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ABSTRACT

The potential for water to participate in RNA catalyzed reactions has been the topic of several recent studies. Here, we report
crystals of a minimal, hinged hairpin ribozyme in complex with the transition-state analog vanadate at 2.05 Å resolution. Waters
are present in the active site and are discussed in light of existing views of catalytic strategies employed by the hairpin ribozyme.
A second structure harboring a 29,59-phosphodiester linkage at the site of cleavage was also solved at 2.35 Å resolution and
corroborates the assignment of active site waters in the structure containing vanadate. A comparison of the two structures
reveals that the 29,59 structure adopts a conformation that resembles the reaction intermediate in terms of (1) the positioning of
its nonbridging oxygens and (2) the covalent attachment of the 29-O nucleophile with the scissile G+1 phosphorus. The 29,59-
linked structure was then overlaid with scissile bonds of other small ribozymes including the glmS metabolite-sensing riboswitch
and the hammerhead ribozyme, and suggests the potential of the 29,59 linkage to elicit a reaction-intermediate conformation
without the need to form metalloenzyme complexes. The hairpin ribozyme structures presented here also suggest how water
molecules bound at each of the nonbridging oxygens of G+1 may electrostatically stabilize the transition state in a manner
that supplements nucleobase functional groups. Such coordination has not been reported for small ribozymes, but is consistent
with the structures of protein enzymes. Overall, this work establishes significant parallels between the RNA and protein
enzyme worlds.
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INTRODUCTION

Protein enzymes have evolved numerous strategies to lower
the energetic barrier required to convert substrates into
products (Knowles 1991). Polanyi and Pauling perceptively
envisioned that this could be accomplished by distorting
the precatalytic geometry of the reactants into that of the
transition state, which entails the expenditure of binding
energy derived from the substrate–protein interaction
(Lienhard 1973; Borman and Wolfenden 2004). As such,
knowledge of the stereochemical interactions employed
by an enzyme during the transition state can provide great

insight into the chemical strategies utilized by the catalyst
to accelerate a reaction rate (Lienhard 1973). Although
envisioning the transition state of a phosphoryl-transfer
reaction would appear somewhat trivial (Dennis and
Westheimer 1966; Knowles 1980), understanding the
factors leading to formation and stabilization of such
intermediates for a given enzyme is not. This statement is
especially true in the case of RNA enzymes, whose rate-
enhancing features are only beginning to be understood
(Doherty and Doudna 2001; Doudna and Lorsch 2005;
Fedor and Williamson 2005; Bevilacqua and Yajima 2006),
despite the conserved and essential nature of ribocatalysts
in biology.

Although it is difficult and rare to capture bona fide
intermediates of enzyme reactions in structural studies,
high-resolution methods have provided insight into such
species by use of analogs that mimic the geometric and/or
electronic properties of the transition state, thereby
providing inert complexes for analysis (Hiratake 2005).
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In the study of phosphoryl-transfer reactions, the use of
vanadium oxide has proven particularly effective to trap
conformations representative of the pentacoordinate, oxy-
phosphorane transition state (for review, see Davies and
Hol 2004). However, this strategy has been employed for
only a single RNA enzyme, the hairpin ribozyme (Rupert
et al. 2002), a small catalytic motif derived from the negative
polarity strand of the satellite RNA of tobacco ringspot
virus. The hairpin ribozyme catalyzes a reversible, site-
specific phosphodiester bond cleavage reaction producing
a cyclic 29,39-phosphodiester and a 59-OH terminus as its
products (Fig. 1A; van Tol et al. 1990). In their seminal
study employing the vanadium oxide mimic of the oxy-
phosphorane intermediate, Ferré-D’Amaré and colleagues
revealed key interactions with nucleobase functional groups
that appeared to stabilize the electronic structure and
geometry of the transition state (Rupert et al. 2002).
A role for nucleobase involvement in transition-state stabili-
zation was supported by several ensuing studies involv-
ing the effects of abasic ribozymes (Lebruska et al. 2002;
Kuzmin et al. 2004, 2005). Other studies suggested key
residues at A38 or G8 may be involved as general acid/base
catalysts (Pinard et al. 2001; Bevilacqua 2003; Kuzmin et al.
2005; Thomas and Perrin 2006; Wilson et al. 2006), which
has been proposed as a general scheme to achieve rate
acceleration by small ribozymes (Fig. 1A; Das and Piccirilli
2005; Doudna and Lorsch 2005; Fedor and Williamson
2005; Bevilacqua and Yajima 2006; Perrotta et al. 2006).

Recently, we reported the ‘‘precatalytic’’ structure of a
minimal junctionless hairpin ribozyme construct with
several waters bound in the active site (Salter et al. 2006).
In light of hypothesized roles for water in the hairpin
ribozyme mechanism of action, we sought to identify water
molecules in the active site that might be implicated in
proton transfer networks, specific acid/base catalysis, or
transition-state stabilization (Seyhan and Burke 2000;
Pinard et al. 2001; Rupert et al. 2002; Kuzmin et al. 2005;
Park and Lee 2006; Rhodes et al. 2006). Herein, we report

the use of vanadate and a 39-deoxy, 29,59-phosphodiester
linkage as reaction-intermediate analogs (Fig. 1B,C, respec-
tively). We describe the active sites of the hairpin ribozyme
constructs that accommodate these analogs, as well as
ordered water molecules that are present only in ‘‘reaction-
intermediate’’ states. The observation that both ordered
water molecules and nucleobase interactions may partici-
pate in geometric and electrostatic stabilization of the
transition state corroborates existing views of catalytic
strategies employed by the hairpin ribozyme. Finally, we
propose the use of the 29,59-phosphodiester linkage to
induce reaction-intermediate conformations of other ribo-
zymes that are not amenable to cocrystallization with
vanadate. Employing this analog in structural studies has
the potential to reveal catalytic strategies applicable to
larger, less tractable RNA molecules.

RESULTS

Global fold and quality of hinged hairpin
ribozyme structures

To examine the effects of reaction-intermediate analogs on
the active site structure of a minimal hairpin ribozyme con-
struct, it was necessary to create a break in the substrate back-
bone between A-1 and G+1 capable of coordinating
vanadium oxide (Fig. 1B). Previous crystal structures of a
minimal, all-RNA hairpin ribozyme employed a junctionless
variant in which loop A and B domains were untethered by
removal of the nucleotide at position 14 (Grum-Tokars et al.
2003; Alam et al. 2005; Salter et al. 2006). The individual
loop A and B domains for this construct were formed
separately in solution and then docked to yield the active
enzyme. However, this construct failed to produce crystals of
a metavanadate–ribozyme complex, which necessitated the
development of a minimal hinged construct. Previously,
Walter and coworkers described the use of a synthetic linker
between positions 14 and 15 of a minimal hairpin ribozyme

FIGURE 1. The chemical reaction of small ribozymes and reaction-intermediate analogs. (A) The cleavage reaction utilizes the 29-OH of the
N-1 base, which is activated by a base catalyst (:X). The pentacoordinate, trigonal–bipyramidal transition state is formed by in-line nucleophilic
attack of the 29-nucleophile on the electrophilic phosphorus. The 59-oxygen leaving group of the N+1 base is protonated by an acid (XH). A free
59-OH and a cyclic 29, 39-phosphodiester are products. (B) Schematic representation of vanadate bound between two RNA strands flanking the
cleavage site. (C) Schematic representation of a 39-deoxy, 29,59-phosphodiester linkage at the site of cleavage in a small ribozyme.

Ribozyme structure with a 29–59 substrate linkage
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that led to greater catalytic efficiency compared with the
native sequence (Rueda et al. 2004). Using this strategy, we
incorporated a 10-atom ‘‘S9’’ linker at position 14, thus
reattaching the loop A and B domains (Fig. 2A) in the two
constructs of this investigation in which the scissile phos-
phate was removed. These hinged constructs crystallized
readily from solutions of poly(ethylene) glycol 2000 mono-
methyl ether and Li2(SO4), as described for the junctionless
variant (Alam et al. 2005). A more detailed description of
this linker will be presented elsewhere (C.M. MacElrevey,
R.C. Spitale, J. Krucinska, and J.E. Wedekind, unpubl.).
Significantly, the global fold of hinged hairpin ribozyme
variants (Fig. 2B) closely resembles those of both junctionless
(Alam et al. 2005; Salter et al. 2006) and four-way helical
junction forms (Rupert and Ferré-D’Amaré 2001). This
similarity is indicated by a modest 0.48 Å RMSD resulting
from an all-atom least-squares superposition between a
precatalytic junctionless variant (PDB ID: 1ZFR [Salter
et al. 2006]) and the hinged vanadate complex ([VC], a
structure exhibiting vanadate bound between A-1 and G+1;
of this study solved to 2.05 Å (atoms comprising alternate
conformations for U-5 and G8 were excluded from this
comparison). Such structural similarity was observed for

both hinged structures whose representative fold is depicted
in Figure 2B.

Reasonable overall refinement statistics were observed
for each of the three structures of this study, including Rcryst

values between 22% and 26%, Rfree within 3% of Rcryst, and
highly complete diffraction data extending to resolutions of
2.05 Å, 2.25 Å, and 2.35 Å, respectively (Table 1). The quality
of each structure is indicated by the agreement of the atomic
coordinates to the electron density (Fig. 3) with modest
distortion of the model from ideal geometry (Table 1).

The product mimic complex (PMC) structure

The product mimic complex ([PMC], a structure solved in
complex with 59 and 39 product strand fragments), was
solved and refined to 2.25 Å as a basis for comparison to
the 29,59-linked and vanadate structures of this study.
Despite the fact that the PMC coordinates were derived
from the precatalytic 1ZFR hairpin ribozyme model, the
new structure adopts distinctly different features at the
scissile bond (Fig. 4A). The PMC structure represents an
inactive complex in which two synthetic RNA strands were
bound to the ribozyme in lieu of genuine substrate or

product strands (Fig. 2, green strands;
Fig. 3A). The structure of the 59-most
strand is distinguished from a true
product by the absence of a cyclic
29,39-phosphoanhydride linkage con-
necting the A-1 cis-diols, which causes
the strand to be inert for ligation (Fig.
1A). Features of the PMC electron
density map indicated a 29-endo ribose
pucker for A-1, supported by putative
H-bonds between its 29-OH and both
the imino and exocyclic amine groups
of G8 (Fig. 4B). The 39-product frag-
ment exhibited a well-defined electron
density for the 59-OH group of G+1
(Fig. 3A), and implies a 2.8 Å H-bond
with the N1 atom of A38 (Fig. 4B).
Given that this structure was buffered at
pH 6.0, position N1 of A38 would be
expected to be deprotonated (adenine
nucleoside solution pKa = 3.5 [Saenger
1984]) and therefore act as an H-bond
acceptor, although at present the true
pKa of A38 is uncertain. The 59-OH
of G+1 is further stabilized by an
apparent 2.6 Å H-bond with the 39-
OH of A-1.

Differences exist between the PMC
structure of this study and the genuine
product complex solved in the context
of the 4WJ hairpin ribozyme (PDB ID:
1M5V [Rupert et al. 2002]). While an

FIGURE 2. Schematic representations of the minimal hinged hairpin ribozyme construct used
in this study. (A) RNA strands and secondary structure of the minimal form of the hairpin
ribozyme. (Blue-green) Nucleotides of the substrate strand fragments, (asterisk) the site of
cleavage for an intact substrate strand. The scissile phosphate was removed for the PMC and
VC structures. Alternatively, in the case of the 29–59 structure, the substrate strand fragments
are covalently joined by a 29,59-phosphodiester bond (Fig. 1C). (Tan, red) Other ribozyme
strands. This color scheme is preserved throughout the figures. The red 29-mer strand also
contains the synthetic S9 linker (S9L, orange inset) that covalently tethers the loop A and B
domains in the VC and PMC constructs. (Black labels) Helical regions. H-bond pairings: (open
square) Hoogsteen; (open triangle) trans-sugar; (open circle) W-C face; (closed circle) wobble
pair; (double and single solid black lines) W–C H-bond pairs; (dashed black lines) single
H-bonds. (Boxes) conserved nucleotides of the loop A and B domains, (blue boxes) residues
participating in a ribose zipper, (yellow boxes) residues of the E-loop, (gray circles) nucleotides
within the S-turn. (B) Ribbon diagram of the hinged hairpin ribozyme representative of those
reported in this study. (Asterisk) The site of cleavage. Positions A-1 and G+1 in the active site
are labeled. A was adapted from the output of RNAview (Yang et al. 2003). B was generated
using Nuccyl (Jovine 2003; Yang et al. 2003) and PyMOL (DeLano 2004).
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H-bond between N1 of A38 and the 59-OH of G+1 is
predicted by both structures, the interatomic distance in
1M5V is 0.7 Å longer and exhibits an average H-bond
angle of 74° (i.e., between N1 of A38 and the C59–O59

bond of G+1); the equivalent angle for PMC is 93°, which
is also more acute than the ideal sp3 angle of z109°. One
possible explanation for these differences arises from the
presence of the cyclic phosphate group in 1M5V. At z2.5 Å
distance from the 59-OH of G+1, the pro-R oxygen
equivalent of the cyclic anhydride sterically restricts
the H-bond geometry achievable between N1 of A38 and
the 59-OH of G+1, which functions as a nucleophile in the
reverse ligation reaction (Fig. 1A). These observations have
implications for the role ascribed to A38 as a putative
general base in ligation (Bevilacqua 2003; Doudna and
Lorsch 2005; Fedor and Williamson 2005) and/or the
ability to reliably trap structural conformations represen-
tative of precatalytic product states as cautioned by Ferré-
D’Amaré (2004).

The vanadate complex structure

To induce an active site conformation representative of
the transition state, vanadium oxide was included in the
crystallization medium of the PMC complex. The resulting
structure was solved and refined to 2.05 Å resolution and is

referred to as VC throughout this study. A sA-weighted
simulated annealing omit electron density map confirmed
the presence of vanadate between the free 29, 39, and 59

oxygens of A-1 and G+1 by comparison to the PMC (Fig. 3,
cf. A and B). The model of vanadate fit well into the
electron density while closely resembling the slightly dis-
torted trigonal–bipyramidal geometries observed for
related small molecule structures in the Cambridge Struc-
tural Database (CSD) (Allen 2002) (CSD ID: IZITEQ
[Ouellette et al. 2004]; CSD ID: NONLEH [Salta and
Zubieta 1997]). Refinement of the VC structure with
reduced energy constraints on the t angle (the in-line
attack angle of SN2 reactions defined in the case of the
hairpin ribozyme by the 29-OH of A-1, the scissile phos-
phorus atom, and the 59-OH of G+1) resulted in conver-
gence upon an in-line geometry of 154°, compared with
163.8° or 165.5° observed for the analogous small molecule
coordinates. The vanadate moiety also exhibited B factors
that were noticeably higher than nearby RNA atoms during
early refinement. Slightly elevated vanadate B factors exist
in other enzyme–vanadate crystal structures (PDB ID: 1B8J
[Holtz et al. 1999]; PDB ID: 1BO6 [Kakuta et al. 1998]),
including the previous, independently determined 4WJ
hairpin–vanadate complex (PDB ID: 1M5O previously
reported structure of a four-way junction hairpin ribozyme
construct in complex with vanadate as a transition-state

TABLE 1. X-ray diffraction and refinement statistics

PMC
(product mimics)

VC
(vanadate)

29–59
(29,59 substrate linkage)

PDB accession codes 2P7D 2P7E 2P7F
Unit cell (Å) a = 93.9,

c = 134.4
a = 94.1,
c = 132.4

a = 94.1,
c = 127.2

Resolution (Å)a 2.25 � 40.64
(2.25 � 2.33)

2.05 � 30.67
(2.05 � 2.12)

2.35 � 40.76
(2.35 � 2.43)

Total number of reflections 120,331 117,878 84,757
Number of unique reflections 16,622 21,610 14,321
Redundancya 7.24 (4.95) 5.45 (4.86) 5.92 (5.32)
Completeness (%)a 96.5 (95.5) 96.3 (85.8) 99.1 (99.1)
<I/s(I)>a 23.2 (3.2) 14.9 (3.5) 19.6 (2.9)
Rsym(%)a,b 4.5 (43.4) 4.6 (42.9) 3.7 (44.8)
Number of RNA atomsc 1334 1334 1310
Number of waters 37 61 15
Number of ions 2 Co(NH3)6(III), 1

SO4
2�, 1 Na+

2 Co(NH3)6(III), 1
SO4

2�, 1 VO3
�

2 Co(NH3)6(III), 1
SO4

2�

Average B for RNA/water (Å2) 78.6/77.3 61.0/60.9 82.1/73.9
Rcryst/Rfree(%)d,e 22.9/23.7 25.9/27.1 22.6/25.2
RMSD for bonds (Å) 0.008 0.008 0.008
RMSD for angles (deg) 1.47 1.62 1.40
Coordinate error (Å)f 0.47 0.46 0.47

aValues referring to the highest resolution shell are reported in parentheses.
bRsym = +hkl Ij � <Ij>

�
�

�
�=+hkl Ij

�
�
�
� 3 100.

cNumber of RNA atoms includes dual conformations for U-5 and G8, but not the 13 atoms of the S9 linker residue.
dRcryst = +hkl Fo � kFcj j=+hkl Foj j 3 100, where k is a scale factor.
eRfree is defined as the Rcryst calculated using 5% of the data selected randomly and excluded from refinement.
fBased upon cross-validated Luzzati plots calculated in CNS for the full resolution range.
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analog at the active site [Rupert et al. 2002]). The presence
of negative electron density peaks in sA-weighted m|Fo| �
D|Fc| electron density maps suggested the vanadate in the
current structure was bound with incomplete atomic occu-
pancy. Collectively, these factors were used in conjunction
with the Rfactor and Rfree as metrics to refine the occupancy,
which converged to a final value of 50%.

An overlay of the VC and PMC structures revealed a high
degree of similarity in their active sites (Fig. 4C). For
example, the VC structure exhibited a putative H-bond
between the N1 position of A38 and O59 of G+1 (Fig. 4D).
Unlike PMC, however, there is some ambiguity over
whether the 59 oxygen of G+1 is protonated in the structure
due to its coordination with vanadium (discussed below).
Notably, a comparably short N1-to-O59 distance was

observed in the 4WJ hairpin–vanadate complex (PDB ID:
1M5O [Rupert et al. 2002]), which lends confidence to
both studies. At other positions, the imino group of G8
appeared to form a 2.9 Å H-bond with the 29-oxygen of
A-1, similar to that of PMC, and is consistent with the
expectation that the former group would be protonated at a
pH of 6.0, as used in the current study (guanine solution
pKa = 9.4 [Saenger 1984]). The arrangement of the active-
site residues in VC exhibited close agreement with the 4WJ
(1M5O) coordinates (Fig. 4E). Aside from small variations
in interatomic RNA distances, the most significant differ-
ences were observed in the relative positions of the
vanadate and the G8 base as well as the presence of ordered
water molecules in the current study. A likely source of the
differences in the vanadate/G8 positions is the assignment
of a C29-endo ribose pucker at A-1 in the VC structure
versus an O49-endo pucker reported previously (Rupert
et al. 2002). The distinctly different ribose conformation of
the present study led to an ‘‘upward’’ shift of the A-1 diols
coordinating the vanadate moiety. The spatial locations of
these atoms correlate well with the positions of the imino
and exocyclic amines of the G8 base, which maintain cross-
strand H-bond interactions with the 29-oxygen of A-1 and
the pro-S oxygen of vanadate, respectively (Fig. 4D). Such
interactions are also present in the 1M5O structure, but
the G8 base in the current study is positioned noticeably
higher, whereas neighboring nucleotide bases are virtually
superimposed throughout the local environment (Fig. 4E).
One effect from these differences is that the in-line geom-
etry, described by the t angle, is slightly more obtuse in the
present study, 154° compared with 144° and 153° for
the two molecules in the asymmetric unit of the 4WJ
structure (Rupert et al. 2002). From a practical vantage
point, these differences do not seem significant, and the
underlying causes cannot be pinpointed at this time;
contributing factors may include differences in vanadate
occupancy between structures or resolution of electron
density maps.

In both the VC and 1M5O structures, the nonbridging
oxygens of the vanadate are stabilized by multiple, favor-
able interactions involving the exocyclic amines of A9, A38,
and G8 (Fig. 4F, gray lines). An additional distinguishing
feature of the VC structure is the presence of two active site
waters, W5 and W7, which also coordinate the vanadate
nonbridging oxygen positions (Fig. 4F). Each water is itself
positioned by two additional hydrogen bonds with prox-
imal nucleobase groups (Fig. 4F, cyan lines; Fig. 4G). This
observation is intriguing in light of the requirement for
electrostatic transition state stabilization of the phosphoryl
transfer intermediate and the paucity of charged functional
groups available in the nucleobase repertoire.

Overall, the similarities between the active sites of
the hinged and 4WJ hairpin ribozyme structures are
evidence of a robust architecture that appears preserved
despite contextual differences arising from crystallization

FIGURE 3. Stereographic simulated annealing omit electron density
maps for the active sites. (A) PMC product mimic strands. (B) The
VC complex with bound vanadate. (C) The 29-59 structure with a
39-deoxy, 29,59-phosphodiester linkage at the site of cleavage. Local
active site nucleotides are depicted for reference; the G8 syn confor-
mation (PMC and VC structures only) was omitted for clarity. Atoms
are colored: (red) oxygen, (blue) nitrogen, (pink) phosphorus, (violet)
vanadate; carbon atoms and bonds are colored as in Fig. 2. Maps have
reduced bias (Pannu and Read 1996) coefficients of the form m|Fo| �
D|Fc|, are contoured at 3.0s, and are colored as in Fig. 2. All ball-and-
stick figures were created with Bobscript (Kraulis 1991; Esnouf 1999)
and rendered with Raster3d (Merritt and Bacon 1997).
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FIGURE 4. Overlays of various hairpin ribozyme structures with accompanying active site schematic representations. (A) Stereoview of the PMC
structure (colored ball-and-stick) superimposed on the precatalytic structure of the minimal, junctionless hairpin ribozyme (PDB ID: 1ZFR
[Salter et al. 2006]) (black bonds). Local active-site residues are included for reference. (Cyan spheres) Water molecules observed in the PMC
structure with blue electron density resulting from simulated annealing omit maps calculated with coefficients m|Fo| � D|Fc| and contoured at
6.5s; (black spheres) waters observed in the previously reported ‘‘precatalytic’’ structure (1ZFR); (open asterisk) water 52 from the latter
structure; (dashed gray or white lines) selected putative H-bonds involving water molecules observed in the PMC structure with labeled distances.
(B) Schematic diagram of the PMC active site. (Black dashed lines) Putative hydrogen bonds between nucleotide atoms. (C) Stereographic
superposition of the VC structure (colored) with the PMC structure (black). A 2.8 Å putative hydrogen bond between W1 and the O49 of A-1 was
omitted for clarity. (D) Schematic diagram of the VC structure with bound vanadate from panel B. (E) Overlay of the VC structure (colored) with
the 4WJ crystal structure of the hairpin ribozyme–vanadate complex (PDB ID: 1M5O [Rupert et al. 2002]) (black bonds). No waters were
observed in the active site of the 1M5O structure. (F) Interactions in the VC structure predicted to promote transition state stabilization. (Gray
lines) Interactions supported by nucleobase groups, (cyan lines) interactions supported by active-site waters W5 and W7. (G) Predicted
orientation of W5 and W7 hydrogens and electron pairs based on the tetrahedral coordination geometry and identity of the H-bonding partners
in VC. (H) Stereographic overlay of the 29–59 structure (colored) on the VC structure (black). Cyan electron density covering waters W1 and W4
in the 29–59 structure resulted from a simulated annealing omit map calculated with coefficients m|Fo| � D|Fc| and contoured as in panel A; violet
electron density is contoured at 3.0s to emphasize electron density peaks that were consistent with waters located in the accompanying structures,
but did not fully meet the criteria used to define waters in the current study. (Black arrow) An electron density peak observed near the location of
the new water W7 in the VC structure. (I) Schematic diagram of the 29–59 structure depicted as in B.
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constructs or crystal packing environments. The quality of
the electron density reported herein, combined with the
higher-resolution X-ray diffraction data used in refinement,
establish with even greater confidence the ‘‘induced-fit’’
interactions resulting from placement of a geometric mimic
of the transition state into the active site of the hairpin
ribozyme as first described by Ferré-D’Amaré (2004).

29–59 Reaction-intermediate structure

Due to the reduced atomic occupancy of vanadate and the
goal of observing well-ordered water molecules in the hair-
pin ribozyme active site, alternative analogs were consid-
ered that might also lead to reaction-intermediate-like
conformations. As such, a 39-deoxy, 29,59-phosphodiester
substitution was introduced at the site of cleavage (Fig. 1C)
in the structure referred to as 29–59, which was solved and
refined to 2.35 Å resolution. The electron density for this
29,59-phosphodiester linkage was well defined (Fig. 3C),
and the active site organization resembled the VC structure
(Fig. 4H). Significantly, the distances between atom N1 of
A38 and the 59-O of G+1, as well as the 29-O of A-1, were
consistent with a bifurcated H-bond in the 29–59 structure
(Fig. 4I) and exhibited a pattern of nucleobase interactions
similar to PMC and VC. This finding provides further
evidence that position N1 of A38 serves as an H-bond
donor in this interaction because the covalent ester linkage
of the O29 and O59 oxygens require that they be deproto-
nated. At the buffered pH 7.0 in the crystal, this observa-
tion suggests a > 3 pH unit elevation in the imino pKa of
A38, which has been speculated to be a prerequisite for this
base if it is in fact serving as a general acid catalyst in
cleavage (Rupert et al. 2002; Bevilacqua 2003; Fedor and
Williamson 2005; Kuzmin et al. 2005).

There are other similarities between the VC and the
29–59 structures as well. The N2 exocyclic amine of G8 is
positioned 3.0 Å from the pro-S oxygen of the scissile
phosphorus (Fig. 4I), consistent with a role in electrostatic
stabilization as observed for the VC complex (Fig. 4D).
Another remarkable feature of the 29–59 structure is that
the orientation of the nonbridging oxygens at the scissile
phosphate closely resembles that of oxo-vanadium in the
VC complex (Fig. 4H). This similarity persists despite the
markedly different geometry of each phosphorus (or
equivalent) center. The t angle of the tetrahedral G+1 phos-
phate in the 29–59 structure must maintain sp3 hybridiza-
tion, and thus is far from in-line (z103°). However, the
nonbridging oxygens appear to be spatially oriented by the
same key interactions observed in the VC structure (Fig. 4,
cf. D and I). This observation supports the notion that the
29,59-phosphodiester linkage is representative of a reaction-
intermediate state, exhibiting an orientation of the non-
bridging oxygens that is relevant to catalysis by analogy to
vanadate. In light of the ‘‘catalytic’’ orientation of the
nonbridging oxygens, only small spatial movements would

be required to reach the requisite in-line geometry for
cleavage. The latter orientation clearly distinguishes the VC
and 29–59 structures from the 1ZFR precatalytic structure,
a point that is discussed below in light of preferential
stabilization of the transition state. As such, the 29–59

structure shares features with both transition-state analog
structures prepared in the presence of vanadate (VC, this
study; 1M5O [Rupert et al. 2002]) as well as prior
‘‘precatalytic’’ structures in which the 29-O-nucleophile of
A-1 is blocked by a methyl group (Rupert and Ferré-
D’Amaré 2001; Rupert et al. 2002; Salter et al. 2006), and
must experience an induced fit of the nonbridging oxygens
as a prelude to phosphoryl transfer.

Conformational heterogeneity at nucleobase G8

Contrary to prior structural studies of minimal and 4WJ
hairpin ribozymes, the base of G8 was observed in mixed
anti and syn conformations in both structures missing the
scissile phosphate (75% anti in VC and 50% anti in PMC).
This heterogeneity manifested as distinctive positive electron
density peaks in sA-weighted m|Fo| � D|Fc| maps corre-
sponding to positions of the syn conformation that did not
overlap with the modeled anti conformation. Modeling of
syn–anti alternate conformations resulted in improved Rfactor

and Rfree values, corrected the distinctive m|Fo| � D|Fc|
electron density features, and improved the fit of the models
to 2m|Fo| � D|Fc| electron density maps. Notably, the ribose
of G8 in all three structures adopted a 29-endo conforma-
tion, consistent with an NMR study of the isolated loop A
domain in solution (Cai and Tinoco 1996). Stabilization was
conferred to this pucker by a putative H-bond with position
N1 of A-1 ranging in length from 2.9–3.4 Å, similar to what
was observed in a previous crystal structure of the hairpin
ribozyme incorporating a G8I (inosine) modification (Salter
et al. 2006). This ribozyme–substrate cross-strand hydrogen
bond is further corroborated by a study in which removal
of the 29-OH of G8 resulted in a DDG of 0.7 kcal/mol
(approximately equivalent to one H-bond) affecting primar-
ily the KM of the cleavage reaction (Chowrira et al. 1993).
The stability afforded by the A-1 purine may also explain
why selection experiments demonstrated that A-1 confers
greater catalytic activity than pyrimidines (Perez-Ruiz et al.
1999) and is preferred in other naturally occurring hairpin
ribozyme sequences (DeYoung et al. 1995).

Waters in the active site interact
with reaction-intermediate mimics

The active sites of the VC and 29–59 structures were
observed to contain ordered water molecules bound near
key nucleobases, providing important structural evidence
for the potential role of water in the mechanism of action.
Most of these waters were present in the PMC structure, as
well as a ‘‘precatalytic’’ structure determined previously
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(Salter et al. 2006) (PDB ID: 1ZFR; Fig. 4A). An interesting
exception is ‘‘water 52,’’ identified only in the precatalytic
1ZFR structure (Fig. 4A, asterisk), which appears to mimic
the pro-R oxygen of the transition state (Salter et al. 2006).
Interestingly, a new water molecule was observed in the VC
complex located 2.7 Å from the pro-S nonbridging oxygen
of the vanadate (W7; Fig. 4C), and is stabilized through
contacts with the exocyclic amines of C+3 and A7 (Fig.
4F,G). A weak electron density peak near this position also
exists in the 29–59 structure, suggesting an equivalent water
molecule; however, insufficient resolution (or occupancy)
prevented formal assignment as a water (Fig. 4H, arrow).
Another new water molecule was identified in all three
structures (W4; Fig. 4A,C,H) within hydrogen bonding
distance of the pro-S oxygen of A38 (not shown) and 3.3 Å
from the previously observed water W3 (W65 in 1ZFR), as
measured in VC. In light of the consideration that water
might serve as a specific acid in cleavage while coordinating
to the imino position of A38 (Kuzmin et al. 2005), this
possibility is unlikely for water W4 considering its distance
is 4.4 Å and 4.0 Å from positions N1 and N3 of A38,
respectively. Likewise, there is insufficient space to accom-
modate a water between the O59 leaving group of G+1 and
the imino position of A38 (Fig. 4D,I).

Hydroxyl radical footprinting suggested the active site
core of the hairpin ribozyme is solvent-protected (Hampel
et al. 1998), leading to the expectation that the active site
waters would be unable to exchange readily with bulk
solvent. A search for solvent cavities using the program
VOIDOO (Kleywegt and Jones 1994; Kleywegt et al. 2001)
confirmed that waters W1, W2, and W6 are located in a
pocket near the Watson–Crick faces of A9 and A10 (Fig.
4C). Ferré-D’Amaré and colleagues recognized this region
as having the potential to accommodate bound waters
(Rupert et al. 2002). In the current structures, this pocket
appears nominally sequestered from bulk solvent as a result
of the van der Waals surface of the surrounding bases. A
second discrete pocket was also identified containing W5
near the exocyclic amine of G+1 and is likewise solvent
inaccessible. If exchange with bulk solvent occurs, the most
likely pathway would be formation of a narrow channel
between the ribose of A40 and the base of A38 that could
form from relatively small movements at these positions.
This possibility is in agreement with molecular dynamics
simulations that find explicitly modeled waters occupying
various positions within the active site (Park and Lee 2006;
Rhodes et al. 2006) and suggests that pathways leading to
entry and egress of such waters occur most likely through
transient molecular deformations relative to known crys-
tallographic structures. Such a phenomenon was originally
proposed as molecular ‘‘breathing’’ (Rupert & Ferré-
D’Amaré 2001). An alternative explanation would be that
the waters in the two pockets described here were trapped
during interdomain docking and could exchange during
substrate turnover. In contrast, waters W3, W4, and W7 are

predicted to easily exchange with bulk solvent due to their
positions lining a channel formed by the substrate strand at
the site of cleavage and the flanking major groove of helix 1.

DISCUSSION

This study provides the first structural evidence for ordered
water molecules in the active site of a small ribozyme
crystallized in the presence of a reaction-intermediate
analog, and thus provides a starting point to address the
significance of specific waters in the hairpin ribozyme
mechanism of action. Importantly, the locations of a subset
of these water molecules are consistent with a role in
electrostatic stabilization of the transition state as pre-
viously attributed to RNA nucleobase functional groups
(Ferré-D’Amaré 2004). Hence, the current observations are
significant in that they not only complement, but also
extend existing hypotheses regarding the catalytic strategies
employed by ribozymes to enhance their functional group
repertoire (Fedor 2002a; Rupert et al. 2002; Doudna and
Lorsch 2005; Fedor and Williamson 2005; Bevilacqua and
Yajima 2006). Secondly, in light of the caveats associated
with the use of vanadate as a mimic of the transition state,
the 29,59-phosphodiester analog provides compelling new
evidence that the N1 position of A38 exists in a protonated
state at the buffered pH of 7.0 in the crystal. This obser-
vation and the absence of a suitably poised water located
between the A38 imino group and the O59-leaving group at
G+1 are most consistent with a role for A38 as a general
acid catalyst in cleavage. Finally, the novel and successful
use of the 29,59-phosphodiester linkage as a reaction-
intermediate analog has led to a proposal for its use to
study the reaction coordinate of other ribozymes that are
not amenable to cocrystallization with vanadate. Collec-
tively, the chemical and structural precedents described
here hold great potential to advance our understanding of
the catalytic strategies employed by RNA enzymes.

Rationale for determining multiple
reaction-intermediate structures

The use of molecular structure determinations has revolu-
tionized the ability to locate and identify key residues in
ribozyme active sites, and to relate specific functional
groups to rate enhancement (Doudna and Lorsch 2005;
Fedor and Williamson 2005; Bevilacqua and Yajima 2006).
However, a first look at a structure rarely reveals all there is
to know about the mechanism of action as well as relevant
conformational stabilization and dynamics (McKay 1996;
Nelson and Uhlenbeck 2006). The earliest structure of the
hairpin ribozyme accounted for much of the solution data
regarding essential functional groups (Ryder and Strobel
2002) and revealed the spatial details of active site residues
juxtaposed against the scissile bond (Rupert and Ferré-
D’Amaré 2001). Most notably, the phosphoryl-transfer
angle, t, of the initial structure was nearly in-line at
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158° or 169° (for each of two molecules in the asymmetric
unit), suggestive of an active site poised for transesterifica-
tion, despite the presence of a CH3 group blocking the
29-nucleophile at A-1 (Rupert and Ferré-D’Amaré 2001).
However, a subsequent structure in complex with vanadate
revealed a markedly different orientation of the scissile
bond featuring an z45° rotation of the nonbridging oxy-
gens about the A-1 29-nucleophile to G+1 59-leaving-group
axis that was accompanied by significant H-bonding to
these groups in a manner unforeseen in the prior ‘‘pre-
catalytic’’ structure (Rupert et al. 2002). Yet despite the
more favorable and extensive interactions to the non-
bridging oxygens of the vanadate moiety, the t angle
deviates significantly from ideal 180° in-line geometry,
and was observed to be 153° or 144° for the two ribozyme
molecules in the asymmetric unit (Rupert et al. 2002) as
well as 154° in this study (Fig. 4E). Therefore, if such
vanadate structures were truly representative of the transi-
tion state, one might conclude that in-line geometry plays
only a minor role in the formation of a productive reaction
coordinate or possibly that the reaction proceeds from a
side-on attack (Brown et al. 1983). Indeed, the problem of
non-in-line geometry in vanadate coordination is not
unique to RNA enzymes, but is also observed in the protein
world: PDB ID 1RUV, t = 149.5° (Ladner et al. 1997); PDB
ID 6RSA, t = 165.7° (Wlodawer et al. 1983), to name a few.
It follows, therefore, that a safe course of action would be
the analysis of multiple reaction-intermediate analogs to
discern those commonalities observed at high resolution
that are sensible with respect to the stereochemical require-
ments of the reaction (Dennis and Westheimer 1966).
Precedents for this strategy exist in the protein field.
Nucleoside diphosphate kinase (Xu et al. 1997), myosin
(Fisher et al. 1995; Smith and Rayment 1996), acid
phosphatase (Lindqvist et al. 1994), and alkaline phospha-
tase (Holtz et al. 1999; Le Du et al. 2002) have each been
solved with no fewer than two reaction-intermediate
analogs. The commonalities of such structures have
undoubtedly been useful to correlate structure with func-
tional and biochemical data, while helping to identify the
enzymatic attributes that promote phosphoryl transfer. By
analogy to the protein field, the study of ribozymes will
experience the same multistructure benefits.

Active-site waters and stabilization
of the reaction-intermediate

An important benefit from the use of reaction-intermediate
analogs for structural studies is that they often ‘‘reorganize’’
the active site by forming H-bonds analogous to those that
stabilize the transition state. This effect was observed in the
previous hairpin ribozyme–vanadate complex and pro-
vided convincing evidence that geometric and electrostatic
stabilization of the transition state by active site nucleo-
bases is a catalytic strategy employed by this ribozyme

(Rupert et al. 2002). It is not surprising that the same
interactions are observed in the VC structure, refined to
2.05 Å in the current study, in light of the close agreement
between the two active sites (Fig. 4E). However, the use of
vanadate in the present study in conjunction with a
minimal hinged hairpin ribozyme variant exhibiting favor-
able diffraction properties, described previously (Salter
et al. 2006), undoubtedly contributed to the ability to also
observe active site waters. Such waters provide compelling
evidence for the notion that water is an important com-
ponent in the activity of the hairpin ribozyme (Pinard et al.
2001; Fedor and Williamson 2005; Kuzmin et al. 2005;
Bevilacqua and Yajima 2006; Park and Lee 2006; Rhodes
et al. 2006; Salter et al. 2006). Remarkably, two tightly bound
waters were observed coordinating to the nonbridging
oxygens of the vanadate moiety in the VC structure. W7
and W5 coordinate to the pro-S and pro-R oxygens,
respectively (Fig. 4C), and contribute either a second or
third stabilizing interaction to each oxygen in addition to
contacts with conserved nucleobase groups (Fig. 4F). It is
notable that the presence of a water–hydrogen bonding to
the pro-S oxygen was predicted in a molecular dynamics
simulation employing the previous coordinates of the 4WJ
hairpin ribozyme–vanadate complex assuming an explicit
solvent model (Park and Lee 2006), although details of any
additional RNA groups serving to position these waters
were not described. Collectively, these observations (Fig.
4F) complement the previous view of transition-state
stabilization (Rupert et al. 2002) by providing important
structural evidence that water molecules can assist in
transition-state binding, which may be a universal phe-
nomenon for members of the small ribozyme family.

Achieving correct geometry is critical for catalysis;
however, it is also important to ameliorate the negative
charge that accumulates during the transition state of an as-
sociative phosphoryl-transfer reaction (Knowles 1980), such
as that performed by the hairpin ribozyme. For example,
the structures of three well-characterized phosphoryl-transfer
protein enzymes in complex with transition-state analogs
revealed two or three interactions with the nonbridging
oxygens, commonly by backbone amide hydrogens of the
polypeptide chain, but also with charged amino acid side
chains and divalent metal ions (Smith and Rayment 1996;
Ladner et al. 1997; Baxter et al. 2006). While the utility of
formally charged metal ions and amino acid side chains is
obvious, backbone amide hydrogens have an estimated
partial positive charge of +0.31e (MacKerell et al. 1998),
suggesting they contribute significant electrostatic stabili-
zation to the transition state. In contrast, without a
complement of charged functional groups or bound active
site ions, the question arose as to how the hairpin ribozyme
could achieve a comparable degree of charge stabilization.
The partial positive charges of exocyclic amino group
hydrogens have been estimated for adenine, cytosine, and
guanine as + 0.40e, z + 0.29e, and z + 0.32e, respectively,
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while the partial positive charges for the imino hydrogens
of uracil and guanine are + 0.36e and + 0.28e (MacKerell
et al. 1995). This observation suggests that neutral nucle-
obase groups can confer a level of electrostatic stabilization
comparable to the amide hydrogens of the peptide back-
bone, although they are incapable of the level of charge
stabilization conferred by a lysine or arginine on a group-
for-group basis. Intriguingly, the partial positive charge on
water hydrogens has been estimated to be between + 0.41e
and + 0.54e (Jorgensen et al. 1983; Berendsen et al. 1987).
Therefore, in the absence of active site metals and positively
charged amino acid groups, it is plausible that the coordi-
nation of water molecules to stabilize negative charge
buildup may represent an important, but heretofore unap-
preciated, strategy for RNA enzymes to confer charge
stabilization, so long as such molecules are incapable of
serving as phosphoryl group acceptors (e.g., the ATPase
activity of hexokinase). In light of the evidence that the
imino group of A38 exists as a positively charged H-bond
donor to the leaving group at pH 7.0, additional electro-
static contributions at the nonbridging oxygens of G+1 by
water appear to underscore the catalytic strategy of pro-
viding an active site that complements the negative charge
of the transition state, while geometrically orienting the
reacting groups. Indeed, the diminutive size of water
molecules allows their use in crowded, compact active sites
that cannot otherwise accommodate hydrated metal ions or
additional nucleobases with positively polarized functional
groups. Albeit, it is likely that coordinating water molecules
in an intermolecular interaction is not as desirable or
effective as positioning constituent functional groups
(e.g., charged/polar amino acids in protein enzymes) in
an intramolecular manner. However, for ribozymes that
otherwise lack sufficiently charged groups, selective coor-
dination of water and proper positioning of nucleobases
may provide an alternative means to produce dense, local
regions of charge complementarity that promote formation
of the transition state.

The idea that water may stabilize negative charge
buildup has been suggested for the tetrahedral intermediate
associated with peptide bond formation in the ribosome
(Schmeing et al. 2005). It is notable that a water molecule
observed in the ribosome was oriented geometrically for
electrostatic stabilization by two additional RNA groups, as
observed for the two waters presented herein (Fig. 4G).
Additionally, the 29–59 structure, refined to 2.35 Å,
exhibited evidence of a very similar distribution of active
site water molecules supporting their catalytic relevance
(Fig. 4H). Examination of the H-bond donor/acceptor
properties of the groups responsible for the tetrahedral
coordination to W5 and W7 led to the proposed scheme
depicted in Figure 4, F and G. In each case a hydrogen atom
from water is oriented toward a nonbridging oxygen of the
vanadate transition-state analog to enhance the charge
neutralization of this electron-rich group. As such, each

nonbridging oxygen interacts with two or three H-bond
donors in a tetrahedral configuration. This is consistent
with the expectation that each oxygen accumulates negative
charge during the transition state to the extent that it exists
transiently as an oxyanion with three lone pairs of elec-
trons. By analogy to vanadate, W5 and W7 would geomet-
rically and electrostatically stabilize the nonbridging oxygens
of the scissile phosphate in the bona fide transition state;
of course, these interactions would occur exclusively
under conditions in which the nonbridging oxygens have
adopted a ‘‘catalytic’’ orientation coincident with greater
negative charge character. As a result of their small size,
versatile H-bonding properties, and the comparatively large
O–H bond polarity, the structural and electrostatic role for
waters observed here may prove to be a common strategy
employed by other members of this or other ribozyme
families.

Significance of G8 conformational heterogeneity

The base of G8 was observed to occupy a mixture of syn
(25%) and anti (75%) conformations in the VC structure.
The functional significance of the syn conformation of
G8, if any, has not been established. Intriguingly, a 7-deaza-
guanosine substitution for G8 results in a z14-fold
decrease in kcat and an approximately fivefold increase in
KM in cleavage assays employing a similar three-stranded
hairpin ribozyme (Grasby et al. 1995). This effect is difficult
to rationalize considering the position of N7 in the anti
conformation; however, assuming the vanadate moiety in
the VC structure is representative of the transition state,
the N7 position of the syn conformation could ostensibly
support solvent-mediated contact(s) to the 29-nucleophile
and/or pro-S oxygen of the scissile phosphate. On the other
hand, the anti conformation is strongly supported by
compelling evidence that position N1 of G8 is involved in
ribozyme chemistry (Thomas and Perrin 2006) and that
mutating the exocyclic moiety at position 2 has significant
effects on activity (Pinard et al. 2001). Furthermore, in the
context of the anti conformation, the detrimental effects of
a G8 7-deaza modification could arise from changes in the
base-stacking properties or pKa of the base (Grasby et al.
1995), as evidenced by the observation that this mutation
altered the reactivity of position N1 (Thomas and Perrin
2006). Considering that exchange between the syn and anti
conformations of G8 in situ would require significant
movements of the nearby bases, such conformational het-
erogeneity may arise during folding.

Importantly, no conformational heterogeneity at nucle-
obase G8 was observed in the 29–59 structure. A likely
reason is that the 29–59 structure maintains a covalent
phosphodiester bond between A-1 and G+1, unlike the
PMC and VC structures. Therefore, removal of the scissile
phosphate may lead to undesirable flexibility, as evidenced
by the presence of syn conformation at G8 in both the VC
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and PMC structures. It is also interesting that the VC
structure exhibited a higher prevalence of the anti confor-
mation than the PMC structure, which may be due to the
stabilizing presence of vanadate in place of the scissile
phosphate. The persistence of even a small degree of syn
conformation may in turn contribute to the incomplete
occupancy of vanadate. Overall, the lack of conformational
heterogeneity in the 29–59 structure represents another po-
tential advantage of this linkage as a reaction-intermediate
analog.

Despite the base heterogeneity at G8 observed in the VC
and PMC structures, the ribose conformation at this
position maintained a favorable 29-endo pucker in all three
structures. Furthermore, the syn conformation appears to
have little effect on the local architecture of the active site,
as indicted by the modest 0.48 Å rmsd between all atoms of
the VC and precatalytic structures. It is likely that as the
resolution of the minimal hairpin ribozyme continues to
improve, evidence for additional conformational heteroge-
neity will become apparent, which was observed in prior
studies of catalytic RNA molecules (Wedekind and McKay
2003; Alam et al. 2005).

Caveats for the use of vanadate

Vanadate naturally adopts a trigonal–bipyramidal confor-
mation and inhibits the activity of a variety of enzymes.
This propensity has been exploited in numerous studies of
phosphoryl-transfer enzymes (for review, see Davies and
Hol 2004) in which vanadate has been used to trap
conformations pertinent to the transition state. The chem-
ical properties of vanadate, along with its biological and
inhibitory roles, have been studied extensively (for review,
see Crans et al. 2004). Despite the general acceptance of
vanadate as a mimic of the transition state of phosphoryl
transfer reactions, subtle differences in its geometric and
electronic character relative to phosphate warrant careful
interpretation of enzyme–vanadate complexes. The most
obvious concern is that vanadate coordination is often
distorted from an ideal trigonal–bipyramid compared with
the true phosphorane transition state of the SN2 catalyzed
reaction (van Tol et al. 1990). In fact, the t angle was
determined to be either 144° or 153° in the previous study
of a hairpin ribozyme–vanadate complex (Rupert et al.
2002) and 154° in the VC structure reported herein. The
origin of these deviations may reside in the inability of
vanadate to perfectly bind in an active site evolutionarily
tuned to engage the phosphoryl transition state. Further-
more, the 0.46 Å ionic radius of vanadium(V) (Shannon
and Prewitt 1969) is significantly smaller than the 1.1 Å
covalent radius of phosphorus (Sanderson 1971). Collec-
tively, the geometric discrepancies can be downplayed
somewhat, but only in light of the corroborating bio-
chemical information supporting the observed interactions
between vanadate and key nucleobases, such as G8 and

A38, that are likely to support transition state stabilization
(Pinard et al. 2001; Lebruska et al. 2002; Rupert et al. 2002;
Kuzmin et al. 2004, 2005; Thomas and Perrin 2006).

A second fundamental concern is whether vanadium can
be considered an accurate electronic mimic of phosphorus.
Supporting evidence for electronic similarities includes the
similarity between vanadate and phosphate pKa values
(Crans et al. 2004 and references therein), as well as their
categorization as group V elements in the periodic table,
which makes them likely to adopt Noble electronic con-
figurations. Despite these similarities, theoretical calcula-
tions have determined that V–O bonds are significantly less
polar than P–O bonds (Krauss and Basch 1992), which can
affect the propensity of the axial, nonbridging oxygens to
engage in hydrogen bonding or Coulombic interactions.
For example, a difference in the electronic character of
vanadate has been invoked to account for the disparity
between interactions observed in an early structural study
of RNase A in complex with vanadate versus those expected
based on knowledge of the reaction mechanism. In this case
study, unexpected interactions were observed between
vanadate and the key active site residues Lys41 and His12
(Wlodawer et al. 1983). Specifically, these amino acids
interacted with vanadate in a manner that was incongru-
ous with mechanistic evidence supporting a concerted,
imidazole-mediated acid/base mechanism in which Lys41
ameliorates negative charge buildup on the nonbridging
oxygens. Later studies offered explanations citing the
apparent plasticity of the ‘‘oxyvanadate framework’’
(Ladner et al. 1997) and fundamental differences in the
vanadate electronics compared with phosphate (Messmore
and Raines 2000). The salient and admonitory conclusion
is that the bound vanadate was stabilized by the active site
of RNase A, but through interactions irrelevant to a widely
accepted view of the transition state. Distinguishing
between artifacts and chemically relevant interactions
may be difficult and underscores the need for supporting
biochemical and functional evidence, as well as a strategy
that includes the use of multiple reaction-intermediate
analogs.

Aside from caveats regarding the structural interpreta-
tion of enzyme–vanadate complexes, there are technical
considerations as well. The first is that removal of the
scissile phosphate may lead to conformational heterogeneity/
alterations of local active site groups, such as that observed
for position G8 in the PMC and VC structures reported
here. Similarly, vanadate may not bind with 100% occu-
pancy, as documented here for VC and for some protein
enzymes (PDB ID: 1M7G [Lansdon et al. 2002]) including
RNase A (PDB ID: 1RUV [Ladner et al. 1997]). This may be
due in part to the tendency of vanadate to polymerize in
solution across the acidic and neutral pH range (Crans et al.
2004), thereby diminishing the molecular species that can
bind in an enzyme active site. Second, vanadate may be
susceptible as a transition metal to oxidation/reduction
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during X-ray diffraction experiments resulting from ionizing
radiation. Although crystals are cryoprotected in modern
X-ray diffraction studies, the deleterious effects of radiation
have been noted in several recent studies that possess metal
centers, even before the other more obvious effects of
radiation damage are manifest (Grabolle et al. 2006; Ravelli
and Garman 2006, and references therein). With respect to
the hairpin ribozyme, this effect may have important
implications as well. Small molecule structures indicate that
reducing vanadium(V) to vanadium(IV) does not necessar-
ily change the trigonal–bipyramidal geometry. However,
coordination can be filled by alcohol rather than alkoxide
moieties (CSD ID: PASCAN [Barr-David et al. 1992]), even
at an apical position (CSD ID: ELEBOM [Nunes et al.
2003]). Therefore, the presumption that N1 of A38 is a
protonated H-bond donor due to its close proximity to the
59-O of G+1 (VC, this study; Rupert et al. 2002) assumes
such reduction has not taken place. To provide insight into
the likelihood of this reduction, a comparison of the one-
electron reduction potential for the vanadium(V) ion with
those of RNA nucleotides is warranted. The reduction
potential for vanadium(V) to vanadium(IV) versus the
normal hydrogen electrode is + 0.99 V (Slebodnick et al.
1997). While we are not aware of the purine one-electron
reduction potentials measured at near-neutral pH, those
for uridine and cytidine are z � 1.2 V versus the normal
hydrogen electrode under slightly alkaline conditions
(Steenken et al. 1992). In a study employing polar, aprotic
solvent conditions (i.e., a dielectric more representative of a
solvent inaccessible active site), the one-electron reduction
potentials were measured for guanine and adenine, and these
were observed to be even more negative than those measured
for pyrimidine nucleobases (Seidel et al. 1996). It is therefore
plausible that reduction of vanadium(V) would be favored
relative to RNA bases; however, the influence of the local
environment complicates this aspect of radiation damage
studies and precludes a conclusive determination at present.
Nevertheless, this possibility has important implications in
the case of the hairpin ribozyme regarding the protonation
state of position N1 of A38. Therefore, in addition to
corroborating biochemical evidence, it is desirable to employ
a reaction-intermediate that is not as susceptible to such
reduction effects in structural studies.

Benefits of a 29,59 covalent linkage

The 29,59-phosphodiester bond is not susceptible to the
same transition-metal radiation damage that could present
an ambiguity in the assigned protonation state of the G+1
O59 as noted for vanadate. Significantly, the 29–59 structure
also demonstrates that the 59-O of G+1 is within 3.0 Å of
the A38 N1 position (Fig. 4H,I). Since the covalent
phosphodiester linkage precludes the existence of a 59-OH
at G+1, the results are consistent with the imino group of
A38 serving as an H-bond donor to O59 of G+1 under

neutral pH conditions utilized in crystallization. Such a
shift in the pKa of A38 toward neutral could be consistent
with a general acid, as noted by Bevilacqua (2003) and
Kuzmin et al. (2005). The use of the 29–59 substitution also
circumvents another prohibitive technical aspect of vana-
date for ribozyme studies, i.e., the need to remove the
scissile phosphate between N-1 and N+1. In the hairpin
ribozyme, extensive nucleobase interactions from the ribo-
zyme stabilize the substrate/product strands 59 and 39 of the
cleavage site. Fortunately, in this stabilizing context the
generation of a PMC complex (Fig. 3A) as a preface to
vanadate binding has little or no effect on the global
hairpin ribozyme fold (Fig. 4A). Conversely, structures of
the hepatitis d virus (Ke et al. 2004) and metabolite-sensing
glmS (Klein and Ferré-D’Amaré 2006) ribozymes lack
analogous interactions that stabilize the 59 portion of the
substrate/product strand, thus making them more suscep-
tible to dissociation from the ribozyme complex. Hence,
without the benefit of three oxygen ligands donated by
both 59 and 39 substrate/product fragments, vanadate is
unlikely to coordinate productively in these active sites,
thereby confounding high-resolution structural studies.
Importantly, the cis diols of terminating nucleotides in
the hairpin ribozyme were not observed to coordinate
vanadate in the 4WJ complex (Rupert et al. 2002; Supple-
mental Data) or the VC reported here. Therefore, employ-
ing a covalent linkage as a reaction-intermediate analog
represents a valuable strategy for studying ribozymes
recalcitrant to the use of vanadate.

Although the 29,59-phosphodiester linkage elicits a ste-
reochemical configuration of neighboring RNA functional
groups similar to vanadate, the former structure cannot be
considered a transition-state mimic because the scissile
phosphorus equivalent exhibits tetrahedral geometry (Fig.
4H). As such, the most similar feature between the 29–59

and VC structures is the orientation of the nonbridging
oxygens at the scissile phosphate (Fig. 4H). This similarity
appears to be the result of reduced conformational freedom
afforded to the 29,59-phosphodiester bond linkage relative
to the normal 39,59-phosphodiester bond, which exhibits
z160° of rotational freedom in the hairpin ribozyme active
site (Salter et al. 2006). Thus, the 29,59 linkage is restricted
in its ability to sample conformational space (by design)
and adopts an orientation resembling the transition state.
As stated, the favorability of this conformation is sub-
stantiated by the evidence of nearly the same ordered water
molecules in both the VC and 29–59 structures (Fig. 4H).
Taken together, we propose the 29–59 structure represents a
more ‘‘precatalytic’’ state than prior 29-O-methyl structures
(e.g., PDB ID: 1ZFR [Salter et al. 2006]).

A supporting line of evidence for the ‘‘catalytic’’ confor-
mation of the scissile bond in the present study relates to
the location of W52 in the precatalytic structure (Salter
et al. 2006). This position (Fig. 4A, open asterisk) is occupied
by the pro-R oxygen of the scissile phosphate, as observed
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for both the VC (by analogy to vanadate) and 29–59

structures (Fig. 4H). It has been noted that protein enzymes
often bind water molecules in their active sites at posi-
tions poised to receive electrostatic stabilization during
phosphoryl-transfer (Pujadas and Palau 2001; Gil-Ortiz
et al. 2003). As expected, W52 is stabilized in the precata-
lytic structure by W86 (equivalent to W5 in the current
study), as well as the exocyclic amines of both A38 and A9,
analogous to the stabilization of the pro-R oxygen in the
VC and 29–59 structures. Taken together, these observa-
tions affirm that the hairpin ribozyme active site is pre-
disposed to stabilize a ‘‘catalytic’’ orientation of the scissile
bond through coordination of its nonbridging oxygens
(Rupert et al. 2002). Conversely, when the scissile phosphate
is not oriented properly, water molecules or the 29-OH
moiety of position �1 can mimic the nonbridging oxygens
to engage in nonproductive ground-state stabilization
(Salter et al. 2006).

The conclusion that the 29,59 linkage induces a bona fide
precatalytic state is tempered by the observation that the
hairpin ribozyme, unlike the hepatitis d virus (Shih and
Been 1999), cannot cleave a substrate comprising a 39-OH
with a 29,59 linkage (Feldstein et al. 1990). At this time, it is
unclear whether the presence of the 39 group would affect
the conformation of the 29–59 structure described here.
Nevertheless, it is significant that the 29,59-phosphodiester
analog predicts similar stabilizing interactions observed in
the vanadate complex while also avoiding the complica-
tions associated with removal of a covalent bond in the
substrate strand.

Application of a 29,59-phosphodiester linkage
to other small ribozymes

Members of the small ribozyme family catalyze the same
chemical reaction as the hairpin ribozyme (Fig. 1A), albeit
utilizing distinct strategies (Doudna and Lorsch 2005;
Fedor and Williamson 2005; Bevilacqua and Yajima
2006). By analogy with the hairpin ribozyme, it may be
concluded that the transition-state geometry cannot be
identified solely on the basis of the in-line t angle (dis-
cussed above). For small ribozymes that are refractory to
the use of vanadate due to the absence of 59-substrate
stabilizing interactions, the 29,59-phosphodiester linkage
offers an alternative means to achieve an ‘‘induced fit’’ of
the active site to the reaction-intermediate analog, which
may be observable by crystallographic analysis. To demon-
strate this concept, the vanadate and 29,59 linkages were
superimposed on a local level with precatalytic structures of
the hairpin ribozyme (Salter et al. 2006) as well as the glmS
(Klein and Ferré-D’Amaré 2006) and hammerhead ribo-
zyme structures (Martick and Scott 2006) (Fig. 5). Overlays
of the hairpin ribozyme (Fig. 5A) illustrate that the
interactions predicted by this local superposition method
corroborate the bond rotations and interactions necessary FIGURE 5. (Legend on next page)
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to achieve reaction-intermediate structures (Rupert et al.
2002; VC and 29–59 structures). For the metabolite-sensing
glmS ribozyme (Fig. 5B), the overlays predict favorable
interactions shared between the metabolite and nonbridg-
ing oxygen as well as 59-O leaving groups, respectively. The
amine group equivalent of the metabolite, which was
mutated to oxygen to prevent cleavage in the crystal lattice,
is situated notably close to the leaving group, while a vicinal
hydroxyl serves to stabilize the pro-S nonbridging oxygen.
The vanadate overlay also predicts an H-bond between the
29-O attacking group of A-1 and G40, a nucleobase
identified as potentially serving as a general base catalyst
(Klein and Ferré-D’Amaré 2006). The equivalent interac-
tion is somewhat more distant in the 29,59-phosphodiester
overlay. For the hammerhead ribozyme, the 29-OH of
nucleobase G8 has been posited as a candidate general acid
that protonates the 59-O leaving group of C-1.1 (Martick
and Scott 2006). In the vanadate overlay, this interaction is
predicted to occur, but in the 29,59-phosphodiester overlay,
this distance is slightly longer owing to the tetrahedral
geometry of the electrophilic phosphorus. However, the
nonbridging oxygens are positioned similarly compared
with vanadate, and it is plausible that both analogs would
form similar induced-fit interactions to stabilize their
orientations. In both overlays, some of the distances pre-
dicted for the interactions are not ideal, which is undoubt-
edly due in part to a limitation of the superposition
technique. Notably, nucleobase G12 has been identified as
important for interacting with the 29-OH attacking group
(Martick and Scott 2006). However unlike the vanadate
overlay, the 29,59 overlay does not predict this interaction.

Interestingly, the phosphate groups of the glmS and
hammerhead ribozymes are predicted to undergo a rota-
tion similar in magnitude and direction to achieve a
‘‘catalytic’’ orientation by analogy to the hairpin ribozyme.
In all three structures, the pro-R oxygen is predicted to
rotate back into the plane of the page while its former
position is nearly accommodated by the pro-S oxygen (Fig.
5, dashed black arrows). It remains to be seen whether or
not such stabilizing interactions, potentially the result of

induced-fit distortion of the precatalytic conformation, could
be identified in the context of the reaction-intermediate
analogs as proposed here. Future high-resolution structures
of these ribozymes in the presence of vanadate or the
39-deoxy 29–59 linkage may also reveal significant inter-
actions with solvent molecules and provide insight into
transition-state stabilization as well as the putative proton-
transfer pathways postulated (Klein and Ferré-D’Amaré
2006; Martick and Scott 2006).

SUMMARY AND CONCLUSIONS

The use of a minimal, junctionless hairpin ribozyme
construct provided the first view of ordered water
molecules bound in the active site of a small RNA enzyme
in a precatalytic conformation. To determine how the
location and distribution of water molecules changes on
the reaction coordinate, this ribozyme was cocrystallized
with vanadate using a hinged construct and refined to
2.05 Å resolution (VC). Intriguingly, two waters were
observed near the nonbridging positions of the oxyphos-
phorane mimic in a manner that suggests a role for solvent
atoms in electrostatic stabilization of the transition state.
To independently confirm these observations, we solved an
additional structure with a 39-deoxy, 29,59-phosphodiester
linkage at the cleavage site in place of the canonical 39,59

phosphodiester scissile bond and refined it to 2.35 Å (29–
59). Comparison of the VC and 29–59 structures provided
strong evidence that N1 of A38 is capable of serving as a
protonated H-bond donor at physiological pH, and also
revealed similar orientations of the atoms involved in
phosphoryl-transfer including solvent molecules. Taken
together, the findings extend our knowledge of the mech-
anism of the hairpin ribozyme, including water molecules.
Finally, we conclude that these analogs represent valuable
tools for structural studies aimed at further elucidating the
mechanism of action of the hairpin ribozyme, as well as
small RNA enzymes in general.

MATERIALS AND METHODS

Hairpin ribozyme constructs

Previous studies of the 61-nucleotide (nt), all-RNA minimal
hairpin ribozyme utilized a junctionless variant requiring loop
A and B domains to be annealed separately and then docked
together to form the folded active site (Grum-Tokars et al. 2003;
Alam et al. 2005; Salter et al. 2006). To maximize the prevalence of
complete, folded ribozyme molecules, a hinged form of the ribo-
zyme was developed (C.M. MacElrevey, R.C. Spitale, J. Krucinska,
and J.E. Wedekind, unpubl.) and employed in constructs that lack
the scissile phosphate. The ‘‘hinge’’ refers to a synthetic S9 linker
(Fig. 2A) at position 14, a site occupied by adenine in the 4WJ
sequence, which covalently joins the loop A and B domains. This

FIGURE 5. Reaction-intermediate analogs of this study overlaid on
small ribozyme coordinates. (A) Precatalytic hairpin ribozyme (Salter
et al. 2006), (B) glmS ribozyme in complex with glucose-6-phosphate
inhibitor (Klein and Ferré-D’Amaré 2006), (C) tertiary-contact-
stabilized hammerhead ribozyme (Martick and Scott 2006). Models
of the vanadate (upper panel images) and 29,59-phosphodiester linkage
(lower panel images) from this study are depicted as ball-and-stick
models (colored), including the respective flanking A-1 and G+1
bases. (Dashed lines) Selected H-bond interactions predicted by the
investigators in each study to support the transition state are shown in
the context of the two reaction-intermediate linkages of this study; no
phosphate was present at position A-1 in the glmS crystal structure;
(arrows) direction of rotation about the scissile bond necessary for the
nonbridging oxygens of the respective precatalytic structures to reach
the ‘‘catalytic’’ positions predicted by the vanadate and 29–59 overlays.
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modification reduced the complexity of the construct by decreas-
ing the number of prerequisite intermolecular annealing events
required to form the individual loop domains and docked active
site.

The active sites of the three constructs described in this study
incorporate different linkages at the scissile bond as mimics of
either the product fragment complex, transition-state, or reaction-
intermediate states and are referred to as the ‘‘PMC,’’ ‘‘VC,’’ or
‘‘29–59’’ constructs, respectively. In all structures, position 39 was
mutated to a cytidine to prevent conformational heterogeneity in
the S-turn observed for the native, U39 structure (Alam et al.
2005). The 29-mer (contains S9 linker or separate 12- and 17-mer
strands if S9L is absent) and 19-mer ribozyme strands, as well as
the 8-mer and 5-mer substrate strand fragments (Fig. 2A) were
from Dharmacon. The 29,59-phosphodiester linkage at the scissile
bond was created by incorporating a 59-DMT, 39-deoxy adeno-
sine, 29-cyanoethyl-diisopropyl phosphoramidite (Glen Research)
into the 13-mer substrate strand (synthesized by the W.M. Keck
Facility, Yale University). All RNA strands were subjected to in-
house deprotection, HPLC purification, and domain docking as
described previously (Wedekind and McKay 2000; Grum-Tokars
et al. 2003).

Crystallization and X-ray diffraction experiments

Crystals of ribozyme constructs were obtained by the hanging-
drop vapor diffusion method with screening around conditions
established previously for the all-RNA 61-mer (Alam et al. 2005;
Salter et al. 2006). Conditions common to all three constructs
included: 250 mM Li2SO4, 2.5 mM Co(NH3)6Cl3, and 2 mM
spermidine-HCl. Empirically formulated additions included:
18.5% PEG 2K MME, 100 mM sodium cacodylate (pH 6.0),
20 mM NaF, and 50 mM ascorbic acid (Sigma Aldrich) for the
PMC construct; 20% PEG 2K MME, 100 mM sodium cacodylate
(pH 6.0), and 4.5 mM NH4VO3 (Sigma Aldrich) for the VC
construct; and 20.5% PEG 2K MME, 100 mM sodium HEPES
(pH 7.0), and 15 mM nicotinic acid (Fluka) for the 29–59

construct. The ammonium metavanadate solution was prepared
as a 125 mM stock in 10 mM sodium cacodylate pH 6.5, heated to
95°C with frequent vortexing until dissolved, and immediately
added to the annealing step of ribozyme preparation. The solution
was colored yellow, indicative of the vanadium(V) oxidation state
(Crans et al. 2004). Crystals grew at 20°C to their maximum size
over z2 wk: 0.21 mm 3 0.21 mm 3 0.21 mm (PMC crystal), 0.38
mm 3 0.4 mm 3 0.43 mm (VC crystal), and 0.08 mm 3 0.1 mm
3 0.25 mm (29–59 crystal). Cryoprotection was achieved by serial
transfers of 3 min duration into synthetic mother liquor solutions
containing 5%, 10%, 15%, or 17.5% (v/v) glycerol. Crystals were
captured in thin loops (Hampton Research) and flash-frozen by
plunging into N2 (l). The crystals were loaded into a cassette
(Crystal Positioning Systems) and shipped to the Stanford
Synchrotron Radiation Laboratory for remote data collection on
the Stanford Automounting System at beamline 11–1 (PMC and
29–59, l = 0.97945 Å) or 9–1 (VC, l = 0.98789 Å); collection was
performed in dose mode. Low-resolution passes were collected
first: 500 mm detector distance, 0.5° per frame, and 1-sec
exposures (PMC and 29–59 crystals) or 2-sec exposures (VC
crystal). The high-resolution data were collected at a 300-mm
detector distance with 0.5° per frame, and 10-sec (PMC and 29–59

crystals) or 20-sec exposures (VC crystal). A total of 60° (PMC

and VC) or 62.5° (29–59) of data were collected for each low- or
high-resolution pass. Data collection strategies were predicted
using MOSFLM (Leslie 1992) and recorded using ADSC Quan-
tum-315 CCD detectors. Intensity and data reduction statistics are
provided in Table 1.

Data processing, structure
determination, and refinement

X-ray diffraction data for each construct were processed with
Crystal Clear (Rigaku-MSC; Pflugrath 1999); low- and high-
resolution passes were integrated separately and merged together
during scaling. Intensity and data reduction statistics are shown in
Table 1. Each construct crystallized in space group P6122 with a
single molecule per asymmetric unit as observed previously for the
minimal, junctionless all-RNA 61-mer construct (Alam et al. 2005;
Salter et al. 2006). Preliminary structures were determined by
difference Fourier methods followed by rigid body refinement at
3.0 Å resolution as implemented in CNS (Brünger et al. 1998).
The initial coordinates were derived from the all-RNA hairpin
ribozyme refined previously at 2.05 Å resolution (PDB ID: 1ZFR)
(Salter et al. 2006). Rigid body refinement was first applied to the
entire structure followed by independent treatment of the respec-
tive loop A and B domains. Subsequent refinements to resolutions
of 2.25 Å (PMC), 2.05 Å (VC), and 2.35 Å (29–59) were achieved
through cycles of positional minimization and individual B-factor
refinement utilizing a maximum-likelihood target. Manual adjust-
ments to the models were carried out with the interactive graphics
program O (Jones et al. 1991). Occupancies of the anti and syn G8
base conformations as well as vanadate in the active site of the VC
structure were adjusted to minimize the Rfactor and Rfree statistics,
and differences between the refined B factors were compared with
nearby atoms. Simulated annealing omit maps were employed to
guide manual refinement and reduce model bias. All structures
exhibited alternate conformations for position U-5 that engages
in a (designed) U–U pair (C.M. MacElrevey, R.C. Spitale,
J. Krucinska, and J.E. Wedekind, unpubl.). RMSD values were
calculated using LSQKAB as part of the CCP4 Suite (Kabsch 1976;
CCP4 1994).

Assignment and analysis methods for waters
and bound ions

Oxygen atoms representing waters were added manually to each
structure. Water molecules were assigned to electron density peaks
that met the following criteria: (1) the peak was located between
2.6 Å and 3.4 Å of at least one suitable H-bond donor or acceptor;
(2) putative H-bond partners conformed to the tetrahedral
coordination expected for water molecules; and (3) electron
density was exhibited in sA-weighted (reduced-bias) electron
density maps with coefficients 2m|Fo| � D|Fc| and m|Fo| � D|Fc| at
levels of $0.9s and $3.0s, respectively. Solvent molecules have
atomic B factors representative of neighboring RNA and/or
solvent atoms. See Table 1 for average RNA and solvent B factors.

Ions were ruled out as occupying the sites assigned to water
molecules. While Li+ was present in the crystallization medium
at a concentration of 500 mM with a SO4

2� counterion, it was
deemed an unlikely alternative due to its electron deficiency.
Sulfate (250 mM) and cobalt hexamine (2.5 mM) ions were
distinguished from waters by their greater electron density and
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larger van der Waals radii. Co(NH3)6Cl3 is also relatively inert to
ligand exchange, thus preventing direct inner sphere Co3+

coordination with RNA atoms (Fedor 2002b). The most likely
ionic candidate to occupy sites assigned as waters is Na+ because
it is isoelectronic with water and present in the crystallization
medium at concentrations of 100 mM (VC and 29–59) or 140 mM
(PMC). However, Na+ ions prefer negatively charged ligands such
as oxygen, octahedral coordination geometry (although other
coordination numbers are tolerated), and more commonly inter-
acts at distances shorter than that expected for water molecules
(Harding 2002). The interactions observed for the assigned waters
of the active site are consistent with tetrahedral coordination to
both H-bond donors and acceptors. Furthermore, the coordina-
tion and location of several waters in the active site match those
identified previously under conditions of very low sodium
concentration (Salter et al. 2006). A single Na+ ion was assigned
in the PMC structure in apparent coordination to the cis-diols of
A-1. The interaction angles, negative character of the 29 and 39

hydroxyls, and interatomic distances were more consistent with
those expected for Na+ ions versus a water molecule. A similar
interaction between sodium ions and cis-diols was observed in a
small molecule structure deposited in the Cambridge Crystallo-
graphic Database (CSD ID: WOVLUO [Park and Lee 2001]).

In the three structures reported in this study, 2 Co(NH3)6
3+

ions and a single SO4
2� ion occupied sites identified previously

(Alam et al. 2005; Salter et al. 2006). The coordination geometry
of these ions is distinct from water molecules, and the previous
observations corroborated their respective assignments. Attempts
to model these positions as waters resulted in local positive
electron density peaks in m|Fo| � D|Fc| electron density maps,
suggesting their van der Waals radii were insufficient to accom-
modate the electron density.

Modeling vanadate in the active site

The bond lengths and angles defining the vanadate moiety were
obtained from a well-refined small-molecule structure deposited
in the Cambridge Crystallographic Database (CSD ID: IZITEQ
[Ouellette et al. 2004]); a supporting structure was also found
(CSD ID: NONLEH [Salta and Zubieta 1997]). The energy
restraint imposed upon the t angle (165.5° in the IZITEQ
structural template) of the VC complex was reduced to reflect
the uncertainty of this parameter in the context of the active site
of the hairpin ribozyme. The bond distances between vanadate
and the nonbridging oxygens were both set to 1.62 Å, the average
of the two distances observed in the Cambridge template, despite
evidence from neutron diffraction experiments that one oxygen
may exist with a hydrogen bound in the context of vanadate
present in the active site of RNase A (Wlodawer et al. 1983). The
vanadate occupancy (q) was adjusted from 100% to minimize the
values of Rwork and Rfree, respectively. The final q-value of 50%
also eliminated the negative electron density peak for the vanadate
moiety observed in sA-weighted m|Fo|� D|Fc| electron density maps.

Modeling C29-endo conformations

Modeling C29-endo conformations for select nucleotide riboses
was performed to account for residual electron density features
that persisted after refinement with C39-endo (A-form) puckers.
Features that were considered to support modeling a 29-endo

conformation include: (1) accounting for positive and negative
electron density peaks situated adjacent to the 29-OH; (2)
counterbalancing electron density peaks situated along the
C4-C3 bond; (3) achieving favorable interactions accessible only
to the 29-endo conformation; and (4) removal of clashes/unfavor-
able interactions arising from the 39-endo conformation. Coor-
dinates for the refined structures were deposited in the RCSB
Protein Data Bank with accession codes 2P7D, 2P7E, and 2P7F.

Modeling vanadate and 29,59-phosphodiester overlays

The A-1 and G+1 nucleotide coordinates, along with either the
vanadate (Fig. 5, upper panels) or 29,59-phosphodiester linkage
(Fig. 5, lower panels), were overlaid on the active sites of the
hairpin (PDB ID: 1ZFR [Salter et al. 2006]), glmS (PDB ID: 2H0Z
[Klein and Ferré-D’Amaré 2006]), and hammerhead (PDB ID:
2GOZ [Martick and Scott 2006]) ribozyme ‘‘precatalytic’’ struc-
tures. The overlay of the modeled �1 and +1 nucleotides was
optimized primarily through manual adjustment of the dihedral
angles of the vanadate or 29,59 linkage. The N9–C19 dihedral angle
was also changed for G+1 of the vanadate and 29,59-phospho-
diester overlays to optimize the fit with the equivalent bases of the
glmS and hammerhead crystal structures; a slight adjustment of
the 29–59 ribose was performed as well to fit the respective crystal
structures.

SUPPLEMENTAL DATA

The Cambridge Crystallographic Data Center contains the sup-
plementary crystallographic data for the small molecule structures
referenced in this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via http://
www.ccdc.cam.ac.uk/data_request/cif.
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Rupert, P.B. and Ferré-D’Amaré, A.R. 2001. Crystal structure of a
hairpin ribozyme–inhibitor complex with implications for catal-
ysis. Nature 410: 780–786.

Rupert, P.B., Massey, A.P., Sigurdsson, S.T., and Ferré-D’Amaré, A.R.
2002. Transition state stabilization by a catalytic RNA. Science 298:
1421–1424.

Ryder, S.P. and Strobel, S.A. 2002. Comparative analysis of hairpin
ribozyme structures and interference data. Nucleic Acids Res. 30:
1287–1291.

Saenger, W. 1984. Principles of nucleic acid structure. Springer, New
York.

Salta, J. and Zubieta, J. 1997. Studies of the oxovanadium–organo-
phosphonate system: Hydrothermal synthesis and crystal structure
of the mixed valence cluster [V5O9(PhPO3)3(PhPO3H)2]2- and a
comparison to the structure of the fully oxidized parent cluster
[V5O7(OCH3)2(PhPO3)5]1-. J. Cluster Sci. 8: 361.

Salter, J., Krucinska, J., Alam, S., Grum-Tokars, V., and
Wedekind, J.E. 2006. Water in the active site of an all-RNA
hairpin ribozyme and effects of Gua8 base variants on the
geometry of phosphoryl transfer. Biochemistry 45: 686–700.

Ribozyme structure with a 29–59 substrate linkage

www.rnajournal.org 1069

JOBNAME: RNA 13#7 2007 PAGE: 18 OUTPUT: Tuesday June 5 13:30:17 2007

csh/RNA/132400/rna5108



Sanderson, R.T. 1971. Chemical bonds and bond energy. Academic
Press, New York.

Schmeing, T.M., Huang, K.S., Kitchen, D.E., Strobel, S.A., and
Steitz, T.A. 2005. Structural insights into the roles of water and
the 29 hydroxyl of the P-site tRNA in the peptidyl transferase
reaction. Mol. Cell 20: 437–448.

Seidel, C.A.M., Schulz, A., and Sauer, M.H.M. 1996. Nucleobase-
specific quenching of fluorescent dyes. 1. Nucleobase one-electron
redox potentials and their correlation with static and dynamic
quenching efficiencies. J. Phys. Chem. 100: 5541–5553.

Seyhan, A.A. and Burke, J.M. 2000. Mg2+-independent hairpin
ribozyme catalysis in hydrated RNA films. RNA 6: 189–198.

Shannon, R.D. and Prewitt, C.T. 1969. Effective ionic radii in oxides
and fluorides. Acta Crystallogr. B 25: 925–946.

Shih, I.H. and Been, M.D. 1999. Ribozyme cleavage of a 2,5-
phosphodiester linkage: Mechanism and a restricted divalent
metal-ion requirement. RNA 5: 1140–1148.

Slebodnick, C., Hamstra, B.J., and Pecoraro, V.L. 1997. Modeling the
biological chemistry of vanadium: Structural and reactivity studies
elucidating biological function. In Structure and bonding (eds. H.
Allen et al.), pp. 51–108. Springer Berlin.

Smith, C.A. and Rayment, I. 1996. X-ray structure of the magne-
sium(II).ADP.vanadate complex of the Dictyostelium discoideum
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leadzyme at 1.8 Å resolution: Metal ion binding and the implica-
tions for catalytic mechanism and allo site ion regulation. Bio-
chemistry 42: 9554–9563.

Wilson, T.J., Ouellet, J., Zhao, Z.Y., Harusawa, S., Araki, L.,
Kurihara, T., and Lilley, D.M. 2006. Nucleobase catalysis in the
hairpin ribozyme. RNA 12: 980–987.

Wlodawer, A., Miller, M., and Sjolin, L. 1983. Active site of RNase:
Neutron diffraction study of a complex with uridine vanadate, a
transition-state analog. Proc. Natl. Acad. Sci. 80: 3628–3631.

Xu, Y.W., Morera, S., Janin, J., and Cherfils, J. 1997. AlF3 mimics the
transition state of protein phosphorylation in the crystal structure
of nucleoside diphosphate kinase and MgADP. Proc. Natl. Acad.
Sci. 94: 3579–3583.

Yang, H., Jossinet, F., Leontis, N., Chen, L., Westbrook, J.,
Berman, H., and Westhof, E. 2003. Tools for the automatic
identification and classification of RNA base pairs. Nucleic Acids
Res. 31: 3450–3460.

Torelli et al.

1070 RNA, Vol. 13, No. 7

JOBNAME: RNA 13#7 2007 PAGE: 19 OUTPUT: Tuesday June 5 13:30:18 2007

csh/RNA/132400/rna5108


