry need

not reflect the true energetic contribution of this hydroxyl-
mediated hydrogen bond. Our analysis assumes that the
differences between the 2′-NH2 to 2′-NHCH3 mutation and
the 2′-OH to 2′-OCH3 mutation arise predominantly from
changes in hydrogen-bonding ability. However, other features
of these nucleotides could affect binding and catalysis and
therefore contribute to the observed ∆GH removal, including
differences in volume, hydrophobicity, electronegativity,

6 As CUCGOCH3A and CUCGNHCH3A react with rP slower than
CUCGOHA reacts with -1d,rP, the chemical step likely limits the rate
of rP-mediated cleavage of CUCGOCH3A and CUCGNHCH3A.

FIGURE 7: Activity of CUCG2′XA substrates in the reverse cleavage
reaction. 5′-Labeled CUCG2′XA substrates were reacted with product
oligonucleotides rP and -1d,rP (Table 1) as described in Materials
and Methods. CUCGA and CUCGNH2A were reacted with -1d,rP,
and CUCGOCH3A, CUCGNHCH3A, and CUCGN(CH3)2A were reacted
with rP as described in the text. All CUCG2′XA substrates except
for CUCGN(CH3)2A exhibited specific cleavage downstream of the
guanosine residue, with (kc/Km)CUCG(2′X)A values as reported in Table
4.

Table 4: Second Order Rate Constants [(kc/Km)CUCG(2′X)A] for the
Reaction of Guanosine Analogues in the Reverse Cleavage Reactiona

CUCG2′XA
(kc/Km)CUCG(2′X)A

(102 M-1 min-1)
(kc/Km)CUCG(2′X)A/
(kc/Km)CUCG(2′OH)A

2′-OH 2100 ( 100 (1)
2′-OCH3 1.8 ( 0.1b

0.0015 ( 0.0001c 7 × 10-7

2′-NH2 90 ( 10 0.04
2′-NHCH3 25 ( 3b

0.021 ( 0.003c 1 × 10-5

a (kc/Km)CUCG(2′X)A was measured in the presence of 1 µM E•P
complex at pH 8, as described in Materials and Methods. b Measured in
reaction with an all-ribose product oligonucleotide (rP, Table 1).
c Calculated value for (kc/Km)CUCG(2′X)A in reaction with -1d,rP;
previous work has shown that removal of the 2′-hydroxyl at the U-1

position decelerates the chemical step by 1188-fold in the reverse
reaction (43).
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sugar pucker preference, and the ability to coordinate a
catalytic metal ion (MC, Figure 1A). Nevertheless, the cycle
provides a better signature for the role of hydrogen bonding
than would the simple comparison of GOCH3 to GNHCH3. For
example, contributions from changes in volume, hydropho-
bicity, electronegativity, and sugar pucker preferences pre-
dominantly offset each other across the verticals of the cycle
(see Supporting Information). Regarding the ability to
coordinate MC, we have shown that the 2′-NH2 and 2′-
NHCH3 groups give similar Mn2+ rescue profiles (Figure
4), suggesting that 2′-NHCH3 group coordinates to MC. While
we have no direct test to determine whether 2′-OCH3

coordinates MC, the limited data available suggest that 2′-
OCH3 may act as a stronger ligand donor than the hydroxyl
group (see footnote 2 and references therein).

The 2′-NH2/2′-NHCH3 comparison may overestimate the
cost of methyl group installation if the presence of the methyl
group deleteriously affects the ability of the 2′-NHCH3 group
to donate a hydrogen bond relative to the 2′-NH2 group (due
to steric constraints, conformational effects such as changes
in ribose conformation, or other factors both in solution and
within the ribozyme active site), resulting in an underestima-
tion of the energetic cost of hydrogen atom removal.
Alternatively, the relatively large energetic penalty induced
by the methyl group may cause local changes in structure
that could result in favorable non-native interactions. As a
consequence, it remains formally possible that a hydrogen
bond donated by the -NHCH3 group contributes to binding
and catalysis in the presence of the methyl group, but not in
its absence.

Despite these possible limitations, several observations
support the use of ∆G H removal

binding , ∆G H removal
(kc/Km)G(2′X), and

∆G H removal
(kc/Km)CUCG(2′X)A to infer that the guanosine 2′-hydroxyl group

donates a hydrogen bond. First, similarly large energetic
effects were observed previously for AMC modifications of
the 2′-hydroxyl group at U-1, and the conclusions derived
from that analysis agree with those derived from independent
functional studies (20, 30, 34, 45) and from the structure of
the Azoarcus group I intron (10, 12). Second, evidence
suggests that many of the previously established catalytic
interactions remain important in the transition state despite
the presence of the methyl group. For example, as described
here, the interaction between MC and the guanosine 2′-
substituent still occurs, and the faster reaction of CUCGOCH3A
with rP than with -1d,rP indicates that in the transition state
the 2′-hydroxyl group at the U-1 position maintains a
catalytic contribution. Additionally, a double-modified gua-
nosine analogue bearing a 3′-sulfur leaving group and an
adjacent 2′-OCH3 group undergoes specific metal ion rescue,
suggesting that the interaction between the guanosine 3′-
position and a catalytic metal ion still contributes to catalysis
in the presence of a methyl group (Lea, C. R., Sengupta,
R. N., and Piccirilli, J. A., unpublished experiments). These
observations suggest that the transition-state structures for
reaction of GOCH3 and GNHCH3 do not differ drastically from
the transition-state structure for the native reaction.

Our findings underscore a recurring feature of the interac-
tion network at the group I intron active site: multidentate
interactions involving the oxygen atoms of the transferred
phosphoryl group and the flanking 2′-hydroxyl groups
(Figure 1). The U-1 3′-oxygen coordinates to MA and accepts
a hydrogen bond from the adjacent 2′-hydroxyl group

(16, 19, 20), the nonbridging pro-SP phosphate oxygen
coordinates to MA and MC (21, 46), the U-1 2′-hydroxyl
group donates a hydrogen bond to the adjacent 3′-oxygen
and accepts a hydrogen bond from the 2′-hydroxyl of
A207 (20, 34, 45), and the guanosine 2′-hydroxyl group
coordinates to MC (18, 19, 27) and, as suggested herein,
donates a hydrogen bond. The adjacent guanosine 3′-oxygen
interacts with a metal ion, but it remains unclear whether
this interaction involvesMC,MB,orbothmetal ions (12,17,19).

RNA-based enzymes commonly use the 2′-hydroxyl
groups that flank the reaction center for catalysis. The
Tetrahymena group I ribozyme uses hydroxyl groups from
both the guanosine (18, 22, 26, 27) and the cleavage site
uridine (20, 30, 34, 45). For catalysis of exon ligation, the
ai5γ group II intron uses the 2′-hydroxyl group at the intron/
3′-exon boundary (47) and to a lesser extent the 2′-hydroxyl
group at the 5′-exon/intron boundary (29, 48). RNase P uses
the cleavage site 2′-hydroxyl group for catalysis of pre-tRNA
cleavage (49–51), and the ribosome uses the 2′-hydroxyl at
the 3′-terminus of peptidyl-tRNA for catalysis of peptidyl
transfer (52, 53). However, the molecular basis of these
catalytic contributions and whether they involve multidentate
interactions as in the Tetrahymena ribozyme awaits further
mechanistic dissection.

With the guanosine 2′-hydroxyl group identified as an
important hydrogen bond donor, the next steps toward
understanding this functional group’s role in catalysis involve
identifying the corresponding hydrogen bond acceptor and
addressing how the hydrogen bond interaction contributes
to function. One plausible candidate for the hydrogen-
bonding partner of the guanosine 2′-hydroxyl is the adjacent
3′-oxygen, which could participate in a hydrogen bond
interaction analogous to the one previously identified at the
cleavage site uridine (Figure 1) (20). To test this possibility,
we synthesized CUCG3′S,2′OHA and CUCG3′S,2′OCH3A to assess
∆∆GOHfOCH3

(kc/Km)CUCG(2′X)A in the context of a 3′-phosphorothiolate
substrate. Compared to oxygen, sulfur is a weaker hydrogen
bond acceptor. Therefore, if the 2′-hydroxyl group donates
a hydrogen bond to the adjacent leaving group, we would
expect the 2′-OH to 2′-OCH3 mutation to cost less for the
3′-sulfur substrate than for the 3′-oxygen substrate (20). We
found that the 2′-OH to 2′-OCH3 mutation had the same
effect for both the 3′-O and the 3′-S substrates, suggesting
the absence of a hydrogen bond between the guanosine 2′-
hydroxyl group and the adjacent 3′-oxygen atom (54).

The available group I intron crystal structures implicate
another potential hydrogen-bonding partner, the universally
conserved A261 nucleotide within the J6/7 region of the
intron. In the Tetrahymena and Twort ribozyme crystals, the
2′-OH of A261 resides within acceptable hydrogen-bonding
distance of the guanosine 2′-hydroxyl and N3 nitrogen (Table
5), possibly forming a ribose zipper interaction (Figure
8) (11, 13). This possibility has been noted and discussed
previously by Golden et al. in the context of the Twort
ribozyme (13). Interestingly, the A261 equivalent in the
Azoarcus ribozyme (A127) lies just outside what might be
considered acceptable hydrogen-bonding distance from the
ωG 2′-hydroxyl group (10, 12). An interaction between A261
and the guanosine nucleophile could serve to constrain the
loop at the top of P7, including J6/7, in a conformation
necessary for catalysis. Consistent with the structural evi-
dence for this putative ribose zipper interaction, nucleotide
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analogue interference mapping of the Tetrahymena intron
reveals that 2′-H, 2′-F, 2′-Cl, 2′-CH3, 2′-OCH3, and 2′-SH
substituents all interfere with activity at A261 (55, 56), and
2′-H interference occurs at the corresponding residue A127
in the Azoarcus ribozyme (57). Residues known to form
ribose zipper motifs in the independently folding P4-P6
domain exhibit identical interference profiles (56).

The active site of the Tetrahymena ribozyme mediates
multiple networks of interconnected hydrogen bonds and
metal ion interactions. To understand how these networks
function cooperatively to impart catalysis, we must define
the interactions that comprise them. Combining in-depth
mechanistic analysis with a designed set of nucleotide
analogues, we have explored the steric environment of the
guanosine cofactor’s 2′-hydroxyl group and have provided
evidence that this 2′-hydroxyl group donates a functionally
significant hydrogen bond. This hydrogen bond, which occurs
both in the ground state and transition state, may help to
align the catalytic groups at the active site. These findings
advance our understanding of cofactor recognition by the
group I intron.
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