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ABSTRACT: The hairpin ribozyme cleaves a phosphodiester
bond within a cognate substrate. Structural and biochem-
ical data indicate the conserved A9 and A10 bases reside
close to the scissile bond but make distinct contributions to
catalysis. To investigate these residues, we replaced the
imino moiety of each base with N1-deazaadenosine. This
single-atom change resulted in an 8-fold loss in kobs for A9
and displacement of the base from the active site; no effects
were observed for A10. We propose that the imino moiety
of A9 promotes a key water-mediated contact that favors
transition-state formation, which suggests an enhanced
chemical repertoire for RNA.

RNA enzymes pervade biological systems and are integral to
intron splicing, tRNA maturation, genetically encoded peptide-
bond formation, and gene regulation (1-4). As such, a funda-
mental understanding of the principles by which RNAmolecules
control chemical reactivity is of substantial interest. Probing
functional groups within an RNA active site can be challenging
due to the paucity of natural bases that are isosteric and methods
for facile incorporation of such bases into RNA at specific
locations.

The hairpin ribozyme (HPRZ) is a self-catalyzing RNA motif
innate to tobacco ringspot virus satellite RNA (5). It is a member
of the small ribozyme familywhosemembers perform a reversible
phosphoryl-transfer reaction (6). Cleavage occurs when the 20-
OH of residue A-1 is transiently deprotonated, thus facilitating
SN2 attack of the scissile phosphorus of Gþ1 (Figure 1A) (7).
Products include a 20,30-cyclic phosphodiester and a free 50-OH.
The reaction proceeds without need of metal-hydroxide, impli-
cating the local nucleobases directly in catalysis (8). As such, the
HPRZ is ideal to elucidate the general principles by which RNA
bases govern active site formation and reactivity to promote
biological function.

The HPRZ is one of the most well studied functional RNA
motifs. Considerable evidence suggests that proton transfer is
facilitated by G8 and A38 (:B and HA, respectively,
Figure 1A) (9-12). Crystal structures demonstrate that these
bases are within hydrogen-bonding distance of the scissile

bond (13), which supports a critical role for G8 and A38 in
structural organization and catalysis by this small RNA enzyme.
In addition toG8 andA38, residuesA9 andA10 also reside in the
HPRZactive site (13). Nucleotide analogue interferencemapping
indicated that modifications that alter theN1 pKa values at A9 or
A10 influence ribozyme activity (14, 15). Less conservative purine
and pyrimidine substitutions at these sites affected tertiary
folding and ligation with little impact on cleavage (16). Several
high-resolution crystal structures revealed ordered waters in the
HPRZ active site that coordinate the N1-imino groups of A9 and
A10 in conformations representative of the reaction coordi-
nate (17, 18). The observation of a water molecule trapped
between the N1 group of A9 and the pro-Rp oxygen of a
transition-state analogue (TSA) led to the hypothesis that this
interaction favors phosphorane stabilization (18) in a manner
comparable to the exocylic amines of G8 and A38 (13).

At present, no investigation has sought to directly probe the
importance of the N1 moiety at A9 or A10 of the HPRZ. We
therefore synthesized (19) and incorporated (20) N1-deazaade-
nosine (N1dA), an inert, structural isostere of adenosine, at these
respective positions. A prior investigation using this strategy
resulted in no detectable cleavage activity for theN1dA38 variant
even though the core RNA fold was preserved (10). We utilized a
comparable approach herein to probe the contributions of the
N1-imino atoms of A9 and A10 onHPRZ activity and structure.
The results provide direct evidence that the imino groups of A9
and A10 function asymmetrically in cleavage and active site
formation. These effects are considered in the context of prior
structure-function studies that support a role for N1 of A9 in
transition-state formation (18).

To assess the activity effects resulting from replacement of the
respective A9 and A10 imino groups, we conducted single-
turnover cleavage assays (Figure 1B). The wild-type (WT) and
N1dA10 constructs exhibited equivalent activity described by a
double-exponential equation (10). These molecules exhibited
total reactive fractions of 63% and 60%, respectively, and similar
rate constants in the fast cleavage phase of k1=0.84( 0.05min-1

for WT, and k1 = 0.96 ( 0.04 min-1 for N1dA10; compar-
able rates were observed for the slow phase with k2=0.010 (
0.002 min-1 for WT and k2=0.020 ( 0.003 min-1 for N1dA10.
The N1dA9 variant exhibited a total reactive fraction of 62%
indicating a level of folding comparable toWT. However, k1 was
0.12( 0.02 min-1 (with a k2 of 0.015( 0.003 min-1). This value
represents an 8-fold loss in rate during the fast phase, suggesting
the N1-imino of A9 is more important for catalysis than that of
A10, even though neither group directly contacts the scissile
bond (13, 17, 18).
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Prior structures of the HPRZ in the precatalytic state showed
the respective N1-imino nitrogens of A9 and A10 coordinate
water molecules localized in an active site pocket (17). We
hypothesized that the N1 atoms of A9 and A10 promote
structural integrity via a hydrogen-bonding network to waters
in the precleavage state. The observation of water also supported
a previously postulated mechanism involving specific-base cata-
lysis (6, 11, 17). To provide insight into the prospect of local
misfolding versus the absence of a key functional group in the
active site, we determined structures of the N1dA9 and N1dA10
variants at 2.90 and 2.75 Å resolution, respectively, using
precatalytic constructs in which the nucleophile was blocked by
a 20-O-methyl group (21, 22). Electron-density maps confirmed
that the Watson-Crick edge of each base points into the active
site similar to WT (Figures 2A and S2A).

To reveal significant conformational changes, we superimposed
the respective precatalytic N1dA9 and N1dA10 structures onto
WT coordinates (Figures 2B and S2B). The N1dA10 structure fit
well with WT. However, a significant difference was observed
between WT and the N1dA9 base, whose position recoiled from
the active site to the extent that the C1 atom shifted 1.7 Å relative
toN1ofWT (Figure 2B). This shift exceeds the average coordinate
error (Table S1, Supporting Information), and reduced stacking
between N1dA9 and the flanking A10 base by 51.6 Å2 (Figure S3,
Supporting Information). Absence of an N1 group at A9, and the
accompanying conformational change of the base, would preclude
hydrogen bonding to water molecules that were observed pre-
viously between the A9 N1 atom and the exocyclic amine of
Gþ1 (17). No other structural changes were noteworthy.

In the WT precatalytic structure, no active site RNA func-
tional groups reside in the vicinity of the N1 atom of A9. This
implies that the base shift of the N1-deazaA9 variant herein did
not arise from a steric clash with the C1 atom. Possible sources of
the structural change include: (i) loss of a keyN1 imino hydrogen
bond with the active site or (ii) perturbed stacking of the deaza
base. However, because replacement of N1 with a CH moiety
would make the N1dA9 base stack better due to greater hydro-
phobicity (23), it seems plausible that loss of a key hydrogen bond
causes the observed base shift. It was shown previously that
replacement of A9 with purine (P) reduced cleavage by 2-
fold (16), whereas substitution with an abasic residue reduced
activity 10-fold (11). These observations are not inconsistent with
our assignment of an important role for the A9 N1 group in
catalysis since both P9 and abasic variants would still be capable
of coordinating or accommodating an ordered water molecule.

To explore the compatibility of the N1-deaza base with
transition-state geometry, we examined A9 and A10 variants in
the context of a transition-state analogue (TSA). We established
previously that a 20,50-phosphodiester bond in lieu of the scissile
bond restrains the pro-Rp and pro-Sp nonbridging oxygens to
adopt a transition-state-like conformation (18). As such, we
determined structures of N1dA9 and N1dA10 in the presence
of the 20,50-linkage and refined each coordinate set to 2.8 Å
resolution (Figures 2C and S2C).

The results revealed that the Watson-Crick faces of N1dA10
and N1dA9 were pointed toward the active site, which is
analogous to the TSA structure of WT. Also similar to WT
was the anchoring of the pro-Rp and pro-Sp nonbridging oxygen
equivalents of the scissile bond in the N1-deaza variants by the
exocyclic amines of G8, A38, and the N6 group from position 9.
A structural superposition of the N1dA10-TSA variant with its
WT counterpart again revealed no substantial difference in the
location of the A10 base (Figure S2D, Supporting Information).

FIGURE 1: Transition-state schematic and activity profiles for ade-
nosine andN1-deazaadenosine at positions 9 and 10. (A) Transition-
state stabilization of small ribozymes. (B) Single-turnover cleavage of
adenosine andN1dAatposition9 and 10of theHPRZcrystallization
construct (Figure S1, Supporting Information). The reaction was
monitored for 4 h. Inset: bases at 9 and 10 of this investigation.

FIGURE 2: Stereoviews of mFo - DFc omit electron-density maps
and superpositions. (A) The N1dA9 variant in the context of the
precatalytic construct. Maps are contoured at the 3σ level. (B) The
precatalyticN1dA9 variant superimposed on theWTstructure (PDB
2OUE). (C) TheN1dA38 variant in the context of 20,50-linkage TSA.
(D) TheN1dA9 variant in the context of the 20,50-TSA superimposed
on a matched WT structure (PDB 2P7F).
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Elimination of the A10 N6 amine by replacement with purine
reduced cleavage by ∼2-fold, whereas reversal of the amine
location by 2-aminopurine (AP) substitution had little effect on
activity (16). In contrast, theA10Gvariant enhanced cleavage by 5-
fold, but decreased the folded population by 25%.Our kinetic data
suggest N1dA10 retains folding as observed for other conservative
base substitutions such as A10P or A10AP (16). These observa-
tions are supported by our N1dA10-TSA structure, which shows
the deaza variant is compatible with transition-state geometry.
Prior nucleotide analogue interferencemapping demonstrated that
N1-imino ionization at A10 favors ligation (15). Our substitution
of the N1-imino for a methine (CH) mimics a protonated
adenosine, but without localized charge. Although we did not
analyze ligation, recent work suggested no benefit to ligation from
an ionized imino at position 10 (16). This result appears consistent
with the lack of a conformational change at A10 arising from N1-
deaza substitution, although further analysis is necessary in the
context of preligation (i.e., postcleavage) structures.

In contrast to the N1dA9 variant in the precleavage state, the
N1dA9 base in the context of the TSA did not change relative to
WT (Figure 2D). A plausible explanation for this is that the
interaction comprising the N6 group of N1dA9 and the pro-Rp
oxygen of the scissile bond is sufficient to localize the base in the
active site. Importantly, this interaction is highly favored by the
20,50-linkage constraint, which is not present in the precatalytic
conformation in which the N1dA9 base shifts (Figure 2B). Thus,
although the N1dA9 TSA structure appears compatible with
transition-state geometry, the 8-fold loss of activity implies a
deleterious effect. Even more interesting is the observation that
crystal structures place the N1 moiety near an ordered water
molecule rather than an RNA functional group (17, 18). Inspec-
tion of the substrate fraction cleaved by the N1dA9 variant
indicates only half of the input ribozyme adopted a catalytically
competent conformation in the fast (k1) reaction phase (i.e., the
amplitudes for N1dA9 and WT were 0.26 versus 0.47, resp-
ectively) even though the total fraction cleaved was nearly
identical for each. These observations, along with the precatalytic
N1dA9 structure, imply that the imino group at A9 influences
both folding and catalysis. By contrast, the A9P variant did not
impact folding and had little effect on cleavage (16).

Our data support a more significant role for the N1-imino of
A9 than its A10 counterpart inHPRZ folding and catalysis. Prior
crystal structures revealed a water molecule (W5) within a
hydrogen bonding distance of the N1 imino of A9 in both the
precatalytic (17) and oxo-vanadium TSA constructs (18). In the
latter complex, W5 interacts with Gþ1 N2, A9 N1, and the pro-
Rp oxygen of the scissile bond. This constellation of interactions
was hypothesized to support phosphorane formation by donat-
ing a hydrogen bond to the developing oxyanion (Figure 1A).
Replacement of the N1 group with CH presumably blocks water
binding at this site, consistent with a key role for the imino of A9
in active site folding and function. Water may also restore
interactions in instances where bases or their substituents are
ablated, thus ameliorating the severity of RNA defects.

Overall, the single-atom analysis of the HPRZ here highlights
distinct differences between flanking adenosine residues in
the catalytic core. These striking differences originate from
localized interactions that lead to exquisite functional group

complementarity. The modest 8-fold loss in N1dA9 activity
compared to the catastrophic loss of function for N1dA38 (10)
suggests that the HPRZ relies mostly on A38 for rate accelera-
tion. However, our results suggest an important role for specific
imino groups beyondWatson-Crick pairing, as well as a role for
oriented water in promoting catalysis. These observations have
broad implications for the evolved function and chemical reper-
toire of nonprotein-coding RNAs.
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